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Abstract: Metal imine-thiolate complexes, M(NS), are known to
undergo imine C-C bond formation to give M(N,S;) complexes (M =
Co, Ni) containing a redox-active ligand. Although these
transformations are not typically quantitative, we demonstrate here
that one-electron reduction of a related Ni bis(imine-thiolate) complex
affords the corresponding paramagnetic [Ni(N.S;)]” anion (2%)
exclusively; subsequent oxidation with [Cp,Fe]BF, then affords a high
yield of neutral 2 (Cp = n°-cyclopentadienyl). Moreover, electro-
chemical studies indicate that a second 1-electron reduction affords
the diamagnetic dianion. Both anionic products were isolated and
characterized by SC-XRD and their electronic structures were
investigated by UV-vis spectroelectrochemistry, EPR and NMR
spectroscopy, and DFT studies. These studies show that reduction
proceeds primarily on the ligand, with (N,S2)* containing both thiolate
and ring-delocalized anions.

Introduction

First-row transition metal complexes are increasingly playing a
broader role in both homo- and heterogeneous catalysis as their
unique one-electron transformations continue to be more
efficiently harnessed.”! For molecular catalysts, novel
transformations have been effected with the assistance of
functional ligands.! In a recent example, the Chirik group showed
that an Fe complex containing the redox-active bis(imino)pyridine
ligand catalyzes both the [2+2] cycloaddition-oligomerization of
1,3-butadiene to (1,n’-divinyl)oligocyclobutane and its deoligo-
merization, demonstrating the first closed-loop recycling of a
hydrocarbon polymer.E!

In 1992, Kawamoto and Kushi demonstrated the thermal
conversion of a Ni bis(imine-thiolate) complex, M(NS),, to its
M(N,S,) isomer via imine C-C bond formation (Scheme 1).14
They recognized that the resulting N.S; ligand was redox non-
innocent and likely a dianionic ligand with two electrons in the
ligand framework. Subsequent work by Wieghardt and co-
workers on Fe and Co complexes applied a combination of
spectroscopic, crystallographic, and computational techniques to
more accurately assess the oxidation state of both the metal and

F‘h Ph, Ph
@ j@ Toluene _N,,  .N=
reflux s” s
Scheme 1. Thermal conversion of Ni(NS)z to the Ni(N2Sz) complex.
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Scheme 2. Three proposed ligand redox states derived from imine C-C bond
coupling of the imine-thiolate NS ligand.

the ligand (Scheme 2).["*% For the Co case they showed that
intimate sharing of the electrons by the nearly isoenergetic metal
and ligand orbitals prevented a clear assignment of the Co
oxidation state.l We recently reported the synthesis and
reactivity of Ni(x¥>-SNSMe), (1) in which the imine C-phenyl
substituent bears an ortho thioether group.*® In this work we
employ spectroelectrochemistry, NMR and EPR spectroscopy,
and computational chemistry to access and characterize three
stable Ni(N.S;) redox states derived from 1.

Results and Discussion
Electrochemistry of Ni(x2-SNSMe), (1)
The electrochemical properties of Ni(x2-SNSMe), (1) were

investigated in THF in the presence of tetra-n-butylammonium
hexafluorophosphate (0.1 M). Initial studies revealed that the
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electrochemical response depends on scan rate: the curve
recorded at 10 mV-s? displays two consecutive, irreversible,
reduction waves below -1 V (Figure 1A) while that recorded at
100 mV-s'* exhibits only one broad electron reduction wave at Epc
= -1.125 V (Figure 1B). Another key feature of the CV curve
shown is the fully reversible oxidation wave at ca. Ey = -0.27 V,
which is only observed when scanning back from -1.5 V to the
initial open circuit potential. These drastic effects could be
attributed to the limited stability of the oxidized and reduced
species on the time scale of the CV experiment and to the
existence of coupled chemical reactions yielding redox-active
products. More specifically, these features are consistent with an
ECE mechanism including a chemical step (C) coupled to the
initial one-electron reduction (E) of 1 at E,c = -1.125V, yielding a
new species that can be both reduced right after 1 and oxidized
at Eip = -0.27 V. These data are consistent with an electron-
triggered ligand dimerization of 1 to [Ni(N2S2)]” (2) proceeding
through the unstable intermediate, [Ni(x?-SNSM¢),]" (1) (Scheme
3).

Further support for this conclusion came from additional
investigations involving quantitative electrochemical reduction of
1 monitored by electrochemical methods coupled to time-resolved
in situ UV-vis absorption measurements (Figure 2). The
potentiostatic coulometry experiment was carried out at a
platinum plate working electrode with potential held constant at
Eapp = -1.6 V. In the first stage of the electrolysis, corresponding
to addition of one electron/Ni, reduction led to the progressive
disappearance of the broad MLCT band at Amax = 460 nm at the
expense of two bands growing in at Amax = 696 and 903 nm, along
with a clean isosbestic point at 581 nm, reaching maximum
intensities after addition of 1e- per molecule of 1 (Figure 2A).
Electrochemical measurements conducted in stationary and
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Figure 1. CV (full lines) and RDE (dashed lines) curves recorded for 1 in THF

(1 mM, TBAPFs 0.1 M) at glassy carbon working electrodes at A) 10 mV-s™* and
B) 100 mV-s* (@ = 3 mm, 500 rd-min’* for RDE, E vs decamethylferrocene*/°.
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Figure 2. Superimposition of UV/Vis spectra recorded during the exhaustive
reduction of 1 at Eapp = -1.6 V after addition of A) 1 electron per molecule and
B) 2 electrons per molecule. (THF + 0.1 M TBAPFs, 1 mM, 10 mL, | =1 mm, t=
30 min, Pt).

transient regimes furthermore showed that the well-defined
intermediate compound 2" formed in solution at this stage of the
electrolysis undergoes two Nernstian electron transfers between
0 and -1.5 V: a one electron oxidation at E1» = -0.27 V to 2 as well
as a one-electron reduction at Ey, = -1.17 V to 22 (thin solid line
in Figures 3A and 3B). Formation of 22 directly from 1 monitored
by spectroelectrochemistry showed disappearance of the bands
at 696 and 903 nm with an isosbestic point at 520 nm (Figure 2B).



