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carboxylates as redox active
ligands in nickel chemistry†‡

Martin S. Luff, a Tin M. Filipovic,a Celine S. Corsei,a Kai Oppel, a

Ivo Krummenacher, ab Rüdiger Bertermann, ab Maik Finze, ab

Holger Braunschweig ab and Udo Radius *a

The coordination chemistry of carbene-CS2 adducts of selected NHCs and cAACs and their redox active

nature in nickel complexes is reported. These azolium-2-dithiocarboxylate ligands can be considered as

1,1-isomeric dithiolene analogues bearing a 2p electron reservoir. Depending on the co-ligands attached

to nickel, square planar mono- or bis-(carbene-CS2) complexes of the types [Ni(IiPr)2(carbene-CS2)] (2a–

g) (carbene = cAACMe, IDipp, IMes, BIMe, BIiPr, IiPr, and IiPrMe) and [Ni(carbene-CS2)2] (3a–c) (carbene =

cAACMe, IDipp, and IMes) are accessible by alkene substitution using [Ni(IiPr)2(ƞ2-C2H4)] or [Ni(COD)2] as

the starting material (cAACMe = 1-(2,6-di-iso-propylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene, IR =

1,3-diorganylimidazolin-2-ylidene, IRMe = 1,3-diorganyl-4,5-dimethylimidazolin-2-ylidene, and BIR =

1,3-diorganylbenzimidazolin-2-ylidene). In the complexes 2a–g and 3a–c, all carbene-CS2 ligands are

coordinated in a k2-S,S0 fashion to nickel(II) and are ligated either in their formally one electron reduced

(3a–c) or two electron reduced (2a–g) redox states. The complexes 3a–c reveal intense NIR absorptions,

which shift upon metallic reduction to the nickelate salts of the type [Cat]+[Ni(carbene-CS2)2]
c− (4a–bcat).

In these nickelates, an additional electron is shared across a ligand-centered SOMO of p-symmetry

which is delocalized over both azolium-2-dithiocarboxylate ligands and results in carbene-CS2 moieties

with a formal −1.5 charge per ligand, further demonstrating the flexible redox active nature of these

azolium-2-dithiocarboxylate ligands.
Introduction

Redox active ligands can adopt different oxidation states upon
coordination and can act as electron reservoirs for transition
metal and main group elements. Therefore they have become
a very important class of ligands over the last few decades.1

Redox active ligands allow access to a plethora of different
oxidation or spin states in their complexes.2 The use of such
ligands which behave as electron reservoirs with reversible
redox activity and which can donate or accept one or more
electrons on demand during a catalytic cycle has emerged as
a powerful tool in catalysis. Such ‘‘actor ligands’’ can extend the
electronic exibility of the central element and directly partici-
pate in crucial bond breaking or bond forming steps, thus
acting as metal–ligand bifunctional catalysts. The
-Maximilians-Universität Würzburg, Am
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talysis with Boron, Julius-Maximilians-

Würzburg, Germany

d Prof. Dr Christian Limberg on the

ESI) available. CCDC 2409878–2409888.
F or other electronic format see DOI:

4

implementation of suchmetal–ligand cooperation strategies for
the design of functional catalysts has been very successful in
recent years. Thus, a broad variety of interesting applications of
these ligands have been developed, ranging from stabilization
of subvalent main group compounds1g,3 to inexpensive 3d
transition metal based complexes which mimic the catalytic
activity of efficient noble metal catalysts.1b,4 Furthermore, redox
active ligands are essential components in articial photosyn-
thetic,5 photoredox,6 and electrocatalytic systems7 as well as in
heteroatom based diradicaloids.8 Employed in these processes
are mainly a broad variety of easily tunable, functionalized
nitrogen or oxygen containing p-conjugated systems such as
catecholates, 2,20-bipyridines, ortho-amidophenolates or
diazabutadienes.3

One of the prominent examples of such redox active ligands
is sulfur-based dithiolenes, which have been a subject of
interest since the 1960s as components in, for example, proto-
typical homoleptic square planar or trigonal prismatic transi-
tion metal complexes with interesting bonding situations.9 In
these types of compounds, the formal oxidation state of the
central metal atom may not always be unambiguously deter-
mined, thus rendering them redox non-innocent.10 For
example, in square planar bis-1,2-dithiolene group 10
complexes, the central metal atom M may formally exist in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Square planar group 10 bis-1,2-dithiolene complexes
(M = Ni, Pd, Pt) in three possible resonance structures: A, B and C.

