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A bidentate NHC-thiolate ligand based on the imidazol1,5-alpyridine
scaffold and featuring an extended n-system is described. It is derived
from a readily available zwitterionic precursor and the chemistry of
the corresponding homoleptic Ni(i) complex is investigated.

Thanks to their beneficial stereoelectronic properties, N-hetero-
cyclic carbenes (NHCs)"” constitute a privileged ligand class in
organometallic, main-group, materials, nano-, and surface
chemistries with outstanding applications in organometallic
and organic catalysis.® They are particularly appealing strongly
bounded C-anchors for the design of functional polydentate
ligands, leading to a plethora of ligand scaffolds built by the
combination of NHC units with heteroelements.” Interestingly,
while the metal-thiolate bond is crucial in nature, playing a
key role in important biological processes, such as H, or N,
activation by hydrogenases or nitrogenases, respectively, only a
handful of NHC-thiolate ligands have been reported to date
(Fig. 1A-E).> Merging our interests in bioinspired sulfur-rich
ligands® and in N-heterobicyclic carbenes based on an
imidazo[1,5-a]pyridine scaffold (ImPy),”® we thus devised to
develop the LX-type ligand 17, in which the thiolate moiety is
directly connected to the bicyclic carbenic heterocycle. Featur-
ing an extended m-system, this ligand structure might also be
redox-active by stabilizing an electro-generated radical through
delocalization. To our knowledge, the redox-active nature of the
ImPy scaffold has not been previously reported in the
literature.” We report herein the synthesis, the coordination
ability with nickel and the non-innocent character of ligand 1~

Following a late-stage aromatic nucleophilic substitution strat-
egy previously developed by some of us,”'® the gram-scale
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synthesis of the pro-ligand 1-H was achieved by treating the
5-bromoimidazo[1,5-a]pyridinium bromide [2-H]Br with an excess of
Na,S-9H,0 in DMF at room temperature (Scheme 1). The air- and
water-stable zwitterionic compound 1-H, containing an internal
thiophenolate, was isolated in 68% yield through column
chromatography. 1-H was fully characterized by spectroscopic
and analytical techniques and its molecular formula was firmly
established through a single-crystal X-ray diffraction analysis
(Fig. 2)."" The zwitterionic character of 1-H was confirmed by
elemental analysis, by the absence of a counter-anion in its
crystal structure, and by the presence of a nominal thiopheno-
late group. Nevertheless, the C-S bond length of 1.7061(13) A
evidences a partial C=S double bond character, indicating that
the sulfur valence electrons are in resonance with the imida-
zopyridinium aromatic system. The C-C bonds of the bicyclic
heterocycle, on the other hand, form the pattern of alternating
single and double C-C bonds typical of ImPy-type compounds.
Hence, 1-H should be classified as a “conjugated mesomeric
betaine”” (CMB) according to the Ollis classification.'*
Deprotonation of 1-H with 1 equivalent of potassium
bis(trimethylsilyl)amide (KHMDS) in THF at room temperature
led to the clean and quantitative generation of the stable
anionic NHC [1]K, which was proven by the disappearance of
the signal of the N,CH proton in the "H NMR spectrum and the
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Fig. 1 NHC-thiolate ligands. Mes = 2,4,6-trimethylphenyl.
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Scheme 1 Synthesis of the zwitterionic precursor 1-H, generation of the
free anionic carbene [1]K and synthesis of the homoleptic nickel(n)
complex 3.

appearance of a singlet at dc = 205.5 ppm (in THF-dg) in the
typical range of free ImPy-type carbenes (206-209 ppm).*?