N —
-0.5 -1 - -0.5 0
Potential (Volts vs. E,;; [DMFc*/DMFc]) Potential (Volts vs. £, [DMFc*/DMFc])

Figure 3. [A] RDE curves recorded before a) and after b) one- and c) two-
electron reduction of 1 at Eap = -1.4 V (Pt, 1 mM in THF+TBAPFs); [B] CV and
RDE curves recorded at a glassy carbon working electrode (& =3 mm, 10 mV-s”
1, 500 rd-min?) after 1 e reduction of 1 at Eap = -1.4 V (Pt, 1 mM in THF +
TBAPFs). CV and RDE curves recorded at glassy carbon working electrode, @
=3 mm at 100 mV-s* (CV) or at 10 mV-s™/ 500 rd*min** (RDE); E vs DMFc*/

0).

Electrochemistry of Ni(N2Sz) (2)

The electrochemistry starting with isolated 2 confirms the two
reversible reductions proposed above (Figure 4). On the anodic
side, the shape and relative position of the CV curves are
consistent with two successive one-electron oxidation processes
centered on both imine-thiolate moieties (Scheme 4). Under this
assumption, the shift in potential observed between both waves
can be attributed to through-bond or through-space
“communication” processes occurring between both imine-

thiolates, the oxidation of the first one making the oxidation of the
second harder. This attribution relies on i) the number of electrons
involved in these waves (2x 1e’) and ii) DFT data (vide infra)
indicating that the organic subunits of the complex are more likely
to be oxidized than the metal center.
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Figure 4 CV measurement of reduction and oxidation of neutral 2. CV and RDE
curves recorded in THF (1 mM, TBAPFs 0.1 M) at glassy carbon working
electrode at v= 0.1V s (CV) or 10 mV-s* (RDE, 500 rd*min’!) (@ = 3 mm, E
vs DMFc*/DMFc).

The reduced species (2)? were further characterized by
spectroelectrochemistry measurements, upon collecting time-
resolved UV-vis spectra during the successive reduction of 2. As
can be seen in Figure 5, accumulation of 2" in solution during the
electrolysis at Eapp = -0.8 V led to the progressive disappearance
of the broad signal centered at 834 nm at the expense of less
intense ones at Amax = 697 and 902 nm. Observation of a clean
isosbestic point at 875 nm also confirms that no secondary
reactions occur over the considered time range. Further reduction
of the sample at Eapp = -1.4 V led to the disappearance of the
signals attributed to 2 at the expense of new bands developing
at much higher energy) (A < 500 nm) attributed to 22
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Scheme 4. Oxidation and reduction of 2.
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Figure 5. Superimposition of UV/Vis spectra recorded during the exhaustive
reduction of 2 at A) (Eapp)2=-0.7 V (1 electron per mole) and B) (Eapp)s = -1.4 V
(1 electron per molecule). (THF + 0,1 M TBAPFe, 1 mM, 10 mL, | =1 mm, t = 30
min, Pt).



Step-by-step EPR Studies of Reduced 2

Formation of redox states 2" and 2% was further demonstrated by
EPR measurements carried out at each stage of the electrolysis.
The spectrum collected after addition of one electron per Ni is
shown as a full/bolded black line in Figure 6A. Based on
simulation analyses and on experimental literature data reported
for relevant Ni(l) compounds,*”° we assign the intense signals
observed at gx= 1.995 g, = 2.022 and g, = 2.118 to 2" withan S =
1/2 spin state. This attribution was further supported by simulation
studies showing that the multiplicity of the gx signal results from
hyperfine coupling with two equivalent nitrogen atoms (an= 8.8 G,
full black line in (Figure 6B). EPR measurements carried out on
the two-electron reduced complex gave a silent spectrum
featuring only a residual signal attributed to traces of the Ni(l)
intermediate (dashed line in Figure 6A). This absence of signal is
in agreement with formation of diamagnetic 22-.
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Figure 6. A) experimental X-band EPR spectra (110 K, microwave power = 6
mW; modulation amplitude = 2 G) recorded before (dashed line) and after
exhaustive electrochemical reduction of 2 in THF (0.1 M TBAPFs) at Eapp=-0.8
V (bolded black line) and at Eapp = -1.4 V (thin black line) B) experimental and
simulated EPR spectra of 22.

Synthesis and Molecular Structures of Ni(N2Sz) Complexes

Building on the above electrochemical results, we treated
complex 1 in THF with one equiv of sodium-benzophenone, and
the dark red mixture turned deep green within 2 h, and then deep
blue overnight. Precipitation of the product led to a dark teal-blue
solid, in 72% vyield (Scheme 5), for which the *H NMR data were
consistent with a paramagnetic complex, with broad signals
spanning the 0-30 ppm range (Fig. S1). In addition, based on the
signal for the SCH3; protons, we found that the powder contains
ca. 0.4 molecules of THF and 1.7 molecule Et,O per Ni, which
indicates significant alkali metal desolvation during the
precipitation process. Crystallization from THF/Et,O afforded
deep blue crystals which confirmed the reduction of the complex
to the [Ni(N2S2)] anion, to which the counter-cation [Na(THF)s]* is
bound via the sulfur atoms of the N,S; core (Figure 9a). We were
also able to isolate the K* salt of the monoanion 2*, prepared via
a similar procedure, and crystallization from THF/pentane
afforded blue crystals identified as a polymeric structure of
stoichiometry [Ni(N2S2)K(THF)2]» in which the Ni(N.S,) cores are
linked by K(THF), units through S—K bonds (polymorph a, see
Fig. S39 for thermal ellipsoid plots). We also obtained from
[Na(THF)s] *

Na+ -

—~ @ Ij
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: CE j@ -
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Scheme 5. Preparation of the singly reduced complex 2*

THF/toluene mixtures a second polymorph, B, in which the
K(THF); linkage relies on both S—K bonds and the carbon atoms
of the N,S-bound six-membered ring (Figure 9b), suggesting that
this ring has gained significant electron density upon reduction of
the complex.