Scheme 3 Synthesis of azolium-2-dithiocarboxylates 1a–g.14d,g–j,16
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oxidation states 0 (A), +II (B), or + IV (C) (Scheme 1), as both
attached 1,2-dithiolene ligands may exist in three possible
redox states: a regular neutral 1,2-dithiolene (A), a radical
monoanionic form (B), or a dianionic 1,2-dithiolate ligand (C).

This mesomeric exibility, i.e., the redox active nature, of
dithiolenes oen leads to unique physical properties.11 For
example, group 10 bis-dithiolene complexes, especially those of
nickel, have attracted considerable interest for application as
switchable, modulable near-infrared (NIR) dyes for medicinal
and technical purposes.12 Due to the synthetic availability of the
ligands, the majority of known group 10 bis-dithiolene systems
are mostly limited to the 1,2-substitutional pattern with just
a few examples known for related 1,1-isomeric dithiolate
complexes.13

An interesting class of molecules in this respect includes 1,1-
dithiolene analogues derived from Lewis-acid–base adducts of
N-heterocyclic carbenes (NHCs) or cyclic (alkyl)(amino)carbenes
(cAACs) with CS2, which form zwitterionic azolium-2-
dithiocarboxylates (vide infra, Schemes 2 and 3).14 Although
these compounds have been used as ligands in transition metal
chemistry before,14b,k,15 they have so far not been considered for
the synthesis of bis-dithiolene nickel complexes. Just recently
we reported that NHC- and cAAC-based neutral carbene-CS2
adducts (A), i.e., azolium-2-dithiocarboxylates, undergo reduc-
tive complexation with metallic main group reductants to yield
magnesium or potassium complexes of radical-anions [carbene-
CS2]

c− (B).16 Furthermore, earlier studies have also reported the
synthesis of alkali metal clusters of dianions of the type [car-
bene-CS2]

2− (C),17 demonstrating that the p-system of carbene-
CS2 adducts may act as a p-electron reservoir for up to two
added electrons (Scheme 2). Despite these interesting proper-
ties, reports on the redox activity of azolium-2-
dithiocarboxylates as ligands are limited to two very recent
studies.15s,t

Considering the signicance of such redox active complexes
in materials science and catalysis we were interested in
Scheme 2 Three redox-states of azolium-2-dithiocarboxylates (X =

CMe2, NR).

© 2025 The Author(s). Published by the Royal Society of Chemistry
developing azolium-2-dithiocarboxylate nickel chemistry based
on NHCs and cAACs. We herein report the synthesis and char-
acterization of several azolium-2-dithiocarboxylate nickel
complexes, thereby clearly demonstrating the redox active
nature of this class of ligands.
Results and discussion

We started our study with the synthesis of different carbene-CS2
adducts of a set of electronically and sterically different N-
heterocyclic carbenes (NHCs), such as the cAAC-based adduct
cAACMe-CS2 (1a; cAACMe = 1-(2,6-di-iso-propylphenyl)-3,3,5,5-
tetramethylpyrrolidin-2-ylidene), several N-aryl substituted
NHC-adducts such as IDipp-CS2 (1b) and IMes-CS2 (1c; IR= 1,3-
diorganylimidazolin-2-ylidene), p-benzannulated adducts such
as BIMe-CS2 (1d) and BIiPr-CS2 (1e: BIR = 1,3-
diorganylbenzimidazolin-2-ylidene), and nitrogen and/or back-
bone alkylated carbene-CS2 adducts such as IiPr-CS2 (1f) and
IiPrMe-CS2 (1g; IRMe = 1,3-diorganyl-4,5-dimethylimidazolin-2-
ylidene). These NHC-CS2 adducts can be synthesized in large
quantities and high yields from the reaction of CS2 and the free
NHC (see Scheme 3), as reported previously for most of these
azolium-2-dithiocarboxylates.14d,g–j,16 As the synthesis of BIiPr-
CS2 (1e) is unknown we present the synthesis and character-
ization of this compound in the ESI.‡ 18 Recently, we also pre-
sented the detailed redox chemistry and the electronic
properties of many of these azolium-2-dithiocarboxylates,
which typically feature quasi-reversible redox events. These
redox waves correspond to the reduction to either radical
monoanions ([NHC-CS2]

