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Nickel(IT) radical complexes of thiosemicarbazone ligands appended by
salicylidene, aminophenol and aminothiophenol moieties
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The nickel(Il) complexes of three unsymmetrical thiosemicarbazone-based ligands featuring a sterically
hindered salicylidene (1), aminophenol (2) or thiophenol (3) moiety were synthesized and structurally
characterized. The metal ion lies in an almost square planar geometry in all the complexes. The cyclic
0.49 V, which is assigned to
the phenoxyl/phenolate redox couple. The CV curves of 2 and 3 display a reversible one-electron

voltammetry (CV) curve of 1 shows an irreversible oxidation wave at E,

oxidation wave (E;;, = 0.26 and 0.22 V vs Fc'/Fc, respectively) and an one-electron reduction wave (E;,
=-1.58 and -1.46 V, respectively). The cations 2* and 3" as well as the anions 2" and 3~ were generated.
The EPR spectra of the cations in THF show a rhombic signal at g; = 2.034, g, = 2.010 and g3 = 1.992
(2% and g, = 2.069, g, = 2.018, g3 = 1.986 (3") that is consistent with a main radical character of the
complexes. The difference in anisotropy is assigned to the different nature of the radical,
iminosemiquinonate vs. iminothiosemiquinonate. The anions display an isotropic EPR signal at g, =
2.003 (2*) and 2.006 (3"), which is indicative of a main o-diimine radical character of the compounds.
Both the anions and cations exhibit charge transfer transitions of low to moderate intensity in their visible
spectrum. Quantum chemical calculations (B3LYP) reproduce both the g-values and Vis-NIR spectra of
the complexes. The radical anions readily react with dioxygen to give the radical cations. 2* catalyzes the

aerobic oxidation of benzyl alcohol into benzaldehyde.

Introduction

The coordination chemistry of ligands bearing redox non-
innocent moieties,!"! in particular phenolate groups,” has
attracted a considerable interest during the last decade. This stems
from the discovery of metal-radical entities in the active site of
metalloenzymes.**!  The prototypical example is
Galactose oxidase (GO),’! which harbours an active site
constituted by a tyrosyl radical (Tyr,7,") coordinated to a copper
ion. Owing to their ability to mediate electron transfers during
turnovers or even break chemical bonds ™ redox non-innocent
ligands can profundly affect the reactivity and enhance the
catalytic efficiency of a given metal complex. This strategy has
been applied to design new classes of inorganic catalysts for
several chemical transformations. The most straightforward are
aerobic oxidations, especially alcohol oxidations using phenoxyl-
based compounds (GO mimics), 7' but recently
[2+2]cycloadditions,™ nitrene ' and oxygen-transfer [
reactions and more generally oxidative additions were reported
by several groups. ['"]

Symmetrical bis(thiosemicarbazones) ligands are believed to
stabilize low oxidation states of many complexes, the best
described being copper ones (molecule A, scheme 1). This is
mostly due to their soft N,S, coordination sphere that
accomodates low valent copper ion. Depending on the ligand
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denticity, either monomeric, dimeric or hexameric copper(I)
complexes were isolated (Scheme 2),!'*! although alternative
copper(Il)-radical formulations were recently proposed for the
reduced anions on the basis of DFT calculations.'"¥ The
potentiality of thiosemicarbazones complexes to support a
reversible oxidative redox chemistry has been established by
electrochemistry. '>'* The electronic structure of the oxidized
state however remains highly speculative, both the Cu(IIl) or
Cu(Il)-ligand radical formulations being proposed for the
cations."! The redox non-innocence of the thiosemicarbazone
ligand has been nicely demonstrated by Keppler et al. on the
homoleptic Ga(Ill) bis(thiosemicarbazone) complex depicted in
scheme 1B.'"! They showed that the complex undergoes two
reversible electron transfers, although the Ga(Ill) ion is redox-
innocent. The redox non-innocence of the ligand is herein not
directly imputable to the thiosemicarbazone moiety. It arises
from the presence of a terminal o-diimine unit, which can be
reduced into a m-radical anion. Gerbeleu er al. ' and lately
Wieghardt ef al. ') also showed that the complexes of several S-
methyl-1-phenyl-isothiosemicarbazide ligands exhibit a ligand-
centered redox activity. The hydrazyl anion radical character of
the ligand was confirmed by X-ray crystal structures (molecule C,
scheme 1). In contrast, a metal-centered redox activity was
reported for the copper complex D depicted in scheme 1, which
was crystallized under both its copper(Il) and copper(Ill)
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Scheme 1. Representative complexes involving thiosemicarbazone units.
A) ligand or metal-centered redox processes; !'*'*! B) ligand-centered
reductive chemistry; ") C) radical anion species; ' D) metal-centered
redox processes; !"*! E) ligand-centered oxidative chemistry (R = #-Bu,
SMe or SPh).

A couple of years ago some thiosemicarbazone ligands appended
by phenol moieties were described in the literature.'”2" A very
interesting association of a sterically hindered (and thus pro
phenoxyl) phenol moiety and a thiosemicarbazone unit in a single
ligand have been described recently by Arion et al. (molecule E,
scheme 1).”"! They showed that complex E undergoes a ligand-
centered oxidation process, affording a persistent phenoxyl
radical species. ®” They also reported a reduction wave for E
which was irreversible. This result is rather unexpected since
compound C (Scheme 1), which harbours a S-methyl-
thiosemicarbazide unit coordinated in a similar fashion was
isolated and even crystallized under its reduced hydrazyl form.
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Scheme 2. Reduction of copper-thiosemicarbazone complexes. !

We herein describe an unprecedented family of ligands based on
a thiosemicarbazone-a-diimine backbone, which is appended by
o,p-sterically  hindered  salicylidene, = aminophenol  or
aminothiophenol moieties (Scheme 3). While the phenol-based
moieties used here are the precursors of oxidatively generated
radicals, we hypothesized that the thiosemicarbazone unit would
stabilize efficiently a low oxidation state of the corresponding
complexes. We focused in this article on the nickel complexes (1,
2 and 3, see scheme 3); Nickel is potentially redox-active, as
copper(Il), but it is diamagnetic under its (+1I) oxidation state in a
square planar environment. Consequently, both the one-electron
oxidized and one-electron reduced forms are paramagnetic (S =
¥5) species. For such spin systems the nature of the magnetic
orbitals (and the electronic structure of the compounds) could be
unambigusouly established by EPR spectroscopy. By spectro-
electrochemistry we show that 2 and 3 could be reversibly one-
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electron oxidized or reduced, affording stable monocations and
monoanions, respectively. We unequivocally establish that both
redox processes are ligand-centered, producing
iminosemiquinonate-based and a-diimine radicals, respectively.
In addition, we show that the anion radicals 2 and 3™ readily react
with dioxygen to produce the cations 2* and 37, respectively. 1
represents a particular case of tautomerization induced by metal
coordination, which prevents the generation of persistent radical
species. Finally, we investigated the catalytic activity of 2*
towards aerobic oxidation of benzyl alcohol.
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Scheme 3. Formula of the neutral complexes prepared.

Results

Synthesis and structural characterization of the neutral
complexes.

