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ABSTRACT: Template condensation of 3,5-di-tert-butyl-2-hydro- |
xybenzaldehyde S-methylisothiosemicarbazone with pentane-2,4-
dione and triethyl orthoformate at elevated temperatures resulted
in metal complexes of the type ML, where M = Ni and Cu and
H,L = a novel tetradentate ligand. These complexes are relevant to
the active site of the copper enzymes galactose oxidase and glyoxal
oxidase. Demetalation of Ni''L with gaseous hydrogen chloride in
chloroform afforded the metal-free ligand H,L. Then by the reaction
of H,L with Zn(CH;COO),:2H,0 in a 1:1 molar ratio in 1:2
chloroform/methanol, the complex Zn"L(CH3OH) was prepared.
The three metal complexes and the prepared ligand were character-
ized by spectroscopic methods (IR, UV—vis, and NMR spectro- I

scopy), X-ray crystallography, and DFT calculations. 8 =% 4
Electrochemically generated one-electron oxidized metal complexes Sk
[NiL] ", [CuL]", and [ZnL(CH;OH)]" and the metal-free ligand '
cation radical [H,L]** were studied by EPR/UV—vis—NIR and
DEFT calculations. These studies demonstrated the interaction be-
tween the metal ion and the phenoxyl radical.
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B INTRODUCTION

Interest in the coordination chemistry of phenoxyl radicals
was triggered by the full characterization of the active sites of

there are still intriguing issues remaining mainly related to the
enzymes’ active site electronic structure,” which stimulate further
activity in this fascinating field of research.

galactose oxidase (GAO) and glyoxal oxidase (GLO) using
protein X-ray crystallography."” Each active site consists of a
mononuclear copper(II) and a tyrosyl radical. Another interest-
ing structural attribute is the presence of a thioether bond linking
Cys228 and Tyr278 in GAO. These two metalloenzymes per-
form two-electron oxidation of primary alcohols to aldehydes
and oxidation of aldehydes to carboxylic acids, respectively, with
concomitant conversion of O, to H,O,. Efforts made by several
groups on the synthesis of metal phenoxyl radical complexes to
model the active site in these biological systems in terms of
spectral progerties, structural features, and reactivity have been
reviewed.>°® Although impressive progress has been achieved,
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A number of bis(phenolate)copper(II) complexes which can
reproduce the spectral features and reactivity of GAO have been
prepared by using substituted salen, reduced salen-type, and
other Schiff-base ligand frames (shown in Chart 1). 10 Al
mononucleating systems in Chart 1 contain two protected
phenolate units and can potentially produce two phenoxyl
radicals upon two sequential one-electron oxidations. Examples
of dinucleating and trinucleating systems containing phenolate
moieties are rare (Chart 2).''> The use of metal ions rather than
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copper(1l), e.g,, nickel(II), cobalt(II), or zinc(II) 3715 s another
dimension emerging in this research area, which can lead to the
creation of novel synthetic catalysts for selective oxidation
reactions. Some of these complexes can be chemically or
electrochemically oxidized by one electron to give products
which exhibit temperature- or ligand field geometry-dependent
valence tautomerism between a higher-valent metal— phenolate
and a metal—phenoxyl radical (i.e, [M""—(PhO™)] [ =D+

MO~ D+ —(phO*)] D) 1210718 Gince phenoxyl radicals are
transient, sometimes elusive species, bulky protecting groups
have been introduced into the ortho and para positions of the
parent phenol moiety to stabilize the radical formation and
protect it from further bis(u-phenolate) dimerization.>"” The
first crystal structure of a monomeric metal-free 2,4,6-tri-tert-
butylphenoxyl radical, a very convenient reagent for hydrogen
atom transfer studies, has been recently reported.”® Additional
stabilization of phenoxyl radicals can be realized via hydrogen
bonding or metal coordination by exploiting suitable supporting

o

P 4R
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induce, in addition, tetrahedral distortion of square-planar salen-
type N,O, coordination geometry, which is 1mportant for
stabilizing Cu(I) in this coordination environment. > The extent
of this distortion can be increased by using large (3 and more atoms)
spacers between salicylidene moieties, as shown in 1. Other
coordination geometries were adopted when reduced salen-type
ligands containing additional dangling picolyl groups were used
for the generation of stable metal-phenoxyl radicals, as shown in
8. The ligand 9 based on triazacyclononane®” can also be
regarded as a reduced salen-type system.

Herein, we report on the synthesis of a new ligand, H,L, with a
N,O, donor set (Scheme 1), which contains a single phenolate
moiety, suitably protected by bulky tert-butyl substituents in the
ortho and para positions of the parent phenol, which enable the
ligand to form a phenoxyl radical that is detectable at room
temperature and contains a thiomethyl group attached to the
extended 77-conjugated system of the ligand frame. The effects of
nickel(Il), copper(Il), and zinc(Il) on the electrochemically
generated phenoxyl radical are explored in this work.

B EXPERIMENTAL SECTION

Starting Materials. 3,5-Di-tert-butyl-2-hydroxybenzaldehyde and
Cu(acac), were purchased from Aldrich. S-Methylisothiosemicarbazide
hydroiodide was synthesized by following the literature procedure.”
3,5-Di-tert-butyl-2-hydroxybenzaldehyde  S-methylisothiosemicarba-
zone was prepared using a condensation reaction of equimolar amounts
of 3,5-di-tert-butyl-2-hydroxybenzaldehyde and S-methylisothiosemi-
carbazide hydroiodide in 1:1 EtOH/H,O followed by the addition of
equivalent amount of Na,COj. Acetamidrazone hydrochloride was
prepared as described in the literature.”* A condensation reaction
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Scheme 1. Synthetic Pathway to H,L and Metal Complexes Prepared in This Work”
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“Reagents and conditions: (i) M(acac), (M = Ni, Cu), Hacac (Hacac = pentane-2,4-dione), CH(OC,Hs);, 105 °C, 8—16 h; (i) CHCl;, HCl,.

ZnL(CH;3OH) was prepared from zinc(II) acetate and H,L.

between 3,5-di-tert-butyl-2-hydroxybenzaldehyde and acetamidrazone
hydrochloride in ethanol/water 2:1 in the presence of an equimolar
amount of Na,COj; afforded a Schiff base. Ni(acac),:2H,O was
prepared by following the procedure reported for Zn(acac),+H,0%
and dehydrated by heating it in vacuo at 90 °C for 12 h. Pentane-2,4-
dione and triethyl orthoformate were obtained from Aldrich and distilled
before use. Dichloromethane (p.a.) and tetra-n-butylammonium hexa-
fluorophosphate (TBAPFg, p.), both purchased from Fluka, and ferro-
cene (98.0%) purchased from Merck were used as received.

Synthesis of the Metal(ll) Complexes and the Metal-Free
Ligand. Ni"L. A suspension of 3,5-di-tert-butyl-2-hydroxybenzalde-
hyde S-methylisothiosemicarbazone (2.50 g, 7.0 mmol) and Ni(acac),
(1.8 g, 7.0 mmol) in pentane-2,4-dione (24 mL) and triethyl orthofor-
mate (6 mL) was heated under an argon atmosphere at 107 °C for 8 h.
The reaction mixture was allowed to cool to room temperature. The
precipitate formed was filtered off, washed with ethanol and diethyl
ether, and dried in the air. Yield: 1.20 g, 34.6%. Calcd for Cy3H3;Ni-
N3058-0.5H,0 (M, 496.15 g/mol), %: C, 55.63; H, 6.50; N, 8.47; S,
6.44. Found, %: C, 55.75; H, 6.41; N, 8.60; S, 6.36. "H NMR (500.10
MHz, CDCL): 6 8.09 (s, 1H, CH=N), 7.96 (s, 1H, =CH—N), 7.42 (s,
1H, Ar), 7.10 (s, 1H, Ar), 2.70 (s, 3H, CHj;), 2.63 (s, 3H, CH3), 2.42 (s,
3H, CH3), 1.44 (s, 9H, C(CHj3)3), 1.31 (s, 9H, C(CH3)3). IR spectrum
(ATR, selected bands, v,,,,): 1656, 1584, 1532, 1296, 1170, 942, 783,
622 cm™ . UV—vis in CH,Cl,, 4, nm (&, M" " em ™ 1): 472 (8440), 401
(20610), 371 (20690), 317 (19675), 293 (25365), 257 (51030).