c−) or dianions ([carbene-CS2]
2−) (for an

overview of the cyclic voltammograms recorded for 1a–g see
Fig. S1 of the ESI‡).16

Due to our long-standing interest in nickel chemistry,19 we
were interested in the reductive coordination of these neutral
carbene-CS2 ligands with suitable electron-rich nickel(0)
precursors.20 Therefore, we chose [Ni(IiPr)2(ƞ2-C2H4)]20a as the
starting material, as it provides access to the reactive, coor-
dinatively unsaturated complex {Ni(IiPr)2}.19,20 Solutions of
[Ni(IiPr)2(ƞ2-C2H4)] in toluene react immediately with azolium-
2-dithiocarboxylates 1a–g accompanied by a color change
from orange to yellow (2a–c) or green (2d–g) (see Scheme 4).
Chem. Sci., 2025, 16, 5142–5154 | 5143
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Scheme 4 Synthesis of mono-azolium-2-dithiocarboxylate nickel
complexes of the type [Ni(IiPr)2(carbene-CS2)] (2).

Fig. 1 Molecular structures of [Ni(IiPr)2(cAAC
Me-CS2)] (2a, top left),

[Ni(IiPr)2(IDipp-CS2)] (2b, top right), [Ni(IiPr)2(IMes-CS2)] (2c, bottom
left), and [Ni(IiPr)2(BIMe-CS2)] (2d, bottom right) in the solid-state
(ellipsoids set at the 50% probability level). The hydrogen atoms were
omitted for clarity. Selected bond lengths [Å] and angles [°] are
provided within Table 1 or in the captions of Fig. S72–S75 of the ESI.‡

Chemical Science Edge Article
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Depending on the nature of the carbene-CS2 adduct used, the
resulting products of these reactions either precipitated (2f–g)
over several hours from these solutions or remained entirely
(2a–c) or partially (2d–e) in solution. Workup led to the isolation
of the complexes [Ni(IiPr)2(carbene-CS2)] (2a–g) in 51–94% yield
(Scheme 4). Although NMR scale synthesis of 2a–g indicated
quantitative formation of the products, isolation on a prepara-
tive scale in high purity afforded lower yields for 2b (51%) and
2c (65%) due to material loss during the purication process,
i.e., due to the high sensitivity against oxygen and moisture and
the high solubility of these complexes in nonpolar solvents like
pentane or hexane.

The products obtained were in general sensitive towards air
and moisture and not stable in many common solvents such as
MeCN or chlorinated hydrocarbons, except for the cAAC-
derivative 2a, which proved to be more stable. The complexes
2a–g were characterized by using elemental analysis, high
resolution mass spectrometry (HRMS), NMR, IR and UV/VIS/
NIR spectroscopy. However, low solubility and instability even
in THF solutions of the complexes [Ni(IiPr)2(I

iPr-CS2)] (2f) and
[Ni(IiPr)2(I

iPrMe-CS2)] (2g) prevented characterization of these
compounds in solution. HRMS measurements of highly diluted
THF solutions of these compounds led to the detection of
protonated molecular ions [M–H]+. Nevertheless, CP/MAS (CP:
cross polarization; MAS: magic angle spinning) NMR spectro-
scopic data obtained from solid samples of 2f–g are in line with
solution NMR data of 2a–e and conrm the formation of the
complexes [Ni(IiPr)2(NHC-CS2)] (NHC = IiPr and IiPrMe, see
below). The molecular structures of 2a–d were conrmed by
using single crystal X-ray diffraction (SC-XRD) analysis per-
formed on single crystals obtained either from saturated
toluene or from saturated THF solutions.