Figure 9. Molecular diagrams of (a) [Ni(N2S2)][Na(THF)s] and (b) polymeric B-
[Ni(N2S2)K(THF)2]n showing K linkage with two [Ni(N2S2)]" units. . Thermal
ellipsoids are shown at the 50% probability level; H atoms and 2-thioanisyl
fragments in (b) are omitted for clarity.

Solid state structures of Na*- and K*-bound 2™ reveal a

square planar environment around the Ni center, with little to no
distortion compared to neutral 2, with 14 values!*¥! of 0.07 and 0.08,
respectively, versus 0.07 for 2, which points towards a Ni(ll)
center in the monoanions although the rigidity of the tetradentate
ligand cannot easily accommodate the pseudo-tetrahedral
geometry anticipated for d° centers. However, while the C7-C7’
distance remains similar upon reduction, the intrinsic distortion
about the two halves of the ligand (N1-C7-C7'N1’ dihedral)
increases significantly.
The doubly reduced analogue of 2 was obtained by treating 1 with
two equiv of potassium metal in THF, resulting in a dark yellow
mixture which, upon precipitation, led to a pale green solid. The
latter re-dissolves in THF, MeCN or DMSO to turn back from dark
yellow to orange (Scheme 6). The *H NMR spectrum of (K*)2[2%]
in DMSO-ds shows a diamagnetic complex (Figs. S3-S5), as
expected from loss of the EPR signal upon addition of a second

2 [K(THF)g]”
2-
Ar, Ar L
K- (3 equiv) N, workup .
R—— i :‘ —— [2%1Ky (THF),(EL,0),
THF s’ ~
rt, 16 h
2% 87 %

Ar = 2-MeS-CgH,

Scheme 6. Preparation of the doubly reduced complex 2



Table 1. Structural features of the alkali-bound monoanionic and dianionic Ni(N2Sz2) complexes.?

Ni(N2S2) [Na(THF)s][Ni(N2S)] B-IK(THF)2][Ni(N2S2)]}n {[K2(THF)2.5][Ni(N2S2)1}n
Ni-S 2.1286(5) ; 2.1310(5) | 2.1460(7) ; 2.1500(7) 2.1483(6) ; 2.1495 (6) 2.167(2) ; 2.170(2)
Ni-N 1.8119(13); 1.8151(14) | 1.821(2); 1.817(2) 1.817(2) ; 1.820 (2) 1.845(6) ; 1.846(5)
sC1 1.724(2) ; 1.722(2) 1.753(3) ; 1.739(3) 1.752(2) ; 1.755(2) 1.750(9) ; 1.746(8)
N-C6 1.354(2) ; 1.354(2) 1.356(3) ; 1.356(3) 1.369(3) ; 1.368(3) 1.346(3) ; 1.346(8)
N-C7 1.466(2) ; 1.468(2) 1.467(3) ; 1.456(3) 1.469(2) ; 1.474(2) 1.461(8) ; 1.459(8)
c1-c2 1.402(2) ; 1.410(3) 1.386(4) ; 1.396(4) 1.395(3) ; 1.394(3) 1.387(11) ; 1.388(9)
c2-c3 1.362(3) ; 1.369(4) 1.382(5) ; 1.371(6) 1.380(4) ; 1.385(3) 1.397(14) ; 1.387(12)
c3-c4 1.407(3) ; 1.386(4) 1.389(5) ; 1.379(6) 1.394(4) ; 1.397(3) 1.357(15) ; 1.363(11)
ca-cs 1.371(3) ; 1.376(3) 1.387(4) ; 1.383(4) 1.379(3) ; 1.381(3) 1.386(11) ; 1.382(9)
C5-C6 1.414(2) ; 1.417(3) 1.408(4) ; 1.414(4) 1.415(3) ; 1.411(3) 1.405(10) ; 1.419(9)
c1-c6 1.416(2) ; 1.419(3) 1.416(3) ; 1.420(4) 1.417(3); 1.421(3) 1.427(10) ; 1.411(9)
c7-c7’ 1.558(2) 1.552(3) 1.562(3) 1.544(8)
N1-C7-C7'-N1’ 14.52) 24.3(2) 20.2(2) 28.9(6)
T 0.070 0.074 0.077 0.122

2 None of the complexes presented herein are perfectly symmetrical, hence, two values are presented for each set of bonds: Ni-S represents Ni1-S1 and Nil-S2 ;

S-C1 represents S1-C1 and S2-C14 and N1-C7-C7’-N1’ represents N1-C7-C8-N2.

electron per complex (vide supra). In the powder, we also
observed considerable desolvation of the K* ions, with ca. 0.2
molecules of THF and 1.2 molecules of Et,O per Ni. *H NMR
analysis also revealed significant shielding of the aromatic
protons of the N,S; core, with signals ranging from 5.35 (for C5a,-
H) to 6.40 (for C2-H) ppm, and a notable deshielding of the
signal for C13a-H, which resonates at 9.77 ppm, most likely
because it lays on top of the square plane around Ni.
Unfortunately, we were not able to compare it to the neutral
Ni(N2S;) in DMSO-ds, because of the very low solubility of 2.
However, the same trend was observed in protio-THF in which
the aromatic protons C2a-H to C54-H shifted to 5.69-6.66 ppm
(versus 6.69-7.69 ppm for all aromatic protons in neutral 2) and
C13a-H was found at 9.46 ppm (Fig. S30). Crystallization from
THF/Et,0 afforded pale green crystals, that confirmed the identity
of the complex as the doubly reduced 2% with 2:1 K:Ni
stoichiometry (as [Ni(N2S2)][Ko(THF).5], see Figures 10a and
10b). In this structure, the potassium centers are partially solvated
by THF molecules, bound to the sulfur donors of the N,S;
backbone, as well as aromatic carbon—K interactions. Namely,
each arene of the N,S; core is bound to one K*, indicating strong
electron density in the ligand upon two-electron reduction of
complex 2. Here again, the Ni center appears to be square planar
with only a slightly higher tetrahedral distortion versus the neutral
or anionic complexes (14 = 0.12).