Cu"L. A suspension of 3,5-di-tert-butyl-2-hydroxybenzaldehyde
S-methylisothiosemicarbazone (1.42 g, 4.0 mmol) and Cu(acac), (1.0
g, 3.8 mmol) in pentane-2,4-dione (12 mL) and triethyl orthoformate
(3 mL) was heated under an argon atmosphere at 107 °C for 16 h. The
reaction mixture was allowed to cool to room temperature. The
precipitate formed was filtered off, washed with ethanol and diethyl
ether, and dried in the air. The crude product, contaminated with
Cu(acac),, was dissolved in chloroform and reprecipitated with ethanol.
Yield: 0.66 g, 35.3%. Calcd for Cy3H;, CuN30;S (M, 492.14 g/mol), %:
C, 56.08; H, 6.35; N, 8.54; S, 6.50. Found, %: C, 55.74; H, 6.43; N, 8.59;
S, 6.36. IR spectrum, (ATR, selected bands, Vp,,,): 1657, 1583, 1525,
1462, 1362, 1289, 1167, 939, 786, 607 cm ™~ . UV—vis in CH,Cl,, 4, nm
(e, M 'em™"): 445 (10200), 374 (19525), 362 (20630), 315 (21030),
305 (20870), 284 (19205), 255 (31650).

H-L. Hydrogen chloride was bubbled through a solution of NiL (0.27
g, 0.55 mmol) in chloroform (S0 mL). The red color of the solution
faded gradually, and it became light-yellow. Water (200 mL) was added,
and after vigorous stirring, the organic layer was separated from the
aqueous phase using a separating funnel. This operation was repeated
5—6 times to ensure the removal of nickel(Il) from the organic layer.
The chloroform was evaporated under reduced pressure almost to
dryness, and to the remaining residue was added ethanol (10—
12 mL). The solution was allowed to stand at 4 °C overnight. The
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crystals formed were separated by filtration and washed with cold
ethanol (S mL). The crystallized product was also suitable for X-ray
diffraction measurement. Yield: 0.19 g, 76.9%. Mp 169—170 °C. Calcd
for C3H345N3036S (M, 442.40 g/mol), %: C, 62.44; H, 7.79; N, 9.50;
S,7.25. Found, %: C, 62.25; H, 7.76; N, 9.32; S, 7.10. ES-MS (CH;OH)
positive: m/z 432 [M -+ H] ", 454 [M + Na] *; negative: m/z 430 [M —
H']". UV—vis in CH,Cl,, 4, nm (g, M 'em™ '): 381 (41120), 348
(29105), 291 (21455).

Zn"L-CH;0H. To H,L (108 mg, 0.25 mmol) in chloroform (3 mL)
was added Zn(CH3C0O0),-2H,0 (55 mg, 0.25 mmol) in methanol
(6 mL). After 24 h, the crystals formed were filtered off, washed with
methanol, and dried in the air. Yield: 72 mg, 54.8%. Calcd for
Ca4H33sN30,8Zn (M, 525.16 g/mol), %: C, 54.70; H, 6.69; N, 7.97;
S, 6.08. Found, %: C, 54.25; H, 6.77; N, 7.84; S, 6.04. "H NMR (500.10
MHz, DMSO-d): 6 = 8.57 (s, 1H, CH=N), 8.56 (s, 1H, =CH—N),
7.28 (d, 1H, Ar), 7.13 (d, 1H, Ar), 4.10 (q, 1H, CH;OH), 3.18 (d, 3H,
CH;0H), 2.56 (s, 3H, CH3), 2.49 (s, 3H, CH3), 2.33 (s, 3H, CH;), 1.46
(s, 9H, C(CHs;)3), 1.26 (s, 9H, C(CH3)3). UV—vis in CH,Cl,, 4, nm (¢,
M ' em™'): 437 (8770), 351 (19745), 303 (23080), 250 (18040). The
quality of the crystals was suitable for X-ray diffraction analysis.

Cu"LMe-0.6H,0. A suspension of a Schiff base of 3,5-di-tert-butyl-2-
hydroxybenzaldehyde and acetamidrazone (1.00 g, 3.5 mmol) and
Cu(acac), (0.6 g, 2.3 mmol) in pentane-2,4-dione (8 mL) and triethyl
orthoformate (2 mL) was heated under an argon atmosphere at 107 °C
for 20 h. The reaction mixture was allowed to cool to ca. 50 °C and
filtered. The filtrate was cooled slowly and allowed to stand at 4 °C for 24
h. The crystallized product was filtered off and washed with ethanol. The
orange well-shaped crystals suitable for X-ray diffraction were contami-
nated with Cu(acac),. Therefore, the product was purified by column
chromatography on silica by using CH,Cl, as an eluent. Yield: 0.09 g,
8.3%. Calcd for Cy3H3, ,CuN30; 4 (M, 471.87 g/mol), %: C, 58.54; H,
6.88; N, 8.91. Found, %: C, 58.25; H, 6.77; N, 8.89.

Analytical and Spectroscopic Measurements. 'H NMR
spectra were recorded at 298 K on a Bruker FT NMR spectrometer,
Avance III 500 MHz, at an operating frequency of 500.10 MHz. The C,
H, N, and S elemental analyses were performed by the Laboratory for
Elemental Analysis, Faculty of Chemistry, University of Vienna, by using
a Perkin-Elmer 2400 CHN Elemental Analyzer. IR spectra were
measured on a Bruker Vertex 70 FT-IR-spectrometer by means of
attenuated total reflection (ATR) techniques. Electrospray ionization
mass spectrometry (ESI-MS) measurements were carried out with a
Bruker Esquire 3000 instrument; the samples were dissolved in metha-
nol. Electronic absorption spectra of compounds dissolved in CH,Cl,
were recorded at room temperature with a Perkin-Elmer Lambda 650
spectrophotometer between 240 and 900 nm or PC2000 (Ocean Optics,
Inc.). All cyclovoltammetric experiments were performed at room
temperature under a nitrogen atmosphere. A standard three electrode
arrangement of a platinum wire as the working electrode, a platinum wire
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Table 1. Crystal Data and Details of Data Collection for NiL, CuL, ZnL(CH3;0H), H,L, and CuLM®

compound NiL CuL
empirical formula Cy3H3;NiN; O3S Cy3H;3,CuN3038
fw 48828 493.11
space group P2,/c Pnma
a[A] 32.3176(19) 31.637(6)
b [A] 7.2509(3) 6.9058(14)
¢ [A] 21.5531(10) 10.956(2)
o [deg]
B [deg] 109.426(3)
¥ [deg]
V [A%] 4763.1(4) 2393.6(8)
z 8 4
A [A] 0.71073 0.71073
Pealea [g cm ] 1.362 1.368
cryst size [mm®] 0.80 x 0.20 x 0.04 0.50 x 0.05 x 0.01
T [K] 100 100
w [mm~'] 0.931 1.028
R 0.0669 0.0382
wR," 0.1585 0.0887
GOF* 1.010 1.038