1 was obtained in a one-pot synthesis by mixing the 2-
(aminomethyl)-4,6-di-tert-butylphenol hydrochloride salt with
diacetyl-mono-4-methyl-3-thiosemicarbazone!'*! and one
equivalent of nickel(II) acetate (scheme 4). After few minutes a
red precipitate formed, which was collected by filtration. As
shown in Scheme 4a, 1 can exist under two tautomeric forms that
correspond to either the a-diimine Mannich base or the Schiff
base.

Complex 1 was crystallized by slow evaporation of a solution of
the complex in MeOH/EtOH/CH,Cl,. The crystal cell of 1
contains two distinct molecules (A and B) whose structures do
not differ significantly. The ORTEP view of one of these
molecules, arbitrary chosen, is depicted in Figure la. It displays
an almost square planar nickel(Il) ion coordinated by two
nitrogen atoms N1 and N2 (the former belongs to the salicylidene
fragment), one sulfur S1 and the phenolato oxygen O1. The
coordination bond distances Ni-N1, Ni-N2, Ni-S1 and Ni-O1 in
molecule A are 2.175(1), 1.853(3), 1.852(3) and 1.835(2) A,
respectively (2.160(2), 1.847(3), 1.844(3) and 1.833(2) A in
molecule B). The Ni-S1 bond length is indicative of a thiolate
rather than thiocarbonyl character of the sulfur atom. This is not
unexpected since the thiocarbonyl groups of the semicarbazone
units are known to easily tautomerize upon metal coordination.
The Ni-O1 bond at 1.833-1.835 A as well as the C1-O1 bond
distance at 1.322(4) A confirms the phenolato character of the
aromatic ring.!”'" Detailed analysis of the N-N and C-N bond
distances reveals several important features. Firstly, the C9-N2
and C8-N1 bond lengths are unequivalent. The C7-N1 bond
distance is 1.287(4) and 1.302(4) A (in molecule A and B,
respectively), while the N1-C8 is much longer, at 1.483(4) and
1.491(4) A in molecule A and B, respectively. Secondly, one
methyl group (attached to C9) is located 0.130 A above the mean
plane defined by the N1-N2-C8-C9-Ni atoms, while the other one
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(attached to C8) resides 1.259 A above this plane. Clearly, the
C7-N1 bond is a double bond, while the N1-C8 one is a single
bond. While tautomerization of the thiocarbonyl is common in
semicarbazone complexes, tautomerization of the Mannich base
into a salicylidene moiety is less described. It is likely the
consequence of a higher acidity of the benzylic protons when
compared to the methylenic protons of the bridge. Thus, 1
represents an interesting example of metal-promoted double
tautomerization of the ligand, which is finally isolated under its
10 thiolate / salicylidene form. It was important to check that
tautomerization is not due to crystal packing. 1 was therefore
dissolved in CDCl; and characterized by 'H NMR. Its '"H NMR
spectrum displays clear resonances, showing that a single
tautomer is present in solution. The fact that a resonance typical
is for an iminic proton is observed at 7.77 ppm, confirms the
exclusive formation of the Schiff base tautomer in solution.

o
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Scheme 4. Synthetic procedures.

Complexes 2 and 3 were obtained as single crystals by slow
20 evaporation of a solution of the corresponding complex in
MeOH/EtOH/CH,Cl,. The crystal structure of 2 is depicted in
Figure 1b. The coordination bond distances Ni-O1, Ni-N1, Ni-N2
and Ni-S1 are 1.846(2), 1.870(2), 1.838(2), 2.173(1) A, with a
very small (< 2°) angle between the opposite O1-Ni-N1 and S1-
Ni-N2 planes. The coordination bond lengths on the
semicarbazone side compare fairly with those reported for
symmetrical Ni(II) bis(thiosemicarbazone) complexes. ' In
contrast with 1, the bridge displays the typical bonding pattern for
an a-diimine moiety, with C7-N1 and C8-N2 bond distances of
1.307(3) and 1.313(3) A, respectively, and a C7-C8 bond length
of 1.487(3) A. The C1-O1 and C6-NI bond distances are
1.338(3) and 1.426(3) A, with a C1-C6 bond length of 1.424(3)
A. All these features are consistent with an aminophenolate
character of the aromatic ring. Noteworthy, Wieghardt es al.
35 reported that the homoleptic NiL, complex depicted in Scheme 5

is best described by the diradical resonance form B. P’ In the

case of 2 the C1-O1 and C2-N1 bond lengths are too long to
support such a formulation. One can conlude that the
thiosemicarbazone unit of 2 better stabilizes the ligand under its

2
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40 closed-shell electronic configuration.

Figure 1. X-Ray crystal structures of: a) 1; b) 2 ; ¢) 3 at the 30% ellipsoid
probability. H atoms omitted for clarity.

45 Table 1. Coordination bond distances in 1, 2 and 3 (in A)

Complex  Method™ 1 2 3
Ni-N1 XRD 1.843/1.852(3)  1.870(2) 1.880(3)
DFT 1.843 1.864 1.882
Ni-N2 XRD 1.847/1.853(3) 1.838(2) 1.863(4)
DFT 1.858 1.847 1.862
Ni-S1 XRD 2.160/2.175(1)  2.173(1) 2.160(1)
DFT 2.194 2.184 2.183
Ni-O1 XRD 1.833/1.835(2)  1.846(2) ;
DFT 1.853 1.877 -
Ni-S2 XRD - - 2.116(1)
DFT - - 2.147

[a]: XRD: X-Ray diffraction data ; DFT: Calculations by using the BP§86
functional.

The overall structure of 3 is similar to that of 2 (Figure 1c). The
so coordination bond distances Ni-S1, Ni-N1, Ni-N2 and Ni-S2 are
2.116(1), 1.880(3), 1.863(4) and 2.160(1) A. Both the Ni-N1 and
Ni-N2 bonds are slightly longer in 3 when compared to 2.
Regarding the aromatic ring, the C1-S2 and C6-N1 bond lengths
are 1.773(4) and 1.425(6) A, while the C-C ones fall within the
ss range 1.38-1.41 A. The absence of quinoid distribution of bond
distances within the ring, combined with C7-N1 and C8-N2 bond
distances at 1.320(5) and 1.295(7) A within the bridge confirms
that the ligand adopts a closed shell electronic configuration,
similarly to 2. Thus, 3 comprises both an aminothiophenolate and
0 thiosemicarbazone moieties connected by an a,0-diimine bridge.
Geometry optimizations were carried out on 1, 2 and 3 by using
the BP86 functional. As shown in Table 1 there is a good
agreement between theoretical and experimental data. It is also
gratifying that the evolution in coordination bond lengths within
os the series is fairly well predicted by calculations.
t-Bu, t-Bu
QN//—\\N +Bu Q-N/—\N - +Bu
W j@ - % Q
B/  OH (\O > B/  OH FO >
tBu /2 tBu /o
(A) (B)
Scheme 5. Possible electronic structures for Ni(L), (from reference 22).