Solution NMR spectroscopy of complexes 2a–e conrmed the
presence of two IiPr NHC ligands coordinated to nickel,
showing resonances in the 1H and 13C{1H} NMR spectra of the
complexes which were clearly shied relative to the non-ligated
IiPr. These IiPr shis were in principle independent of the
nature of the carbene-CS2 co-ligand attached to nickel. Char-
acteristic CHmethine proton resonances were found in a small
range of 6.05–6.27 ppm and the nickel-coordinated carbene
5144 | Chem. Sci., 2025, 16, 5142–5154
carbon atom resonances were detected in a range between
181.2 ppm and 183.9 ppm. For complex 2a, the signals of IiPr
were split into two slightly shied sets of resonances due to the
asymmetry imposed by the coordinated cAACMe-CS2 (1a) ligand.
The coordinated azolium-2-dithiocarboxylate ligands in
complexes 2 should be considered as dianionic 1,1-dithiolates
(see Scheme 2) coordinated to Ni(II). This dianionic nature of
the [carbene-CS2]

2− ligands in 2 is evident from the 1H and 13C
{1H} NMR spectroscopic shis in solution as well as in the solid
state (13C and 15N CP/MAS), which are signicantly different
from those of the non-coordinated, neutral carbene-CS2 mole-
cules. The most signicant changes upon coordination were
observed in the 13C NMR resonances of the carbenoid (C]CS2)
and the CS2 carbon atoms. While these resonances were found
for the neutral carbene-CS2 adducts 1a–g at values in the range
of 146.7–187.5 ppm (carbenoid, C1) and 219.7–229.2 ppm (CS2,
C2),14b,h,14i,16,17 reductive coordination of the ligand led to shis
down to 130.0–141.5 ppm for the C1 carbon atom of the NHC
and to 78.5–113.4 ppm for the C2 carbon atom of the CS2 group.
Moreover, these values differ clearly from values obtained for
analogous 1,1-ene-dithiolate nickel complexes of the type
[NiL2(S2C]CR2)] (R = ketyl) bearing electronegative ketyl
groups at the C2 carbon atom, which typically give rise to
resonances at ca. 120 ppm (R2C]CS2, C1) and 210 ppm (CS2,
C2).21 13C NMR values for comparable carbene-ligated CE2 dia-
nions (E = O, S) have so far not been reported.17,22 Furthermore,
in the 15N CP/MAS NMR spectra of 2f–g, two almost identically
shied low eld resonances were detected at −173.5 ppm and
−175.2 ppm for 2f and at −173.3 ppm and −175.4 ppm for 2g,
which must be assigned to the nitrogen atoms of the NHC
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ligands coordinated to nickel, as the nitrogen atoms of the
dianionic ligands [IiPr-CS2]

2− and [IiPrMe-CS2]
2− in 2f and 2g

give rise to resonances at signicantly more negative chemical
shis of −267.0 ppm in 2f and −268.6 ppm in 2g. This is in the
typical signal range observed for delocalized enamines, in line
with the formal Lewis structure of the dianionic redox state C
(Scheme 2).23 The nitrogen atoms of the NHC ligands attached
to nickel most probably emerge as split resonances due to
rotational freezing in the solid state.

In accordance with the spectroscopic data, the molecular
structures of 2a–d clearly indicated that these complexes are
best described as bis-NHC nickel(II) complexes coordinated by
the reduced dianionic [carbene-CS2]

2− ligands in a k2-S,S0 mode
(Fig. 1 and Table 1).