ZnL(CH;OH) H,L Cul™M®
C14H34ZnN;0,S Cy3H33N3058 Cy3H;;CuN3;0;
525.97 431.58 461.05
P2/n P1 C2/c
10.4094(4) 10.0352(13) 34.687(3)
9.2257(4) 14.3427(16) 13.8621(11)
27.7560(10) 17.316(2) 9.5329(6)

78.711(7)
97.096(2) 79.905(7) 93.060(7)

87.707(7)
2645.10(18) 2406.2(5) 4577.2(6)
4 4 8
0.71073 0.71073 0.71073
1.321 1.191 1338
0.25 x 0.10 x 0.06 0.98 x 0.33 x 0.16 0.22 x 0.22 x 0.08
100 100 100
1.040 0.162 0.982
0.0433 0.0665 0.0595
0.0990 0.0986 0.1668
1.069 0.962 1.018

R, =YIF,| — |FJl /Z|F,|. " wR, = {Z[w(F.,> — F2)*1/3[w(F.2)*1}"2 ¢ GOF = {3[w(F,> — F2)*]/(n — p)}l/z, where n is the number of reflections,

and p is the total number of parameters refined.

as the counter electrode, and a silver wire as the pseudoreference electrode
was used. The recorded oxidation potentials were obtained with a scan rate of
0.10 Vs~ . Sample solutions with an approximate concentration of 0.5 mM,
prepared with 0.2 M TBAPF4 supporting electrolyte in CH,Cl,, were
purged with N, for S min before each experiment. The electrochemical
measurements were carried out with a HEKA PG 284 (Lambrecht,
Germany) potentiostat/galvanostat using the PotPulse 8.53 software
package. Ferrocene (Fc) was used as an internal standard. Electrochemical
oxidation of the investigated compounds with simultaneous UV—vis and
EPR measurements was carried out in a Varian flat spectroelectrochemical
cell using platinum mesh as a working electrode. Platinum wire served as a
counter electrode, and a silver wire calibrated against the Fc/ Fc' redox-
couple served as a pseudoreference electrode. The cell was filled and tightly
closed, and in situ spectroelectrochemical experiments were performed in
the optical EPR cavity (ER4104OR, Bruker, Germany). The EPR spectra
were recorded on different spectrometers: for X-band, both an EMX EPR
spectrometer (Bruker, Germany) and a modified Varian E-4 spectrometer
(Chicago); for Q-band (35 GHz), a modified Varian E-109 spectrometer
was used.”® The Q-band spectrometer employs a liquid He immersion
dewar so that spectra are recorded at 2 K under “passage” conditions which
yield an absorption line shape; a digital derivative spectrum is shown for
easier comparison with conventional EPR spectral presentation. EPR
simulations employed the Bruker software WinSim and the program
QPOW, by R. L. Belford, as modified by J. Telser. In situ UV—vis—NIR
spectroelectrochemistry of M"L complexes was performed in a 02 M
TBAPF solution in CH,Cl, using a double-beam Shimadzu 3600 spectro-
meter. The working electrode was placed in a 1 mm optical cell with Pt
auxiliary and Ag-wire pseudoreference electrodes. EPR spectra of [NiL]*
(one electron oxidized Ni"L) on a Pt-mesh electrode at 77 K were recorded
ex situ after a certain potential, controlled by the HEKA PG 284 potentio-
stat, was applied for 60 s with immediate immersion into liquid nitrogen
after the application of a potential step. The electrode contacts to the
potentiostat were removed after cooling. A standard EPR tube cell (3 mm
diameter) was used with Ag wire as a pseudoreference electrode and Pt-
mesh as a counter electrode.

Crystallographic Structure Determination. X-ray diffraction
measurements were performed with a Bruker X8 APEX II CCD

diffractometer at 100 K. Single crystals were positioned at 35, S0, 35,
35, and 35 mm from the detector, and 1917, 2488, 1961, 1211, and 1075
frames were measured, each for 30, 30, 30, 60, and 70 s over 0.5, 1, 1, 1,
and 1° scan widths for NiL, CuL, ZnL(CH;0H), H,L, and CuL™,
respectively. The data were processed using the SAINT software
package.”” Crystal data, data collection parameters, and structure
refinement details are given in Table 1. The structures were solved by
direct methods and refined by full-matrix least-squares techniques. Non-
hydrogen atoms were refined with anisotropic displacement parameters.
H atoms were placed at calculated positions and refined as riding atoms
in the subsequent least-squares model refinements. The isotropic
thermal parameters were estimated to be 1.2 times the values of the
equivalent isotropic thermal parameters of the non-hydrogen atoms to
which hydrogen atoms were bonded. SHELXS-97 was used for structure
solution and SHELXL-97 for refinement;*® molecular diagrams were
produced with ORTEP.*’ Refinement of the structures revealed that
acetyl and both —C(CH3); groups in CuL occupy two statistically
disordered positions on the opposite sides of the planar molecule with
50% probability. In CuL™®, only one —C(CHj); group is statistically
disordered with a 50% probability. The same approach, in combination
with the available tools (PART, DFIX, and SADI) of SHELXL97, was
used for NiL because of the disorder in one of the —C(CHj); groups of
the ligand. The fractional contributions of the two positions are in
0.4:0.6 and 0.7:0.3 ratios, for A and B molecules, respectively.

DFT Calculations. The geometries of the transition metal com-
plexes M"L (M = Ni, Cu, Zn) and the ligand H,L as well as of one-
electron oxidized species [ML]" (M = Ni, Cu, Zn) and [H,L] " were
optimized at the B3LYP level of theory (starting from experimental
X-ray structures of Ni''L, Cu'"'L, Zn"L(CH;OH), and H,L) without any
symmetry restrictions using the Gaussian 03 program package.*® The
standard 6-311G* basis set has been used for transition metal, sulfur,
oxygen, and nitrogen atoms and the 6-31G* one for the remaining atoms
(basis I). The stability of the obtained structures has been tested by
vibrational analysis (no imaginary vibrations). On the basis of the
optimized B3LYP geometries, the vertical transition energies and
oscillator strengths between the initial and final electron states for
electronic absorption spectra (up to 120 excited states) were computed
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Chart 3

by the TD-DFT method using the same basis set. In the next step, the
electronic structure of the model compounds was evaluated in terms of
Mulliken population analysis (MPA) such as spin densities (more
exactly, the differences between o and f3 electron populations) on
individual atoms using the 6-311G basis set for all atoms (basis II). All of
the basis sets used are included in the Gaussian 03 library.*

B RESULTS AND DISCUSSION

Template condensation of 3,5-di-tert-butyl-2-hydroxybenzal-
dehyde S-methylisothiosemicarbazone with pentane-2,4-dione
and triethyl orthoformate at 105 °C afforded metal complexes of
the type M"L, where M = Ni and Cu, and H,L is a novel
tetradentate ligand (Scheme 1). Evidence for the formation of
NiL and CuL was furnished by the positive ion ESI mass spectra,
which showed the presence of peaks with m/z 510 attributed
to [NiL + H]™ and 493 and 515 assigned to [CuL + H]™ and
[CuL + Na] ", respectively. Related complexes of copper(II) and
nickel(II) with tetradentate ligands unsubstituted in positions 3
and S of the phenol ring (Chart 3, R = S-alkyl) were obtained
analogously and reported previously.”' ~** Heating pentane-2,4-
dione with triethyl orthoformate affords 3-ethoxymethylene-
pentane-2,4-dione (the latter hydrolyzes with formation of
3-formyl-pentane-2,4-dione), which then undergoes a condensa-
tion reaction with the terminal NH, group of the tridentate
thiosemicarbazone. Attempts to perform this reaction in the
absence of metal as a template failed. It should, however, be
noted that the synthesis of metal-free tetradentate Schiff base
H,L' (R = SCH,) was realized in the presence of VO*" and
Zn®", making use of their catalytic coordination template
effect.>** Demetalation of Ni''L with gaseous hydrogen chloride
in chloroform afforded the metal-free ligand H,L. The latter
showed in the mass spectrum peaks at m/z 432 and 454, which
correspond to [H,L + H] " and [H,L + Na]*, respectively. By
reaction of the latter with Zn(CH5COO),+2H,0O in a 1:1 molar
ratio in 1:2 chloroform/methanol, the complex ZnL(CH;O0H)
was isolated. The ESI mass spectrum contains two peaks at m/z
494 and 516, which can be attributed to [ZnL + H]" and [ZnL
+ Na] ™, correspondingly.