Although the geometry index varies only slightly from the neutral
complex to the mono- and then to the di-anionic complexes, there
are noteworthy structural features that differentiate each of the
Ni(N2S;) redox states (Table 1). Upon addition of one and then
two electrons, both Ni-S distances increase significantly from 2.13
A to 2.15 and 2.17 A, respectively. The same trend is also
observed for the Ni-N distances, albeit to a lesser extent, and is
more significant between the neutral and the doubly reduced
complex, i.e., from 1.82 A to 1.85 A. A close inspection of the ring
C-C bond distances in complex 2 shows a bond alternation that
disrupts the ring aromaticity. This feature is faithfully reproduced
by the DFT calculations (see Scheme S1), indicating that each
(NS") half of the NS, core around Ni is best represented by a o-
iminothionebenzosemiquinonate tr-radical ligand. In addition, the
bond alternation disappears in the anionic counterparts, and
direct towards a partial reduction of the ligand. This echoes the

Figure 10. Molecular diagrams of polymeric [Ni(N2S2)K2(THF)2s]n focused on
(a) the [(N2S2)Ni]?> dianionic fragment; and (d) the K* environments. Thermal
ellipsoids are shown at the 50% probability level; H atoms and 2-thioanisyl
fragments are omitted for clarity.

findings by Wieghardt et al., with similar neutral Co"(N.S;) and
Fe"l (N2S;) complexes, in which the (N»,S,™)? core was found to
be a dianionic open-shell singlet.*34 |nterestingly, while the
Co(N2S;) complex also leads to disappearance of the C-C ring
bond alternation upon 1le~ reduction, the Fe complex
Fe'(N.S;)(PPh3) conserves the biradical character of its ligand.
This indicates that reduction of the iron complex is metal-centered,
while that of the cobalt complex is primarily ligand-centered,
giving species of the type Fe"[(N2S,™)?] and Co"[(N2S2)*]. In the
case of our singly reduced Ni complex, the DFT studies (vide
infra) support a weak Ni(l) character, while the lack of bond
alternation and the arene—K™* interactions support a reduction of



Table 2. Structural features of the free singly and doubly reduced Ni(N2S2) complexes.?

Ni(N,S5) [Na(THF)e][Ni(N2S:)] [K(18C6)(THF)][Ni(N2S2)] [K(18C6)(sol)x]2[Ni(N2S2)]

Ni-S 2.1286(5) ; 2.1310(5) 2.154(2) ; 2.144(2) 2.1561(4) ; 2.1477(3) 2.1872(5) ; 2.1839(5)

Ni-N 1.8119(13) ; 1.8151(14) 1.821(7) ; 1.822(6) 1.8274(9) ; 1.8327(9) 1.8518(13) ; 1.8407(14)
S-C1 1.724(2) ; 1.722(2) 1.765(9) ; 1.736(10) 1.7493(13) ; 1.7437(13) 1.7582(2) ; 1.757(2)
N-C6 1.354(2) ; 1.354(2) 1.376(10) ; 1.363(10) 1.3643(14) ; 1.3622(13) 1.355(2) ; 1.366(2)
N-C7 1.466(2) ; 1.468(2) 1.494(9) ; 1.474(10) 1.4629(13) ; 1.4687(13) 1.457(2) ; 1.451(2)
C1-C2 1..402(2) ; 1.410(3) 1.417(12) ; 1.376(12) 1.398(2) ; 1.398(2) 1.387(2) ; 1.385(2)
C2-C3 1.362(3) ; 1.369(4) 1.398(14) ; 1.402(13) 1.379(2) ; 1.386(2) 1.394(3) ; 1.376(5)
C3-C4 1.407(3) ; 1.386(4) 1.378(14) ; 1.338(13) 1.389(2) ; 1.396(2) 1.386(3) ; 1.365(5)
C4-C5 1.371(3) ; 1.376(3) 1.368(12) ; 1.368(11) 1.386(2) ; 1.385(2) 1.393(3) ; 1.402(3)
C5-C6 1.414(2) ; 1.417(3) 1.369(11) ; 1.422(11) 1.407(2) ; 1.410(2) 1.404(3) ; 1.404(2)
C1-C6 1.416(2) ; 1.419(3) 1.403(11) ; 1.422(11) 1.418(2) ; 1.424(2) 1.429(2) ; 1.419(3)
c7-C7’ 1.558(2) 1.533(10) 1.5525(14) 1.558(2)

N1-C7-C7’-N1’ 14.5(2) 35.0(8) 32.5(1) 25.4(2)
T 0.070 0.088 0.079 0.098

2 None of the complexes presented herein are perfectly symmetrical, hence, two values are presented for each set of bonds: Ni-S represents Ni1-S1 and Nil-S2 ;

S-C1 represents S1-C1 and S2-C14 and N1-C7-C7’-N1’ represents N1-C7-C8-N2.

the ligand. In fact, complex 2" cannot be described by discrete
oxidation states of either the ligand or the metal, and is
somewhere between the two limiting resonance formulae
Ni'[(N2S2™)?] and Ni'"[(N2S2)%*]. On the other hand, further
reduction towards 2% is mostly ligand centered, with a tetraanionic,
closed shell, (N2S)* core as depicted in Scheme 2, where the
charge on the N and S atoms is delocalized on the aromatic rings,
as supported by XRD, NMR and DFT studies (see Figure 1A
below).