Electrochemistry
70 The electrochemical behaviour of complexes 1, 2 and 3 has been

This journal is © The Royal Society of Chemistry [year]
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studied by cyclic voltammetry (CV) in CH,Cl, solution
containing tetra-n-butyl ammonium perchlorate (TBAP) as
supporting electrolyte. The CV curves of 1, 2 and 3 are depicted
in Figure 2.

a)
b)
I1TA
c)
20 15 -0 05 00 05 10
E/V

Figure 2. CV of 1 mM solutions of a) 1, b) 2 and ¢) 3 in CH,Cl, (+0.1 M
TBAP). T=298 K. The potentials are referenced versus the Fc'/Fc redox
couple.

Table 2. Electrochemical Properties of 1, 2 and 3!

Comple Reduction Oxidation
X
EI/ZC Ipc/Ipa [c] E]/za,l Ipa,l/lpc.l[c] Epa,Z
1 0.49
(irrev.)™
2 -155(0.12) 235 0.26(0.23) 1.66 0.59
(irrev) ™
3 -1.46(0.10)  3.16  0.22(0.11) 2.30
1 in volt vs. F¢'/Fc
! jrreversible process: E;“1 is given.
I Determined at a scan rate of 0.1 V™",
1 displays an irreversible oxidation wave at Epa’1 =049 V

without clear reduction wave down to -2 V. Based on literature
data the anodic peak at E]D""1 is assigned to the oxidation of the
phenolate moiety.”'""**! The phenoxyl/phenolate redox couple is
unexpectedly irreversible, in contrast with what is commonly
observed in Ni(Il) salen complexes involving sterically hindered
phenols. *! This behaviour most likely results from to the higher
lability of the proton of the CB (C7 in Fig. 1) in the salicylidene
moieties, which favours decomposition of the radical cation 1°.
The CV curve of 2 shows two oxidation waves, one being
reversible at E;,>' = 0.26 V vs Fc'/Fc (Fig. 2) and the other being
irreversible at Epa’2 = 0.59 V (not shown). Coulometric titration
establishes that each wave corresponds to a one-electron process:

c
EW/Z

27—

E a,1 E a2
112 + Ep e
=—= 2" — Decomposition

As it will be shown below the former corresponds to the
oxidation of the o-aminophenolate moiety into an o-
iminosemiquinonate radical. Owing to the irreversible nature of
the second wave it was not possible to unambiguously assign the
redox process. When scanning towards the cathodic region of
potentials a reversible wave is observed at E;,° = -1.55 V. It is
ascribed to the reduction of the o,0-diimine bridge into an o,0-
diimine radical anion (see below).

The CV curve of 3 is closely related to that of 2. It displays two

o
a

reversible redox waves, one in oxidation at E;,>' = 0.22 V and
one in reduction at E,° = -1.46 V. The latter is assigned to the
a,0-diimine/a,a-diimine radical anion redox couple, similarly to
2, while the former is ascribed to the oxidation of the o-
aminothiophenolate into an o-iminothiosemiquinonate radical.

The oxidation potential E.n™! at 0.22 V for 3 is similar to that
measured for 2 (0.26 V). The fact that 2 and 3 are isostructural
immediately leads to the conclusion that the nature of the
heteroatom (X = S or O) has only a marginal effect on the
oxidation potential. This conclusion could appear seemingly
contradictory with a previous report by Wieghardt et al. who
observed in a series of palladium complexes an easier oxidation
of aminophenolato with respect to aminothiophenolato ligands.
41 Nevertheless, the different substitution pattern on the amino
group complicated the comparison in this case, which may
explain this trend. ¥ In fact, the only noticeable difference in
oxidation behaviour between 2 and 3 is the reversibility of the
redox wave. Expressed as l][,""l/lpc’1 it is found to be smaller for 3,
attesting that the chemical stability of the thiosemiquinonate
ligand is smaller. This behaviour follows the trend reported for
phenylthiyl radicals, which have been reported to be less stable
than their isoelectronic phenoxyl radical analogs. ! Regarding
the reduction wave, E;,° is observed at a potential substantially
smaller for 2 than for 3. The easier reduction of 3 results from the
softer environment provided by the N,S, coordination sphere.

Electronic spectra of the complexes

The electronic spectra of 2 and 3 are dominated by an absorption
band at ca. 400-410 nm (figure 3, Table 3), which is assigned to a
mixed ligand-to-ligand and metal-to-ligand charge transfer
transition (see ESI).

The oxidized species 2* was generated by exhaustive electrolysis
in CH,Cl, (+ 0.1 M TBAP as supporting electrolyte) at 243 K.
Upon oxidation the main band of 2 (406 nm [20040 M 'cm™]) is
red-shifted (417 nm [23 140 M'em™']), while a shoulder appears
at 466 nm (16910 M'cm™), as well as two broad bands at low
energy: 635 nm (1720 Mlem™) and 773 nm (4360 M'.cm™).
Based on their high intensity the bands above 600 nm are
assigned to charge transfer transitions involving a ligand radical.
Further support for this hypothesis comes from the close
similarity between the Vis-NIR bands of 2 and the spectra of
nickel(IT) complexes involving iminosemiquinonate radicals.
Attempts to generate the cation 3" under similar conditions were
unsuccessful, leading mainly to decomposition products. This
result is in line with the lower reversibility of the oxidation wave
of 3 in comparison to 2.

The reduced species 2 and 3™ were prepared in situ by reacting
the neutral complexes 2 and 3 with a NaHg amalgam in THF
under an argon atmosphere. The anion 2~ displays bands at 410
(8390 M 'em™), 736 (2660 M'em™) and 817 nm (2810 M™.cm™).
The UV-Vis spectrum of 3° exhibits similar features, with an
intense band at 422 nm (5180 M'cm™) and a lower intensity one
at 836 nm (1470 M'cm™). These NIR absorption bands are
evidence for the formation of a n-ligand radical species in both
cases. 7 The exact nature of the orbitals involved in the
transitions has been investigated by TD-DFT calculations for
each species, as described below.

4 | Dalton Trans., [year], [vol], 00-00
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(figure 4). The fact that this g, is close to the free electron value
20 argues against a Ni(T) formulation of the anion, which would give
rise to much larger geme Vvalues (typically 2.11-2.25), with
substantial g-anisotropy (Table 4). P*°” Thus, 2" consists of an
anion radical coordinated to a diamagnetic Ni(II) metal ion. The
spectrum is found to be relatively large, presumably due to
2s unresolved hyperfine couplings. The EPR spectrum of 3" is very
similar to that of 27, although the isotropic g values is slightly
higher (g, = 2.006). The difference in g, between 2" and 3"
indicates that some delocalization of the unpaired electron occurs
on the aminothiophenolate moiety, even though the radical has a
30 main o-diimine character.