The results of X-ray diffraction studies of NiL, Cul, ZnL-
(CH;0H), H,L, and CuL™* are shown in Figures 1—4, corre-
spondingly. Selected bond distances (A) and angles (deg) are
quoted in Table 2. The metal ion is coordinated by two nitrogens
(N1, N3) and two oxygen atoms (O1, O2). In ZnL, the apical
coordination site is occupied by a molecule of methanol. The
coordination geometry about nickel(II) and copper(II) can be
described as square-planar. The coordinated atoms O1, 02, N1,
and N3 are almost coplanar with deviations from the mean planes
within £:0.004 and £-0.001 A for two independent molecules in
NiL, and strictly coplanar in CuL. The dihedral angle between
the two O—Ni—N planes in two crystallographically

02B
2

Figure 1. ORTEP view of the second crystallographically independent
molecule of NiL in the asymmetric unit with atom labeling and thermal
ellipsoids at the 50% probability level.

independent molecules of NiL is at 178.8 and 178.4°, while in
CuL is at 180°. The coordination polyhedron of zinc(II) in
ZnL(CH;O0H) is a square-pyramid (7 = 0.02).® The coordi-
nated atoms O1, O2, N1, and N3 in the basal plane of the
pyramid in ZnL(CH3;OH) deviate from the least-squares plane
defined by N, O, atoms within #-0.029 A. The zinc ion comes out
from this plane by 0401 A toward the apical ligand. The
configurations adopted by the ligand in metal complexes and
in the metal-free state are quite different. The ligand is in Z
configuration with respect to the central N2=C8 bond in NiL,
CuL, and ZnL(CH;3;O0H), while in the E configuration in H,L.
For metal coordination, two rotations of the relevant moiety in
the metal-free ligand are required, one around the N2=C8 bond
and the second around the N3—C8 bond. Note that the E
configuration has been also established for H,L' (R = S-n-
C;H,)*3* by X-ray diffraction (Chart 3). In this last structure,
however, the phenolic proton was not involved in an intramo-
lecular hydrogen bonding to the azomethine nitrogen atom.

The doubly deprotonated tetradentate ligand L*~ forms three
metallocycles on coordination to the metal, one five-membered
A and two six-membered B and C (see Scheme 1). The Ni—O1,
Ni—02, Ni—N1, and Ni—N3 distances in two crystallographi-
cally independent molecules A and B (Table 2) are comparable
to analogous parameters in NiL' (R = SCH;) at 1.843(3),
1.847(3), 1.829(4), and 1.843(3) A.** The Cu—01, Cu—02,
Cu—N1, and Cu—N3 distances in CuL (Table 2) are very similar
to those in CuL' (R = S-n-C3H,)** at 1.879(3), 1.934(3),
1.914(3), and 1.921(2) A, correspondingly.

Geometrical similarity is also observed for Zn—01, Zn—02,
Zn—N1, and Zn—N3 distances in ZnL(CH;OH) (Table 2) and
ZnL'(pyridine) (R = S-n-C3H,)*® at 1.942(5), 2.049(5),
2.079(6), and 2.089(S) A, respectively.

Of note is the sequence of single and double bonds in the
fragment C6—C7—N1—N2—C8—N3 with deviations from
standard bond lengths, which is determined by 7r-delocalization.
Strong sr-delocalization is also evident in the pentane-2,4-dione
moiety (Table 2).

The E configuration adopted by both crystallographically
independent molecules of H,L is not strictly planar. The dihedral
angle between the mean plane through the isothiosemicarbazide
moiety and benzene ring is 4.8 and 8.1°, while that between the
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Figure 3. ORTEP view of the molecule of ZnL(CH3;OH) with atom
labeling and thermal ellipsoids at the 50% probability level.

same fragment and flat acetyl groups involved and not involved in
intramolecular hydrogen bonding are at 19.1 and 24.1 and at 2.3
and 26.0° in molecules A and B, correspondingly. These dihedral
angles are markedly different from the corresponding ones found
in H,L' (R = SCH;) at 7.4, 7.0, and 10.2° due to the presence of
bulky tert-butyl groups in H,L and their effect on packing.

EPR Spectra for Cu"L and Cu"L™®. Figure 5 shows the EPR
spectra of Cu"L in a mixture of CH,Cl,/DMF recorded at both
X-band (~9 GHz, at 80 K) and Q-band (35 GHz, at 2 K)
microwave frequencies. The essentially axial spectra were suc-
cessfully simulated with g ~ 2.226 and g, ~ 2.055 and SCu
hyperfine coupling constant A} ~ 640 MHz. The two frequen-
cies yielded slightly different sets of simulation parameters, so
consensus values are given here; the Figure S caption gives the
exact values. Besides experimental variability, the chief basis for
the difference is due to the relative ability of X-band (and lower
frequencies) to determine the field-independent hyperfine cou-
pling and Q-band (and higher frequencies) to determine the
field-dependent g values. These effects in the context of Cu(II)
complexes have been discussed in detail by Hyde and Froncisz.>”
These spin Hamiltonian parameters are similar to those reported
for other copper(Il) complexes with a N,O, coordination
environment, for which g|| is in the range of 2.20—2.25 and Al
is in the range of 600—660 MHz, as compiled by Peisach and
Blumberg.*® The complex Cu'L thus shows no evidence by EPR
of any effect of the phenolate ligand. As shown below, however,
oxidation will lead to “non-innocent” ligand behavior.

Figure 4. ORTEP view of one crystallographically independent mole-
cule of H,L with atom labeling and thermal ellipsoids at 50% probability
level. Two intramolecular hydrogen bonds O1A—H- - -N1A [O1A—H,
0.84; H---N1A, 1.873; OlA---N1A, 2.606 A; O1A—H---NI1A,
144.94°] and N3A—H---02A [N3A—H, 0.88; H---024, 1.878;
N3A----02A,2.560 A; N3A—H- - - O2A, 132.98°] are also shown.

The EPR parameters for Cu"L™® determined from spectra
recorded at both X- and Q-band frequencies (see Figure SI,
Supporting Information) are essentially the same as those
for Cu''L.

Spectroelectrochemistry. Figure 6 shows cyclic voltammo-
grams of the ligand H,L and complexes Ni"L, Cu"L, and
Zn"L-CH;OH, at a scan rate of 0.10 V's~ ' on a platinum wire
working electrode. All potentials are referenced vs ferrocene/
ferrocenium (Fc/Fc™) as an internal reference redox couple. For
H,L, an irreversible one-electron oxidation wave with the highest
oxidation potential at E, = 0.88 V vs Fc/Fc' was observed,
indicating a low stability of the emerging cation radical (phenoxyl
radical) formed upon oxidation.