The free anionic NHC [1]K was then trapped by the addition
of 0.5 equiv. of NiCl,(dme) at —35 °C. This resulted in a dark
green mixture that was purified by column chromatography to
obtain a red solid, identified as [Ni(1),] (3), in 55% yield.
Complex 3 was fully characterized by analytical and spectro-
scopic techniques, supplemented by an X-ray diffraction ana-
lysis on single crystals, grown by slow vapor diffusion of diethyl
ether into a concentrated dichloromethane solution of 3. The
complex crystallized in the triclinic space group PI1, with a
square planar arrangement around Ni(u) defined by the two
LX-type chelating ligands 1~ (Fig. 2). The perfect planar geo-
metry around the Ni(u) center was evidenced by the torsion
angle of 0 degrees (presence of an inversion point in the lattice)
between the planes of the bicyclic heterocycles of the two ligand
fragments. The coordination of the carbenic carbon atoms N,C
of ligands 1 was inferred from the "*C{'"H} NMR spectrum, with
a chemical shift of ¢ = 159.3 ppm, which is consistent with
related Ni(n)-ImPy complexes.'*
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Fig. 2 Molecular structures of zwitterionic precursor 1-H (left) and
complex 3 (right) (ellipsoids drawn at the 50% probability level; hydrogen
atoms have been omitted for clarity). Selected bond lengths (A) and angles
(deg): for 1-H: C4-S19 1.7061(13), C4-C5 1.3743(17), C5-C6 1.4168(18),
C6-C7 1.3657(18), C7-C8 1.4139(17), C8-C9 1.3761(17). For 3: Nil-
C11.9144(18), Ni1-S1 2.1968(4), C3-S1 1.7273(19), C1-Nil1-S1 86.96(6).
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Fig. 3 Anodic cyclic voltammogram of complex 3 (Glassy carbon working
electrode, 1 mM in CH,Cl, with 0.1 M BusNPFg as the supporting electro-
lyte, 100 mV s~ scan rate; potentials were calibrated against Fc*/Fc used
as an internal standard with Ey;» (Fc*/Fc) = 0.46 V vs. SCE).

The electrochemical behaviors of pro-ligand 1-H and
complex 3 were investigated by cyclic voltammetry (CV). The
zwitterionic precursor 1-H displayed an irreversible oxidation
wave at E,, = 0.57 V vs. SCE (Fig. $38, ESIf), which could be
assigned to the formation of a sulfur-centered radical. Con-
versely, the CV of 3 in dichloromethane showed the presence of
two reversible waves at E;, = 0.39 and 1.19 V vs. SCE (Fig. 3).

The first redox process was proved to correspond to a one-
electron oxidation resulting in a stable cationic species, [3]",
that was obtained by bulk electrolysis at 0.8 V vs. SCE. As a half-
integer species, the electrogenerated complex [3]" was probed
by EPR spectroscopy in frozen CH,Cl,/toluene (1/1) solution
and exhibited a rhombic EPR signal with g-tensor eigenvalues
of 1.988, 2.028, and 2.147 (g, = 2.054) (Fig. 4). These values
were in very good agreement with those computed at the VBP
XC level and the DFT calculations provided further insights into
the electronic nature of complex [3]".

Indeed, apart from a small contribution of the nickel center,
the SOMO is delocalized over the two sulfur ligands and the
n-systems of the imidazopyridine scaffolds of the NHC ligands.
This was further corroborated by the Miilliken spin population
distribution, where the atomic spin populations are shared by
the central Ni metal (~1/4 of the total) and by the two NHC-
thiolate ligands 1~ (~3/4 of the total) (Fig. S40, ESIf). The
description of [3]" is therefore intermediate between a genuine
Ni(m) complex and a Ni(u) complex with an oxidized ligand
framework. This was also reflected by the experimental isotro-
pic Landé factor of [3]" (ga, = 2.054), which appears to be the
weighted average between the free electron value (gis, = 2.002)
and the typical values of Ni(m) complexes (g, = 2.14-2.18),'°
with relative weights (2 to 1) relatively close to the one calcu-
lated for the Miilliken spin distribution (3/4 on the ligands and
1/4 on the metal center).

The chemical oxidation of complex 3 was then carried out.
Unfortunately, although 3 easily reacted with various organic
and inorganic oxidizing agents such as Fc(BF,), (NO)(SbFs),
PhICI, or CuCl,, the nature of the products could not be firmly
determined in most of the cases (see the ESIt for more details).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) X-band EPR spectrum of the electrochemically generated [3]*

in frozen CH,Cly/toluene solution (+0.1 M TBAP) at 110 K. Microwave
frequency = 9.417556 GHz, mod. ampl. = 0.2 mT, and power = 6.4 mW.
(b) g values obtained by simulations!® and DFT calculations. (c) DFT-
optimized structure of [3]* and representation of the SOMO spin o and
LUMO spin B (isodensity value of 0.05 a.u.).