In order to better represent the structural features observed
during the electrochemical experiments, in which the mono- and
di-anion are generated in situ without the possibility of binding
counter cations through S or arene donors, we sought to replace
the alkali cations to generate free ions 2™ and 2%. First, we
attempted ion exchange experiments for 22, but exchanging the
K* for "BusN* did not allow us to obtain crystals, in spite of the
colour change observed (from yellow to orange) and the
precipitation of a fine salt (presumed to be KBr). We proceeded
next to treating the K salt of 22- with [PPh4]CI. Although a colour
change to dark brown was observed, the reaction mixture did not
appear clean by *P NMR, indicating that the reaction was not
limited to ion exchange. Filtration and cooling of the reaction
mixture afforded dark brown crystals of 3, identified as the PPh,*
salt of a mono-anion featuring the Ni(N.S,) core with one of the
imine nitrogens now protonated (Scheme 7, Figure 11). We could
not determine, however, the proton source nor characterize the
side products formed in this reaction.

We thus moved to a different strategy, consisting of trapping
the potassium ions with the crown ether 18-crown-6 (18C6), which
was successful. Adding 1.1 equiv of the crown ether to
{INi(N2S2)][K(THF)2]}n turned the solution from deep blue to deep
green. This recalled the colour of the crystals obtained for the fully
dissociated Na* salt of the monoanion, Ni(N2S2)][Na(THF)g],
which were unfortunately not of sufficient quality to obtain a

Ar, Ar .
[PPh,ICI H\N/—<' ‘ [PPhy]
- . o wN= o
THF g Nng
rt, 20 h

Scheme 7. Attempted cation exchange gives N-protonation of the N2S2 ligand.

@

R 2

Figure 11 Molecular diagram of the {Ni[N(NH)S:]} anion of the [PPha]* salt (3).
Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms were
refined via the riding model and the counter-cation [PPhs]* and co-crystallized
MeCN are omitted for clarity.

complete data set and determine accurate parameters. On the
other hand, capturing K* ions with 18C6 afforded good quality,
deep green plates in which the [K(18C6)(THF)]* cation does not
interact with either the sulfurs or ring carbons of the N,S; ligand.
This strategy was also efficient for the isolation of a free form of
22, in which the dark yellow solution rapidly turned orange-red,
and the product crystallized rapidly upon letting the reaction stand
at room temperature. The very small needles were extremely air
sensitive and decomposed quickly under the X-ray beam at 200
K, but we were able to determine the connectivity, in which there
were no S—K or arene—K bonding, and two [K(18C6)(THF)]*
units were separated by a disordered THF molecule binding either
one or the other potassium, causing a poor thermal stability of the
crystals. We solved this issue by repeating the cation trapping
experiment, in THF containing 20% v/v dioxane, and the latter
successfully replaced the disordered THF, affording more robust
crystals.

Structural analysis of the free mono- and di-anion (Table 2)
revealed similar features to their alkali-bound counterparts,
namely a square planar environment that does not deviate much
from that of complex 2, pointing to a d® Ni" center in all three redox
states of the complex. The lengthening of the Ni-S and Ni-N bond
distances upon 1- and 2-electron reductions is more evident in
this series of structures, in accordance with stronger electronic



repulsion between the reduced ligand and the Ni(ll) center. In
addition, we clearly observe in the iminothiolate an increase in the
S-C bond length, from 1.72 to 1.75 to 1.76 A indicating an
increased arylthiolate character of the S donors upon reduction,
while the N-C bonds do not increase significantly.

High Yield Synthesis of 2

As mentioned previously, heating 1 in refluxing toluene gave 2 in
low vyield as formation of by-products necessitated a
chromatographic separation to obtain a pure product. Similar
results were obtained by Kawamoto and Kushi using the Ni(NS).
complex shown in Figure 1 (56% vyield).®! As one-electron
reduction of 1 affords 2" as the only product, subsequent chemical
oxidation should afford neutral 2 in high yield. Indeed, treatment
of 2 with [Fe(n®-CsHs)2][BF4] in THF gave 2 exclusively (see Fig
S32) in good yields after a simple work-up. We thus sought to run
the sequential reduction-imine coupling-oxidation process in a
one-pot manner, to obtain 2 directly from 1. As a result, treating 1
with 1.1 equiv of potassium metal to generate the radical anion,
and re-oxidation with 1.3 equiv [Fc*][BF4] allowed us to obtain
neutral 2 in 89% yield (Scheme 8).

Thermal conversion
PhMe, 100 °C, 16 h

25%

Ar, Ar Ar,, Ar

. [FC*][BF,{] (

N, <N K- (1.1 equiv) (1.3 equiv) N, N
I 1) — o [ewawmn] = (O on ST
s” s THF THFE s” s

rt, 4h rt, 4h 5
Ar = 2-MeS-CgHj 89 %

Scheme 8. One-pot reduction-imine coupling-oxidation strategy for the
conversion of 1 — 2

DFT Calculations of Ni(SNS)2 (1) and Ni(N2S2) Redox
States [20/1-2]

Density functional theory computations have been performed to
shed more light on the electronic structures, reactivity and
spectroscopic properties of 1 and 22, By analogy to the

2(*INi 2(INj

complexes described by Wieghardt et al.,*? the ground state of 2
is an open-shell singlet, while 1 is a closed shell complex. The
optimized geometries are very similar to the crystal structures
(Figure S42). The geometry of transient 1- shows more
conformational flexibility with a near tetrahedral conformer being
only 1.7 kcal/mol higher in energy than the near square-planar
one. The oxidation of 1 leads to a doublet ground state at a
potential of 0.9 V vs. SHE. The oxidation is centered on the
organic ligand, as clearly visible in the density-difference with
respect to the neutral complex shown in Figure 12A. A second
oxidation process is predicted to occur at ca. +1.6 V vs SHE,
involving oxidation of the uncoordinated thioether sulfur. This
latter finding is not in agreement with the experimental data
displayed in Figure 4, showing two successive and very close
one-electron oxidations in the accessible potential range.