The formation of the phenoxyl radical was confirmed by an
in situ EPR spectroelectrochemical experiment performed for
H,L in TBAPF4/CH,Cl, by using a large platinum mesh work-
ing electrode. A low intensity EPR signal with hyperfine splitting
was observed in the region of the first electron transfer
(Figure 7). The EPR signal of this species exhibits a lifetime of
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Table 2. Selected Bond Lengths (A) and Angles (deg)

NiL

Mol A Mol B CuL
Mi1—-01 1.8286(19) 1.829(2) 1.878(3)
M1—-02 1.8578(19) 1.8650(19) 1.933(2)
MI1—N1 1.822(2) 1.821(2) 1.910(3)
MI1—N3 1.811(3) 1.828(2) 1.925(3)
MI1—04
01—Cl1 1.315(3) 1.308(3) 1.297(4)
C1—C6 1.418(3) 1.427(3) 1.437(5)
C6—C7 1.403(4) 1.428(4) 1.425(5)
N1—-C7 1.309(4) 1.292(3) 1.295(5)
NI—-N2 1.398(3) 1.405(3) 1.404(4)
N2—C8 1.305(4) 1.304(4) 1.289(5)
N3—C8 1.417(3) 1.394(3) 1.400(4)
N3—C9 1.341(3) 1.330(3) 1.327(5)
C10—C9 1.428(4) 1.391(4) 1.387(5)
C10—Cl11 1.411(4) 1.410(5) 1.446(5)
02—Cl11 1.262(3) 1.275(3) 1.258(4)
03—C13 1.225(3) 1.219(3) 1.228(6)
S1—C8 1.730(3) 1.739(3) 1.755(3)
O1—-M1—N1 95.0(1) 95.0(1) 93.8(1)
O1—M1—N3 178.37(9) 178.02(9) 175.2(1)
N1—-MI1—N3 83.5(1) 83.4(1) 81.5(1)
01-M1—-02 87.90(8) 87.78(9) 94.2(1)
N1-M1-02 176.9(1) 177.0(1) 172.2(1)
N3—M1—02 93.6(1) 93.8(1) 90.6(1)

H,L
ZnL(CH;OH) Mol A Mol B CuL™®
1.926(2) 1.871(3)
2.005(2) 1.918(3)
2.036(2) 1.905(4)
2.064(2) 1.914(4)
2.081(2) 1.925(3)
1.309(3) 1.365(4) 1.369(4) 1.322(6)
1.431(4) 1.402(5) 1.405(4) 1.434(7)
1.441(4) 1.450(4) 1.466(4) 1.427(7)
1.299(4) 1.289(4) 1.291(4) 1.309(6)
1.399(3) 1.408(3) 1.415(3) 1.406(6)
1.304(4) 1.292(4) 1.290(4) 1.306(6)
1.401(4) 1.385(4) 1.383(4) 1.399(6)
1.319(4) 1.343(4) 1.353(4) 1.326(6)
1.410(4) 1.373(4) 1.371(4) 1.410(7)
1.456(4) 1.484(5) 1.469(5) 1.439(7)
1.259(4) 1.249(4) 1.245(4) 1.273(6)
1.232(4) 1.230(4) 1.227(4) 1.225(6)
1.760(3) 1.754(4) 1.764(3)
90.13(9) 94.11(16)
153.68(10) 175.63(15)
77.07(9) 81.60(17)
97.77(8) 92.09(14)
155.09(9) 173.43(16)
85.81(9) 92.23(15)

only a few seconds (half-life time about 1 s in CH,Cl,), buta g
value of 2.002 can be determined, which is typical for organic 7-
conjugated systems. By signal averaging, we were able to obtain
sufficient signal-to-noise ratio to simulate this spectrum using the
SimFonia (Bruker) program with the following hyperfine split-
ting constants: ay 6.0, ay 3.7, an 3.5, and ayy 0.4 G. This indicates
delocalized spin density mostly over the substituted phenol ring
and the neighboring 77-conjugated —C=N—N=C— fragment.
Additional evidence is provided by the composition of the a-
HOMO orbital as well as from the calculated spin density
distribution for [H,L]™* as depicted in Figure 8.

On going from the metal-free ligand H,L to the corresponding
metal complexes, a strong shift of oxidation potential was
observed (E; , = 0.38 V for Zn"L(CH;OH), E, , = 0.62 V for
Cu"L, and E, 12 =0.67V for NiHL). In addition, the oxidation
peak becomes more reversible, especially for the Cu"'L complex
(Figure 6). At a scan rate of 0.10 Vs~ ', we observed electro-
chemical reversibility for Cu''L similar to the ferrocene internal
standard (Figure S2, Supporting Information). This indicates a
marked stabilization of a phenoxyl radical within the complex
formed upon the first electron transfer and a substantial con-
tribution of metal orbitals. To elucidate the effect (if any) of the
MeS group on the physicochemical properties of the complex, we
prepared a new Cu(II) complex, CuL™*, in which the MeS group
was replaced by a Me group. The complex was studied by X-ray
diffraction, EPR spectroscopy, and cyclic voltammetry. The
replacement of MeS by Me has no effect on EPR parameters
and redox potential nor on the reversibility of the one-electron
oxidation voltammetric peak. Reversible electrochemical beha-
vior and only a slight anodic shift of 10 mV compared to Cu''L

Iy M . . 1
were found for Cu L. In contrast, an irreversible oxidation was

observed for corresponding complexes without tert-butyl groups
in both Cu"L' and Cu"L"™® with a strong electrochemical
potential shift of 110 mV (Figure S2, Supporting Information),
confirming the important role of tert-butyl groups for both
oxidation potential and the stabilization of the phenoxyl radical
within the complex.

As no change in the redox state of zinc(II) in Zn"L(CH;0H)
was expected for its one-electron oxidation, we first studied its
oxidation by in situ spectroelectrochemistry. Figure 9 shows an
evolution of UV—vis—NIR spectra monitored upon anodic
oxidation of Zn"L(CH;0H) in TBAPF4/CH,Cl, in the region
of the first electron transfer. It can be seen that two new
absorption bands emerge at 550 and 1125 nm. Such bands are
characteristic of delocalized cation radicals as already well-
documented for a variety of 7-conjugated organic compounds
(these are mostly attributed to the HOMO—SOMO and
SOMO—-LUMO transitions).39’40

The EPR activity of the formed species was proved by in situ
EPR spectroelectrochemistry. A narrow EPR line without hy-
perfine splitting and g value of 2.0027 was registered for the one-
electron oxidized [ZnL(CH3;0H)]™, indicating delocalized spin
and ligand centered character of this EPR signal (Figure S3,
Supporting Information). It should be noted that a similar sharp
EPR line was observed upon oxidation of Ni'L, but the gvalueis
shifted to g = 2.0137. This signal can be assigned to a species of
predominantly phenoxyl radical character with marked contribu-
tion from the central atom (g > 2.00 results from the contribution
of Ni"" with its more than half-filled (3d%) conﬁguration).16 As
seen for ZnL(CH3;OH) oxidation, UV—vis—NIR spectra
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Figure 5. X-band (upper) and Q-band (lower) EPR spectra of Cu''L in
1:1 v/v CH,Cl,/DME. The spectra are displayed on a descending g
value scale to allow comparison between the two frequencies. Experi-
mental parameters, X-band: temperature, 80 K; microwave frequency,
9.215 GHz; 100 kHz field modulation amplitude, S G; time constant,
30 ms; scan time, 2 min. Q-band: temperature, 2 K; microwave fre-
quency, 35.102 GHz; 100 kHz field modulation amplitude, 0.16 G; time
constant, 4 ms; scan time, 4 min. Simulation parameters, X-band: g =
[2.05, 2.06, 2.235], A(®*Cu) = [60, 60, 670] MHz; Ao (**N)*2 = 40
MHz; single crystal Gaussian linewidths (hwhm), W, = 30 MHz, W) =
90 MHz. Q-band: g = [2.05, 2.06, 2.218], A(**Cu) = [60, 60, 600] MHz;
Aio(M*N)*2 = 40 MHz; single crystal Gaussian linewidths, W, = 50
MHZ, W” = 140 MHz.
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Figure 6. Cyclic voltammograms of H,L (blue line), Zn"L-CH;0H
(greenline), Cu"L (black line), and Ni"'L (red line) in 0.20 M TBAPF/
CH,C]l, solutions at a scan rate of 0.10 Vs .