30000

16000 (b)

8000+
I
M .cm”
4000+ 324 328 332 336 340
B/mT —
0-— T - Figure 4. EPR spectra of 4 mM solutions of the chemicall, ted:
gure 4. spectra of 4 mM solutions of the chemically generated: a)
400 600 800 1000 1200
A/ nm 2" (NaHg reduction in THF); b) 2* (silver oxidation in THF); ¢) 2" after

35 exposure to air. Solid lines: experimental spectra, dotted lines: simulation
using parameters given in Table 2. Microwave freq. 9.33 GHz, power = 5

Figure 3. Vis-NIR spectra of solutions of the neutral and one-electron mW, mod. freq. 100 KHz, amp. 0.1 mT, T'=100 K.

oxidized species in 0.05 mM CH,CL, solutions (+ 0.1 M TBAP in the case
5 of 2%): (a) 2 (black), 2" (red); (b) 3 (black); and of the one-electron

" .
reduced species in 0.05 mM THF solutions: (a) 2° (doted black); (b) 3° The EPR spectrum of 2" has been recorded both in CH,Cl, (+ 0.1

(dotted black). T'=298 K, except 2" (243 K). M TBAP) solution (electrochemically generated cation) and THF
4 (chemically generated using AgSbF) solutions. 3" could not be
Table 3. Electronic Spectral Data of the Complexes prepared under these conditions since it was found to be too
Complex A [nm] (e [M" em]) unstable under electrolysis conditions and unreactive towards
2 354sh (12630), 406 (20040), 825 br (1520) AgSbF¢ (likely because of the high affinity of the ligand for
[379 (f = 0.35), 402 (f = 0.21), 820 (f = 0.06)]"" Agh).l* An efficient route to prepare both cations consists in

2" 417 (23140), 466 sh (16910), 635 (1720), 773 (4360) ™

[388 (F = 0.57), 413 (= 0.043), 530 (f = 0.026), 568 (f= generating the anions in THF in the glove box and exposing the

0.046), 613 (f = 0.041), 792 (f = 0.06), 1098 (f = 0.034)] solution to air.
[d]
Table 4. EPR parameters of the complexes 2*, 27, 3*and 3

> 410 (8390), 736 br(2660), 817 br(2810)
- - = @ .
; (35 0= D16 40U 2 0009, 905 = 0.037)] Complex g1, g, & [A] (caled) ™ 8o (calcd.)
(16020), 597 br (640) 2% (CH,Cl,) 2.059, 2.016, 1.996[52] 2.024 (2.019)
[390 (f = 0.049), 399 (f = 0.24), 412 (f = 0.076), 431 (f 2,035, 2,015, 2.008
N :23'(()53%0)6%2 6(/‘( ;;’-0(;0[?])] 2" (THF) 2.034,2.010, 1.992 [48] 2.012(2.019)
, 2.035, 2.015, 2.008
[413 O(fo hy o.gg), 4f70(g; 0.005), 572 (f = 0.006), 636 2" (THF) 2.009, 2.001,1.989" 2.003 (2.000)
1 T CH,Cl, at g;gK' ). 912 (1 = 0.019)] 3*(THF) 2.069,2.018, 1.986 [44] 2.024 (2.040)
’ 2.069, 2.036, 2.016
10 P Electrochemically oxidized species in CH,Cl, (+0.1 M TBAP) at 233 K 3" (THF) 2.015, 2.008, 1.989™ 2.006 (2.004)
[i Chen}llically reduced monoanionic species in THF at 298 K under Ar [Ni'(bphen)] 2.215,2.070, 2.044 @ 2.110
atmosphere. B 4
Ni'(PPhs)3](BF 2.38,2.12,2.071 2.19
[ Ttalic: Calculated electronic excitations. [NF(PPhs)s](BF) ’ ’
[Ni/(NHC) 2.275-2.405,2.200-2.322, 2.254-2.182
(PPh3)X] 2.034-2.073

15 EPR Characterization . ) ) 2 The hyperfine coupling constant A corresponds to a single '*N nucleus
The EPR spectra of the chemically generated 2 and 3" have been (values given in MHz). DFT calculations were perfomed by using the

recorded in frozen THF solution at 100 K. The EPR spectrum of  so B3LYP functional. The predicted values are indicated in italic.

2" consists of an almost isotropic signal centered at g, = 2.003 ® The g-anisotropy was unresolved, only g is given

This journal is © The Royal Society of Chemistry [year] Dalton Trans., [year], [vol], 00-00 | 5
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[} From reference 28.
[ From reference 29.

() From reference 30.

The spectrum of the electrochemically generated species 2" in
frozen CH,Cl, (+0.1 M TBAP) displays a rhombic (S = 1/2)
signal at g; = 2.059, g, =2.016 and g; = 1.996 (Table 4). The g-
anisotropy is much smaller than expected for a Ni(III) ion, 233!
indicating that the cation is mostly a Ni(II)-semiquinonate radical
species. The g, (2.023) is somewhat larger than 2.003-2.004,
which are typical values for uncoordinated semiquinonate
radicals. This indicates that the ligand n-orbital efficiently mixes
with a t,, orbital. As a consequence there is an admixture of
orbital angular momentum in the ground state, resulting in
deviation of the g, from the free electron value.

The EPR spectrum of 2* was also recorded in THF solution on
two chemically oxidized samples (Table 4): One sample was
generated by AgSbF4 oxidation of 2, while the other one was
prepared by aerobic oxidation of 2°. Both methods gave similar
spectra, although the yield was smaller in the former case. This
may be explained by the chelation of the Ag' cation by the
thiosemicarbazone moiety. The spectrum consists of a well
resolved rhombic (S = '4) signal, attesting that a single species is
present in solution. The spectrum was satisfactorily simulated by
using the following spin Hamiltonian parameters: g; = 2.034, g, =
2.010 and g3 = 1.992. The g;, value is again consistent with a
main Ni(IT)-semiquinonate radical character of the cation. It is
worth noting that the high field component is split into a three-
line pattern, as a result of hyperfine interaction with a single "N
nuclear spin (Iy = 1). From simulation the hyperfine coupling
constant A; = 48 MHz was obtained. The spectrum of 3" in THF
differs only slightly from that of 2¥, confirming the main radical
character of the complex. Thus, the change in donor set of the
ligand does not affect the oxidation locus. The spectrum was
simulated by adjusting the spin Hamiltonian parameters of 27,
giving the set of values: g; = 2.069, g, = 2.018, g; = 1.986, with
A; = 44 MHz for a single "N nucleus. The larger g-anisotropy
and g, values determined for 3" in comparison to 2" deserves a
comment. A deviation of the g values from the spin-only value
(2.0023) and its orientation (g-anisotropy) is typically caused by
the spin-orbit coupling and d-orbital admixture. The difference in
g-values between 2" and 3" could be qualitatively explained by
the larger spin-orbit coupling #% and Z;** for the sulfur atom in
comparison to the oxygen (£ = 382 cm™ vs. 151 cm™), and the
fact that d-orbitals are energetically accessible in the former
atom.

Theoretical investigations

In order to provide a clear picture of the electronic and geometric
structures of 1, 2 and 3 under their oxidized and reduced forms a
computational investigation was carried out using density
functional theory (DFT).