The first reduction of 2 occurs at -0.4 V vs. SHE, generating a
doublet ground-state. The charge is mostly accumulating on the
nitrogen atoms (Figure 12B), with the spin-density being
dominant on Ni, in agreement with the ESR measurements. This
observation is to be put into perspective with the open-shell
singlet ground state of the neutral complex: In 2%, Ni(ll) is not
reduced in terms of its charge, but acquires a Ni(l) character in
terms of its spin-density, which is no longer delocalized on the
ligand, although the coordinated N and S atoms each contribute
to about one third of the spin polarization observed on the Ni
center. A second reduction (at -1.7 V vs. SHE) generates a
closed-shell dianion, where the additional charge is located on Ni,
N and, to a minor extent, on the mercapto-aniline ligand. The
reduction of 1 also leads to a doublet, but the additional charge is
mostly located on the C=N double bond of one of the imine
moieties (See Fig. S43), with the largest contribution on the
carbon atom. In other words, the Ni center is barely involved in
the observed redox-chemistry in terms of charge, suggesting it
maintains a dominant Ni(ll) character. However, the spin-
population is non-negligible in the 2" species, reminiscent of a
weak Ni(l) character.

269Ni 224N

2(*9Nj 224N

Figure 12. A: Isodensity surfaces (0.005 a.u.) of the charge difference of various complexes with respect to the neutral complex. Charge accumulation and depletion
are depicted in blue and orange, respectively. B: Spin-density iso-surfaces (0.005 a.u.) of the monoanionic, neutral and cationic Ni(N2S2) compounds; blue a-electron

excess, red: 3-electron excess.



DFT Calculations of Intramolecular C-C Bond Formation
From 1 and 1~

We also studied the electron-triggered coupling reaction with DFT.

The transition state for the C-C bond formation has been identified
for both the neutral and radical anion states (Figure 13). The
geometry of this TS is very similar in both cases, except that the
forming C-C bond is 2.24 A in the radical anion, while it is shor-
tened to 2.05 A in the neutral complex. The activation energy of
17.1 kcal/mol in the radical anion is compatible with the reactivity
discussed in the experimental part, especially since 2™ is 21.2
kcal/mol more stable than 1%, revealing a significant
thermodynamic driving force. This contrasts with the situation for
neutral 1 in which not only is the barrier (31.4 kcal/mol)
excessively high at room temperature, but also the reaction
energy shows a complete reversal: 1 is found 5.6 kcal/mol more
stable than 2.

TD-DFT Studies of Three Redox States of 2.
Time-dependent density functional theory (TD-DFT) was applied
to investigate the spectroscopic properties of 2, 2~ and 2%. The
computed spectra are summarized in (Figure 13). A qualitative
agreement with experiment is obtained: The most intense
transition in the visible region is located at 615 and 763 nm for the
neutral and radical anion, respectively, while the dianion has no
transitions in this region. The nature of these transitions has been
characterized via the corresponding natural transition orbitals,
shown in (Figure 14). They reveal a mixed metal/ligand character,
i.e., the electron is delocalized both in the ground and excited
state across the square planar complex. The strong involvement
of the metal center in this transition rationalizes the absence of
the corresponding transition for 2% in which the electrons are more
delocalized between the metal and the N.S; ligand rings.

1 1

MeS /; \ SMe Us=-1.5V| Mes Z SMe
N\ /N
) )

AG = 31.4 kcal/mol
AG = 5.6 kcal/mol

AG =17.1 kcal/mol
A,G = -21.2 kcal/mol
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Figure 13. Summary of theoretical results at the PBEO/def2-TZVP, SMD(THF)
level of theory. U°: vs SHE; the value for ferrocene/ferrocenium is, at the same
level of theory, equal to 0.8 V. Top right: Transition state for the C-C bond
formation in the radical anion state. In the neutral state, the geometry is very
similar, except that the forming C-C bond is reduced to 2.05 A.

Conclusions

Employing a combination of CV, rotating disk electrode and
controlled potentiometry, we showed that reduction of Ni
bis(thiolate) complex 1 led to reductive coupling of the imines,
forming exclusively paramagnetic complex 2 that contains the
redox-active (N.S;)? ligand. Moreover, it can be reduced by a
second e to form diamagnetic 2. Furthermore, 2" undergoes
reversible oxidation and reduction, providing three different redox

states that have been isolated and characterized. Although the
valence electrons are delocalized between the metal and ligand
orbitals in both ground and excited states, the first reduction of the
complex leads to a species of mixed Ni(I)/Ni(ll) character. For the
second reduction, spectroscopic data point towards a reduction of
the ligand as a tetraanionic (N.S,)* core chelating a Ni(ll) center.
Finally, the electrochemical measurements allowed us to develop
an efficient one-pot reduction-oxidation process for the
dimerization of imine-thiolate ligands around the nickel. We hope
that these findings will allow more efficient preparation of metal
complexes bearing redox active ligands, via chemical steps
coupled to electron transfers.
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Figure 14. Left: UV-Vis spectrum for 2, 2* and 2% at the TD-PBEO/def2-TZVP
level of theory. Right: Isosurfaces (0.05 a.u.) for the dominant natural transition
orbitals for the hole (top row) and particle (bottom row) for the most intense
transition. For 2™ only the beta electrons participate significantly in the
corresponding transition.

Experimental Section

General Considerations

Synthetic chemistry was carried out under nitrogen, using an
MBraun glovebox and standard Schlenk techniques. Solvents
were dried on columns of activated alumina using a MBraun
solvent purification system, and stored over 4 A molecular sieves.
THF was further distilled on sodium-benzophenone and stored
over 4 A molecular sieves. NMR solvents were degassed by 3
freeze-pump-thaw cycles and dried over molecular sieves.
Sodium, potassium, benzophenone naphthalene, ferrocenium
tetrafluoroborate (technical grade) were obtained from Aldrich
and used as received. 18-crown-6 was obtained from Aldrich and



recrystallized from hot acetonitrile and dried under vacuum.
Complex 1 was prepared as previously reported.’®> NMR spectra
were recorded at room temperature on a 600 MHz Bruker Avance
11l spectrometer equipped with a cryoprobe cooled to liquid N,
and referenced to the solvent residual protons (CsDs, 7.16;
(CD3),SO, 2.50; CDCls, 7.26 ppm) and the solvent *3C signal
(CeDs, 128.06; (CD3),S0O, 39.52; CDCls, 77.16 ppm) with respect
to tetramethylsilane at & 0 ppm. The numbering for carbon
assignments follows the order depicted in Scheme 3.