monitored upon anodic oxidation of Ni"'L as well as Cu"L in
TBAPF4/CH,Cl, in the region of the first electron transfer
exhibit at room temperature new absorption bands at 595, 827,
and 1092 nm for [NiL]" and at 540 and 1175 nm for [CuL]"
(Figure 10), indicating ligand centered spin delocalization by
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Figure 7. EPR spectrum observed upon oxidation of H,L in TBAPF¢/
CH,Cl,. Experimental EPR parameters, X-band: temperature, 298 K;
microwave frequency, 9.795 GHz; microwave power, 10 mW; modula-
tion amplitude, 2G; time constant, 41 ms; scan time, 84 s.

Figure 8. (a) a-HOMO (0.07 isosurface level) orbital and (b) spin
density (0.005 isosurface level) of [H,L]™.

analogy with the results for Zn"L. The lifetime of these products
was determined to be several tens of seconds (half-life t, , = 38 s
for CuL"), indicating essential stabilization of the phenoxyl
radical within the metal complex compared to the metal-free
ligand.

Computed HOMO orbitals of Ni''L and Zn"L complexes as
well as the 0-HOMO of Cu"'L indicate the same dominating
redox site for oxidation as observed for H,L, with additional
contributions from the Ni and Cu d-orbitals (see below).
Frontier MOs of Ni"'L are of 77 character with o and 3 ones
being very similar. The HOMO is located mainly on the benzene
ring and its phenolate oxygen and on the hydrazine residue
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Figure 9. UV—vis—NIR spectroelectrochemistry of Zn"L(CH;OH) in
TBAPFs/CH,Cl, recorded in the region of the first electron transfer
using a Pt mesh working electrode (black line, 0.0 V; red line, 0.3 V;
green line, 0.4 V; blue line, 0.5 V vs Fc/FcT). The inset shows an
expansion (20% ) of the NIR bands.
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Figure 10. UV—vis—NIR spectroelectrochemistry of (a) Ni"L (black
line, 0.5 V; red line, 0.6 V; green line, 0.7 V; blue line, 0.8 V; cyan line,
0.9 VvsFc/Fc) and (b) Cu"L (black line, 0.50 V; red line, 0.55 V; green
line, 0.60 V; blue line, 0.65 V; cyan line, 0.70 V vs Fc/Fc") in TBAPF,/
CH,Cl, using a Pt mesh working electrode in the region of the first
electron transfer. The insets show expansions (10X ) of the NIR bands.

(@)

(b)

Figure 11. LUMO (a) and HOMO (b) for Ni''L [E(LUMO) = —
0.0851 and E(HOMO) = —0.1955 au].

nitrogen atom bound to the nickel(II) with a moderate anti-
bonding contribution of out-of-plane d(Ni) orbitals (Figure 11b).
The LUMO is localized mainly on the ligand framework
accommodating the metal without any Ni contribution
(Figure 11a). The 5-LUMO of [NiL]" is very similar to the
HOMO of NiL, but its & counterpart exhibits an analogy to the
LUMO of NiL (Figure S4c and a, Supporting Information). The
practically equal in-plane o and 5 HOMOs of [NiL]" (Figure
S4b and d, Supporting Information) are of 0 character and are
located on the noncoordinated acetyl group.

All frontier MOs of Cu"'L are of 77 character, with o and 3 ones
being very similar (Figure SS, Supportinlg Information). Both
HOMOs are very similar to those of Ni"'L, but with a smaller
antibonding contribution of out-of-plane d(Cu) orbitals. The
LUMOs are also analogous to those of Ni'L without any Cu
contribution. The HOMO of [CuL] " resembles those of Cu"'L,
but the corresponding LUMO is of 0 character and located on in-
plane d(Cu) orbitals and adjacent donor atoms with antibonding
d—p interactions (Figure S6, Supporting Information).

The frontier MOs of ZnL are of s-character and located
mainly on the chelate rings without any Zn contribution, the
HOMO having significant phenolate ring contributions (Figure
S7, Supporting Information). The a-LUMO of [ZnL]" looks
analogous to the LUMOs of CuL, whereas its 3-LUMO counter-
part exhibits a close analogy to the HOMOs of CuL, but without
any Zn contribution (Figure S8, Supporting Information). The
B-LUMO of [ZnL]" is very similar to the HOMO of ZnL,
whereas the -HOMO of [ZnL]" is of ¢ character and located
prevailin§ly on noncoordinated acetyl group as in HOMOs
of [NiL]™".

The spin density distribution in the [NiL]™, [Cu"L], and
[ZnL]" complexes differs significantly from the corresponding
o-HOMO shapes (Figure 12). For all three metal complexes, it
has out-of-plane st-character and is located on carbon atoms of
the aromatic ring and the phenolic oxygen and hydrazine residue
nitrogen atoms bound to the metal atom. Unlike [Cu"™L] and
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Flgure 12. Spin density distribution in [NiL]"
[ZnL]" (c) complexes.

(a), [CuL] (b), and

[NiL]" complexes, the [ZnL]" system carries no spin density on
the metal atom, and this is shifted onto the hydrazine residue.

In the case of Cu"L oxidation in TBAPF./CH,CL, at room
temperature directly in the optical EPR cavity (enabling simul-
taneous monitoring of UV—vis spectra), a new absorption band
at 540 nm (2.25 eV) arises during oxidation upon the first
electron transfer (Figure 13a) with a 51mu1taneous decrease of
the characterlstlc EPR signal of the Cu 'L complex (Figure 13b).
Unlike for Zn"L(CH;0H) and Ni'L oxidation, there was no
new EPR sharp line emerging.

Taking into account the results from EPR/UV—vis spectro-
electrochemistry of Cu''L shown above, it can be concluded that
the quenching of the EPR signal during the oxidation could be
due to an antlferromagnetlc spin-coupling between the unpaired
electron on Cu" and the unpaired electron on the ligand, as
already reported both for copper(Il) salen monomers and in the
case of a copolymer contamlng copper(1l) salen and 3,4-ethyl-
enedioxythiophene units.*""** This indicates that the divalent
state of Cu is still dominating in the one-electron oxidized
[CuL] complex at room temperature, similar to |:N1L]+ and
[ZnL]™. It should be noted that although a not-fully reversible
CV wave has been observed at very slow scan rates (3 mV's '),
almost chemically reversible redox behavior was observed for
Cu''L oxidation in the region of the first electron transfer. The

(a)

(b)

anadic oxidation

3000 3200 3400 3600
BIG

Figure 13. In situ ESR—UV—vis spectroelectrochemistry of Cu"L in
TBAPF4/CH,Cl, using a large platinum working electrode. UV—vis (a)
and EPR (b) spectra measured during oxidation (UV—vis and EPR
traces recorded at the same time point of measurement have the same
color; EPR spectra are shifted on the Y-scale for clarity).

electronic absorption spectra measured upon direct and reverse
voltammetric scans are very similar (Figure S9, Supporting
Information).