At that point, we were interested in evaluating the propensity
of complex 3 to act as a S-donating metalloligand to form
heterometallic aggregates. Indeed, metal-thiolate (or sulfide)
bonds are widespread in nature and often serve as connecting
units between metallic centers in metalloenzymes or metallo-
proteins.’”'® From a synthetic point of view, several nickel-silver
clusters were previously obtained, thanks to the great affinity of Ag"
for coordinated thiolato groups.’® Thus, the reaction between
complex 3 and AgSbF, was tested, which led to the formation of
cluster 4, in which two Ag" centers were sandwiched by two Ni
complexes 3 through coordination of the remaining lone pairs of
the thiolate ligands (Scheme 2). The molecular structure of the
stable complex 4 was firmly established by single crystal X-ray
diffraction analysis (Fig. 5). Most notably, the central Ag,Ni,S, core
is perfectly planar and the bond angles and lengths within this
plane indicate significant metal-metal bonding interactions
between the silver atoms themselves as well as between the nickel
and silver centers. Indeed, although the Ag1-Ag1™ bond length
[3.1839(15) A] is a little longer than that in previously reported
Ni-Ag clusters [Ag- - -Ag of ~3.0 A), it is clearly below the sum of
the van der Waals radii of silver atoms [3.42 A]. Likewise, the

2SbF6 2+
<N |

V\ \'N/

AngFe HBF 4-OEt,
a—

recrystallization

Scheme 2 Reaction of complex 3 with AgSbFe and HBF4-OEt,.
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Fig. 5 Solid-state structure of complex 4 (ellipsoids drawn at the 50% prob-
ability level, hydrogen atoms and counter-anions have been omitted for clarity).
Selected bond lengths (A) and angles (degrees): Ni1-C10 1.923(5), Nil-
S12.2001(11), C8-S1 1.751(5), Agl-S1 2.4431(13), Nil-Agl 2.9519(11), Agl—Agl®
3.1839(15), S1-Agl1-S1' 151.33(6), C10-Ni1-S1 86.91(14), C8-S1-Nil 100.05(16),
C8-S1-Agl 98.89(16).

Ni-Ag distance [2.9519(11) A] is intermediate between a cova-
lent Ni-Ag bond [2.69] and a non-bonding distance [3.35 A]."

In order to study the reactivity of 3 towards protons and
investigate if 3 can serve as a potential proton reducing catalyst,
3 was treated with equimolar amounts of Brensted acids to
isolate and characterize the protonated species. As a result,
HBF,-OEt, proved to have an adequate pK, value to react with 3
in a 1:1 ratio. Thus, when 3 was treated with HBF,-OEt, in dry
dichloromethane at room temperature, an immediate color
change to dark green was observed. NMR analysis of the crude
product showed the selective formation of one diamagnetic
product. Characterization by 1D and 2D NMR methods revealed
the presence of a characteristic methylene group at g = 5.43 ppm
and dc = 65.4 ppm (in CDClL), arising from the uncommon
protonation of the C-1 position of the imidazolyl ring of one
NHC ligand, leading to the formation of the cationic complex 5
(Scheme 2). Complex 5 is stable for several hours at room tem-
perature in CH,Cl, but the protonation appeared reversible, since
only the starting complex 3 was isolated by crystallization.

In summary, we have reported a viable and straightforward route
to a new bidentate NHC-thiolate embedded in a n-extended bicyclic
aromatic system. Through the synthesis and reactivity of the corres-
ponding square-planar Ni(u) complex, the ligand was shown to be
redox-active and chemically non-innocent, allowing the formation of
heterometallic clusters and unusual protonated species. This opens
up exciting possibilities for the application of this ligand in bio-
inspired small molecule activation and catalysis. Studies in these
directions are currently underway in our laboratories.
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