Before discussing the electronic structure of the cations and
anions, we will focus on the molecular orbital (MO) diagram of
the neutral compounds. The frontier MO diagram of 2 from a spin
restricted B3LYP calculation is depicted in Figure 4. The HOMO
of 2, which basically corresponds to the SOMO of 2*, is mainly
ligand-centered (>80 %) and principally developed on the

70 iminosemiquinonate

aromatic moiety. On the other hand, the LUMO of 2 (which
o corresponds to the SOMO of 27) is mainly centred on the a-
diimine bridge. From this analysis it is clear that both oxidation
and reduction of 2 involve ligand-centered orbitals. The cation 2*
and the anion 2" are therefore expected to be radical species.

7‘2&‘#’

Ve

Figure 4. Frontier molecular orbital diagram of 2

Let us now comment on the shape of the SOMO of 2" and 3*
(figure 5). In both cases it is principally developed on the
aromatic ~ moiety, which makes these compounds
and  iminothiosemiquinonate  radical
complexes, respectively. It is significant that the t,, orbital
contributes to the SOMO of 2* and 3" at ratio of 18 % and 20 %,
respectively. This situation results from an efficient mixing (for
symmetry reasons) between one out-of-plane d,,,-orbital and the

75 ligand m-orbital. Examination of the Mulliken spin populations in

2% and 3" (Table 5) reveals noticeable contributions of the CI,
C4, C6 and X (O1 or S2) atoms (for the numbering see figure 1).
Thus, the three canonical forms depicted in Scheme 6 contribute
to the electronic structure of the cations.

Figure 5. SOMOs of: a) 2" and b) 3* (doublet state) from a spin
unrestricted BP86 calculation. The contribution to the SOMO are: (a) Ni :
18%; ligand : 82%. (b) Ni : 20%; ligand : 80%.

6 | Dalton Trans., [year], [vol], 00-00
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t-Bu N t-Bu t-Bu N
- -
X X X
t-Bu tBu t-Bu
(A) (B) (C)

Scheme 6. Canonical forms of the cations 2 and 3*

Z\\;;

Further comparison between 2% and 3% reveals substantial
s differences in the individual contributions of the atoms. The spin
populations on the C1, C2, C4 and C6 atoms are for instance
smaller in 3* than in 2*, whereas it is much higher on S2 than O1
(0.43 vs. 0.23). The weight of canonical form (A) is therefore
larger for 3% than for 2. This situation resembles that
10 encountered when anilinyl radicals are compared to the
isoelectronic phenoxyl ones. For these free radicals it can be
understood in terms of difference in electronegativity of the
heteroatom X P*!: for X = O the singly occupied atomic orbital of
the oxygen is lower-lying and interacts strongly with the benzene
15 m-orbital; as a result the contribution of the oxygen atom to the
SOMO decreases, at the expense of the benzene contribution.
When X is less electronegative the singly occupied atomic orbital
of the exocyclic group X interacts both with the © and ©* orbitals
of the benzene moiety. The contribution of the X group to the
20 SOMO is consequently higher and the benzene contribution
decreases concomitantly.

Table 5. Mulliken spin populations for a spin unrestricted B3LYP
calculation

Complex 2* 2 3" 3
Ni 0.08 0.04 0.15 0.05

Ol or S2 0.23 0.00 0.43 -0.01
Cl1 0.08 0.07 0.05 0.07
C2 0.06 -0.03 0.03 -0.03
C3 -0.01 0.09 0.00 0.07
C4 0.20 -0.04 0.12 -0.03
C5 -0.09 0.08 -0.05 0.06
Co6 0.16 -0.05 0.10 -0.03
N1 0.00 0.18 0.03 0.14
C7 0.04 0.21 0.00 0.27
C8 0.01 0.06 0.05 0.01
N2 0.05 0.27 0.00 0.29
N3 0.10 -0.03 0.04 -0.02
C9 0.00 0.11 0.00 0.10
S1 0.05 0.00 0.06 0.00
N4 0.03 0.04 0.00 0.05

) For atom numbering see Figure 1

25

The calculated SOMO for 2” and 3™ are depicted in Figure 6. As
for the cations the SOMO is mainly ligand-centered (>89 %). The
metal contribution is somewhat smaller in the anions as it does
not exceed 11%. It again arises from the mixing between the
radical m-orbital and the second out-of-plane t,, orbital. The
SOMO is largely developed on the o-diimine bridge, with some
extend on the N1,C3 and C5 atoms of the aromatic ring and the
thiosemicarbazone unit. It is interesting that the SOMO is
unsymmetrically distributed over the a-diimine bridge in 3™ as it
is “pulled” by the aminothiophenolate group. One may therefore
expect differences in the stabilization of the anions by resonance,
and ultimately in the redox potentials, as experimentally
observed. Examination of the Mulliken spin populations confirms
the a-diimine radical character of both anions, with populations

3

S

3

b

40 at 0.18, 0.27 (2°) and 0.14, 0.29 (3") for the N1 and N2 atoms,
respectively. Analysis of the bonding pattern within the o-
diimine bridge provides insight onto the geometrical
rearrangement resulting from reduction: The SOMO of the anions
(which formally corresponds to the LUMO of the neutral species)

45 features a C-N bond that is anti-bonding in nature and a C-C bond
that is bonding (Scheme 7). In the HOMO of the neutral
compounds, the C-C bond is anti-bonding and the C-N bond is
bonding. Since the LUMO becomes populated upon reduction of
2 into 2" an increase in the C-N bond length and a decrease in the

so C-C bond distance would be expected. This simple description is
corroborated by the geometry optimized structures: the C-N bond
is predicted to be 0.03 A larger in the anion (from 1.33 to 1.36
A), while the C-C bond is shortened by 0.04 A in the anion (from
1.46 to 1.42 A).

ss In order to validate our approach, EPR calculations on the
optimized structures of 2¥, 2°, 3" and 3™ have been performed. The
calculated g-tensors are given in Table 4. The lowest g value (g3)
is assigned to g,, with the z-axis pointing orthogonally to the
plane of the molecule, while the highest (g;) is g, and points

0 roughly along the Ni-X axis (X = O1 or S2). Consistent with
experimental findings, the computed Ag = g;-g; is found to be
larger for the cations (0.025 and 0.050 for 2" and 3", respectively)
than for the anions (0.019 and 0.025 for 2° and 37, respectively).
In addition, the g, value is larger for the cations than for the

¢s anions. This result is in line with the smaller metal contribution to
the SOMO in the anions in comparison to the cations (see above).
If we now focus on the cations, the larger g;, and g-anisotropy
observed for 3" in comparison to 2* are in agreement with the
larger spin-orbit coupling of the sulfur atom when compared to

. f\.;\f#
g ®)

Figure 6. SOMOs of: a) 2" and b) 3" (doublet state) from a spin
unrestricted BP86 calculation. The contribution to the SOMO are: (a) Ni :

75 10%; ligand : 90%. (b) Ni : 11%; ligand : 89%.
C C C Cc
N LUMO of 2 HOMO of 2
SOMO of 2~ SOMO of 2*
Ni Ni

Scheme 7. Picture of the frontier orbitals in the a-diimine bridge of 2, 2
and 2".

so TD-DFT investigation
The exact nature of the orbitals involved in the UV-vis transitions
of 2, 3, 2, 2" and 3~ was investigated by TD-DFT calculations.
Difference transition density plots for the computed transitions
are shown in the electronic supplementary information.

ss For 2 the principal electronic excitations that contribute to the
main absorption at 406 nm and the weak band at 825 nm are

This journal is © The Royal Society of Chemistry [year]

Dalton Trans., [year], [vol], 00-00 | 7



2

2

3

3

4

4

w

=3

S

5

0

a

0

o

S

Dalton Transactions

computed at A = 379 nm (f' = 0.35), Aeye = 402 nm (= 0.21)
and A, = 820 nm (f'= 0.06), see Table 3. The acceptor fragment
is, as expected, mainly the a-diimine fragment in all three cases.
The donor orbital has a significant aminophenolate character in
the excitation predicted at 820 nm, which mainly corresponds to
the HOMO—LUMO transition. The intense band at 379 nm
contains a significant amount of d,, to o-diimine MLCT
character, while the 402 nm one is mostly a LLCT.