Electrochemistry

Electrochemical studies were performed in a glovebox (Jacomex)
(02 <1 ppm, H20O < 1 ppm) with a home-designed 3- electrode
cell. Cyclic voltammetry (CV) curves were recorded using a
SP300 Biologic potentiostat. All studies were conducted in a
standard one-compartment, three-electrode electrochemical cell
using an automatic ohmic drop compensation procedure. Vitreous
carbon (@ = 3 mm) working electrodes (ALS instruments) were
systematically polished with 2 mm diamond paste (PRESI SA)
before recording. The non-aqueous reference electrode (ALS
Instruments) was made of a silver wire dipped in a AgNOj3 solution
(1072 M + TBAP 107*M in CH3CN). The counter electrode was a
platinum wire and ferrocene or decamethylferrocene served as
internal reference. THF (anhydrous, =99.9%, inhibitor-free) was
purchased from Aldrich and further dried on activated alumina
before use. Tetrabutylammonium hexafluorophosphate (TBAPFg)
was synthesized from tetra-n-butylammonium hydroxide and
HPFs, recrystallized several times from EtOH/H,O and then dried
under vacuum at 60°C for 24 h before use. Spectroelectro-
chemical (SEC) measurements were carried out in a “thin layer”
(0.5 mm) SEC quartz cell (ALS Co) connected to a Biologic ESP-
300 potentiostat equipped with a 1 A/48 V booster and a linear
scan generator. Absorption measurements were carried out in
remote mode with the SEC cell coupled to an MCS 500 UV-NIR
Zeiss spectrophotometer through optical fibers. All measure-
ments were carried out at room temperature in THF (anhydrous,
99.9% Acroseal) using TBAPF¢ as the electrolyte (0.2 M). The
Ag*/Ag reference electrode was made of a silver wire immersed
in a solution containing a known concentration of Ag* (AgNO3 (10
2 M) + tetrabutylammonium perchlorate (0.1 M) in THF). The
counter electrode was a large surface platinum grid isolated from
the main solution through a home-made electrolytic bridge.

Computational Details

All computations were performed with Orca 4.2.1.2Y (See Table
S5 for examples of input lines). For singlet species, we have
tested the existence of broken-symmetry solutions, but only
compound 2 turned out to have such a character. The adopted
density functional was PBEO-D3[?2 applied in conjunction with the
def2-TZVP basis set.?® The RIJCOSX option was activated to
accelerate the computations. The numerical grid quality was
increased with respect to the default and set to Grid6 and GridX6.
The SMD implicit solvent model was used with parameters
corresponding to THF.?4 TD-DFT computations applied the
Tamm-Dancoff approximation[?> and solved for 50 states.

Crystallization Details

The new polymorph (B) of the previously reported 1 (polymorph
a) was obtained from vapour diffusion of hexanes into a benzene
solution; [2]Na(THF)s was crystallized from a concentrated THF
solution at —35 °C, [2][Na(THF)s] from layering a THF solution
with hexanes at r.t.; {[2]K(THF)2}» from a THF/toluene solution at
—35 °C for the polymorph B supported by arene—K interactions,
and by vapour diffusion of pentane into a THF solution at r.t. for
the polymorph a; and {[2]K2(THF)2s}n from vapour diffusion of
Et;O into a THF solution at —35 °C. [(N2S2(H))Ni][PPh4] was
obtained from the crude reaction mixture in MeCN cooled to —
35 °C. Crystals of [2][(18C6)K(THF)] were obtained by adding 1.1
equiv 18-crown-6 to a solution of [2]K(THF)x in THF and leaving
the mixture evaporate slowly under inert atmosphere. Crystals of
[2][(18CB)K(THF)2][(18CB)K(THF)(dioxane)os] were obtained
from layering a solution of [2]K2(THF)x in 1:4 dioxane:THF with a
solution of 2.2 equiv 18-crown-6 in THF at room temperature. 2l

X-ray Crystallographic Details

Crystallographic data collection and processing were performed
at the X-ray Core Facility at the University of Ottawa. Crystals
were mounted on MiTeGen sample holders using Parabar oil.
Data were collected on a Bruker Smart Apex or Bruker Kappa
Apex diffractometer equipped with an Apexll CCD detector and a
sealed-tube Mo K source (A = 0.71073 A). During collection, the
crystal was cooled to 200 K. Raw data collection and integration
were performed with the Apex3 software package from Bruker.?"]
Initial unit cell parameters were determined from 36 data frames
from selected w scans. Semi-empirical absorption corrections
based on equivalent reflections were applied using SADABS or
TWINABS.8l Systematic absences in the diffraction dataset and
unit cell parameters were consistent with the space group
determined via the XPREP program.® Hydrogen atoms on
carbons were placed geometrically and refined using the riding
model, all other hydrogen atoms were placed via the difference
map and refined freely. Data collection and structure refinement
details are provided in Tables S1-S3.

Synthesis of Ni(N2S2)Ni in Three Redox States

Synthesis of [2]Na-(THF)x(Et20)y: To a mixture of 575 mg 1 (1.0
mmol) in 12 mL of THF was added dropwise 1 equiv of sodium-
benzophenone ketyl prepared in-situ from 23 mg of sodium metal
(1.0 equiv) and 200 mg of benzophenone (1.1 equiv) in 5 mL of
THF. The mixture rapidly turned from brown-red to green and then
overnight to deep blue-green. The THF was then removed under
vacuum and the dark-blue sticky residue was treated with 8 mL of
toluene and then 20 mL of Et,O, and the precipitate was triturated
for 30 min at r.t. Filtration through a glass frit, washing with 2 x 5
mL of Et,O and drying under vacuum at r.t. afforded 574 mg of a
dark blue solid. Quantitative *H NMR indicated the presence of
1.7 molecules of Et,O and 0.4 molecules of THF per nickel (yield:
76%).2° 'H NMR (600 MHz, C¢Dg): 6 2.2 (br s), 3.2 (br s, SCHs),
5.3 (brs), 6.8 (brs), 8.3 (br s), 10.0 (br s), 12.0 (br s), 15.3 (br s),
20.6 (br s), 30.1 (br s).