Although some evidence has been provided for a dominating
M(II) —phenoxyl radical state at room temperature for the
investigated complexes, there are several examples in the litera-
ture conﬁrmlng the presence of both [M"(L™")]" and

[IM™(L>7)]" states, particularly for ox1dlzed nickel(II) com-
plexes Temperature-dependent tautomerism between nickel-
(1) — phenolate and nickel(IT)—phenoxyl radical states was
observed.'*'® To investigate this possibility for our oxidized
[NiL]", we performed an ex situ spectroelectrochemical experi-
ment. The Ni'L sample was electrolyzed in TBAPF,/CH,Cl,
directly in an X-band EPR tube using a platinum mesh working
electrode. This EPR tube was then immediately immersed into
liquid nitrogen, and EPR spectra were recorded at 77 K. Figure 14
shows the EPR spectrum of the one-electron oxidized [NiL] "
complex measured in this way. It exhibits two anisotropic EPR
spectra with different g values, in contrast to the single isotropic
EPR signal (S = 1/2) measured at room temperature. At room
temperature, the g value of 2.014 is between that for the oxidized
[ZnL]" complex and typical Ni(III) complexes (see below),
indicating the formation of a ligand radical with partial
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Figure 14. X-band EPR spectrum of oxidized Ni"'L with simulations as
described in the text. Experimental EPR parameters, X-band: tempera-
ture, 77 K; microwave frequency, 9.497 GHz; microwave power,
10 mW; modulation amplitude, SG; time constant, 82 ms; scan time, 42 s.

delocalization of the unpaired spin onto orbitals of the nickel ion.'®
At 77K, this “radical” signal still dominates the EPR spectrum due to
its narrowness but becomes anisotropic with a rhombic pattern.
Simulation of this signal** yields g = [2.039(1), 2.014(1), 1.994(1)].
The linewidths are also anisotropic (W = 35, 15,20 MHz; Gaussian,
hwhh), which may be due to unresolved "*N and/or "H hyperfine
coupling. The data did not warrant any attempt to extract hyperfine
coupling parameters. The new “metal” EPR signal, which we
attribute to a Ni(Ill) species (see below), is broader and as a result
gives the appearance of being less significant. In this case, it is
possible to determine definitively only the perpendicular region
parameters, as the parallel feature is likely masked by the radical
signal. However, the comparison of the simulated and experimental
radical spectra suggests an estimate as to the g, (g1) value for this
Ni(II) species. The simulated spectrum at 335 mT has higher
intensity than the experimental spectrum, yet matches perfectly
elsewhere. We propose that this is due to the contribution of the
downward g feature of the Ni(Ill) species. This is shown in
Figure 14, which displays the sum of the simulations as well as
the simulation of the Ni(III) and radical species alone. With this
assumption, the Ni(IlI) species gives g = [2.252(1), 2.212(1),
2.03(1)] with W = 50, 40, and 40 MHz ( Gaussian, hwhh). Scaling of
the simulated intensities to match experimental results at g,,;q of
each, followed by double integration, indicates that the Ni(III)—
phenolate species is slightly more prevalent than the Ni(II)—
phenoxyl radical species (1.04:1.00). The g matrix deduced for
the Ni(TIT) species is characteristic of the low-spin 3d” electronic
configuration with a (dxy,yz,xz)‘sdzzl, ground state, such as often
found for Co(II).** This result is also the case for complexes that,
due to their having fully saturated azamacrocyclic (“innocent”)
ligands, unequivocally contain Ni(III).** Examples of authentic
Ni(IIT) include complexes such as [Ni(tacn),]*" (tacn = 1,4,7-
triazacyclononane), for which g =2.128 and gj = 2.026 as a powder
at 150 K,*® and [Ni(Me,[14]aneN4)Cl,]*,*” for which g1 =2181

and g =2.025 as a powder at ~300 K. The Ni(III) form of the partly
unsaturated tetraazamacrocyclic F430 cofactor isolated from methyl
Coenzyme M reductase (MCR) likewise has g; = 2211 and g =
2.020.*® The N,0, donor set for Ni"'L leads to the slightly rhombic
EPR spectrum compared to the axial spectra of these complexes
with N4 donors.*

Thus, the Ni"'L oxidized by one electron exhibits temperature-
dependent valence tautomerism between nickel(III) —phenolate
species and its nickel (II) —phenoxyl radical counterpart. At room
temperature, the [Ni"(L™*)]" is the only detectable complex,
while at 77 K, both species, [Ni"(L™")]" and [Ni""(L*")]", are
present in a ~1:1 molar ratio.

Electronic Absorption Spectra. In Figure 15, experimental
electronic absorption spectra for CuL, NiL, and ZnL are com-
pared with theoretical electronic transitions calculated for both
M"L (in black) and oxidized [ML] " (in red) species, while the
experimental absorption spectrum of H,L is given for compar-
ison in Figure S10 (Supporting Information). On the basis of the
optimal geometries, the electronic transitions and related oscil-
lator strengths were calculated using TD-DFT method. The first
transition with relevant oscillator strength corresponds to that
from HOMOs to LUMOs (H to L) for all M"'L complexes. We
recall that the t-HOMO (i.e.,, SOMO) of CuL and HOMO of
NiL are of 77 character, located mainly on a benzene ring with a
contribution from the central atom (see MOs in Figures SS and
11, Supporting Information). On the other hand, the corre-
sponding LUMOs are located mainly on the ligand framework
accommodating the metal without any central atom contribu-
tion. Consequently, this transition can be attributed to charge
transfer from the benzene ring and metal orbitals to the remain-
ing part of the tetradentate ligand. For the ZnL complex, no
metal contribution is seen in both frontier MOs, but a trace sulfur
contribution to the HOMO was found (Figure S7, Supporting
Information). Therefore, the HOMO to LUMO transition for
ZnL takes place within the ligand with lower electron density
transfer from the benzene ring to the remainder of the ligand
than for Ni and Cu complexes. Other dominant TD-DFT-
computed transitions correlate well with experimental spectra
with a wide variety of MO combinations, as indicated in
Figure 15.

For one-electron oxidized species, new transitions at lower
energies which correspond well to the experimental data were
obtained (see the experimental spectra in red and corresponding
TD-DFT transitions in Figure 15). As the triplet state shows
lower energy compared to the singlet one in vacuo (see the
Supporting Information, Table S1), both triplet and singlet states
were calculated for [CuL]™ (Figure 16). The lowest energy
electron transitions at 1 eV observed for the [CuL]™ triplet can
be attributed to the electron density transfer from the 71-(3-
HOMO—1 localized mainly on the 7-conjugated —C=N—
N=C— fragment to the 77-3-LUMO located on the substituted
phenolate ring (see MOs of the triplet state [CuL]™ in Figure
S11, Supporting Information).

On the other hand, the lowest energy electron transitions
around 1 eV observed for the [CuL] ™ singlet state (see blue bars
in Figure 16) can be attributed to the unusual electron density
transfer from the 7-HOMO localized mainly on the benzene ring
to the 0-LUMO located at Cu and neighboring atoms (see MOs
of [CuL]? singlet in Figure S6, Supporting Information).

For the [NiL]" complex, the lowest transition at 1.3 eV
corresponds to the charge-transfer within the ligand from -
MO with a dominant sulfur contribution to the benzene ring part
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Figure 15. Comparison of the experimental electronic absorption
spectra for CuL (a), NiL (b), and ZnL (c) with calculated electronic
transitions both in neutral ([ML]° in black) and oxidized ([ML]™, in
red) states. Abbreviation for transition labels: H = HOMO, L = LUMO.

of the molecule. For the [ZnL]" complex, the electronic transi-
tion at 1 eV corresponds to the charge-transfer within the 7-
system of the ligand without any contribution from the
central atom.