For 3 the only significant electronic excitation in the low energy
domain is predicted at 606 nm, but the oscillator strength is very
small (f = 0.006). Thus, the principal electronic excitations that
contribute to the Vis-NIR spectrum of 3 are ligand-to-a-diimine
CT bands at A, = 412 and 399 nm, as well as a metal-to-o.-
diimine CT band at 390 nm.

For 2* the principal electronic excitation is predicted at 388 nm
(LLCT transition, = 0.57). A lower intensity band is predicted at
413 nm (dd transition, f = 0.043). They reproduce the
experimental red shift of the main bands of 2 during oxidation. In
addition, several new bands (mostly LLCT) of moderate intensity
are predicted at 530 nm (f'= 0.026), 568 nm (f'= 0.046), 613 nm (f
= 0.041), 792 nm (f = 0.060) and 1098 nm (f = 0.034), in
agreement with experimental data. The lowest energy transition
deserves a comment. The donor orbital (HOMO) is mainly
localized on the sulfur atom of the semicarbazone unit while the
acceptor one (SOMO) is principally developed on the
iminosemiquinonate ring (although some delocalization exists,
see figure 5). Thus, the excited state corresponds to a thiyl radical
localized on the semicarbazone unit, according to Scheme 8.

N_ N tBu N N t-Bu
NN )N‘\ /Ni”
N
HN)\S/ \.o HNTYS) O
‘ t-Bu ‘

t-Bu

+x

Scheme 8. Lowest energy electronic excitation of 2*

In 27, the principal electronic excitations that contribute to the
experimental bands at 410 (8390 M™'.cm™) and 817 nm (2810 M’
"em™) are LLCT transitions, which are calculated at Ay, = 394
nm (f'= 0.16), Age = 410 nm (f= 0.052) and A, = 905 nm (f'=
0.037) (Table 3). They involve predominantly delocalized w
orbitals with some extend on the metal center (non-negligible d
character). Noteworthy, calculations predict correctly the lower
intensity of the band at ca. 400 nm on going from 2 to 2.
Regarding 3, calculations reproduce the decrease in intensity of
the band at ca. 420 nm upon reduction of 3 (A = 413 nm, =
0.048). They also predict the appearance of a transition of low
intensity in the NIR region (A = 912 nm, /= 0.014), whose
nature is similar to that computed at 905 nm for 2°. The good
agreement between experiment and theory further supports the
description of the cations and anions as radical species.

Benzyl alcohol oxidation

Owing to the ability of 2 to shuttle between a phenoxyl-based
radical state and a two-electron reduced state, as GO, we
investigated its reactivity towards aerobic oxidation of benzyl
alcohol. The conditions were 1 mM of catalyst (equimolar
mixture of 2 and AgSbFg), 20 mM of tert-BuOK and benzyl
alcohol in dry CH,Cl,. After 20 hours stirring at 298 K under a
constant dioxygen pressure of 2 bars the reaction mixture was
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analyzed by GC. For an initial substrate concentration of 0.1 M
we observed the conversion of 13% of benzyl alcohol into
benzaldehyde. It is clear that air acts as a co-oxidant since the
yield in benzaldehyde is much higher than the amount of AgSbF
initially added. Inspection of the reaction mixture after 20 hours
reveals a total bleaching of the solution, whose initial color
cannot be restored by addition of base. Bleaching is therefore not
associated with protonation of the complex, as observed in some
salen-type compounds, P®06eTeTdlput  rather  with
decomposition of the catalyst. This hypothesis is further
supported by the fact that catalysis is not improved in the
presence of a higher amount of substrate (up to 25 % in volume).
In order to compare 2" with published biomimetic models of GO
we evaluated the catalytic efficiency of some copper(Il) radical
salen complexes (ligands: N,N’-bis{3-tert-butyl-5-
methoxysalicylidene}phenylene-1,2-diamine and N,N -bis{3-tert-
butyl-5-methoxysalicylidene} cyclohexane-1,2-diamine) [5¢.60]
under similar experimental conditions. The conversion was
systematically lower for the copper(Il) radical salen complexes
(<5%). The higher catalytic efficiency of 2* may be explained by
the tristability of 2, which contributes to the protection of the
catalyst against disproportionation and metal release. The
reaction likely proceeds in a ping-pong mechanism similarly to
GO: B! 2" reacts with the deprotonated alcohol to give
benzaldehyde and the two-electron reduced form of the catalyst 2
. Species 2" is then oxidized by molecular dioxygen to regenerate
the active catalyst (Scheme 9). All together these results show
that 2 efficiently uses air as an oxidant to promote oxidation of
benzyl alcohol into aldehyde as does GO.

Discussion and conclusion

In this article we describe the preparation of square planar
nickel(II) complexes of three unsymmetrical thiosemicarbazone-
based ligands featuring a sterically hindered salicylidene (1),
aminophenol (2) or thiophenol (3) moiety. Species 1 was
prepared by condensation of the 2-(aminomethyl)-4,6-di-tert-
butylphenol hydrochloride salt with diacetyl-mono-4-methyl-3-
thiosemicarbazone. Although in the early stage of the reaction a
Mannich base is obtained, it easily tautomerizes into the most
stable salicylidene form. This result is explained by the higher
acidity of the benzylic protons in comparison to the aliphatic
protons of the a-diimine bridge. Thus, 1 represents an uncommon
example of metal-promoted double tautomerization of the ligand,
where the thiocarbonyl is converted into a thiolate group and the
Mannich base into a Schiff base. It is interesting to compare the
redox behaviour of 1 with that of nickel salen complexes
(involving similar di-tert-butyl phenolate moieties), which are
known to support a ligand-centered oxidative chemistry. The
phenoxyl/phenolate redox couple (0.49 V vs. Fc'/Fc for 1) is
observed within the same potential window in both families of
compounds, attesting that the nature of the redox-active fragment
is similar (salicylidene in both cases). Surprisingly, the redox
wave was found to be irreversible for 1, whereas it is fully
reversible in the salen family. This result is interpreted by the
presence of an acidic hydrogen in the vicinity of the oxidized
salicylidene moiety of 1. Another instructive comparison could
be made with the nickel complex described a couple of years ago
by Arion et al. (compound E in Scheme 1). They reported a
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substantially higher value for the phenoxyl/phenolate redox
couple (0.67 V). The thermodynamic stability of the radical is
therefore lower, although the redox system remains reversible.
This behaviour is likely a consequence of the larger spin
delocalization in their complex. All these electrochemical results
show that 1 is unfortunately not robust enough towards oxidation
to mimick the GO reactivity. Complex 1 was also the most
difficult compound to reduce within this series, with a E,° that is
lower than -2 V. This value is well below those reported for the
reduction of  copper(ll) complexes of tetradentate
bis(thiosemicarbazone) ligands (-0.97 V vs. Fc'/Fc for the
[Cu(ATSM)] complex). Clearly, 1 does not benefit from the
stabilizing ability of the semicarbazone unit for low oxidation
states of the complex. This underlines the crucial role of the o-
diimine bridge in the stabilization of the low valent copper ion in
these families of compounds.