Synthesis of [2]Kz2-(THF)x(Et20)y: To 230 mg of 1 (0.40 mmol) in
10 mL of THF was added 47 mg potassium metal (1.20 mmol, 3.0
equiv) in 1-2 mm pieces, and the mixture was stirred overnight at
room temperature, during which time it turned from brown-red to
dark blue-green to dark yellow. After filtration, the THF was
removed under vacuum and the pale green residue was re-



treated with 5 mL of THF, and 25 mL of Et,O was added to
complete precipitation, followed by trituration at r.t. for 10 min.
Filtration through a glass frit, washing with 2 x 5 mL of Et,O and
drying under vacuum at r.t. afforded 260 mg of a pale green solid.
Quantitative *H NMR revealed the presence of 1.17 molecules of
Et,O and 0.16 molecules of THF per nickel (yield: 87%). *H NMR
(600 MHz, 20 °C, DMSO-dg): 6 2.44 (s, 6H, SCHj3), 4.24 (s, 2H,
N-C7-H), 5.35 (d, 2H, C5a-H, 33y = 7.8), 5.49 (t, 2H, C3a-H, 3Jun
=7.0), 5.91 (t, 2H, C4ar-H, 3Jys = 7.1), 6.40 (d, 2H, C2a-H, 3y =
7.0), 7.02 (t, 2H, C12a-H, 3Juy = 7.5), 7.06 (td, 2H, C11a-H, 334
= 7.5, 4Jun = 1.7), 7.15 (d, 2H, C10a-H, 3Jun = 7.5), 9.77 (dd,
C13a-H, 3Jpn = 7.4, “Jpn = 1.3). 13C NMR (150.90 MHz, 20 °C,
DMSO-dg): 6 17.07 (s, 2C, SCHg), 69.96 (s, 2C, N-C7-H), 104.94
(s, 2C, C5a-H), 106.57 (s, 2C, C3a-H), 118.91 (s, 2C, Céar-H),
124.21 (s, 2C, C12x-H), 125.11 (s, 2C, C10a-H), 125.72 (s, 2C,
C11a-H), 125.77 (s, 2C, C2a-H), 128.21 (s, 2C, C13a-H), 135.89
(s, 2C, C9a-SMe), 137.92 (s, 2C, C1a-S), 147.57 (s, 2C, C8ar
Csp?), 159.12 (s, 2C, C6ar-N).

Oxidation of the singly reduced complex to Ni(N2S2) (2): To a
solution of 151 mg of [2]Na-(THF)x(Et.O), (0.20 mmol) in 10 mL
of THF was added 60 mg of ferrocenium tetrafluoroborate (0.22
mmol, 1.1 equiv) in one portion. The initially blue-green mixture
turned dark violet over 30 min, and was stirred overnight at room
temperature. The volatiles were evaporated under vacuum, and
the residue extracted with 2 x 8 mL of DCM and filtered through a
glass frit. Evaporation of the DCM and washing the solid residue
with 2 x 5 mL of Et,O afforded 88 mg of a dark purple solid (yield:
76%). The *H NMR spectrum in CsDe¢ matched that of the
thermally generated complex,'* and showed the product to be >
99.5% pure. 'H NMR (600 MHz, 20 °C, CDClz): & 2.68 (s, 6H,
SCHs), 6.73 (s, 2H, N-C7-H), 6.83 (t, 2H, C12a-H, 3Jun = 7.6),
7.02 (t, 2H, C4ar-H, 3Jun = 8.0), 7.12 (d, 2H, C13a-H, 33y = 8.0,
overlapping with & 7.13), 7.13 (t, 2H, C3ar-H, 3Jun 7.0,
overlapping with 6 7.12), 7.19 (t, 2H, C11a-H, 3Jyy =7.9), 7.41 (d,
2H, C10a-H, 3Jun = 7.5, overlapping with & 7.42), 7.42 (d, 2H,
C5ar H, 3Jun = 8.5, overlapping with & 7.41), 7.69 (d, 2H, C2ar-H,
3Jun = 8.3). 13C NMR (150.90 MHz, 20 °C, CDClg): 6 18.11 (s, 2C,
SCHj3), 78.47 (s, 2C, N-C7-H), 120.58 (s, 2C, C5a-H), 123.03 (s,
2C, C3a-H), 125.89 (s, 2C, C13a-H), 126.34 (s, 2C, C12a-H),
127.62 (s, 2C, C10a-H), 127.96 (s, 2C, C4a-H), 128.63 (s, 2C,
Cl11la-H), 131.57 (s, 2C, C2a-H), 137.23 (s, 2C, C9a-SMe),
142.33 (s, 2C, C8a-Csp:), 160.68 (s, 2C, C6a-N), 161.18 (s, 2C,
C1a-S).

High yield one-pot conversion of 1—2: In a 20 mL vial containing
144 mg of 1 (0.25 mmol) was added 6 mL of THF followed by 12
mg of potassium metal (0.28 mmol, 1.1 equiv) in 1 mm pieces.
The mixture was stirred at room temperature for 4 h until all the
potassium has reacted. To the resulting dark greenish-blue
solution was added 89 mg of ferrocenium tetrafluoroborate (0.33
mmol, 1.3 equiv) in one portion, along with 4 mL of THF. After 4
h, the dark violet mixture was evaporated, and the residues
extracted with 15 mL of DCM, filtered through a glass frit and the
solid washed with 2 x 5 mL of DCM. The filtrate was evaporated
to dryness, and the solid residues were triturated in 10 mL of Et,O
for 15 min, filtered, and washed with 2x 5 mL of Et,O. Drying of
the dark purple solid under vacuum afforded 126 mg of 2 (yield:
89 %), which was shown by *H NMR to be 98.5 % pure.
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