B DFT CALCULATIONS

In the first step, the geometries of the H,L ligand and ML
complexes, M = Cu, Nj, and Zn, as well as of their monocations
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Figure 16. Comparison of the experimental electronic absorption
spectra for CuL (black solid line) and [CuL]" (observed upon its
oxidation at the first anodic peak, dashed black lines) with calculated
electronic transitions for both [CuL]™ in triplet (in red) and in singlet
(in blue) states. Abbreviations for transition labels: H = HOMO, L
= LUMO.

were optimized in the lowest spin states (Figure $12, Tables S2—
S9, Supporting Information). The calculated spin densities on
the [H,L]™** cation radical enabled us to select the most probable
values of hyperfine splitting constants among various possible
interpretations of experimental data by SimFonia program
simulations.

In the next step, the ML and [ML] " structures in higher spin
states were optimized (Tables S10—S12, Supporting In-
formation). We have found that the triplet [CuL] " structure is
more stable (in vacuo) than the singlet by 0.4 eV (see Table S1,
Supporting Information). If this is the case in solution as well,
then such a spin triplet could in principle be observed by EPR, as
is the case for many organic triplets and some inorganic species as
well.* The inability to see EPR in our experiment might be due
to the properties of the triplet being unsuitable for observation by
conventional EPR (e.g,, its zero-field splitting (D value) might be
larger than the X-band microwave energy, ~0.3 cm™ ). On the
other hand, the optimal quartet [NiL] ™ structure is less stable by
0.7 eV (see Table S1, Supporting Information) than the doublet
state, whereas the neutral NiL complex prefers the lowest singlet
state over the triplet by 1.8 eV. Our attempts to find a second
stable structure of NiL " in a doublet electron state to explain its
temperature-dependent redox tautomerism (see above) were
not successful.

Using TD-DFT calculations, optical transitions in the com-
plexes under study both in neutral and in monocharged states
observed in spectroelectrochemistry have been successfully
attributed to the concrete transitions with a description of the
nature of these processes. Thus, ligand—ligand and metal—
ligand transitions within the charged complexes have been
identified. The shape and distribution of (at-)HOMO orbitals
of the neutral complexes indicate clearly the redox site where the
first oxidation event takes place.

B FINAL REMARKS

By exploiting the template methodology, the synthesis of a
new ligand with a N,O, donor set which contains a single
phenolic moiety, suitably protected by bulky tert-butyl
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substituents in the ortho and para positions of the parent phenol
able to generate a phenoxyl radical, and which contains a
thiomethyl group attached to the extended 7-conjugated ligand
framework has been realized. This ligand proved to be suitable
for the synthesis of metal complexes as models for mimicking the
electronic structure and/or functional properties of the active site
in galactose oxidase (GAO) and glyoxal oxidase (GLO), as
described below. One-electron electrochemical oxidation of the
ligand (H,L) gives rise to a cation radical H,L™, detectable at
room temperature. The formation of the phenoxyl radical was
confirmed by in situ EPR spectroelectrochemical data. The EPR
signal with g = 2.002 is typical for a delocalized sr-radical.
Hyperfine splitting constants ag 6.0, ax 3.7, ax 3.5, and ay 0.4
G indicate delocalization over the substituted benzene ring and
the adjacent sT-conjugated —C=N—N=C— fragment. Addi-
tional evidence is provided by the location of the HOMO of H,L
as well as from a calculated spin density distribution for [H,L]*".
Further stabilization of phenoxyl radicals without any contribu-
tion from redox-inactive Zn>" or with some contribution from d
orbitals of redox-active metal ions (Ni*", Cu®") was observed in
one-electron oxidized complexes [ML]" at room temperature.
The square-planar complex [CuL]" does not contain a low-spin
Cu(1II) ion, but rather a Cu(II) ion (3d°, Sc, = 1/2), which is
magnetically coupled to the ligand radical. Temperature depen-
dent valence tautomerism in which the equilibrium shifts from a
nickel(II) —phenoxyl toward a nickel(III) —phenolate complex
has been also observed. X-band EPR spectra at 77 K indicate that
the Ni(III) phenolate species is slightly more prevalent then the
Ni(II) —phenoxyl species (1.04:1.00). We have communicated
previously®® on the effectiveness of nickel(IT) and copper(II)
complexes with related tetradentate ligands in the epoxidation of
norbornene with molecular oxygen (1 atm) in THF at 70 °C. We
will therefore further explore the catalytic ability of the metal
phenolate and phenoxyl radical species reported herein on
alcohol and other organic substrate oxidation reactions.

Our interest in model compounds with one phenolate unit
was stimulated by the fact that copper(II) complexes with ligands
which contain one phenolate moiety were reported®" to show
absorption bands in the visible and NIR regions of striking
similarity to those of active GAO (Ajax = 444 nm and a broad
structured band with a maximum at 800 nm) and GLO (448 and
851 nm) enzymes, and, therefore, are good systems for reproduc-
ing the spectroscopic features of these enzymes. Our com-
pounds are able to generate one phenoxyl radical in a metal-free
or metal coordinated state by electrochemical oxidation. The
metal-free phenoxyl radical is not stable but can be detected by
EPR spectroscopy. Its lifetime is only a few seconds. It is worth
noting that we did not find metal-free phenoxyl radical species
generated from salen-type ligands—the popularly used ligand for
GAO/GLO model chemistry—in the literature. A marked
stabilization of the phenoxyl radical is observed in metal com-
plexes, as demonstrated by cyclic voltammetry, EPR spectrosco-
py, and UV—vis—NIR studies. The reversible character of the
one-electron oxidation wave for CuL is clearly shown in Figure
S2 (Supporting Information). The optical spectrum of [CuL] ™"
shows two maxima at 540 and 1175 nm red-shifted compared to
those characteristic for native enzymes. The structural modifica-
tions performed permitted to demonstrate that the thiomethyl
group has no effect on redox potential and stabilization of the
phenoxyl radical, as well as on EPR parameters. This is in contrast
to the results reported by others™® that a large cathodic shift in the
oxidation potential was observed for the model compound with a

thiomethyl group in the ortho position of the phenol ring as
compared to an unsubstituted phenol derivative. This shift was
attributed to both the electron-donating nature and the radical
stabilizing effect by electron spin-delocalization into the thio-
methyl group, referred to as an electron-sharing conjugative
effect. Our experimental and DFT calculation data do not suggest
electron spin-delocalization into the remote SCHj; group. The
effect of sulfur is secondary and confined to improved solubility
in common organic solvents and increased thermal stability. In
contrast, the effect of tert-butyl groups on stabilization of the
phenoxyl radical and on the reversibility of one-electron oxida-
tion is evident. Only an irreversible oxidation wave was observed
for the corresponding complexes without tert-butyl groups in
CuL' and CuL"™* with a significant electrochemical potential
shift of 110 mV. The question whether replacement of the tert-Bu
group in the ortho position of the phenolic moiety by a
thiomethyl group can produce a better model of GAO/GLO
remains to be clarified.

B ASSOCIATED CONTENT

© Ssupporting Information.  X-ray crystal data in CIF
format, EPR spectra, cyclic voltammograms, plots of frontier
orbitals, electronic absorption spectra, optimized geometries,
and spin-density distribution for both metal complexes and
metal-free ligands (or their one-electron oxidized species). The
material is available free of charge via the Internet at http://pubs.
acs.org.
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