Species 2 and 3 were structurally characterized, showing a square
planar nickel ion. It is striking that 2 displays reversible
monoelectronic redox waves both in oxidation and reduction (E;,
=0.26 and -1.55 V vs Fc'/Fc, respectively), although the N,SO
donor set is similar to 1. By EPR and UV-Vis spectroscopies, as
well as DFT calculations we established that both the oxidation
and reduction products (2* and 27, respectively) are radical
species. The cation 2* has a main iminosemiquinonate character,
with minor contribution of the a-dimine bridge. The anion 2
exhibits a dominant o-diimine 7m-radical character, with partial
delocalization over the aromatic ring on one side and the
conjugated imine of the thiosemicarbazone fragment on the other
side. It is significant that 2" readilly reacts with dioxygen to form
the cation 2" (Scheme 9). This chemistry is in line with the GO’s
one, which reacts with O, under its reduced form to regenerate
the phenoxyl radical state of the enzyme. As GO the cation 2*
oxidizes benzyl alcohol to benzaldehyde by using dioxygen as
co-oxidant. Although the yield is moderate (13 % for a substrate
concentration of 0.1 M) it is significantly higher than that
measured under similar conditions for copper(Il) radical salen
complexes.

Air /' +Bu
t-Bu N\ /N\N t-Bu N\ /N\N
Ni” \ NiH |
O/ \S NH O/‘\S NH
t-Bu ! t-Bu : o \
H
H ph
o] t-BuO
H
" tauon

Scheme 9. Acrobic oxidation of benzylalcohol by complex 2*

Compound 3 was found to be almost isostructural with 2, the
most noticeable differences between the two complexes being the
Ni-X and C1-X bond distances (where X denotes O1 and S2 in 2
and 3, respectively). Similarly to 2, 3 could be reversibly one-
electron oxidized (into 3%) and one-electron-reduced (into 3°).
* is assigned to an iminothiosemiquinonate radical,
while 3™ displays the same electronic structure than 27 and
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comprises a a-diimine n-radical fragment. By comparing 2" with
3" one can notice several important features: firstly, the redox
potentials E.n™! are remarkably similar, although the Ni-X bond
distance is 0.3 A longer in 3* and the covalency is dramatically
different. This important observation shows that the nature of the
heteroatom (X = S or O) has only a marginal effect on the
oxidation potential of the radical precursor. Secondly, the
individual contribution of the atoms to the SOMO are
substantially different. The most salient features are a larger
calculated Mulliken spin population at X (O1 or S2) and Ni
atoms and smaller spin population at the C1, C2 and C4 atoms
(Cipso» Cortho and Cpyry, respectively) in 37 in comparison to 2*. The
difference in electronic structure between these two radicals and
the peculiarity of the sulfur atom could be experimentally probed
by EPR spectroscopy. The two radicals indeed exhibit a different
g-anisotropy that could be qualitatively explained in terms of a
larger spin-orbit coupling and Z.s for the sulfur atom when
compared to the oxygen, and the fact that d-orbitals are
energetically accessible only in the sulfur case. Lastly, one could
comment on the relative stability of the radical cations: while
iminosemiquinonate radicals could be quantitatively prepared by
bulk electrolysis at 243 K, the iminothiosemiquinonate radical
did not. The iminothiosemiquinonate radicals are therefore
chemically less stable than then iminosemiquinonate
counterparts, although the themodynamic stabilization of both
radicals (reflected by the E. ™! potential) is identical.

In addition to its ligand-based oxidative chemistry, 3 supports a
ligand-centered redox chemistry in reduction, affording the o-
diimine radical species 3". The electronic structure of 3” being
closely related to that of 27, 2 and 3 constitute valuable models to
study the influence of the donor set (N,S, vs. N,SO) on the
reduction potential E;,°. The replacement of a single O donor by
a S™ donor induces an anodic shift of the reduction wave by 0.08
V (-1.46 V for 3 vs. -1.58 V for 2). This behaviour follows the
trend in polarizability of the atoms: the sulfur being more
polarisable (softer) than the oxygen it is more prone to stabilize
low oxidation states of the complex.

In conclusion, the association of three units of different nature
(thiosemicarbazone, a-diimine and aminophenol or
aminothiophenol) in a single ligand confers to the corresponding
nickel complexes a rich redox chemistry. With this ligand design
both oxidation and reduction processes are accessible and
reversible, albeit the SOMO has a different location (in the cation
and anion, respectively). We establish that 2 catalyzes aerobic
oxidation of benzyl alcohol, the ligand supporting the redox
events. This opens new perspectives in the design of catalysts
employing redox non-innocent ligands for various chemical
transformations.

Experimental section
Materials and Instruments

Anhydrous tetrahydrofurane or dichloromethane (> 99.8 %) used
for electrochemistry and spectroscopic characterization were
purchased from Sigma-Aldrich and stored in the glovebox. X-
Band EPR spectra were recorded on a BRUKER EMX Plus
spectrometer controlled with the Xenon software and equipped
with a Bruker teslameter. A Bruker nitrogen flow cryostat

This journal is © The Royal Society of Chemistry [year]
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connected to a high sensitivity resonant cavity was used for 100
K measurements. The spectra were simulated using the
SIMFONIA software (BRUKER). NMR spectra were recorded
on a Bruker AM 300 (‘H at 300 MHz, '*C at 75 MHz) or a
Bruker Avance 400 ('H at 400 MHz, '*C at 100 MHz). Chemical
shifts are given relative to solvent residual peak. Mass spectra
were recorded on a Bruker Esquire 3000 (ESI/Ion Trap)
equipment. Microanalysis were performed by using an apparatus
designed by the Service Central d’Analyse du CNRS (Lyon,
France). 298 K UV/Vis/NIR spectra were recorded on a Perkin—
Elmer Lambda 1050 spectrophotometer equipped with a
temperature controller unit set at 298 K. The quartz cell path
length is 1.000 cm. Cyclic voltammetry curves were recorded on
a CHI 620 potentiostat in a standard three-electrode cell under
Argon atmosphere. An AgNO3/Ag (0.01 M) reference electrode
was used. All the potentials given in the text are referred to the
regular Fc'/Fc redox couple used as external reference. A
vitreous carbon disc electrode (5 mm diameter) polished with 1
mm diamond paste was used as working electrode. Electrolysis
was performed on a PAR 273 potentiostat, under Argon
atmosphere at 233 K, using a carbon felt working electrode.
Catalytic experiments were performed under a dioxygen
atmosphere (2 bars) during 20 hours in a HEL's High Pressure
ChemSCAN reactor. The reaction mixture was then analyzed by
gas chromatography (Shimadzu) after filtration. Benzaldehyde
concentration was determined by using mesitylene as an internal
standard.

Crystal structure analysis

A single crystal of 1, 2 or 3 was coated with perfluoropolyether,
picked up with nylon loops and mounted in the nitrogen cold
stream of the diffractometer. Mo-Ka radiation (A=0.71073A)
from a Mo-target rotating-anode X-ray source equipped with
INCOATEC Helios mirror optics was used. Final cell constants
were obtained from least squares fits of several thousand strong
reflections. Intensity data were corrected for absorption using
intensities of redundant reflections with the program
SADABS.P! The structures were readily solved by Patterson
methods and subsequent difference Fourier techniques. The
OLEX software ® was used for the refinement. All non-
hydrogen atoms were anisotropically refined and hydrogen atoms
were placed at calculated positions and refined as riding atoms
with isotropic displacement parameters.

Computational details

All electronic structure calculations presented were carried out
using the ORCA program package’”! Full geometry
optimizations were performed for all complexes using the GGA
functional BP86 ¥4 in combination with the Def2-TZV/P M1
basis set for all atoms and by taking advantage of the resolution
of the identity (RI) approximation in the Split-RI-J variant
with the appropriate Coulomb fitting sets. ) Increased
integration grids (Grid4 in ORCA convention) and tight SCF
convergence criteria were used. Solvent effects were accounted
for according to the experimental conditions. For that purpose,
we used the CH,Cl, (¢ = 38.3) or THF (¢ = 7.25) solvent
according to the experimental conditions within the framework of
the conductor like screening (COSMO) dielectric continuum
approach. [*) The relative energies and epr parameters were
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obtained from single-point calculations using the B3LYP
functional >*9 together with the Def2-TZV/P #!basis set. They
were computed from the gas-phase optimized structures as a sum
of electronic energy, thermal corrections to free energy, and free
energy of solvation. Optical properties were also obtained from
single-point calculations using the hybrid functional B3LYP [*34¢]
and the Def2-TZV/P ! basis set. Electronic transition energies
and dipole moments for all models were calculated using time-
dependent DFT (TD-DFT) ™" within the Tamm-Dancoff
approximation. “**%1 To increase computational efficiency, the RI
approximation % was used in calculating the Coulomb term and
at least 30 excited states were calculated in the TDDFT
calculations.

Preparation of the complexes

1. To a solution of diacetyl-mono-4-methyl-3-thiosemicarbazone
11261 (0,150 g, 0.87 mmol) dissolved in EtOH (15mL) was added
Ni(OAc),*2H,0 (0.211 g, 0.87 mmol) and Et;N (481 pL, 3.48
mmol) in EtOH (5 mL). After few minutes of stirring, a solution
of 2-(aminomethyl)-4,6-di-fert-butylphenol (0.236 g, 0.87 mmol)
dissolved in 10 mL of EtOH was added to the resulting red
solution. The solution was stirred at reflux for 1h. The resulting
red precipitate was filtered, dissolved in acetone, stirred at room
temperature for 10 min, filtered over a plug of celite and
concentrated. Yield: 0.195 g, (50 %). Anal. Calc. for
CyoH;30NgNiS: C, 56.39; H, 7.21; N, 12.53; S, 7.17; O, 3.58.
Found: C, 56.21; H, 7.18; N, 12.51; S, 7.30; O, 3.54. ESI-MS
m/z: 447.1 [M+H]". "H NMR (CDCl;, 300 MHz) (ppm): 7.77 (s,
1H), 7.29 (d, *J = 2.7 Hz, 1H), 6.95 (d, *J = 2.4 Hz, 1H), 4.50 (m,
br, 1H), 3.11 (m, br, 1H) 2.92 (d, °J = 4.8 Hz, 3H), 2.17 (s, 3H),
1.55 (d, °J = 6.9 Hz, 3H), 1.26 (s, 9H), 1.24 (s, 9H).

2. To a solution of diacetyl-mono-4-methyl-3-thiosemicarbazone
(0.195 g, 1.13 mmol) dissolved in EtOH (20mL) was added
Ni(OAc),*2H,0 (0.28 g, 1.13 mmol) and a few drops of Et;N in
EtOH (5mL). After few minutes of stirring, a solution of 2-
amino-4,6-di-tert-butylphenol B! (0.25 g, 1.13 mmol) dissolved
in 10 mL of EtOH was added to the resulting brown solution. The
solution was stirred at reflux for 1h. The resulting red precipitate
was filtered and washed with cold EtOH. Yield: 0.333 g, (68 %).
Anal. Calc. for CyH;0N,NiOS: C, 55.45; H, 6.98; N, 12.93; S,
7.40; O, 3.69. Found: C, 55.63; H, 7.01; N, 12.99; S, 7.01; O,
3.54. ESI-MS m/z: 433.1 [M+H]". '"H NMR (DMSO d,, 300
MHz) (ppm): 7.98 (q, br, 1H), 6.80 (s, 2H), 2.75 (d, >J = 4.5 Hz,
3H), 2.20 (s, 3H), 1.80 (s, 3H) 1.17 (s, 9H), 1.09 (s, 9H).

3. To a solution of diacetyl-mono-4-methyl-3-thiosemicarbazone
(0.1 g, 0.58 mmol) dissolved in EtOH (15mL) was added
Ni(OAc),*2H,0 (0.1 g, 0.58 mmol) and Et;N (321 pL, 2.32
mmol) in EtOH (5mL) under an inert atmosphere. After few
minutes of stirring, a solution of 2-mercapto-3,5-di-tert-
butylaniline B (0.144 g, 0.58 mmol) dissolved in few mL of
EtOH was added to the resulting brown solution. The solution
was stirred at reflux for 1h and stirred at room temperature
overnight under an inert atmosphere. The resulting dark brown
precipitate was filtered, dissolved in acetone, stirred at room
temperature for 10 min, filtered over a plug of celite and
concentrated. Yield: 0.116 g, (62%). Anal. Calc. for
CyoH30NgNiS,: C, 53.46; H, 6.73; N, 12.47; S, 14.27. Found: C,
52.98; H, 6.71; N, 12.63; S, 14.32. ESI-MS m/z: 449.1 [M+H]".
'H NMR (DMSO dg, 300 MHz) (ppm): 8.23 (q, br, °J = 4.2 Hz,
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1H), 7.02 (s, br, 1H), 6.81 (s, br, 1H), 2.89 (d, °J = 4.2 Hz, 3H),
2.32 (s, 3H), 1.95 (s, 3H), 1.43 (s, 9H), 1.23 (s, 9H).
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The neutral nickel(I) complexes are chameleon pro-radical compounds: Under their one-electron oxidized form they feature an
iminosemiquinonate (or iminothiosemiquinonate) radical, while under their reduced form they are a-diimine n-radicals.
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