The complexes 2a–d adopt a distorted square planar geom-
etry with bond angles ;CNiC between the carbene carbon
atoms at the central nickel atom ranging between 93.9(1)° and
102.7(1)° and;SNiS between the sulfur atoms of the azolium-2-
dithiocarboxylate ligands at nickel in a narrow range of 78.8(1)°
to 79.2(1)°. The carbene-CS2 ligands undergo a series of struc-
tural changes upon coordination and internal reduction, i.e.
electron transfer from the nickel atom to the ligand. The bond
parameters indicate the presence of [carbene-CS2]

2− dianions
(Scheme 2, form C) coordinated to the Ni(II) centers. For
instance, the central dihedral angle;NCCS (twist-angle) in 2a–
d ranges from 0.4(4)−9.8(4)°, indicating that the CS2 group is
almost ideally aligned co-planar to the NHC carbene plane, as
reported previously for the dianion [IiPrMe-CS2]

2− (;NCCSavg =
6.6°).17 In neutral azolium-2-dithiocarboxylates, these moieties
are perpendicular to each other, and the radical monoanions
such as [K(18-crown-6)(IMes-CS2)] typically adopt twisted angles
in-between (“twisted co-planar conformation”; for the potas-
sium salt with;NCCSavg = 31.5°).16 The reduction of the ligand
system is accompanied by strengthening of the central C–C and
weakening of the C–S and C–N bonds of the azolium-2-
dithiocarboxylate ligands. This effect has also been observed
for the one electron reduction as realized in [K(18-crown-
6)(IMes-CS2)],16 and is expected to be even more pronounced in
the complexes 2a–d. The resulting bond lengths of 2a–d are
d(C–C) = 1.336(4)–1.343(2) Å, d(C–S) = 1.780(2)–1.768(1) Å and
d(C–N) = 1.415(2)–1.422(2) Å, which are in line with the pres-
ence of C]C double bonds as well as C–N and C–S single
bonds.24 DFT geometry optimization of the complexes
[Ni(IiPr)2(cAAC

Me-CS2)] (2a), [Ni(IiPr)2(IDipp-CS2)] (2b),
[Ni(IiPr)2(IMes-CS2)] (2c), and [Ni(IiPr)2(I

iPr-CS2)] (2f) at the
PBE0-D3(BJ)/def2-TZVP(Ni)/def2-SVP(C,H,N,S) level of theory
resulted in minimum structures with C]C distances of 1.352 Å
(2a), 1.356 Å (2b), 1.355 Å (2c), and 1.365 Å (2f). In each case the
HOMO is the C]C p-bonding orbital (see Fig. 2 and also Fig. S2
of the ESI‡), which conrms the presence of the dianionic
ligand redox state C.16 The differences in the geometrical data
between coordinated and not coordinated ligands are also
corroborated by calculated Wiberg bond indices (WBIs) ob-
tained from the DFT-optimized (PBE0-D3BJ//def2-TZVP(Ni)/
def2-SVP(C,H,N,S)) complexes [Ni(IiPr)2(cAAC

Me-CS2)] (2a),
[Ni(IiPr)2(IDipp-CS2)] (2b), [Ni(IiPr)2(IMes-CS2)] (2c), and
[Ni(IiPr)2(I

iPr-CS2)] (2f) as well as the ligands cAACMe-CS2 (1a),
Chem. Sci., 2025, 16, 5142–5154 | 5145
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Fig. 2 Highest occupied molecular orbitals (HOMOs) of [Ni(IiPr)2(-
cAACMe-CS2)] (2a, top left), [Ni(IiPr)2(IDipp-CS2)] (2b, top right),
[Ni(IiPr)2(IMes-CS2)] (2c, bottom left) and [Ni(IiPr)2(I

iPr-CS2)] (2f,
bottom right) calculated at the PBE0-D3(BJ)/def2-TZVPP(Ni)/def2-
TZVP(C,H,N,S) level of theory.

Scheme 5 Synthesis of homoleptic bis-azolium-2-dithiocarboxylate
nickel complexes 3a–c.
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IDipp-CS2 (1b), and IMes-CS2 (1c). The WBIs for the Ccarbene–

CCS2 bonds in 2a (1.83), 2b (1.73), 2c (1.76), and 2f (1.73) are
much larger than those calculated for the pure ligands 1a–c
(0.95) and are consistent with double bond character (see Table
S3 of the ESI‡). Accordingly, the WBIs for the C–N and C–S
bonds decrease upon coordination from 1.25–1.44 (C–N) for 1a–
c to 1.02–1.07 for 2a–f and from 1.48/1.49 (C–S) for 1a–c to 1.00–
1.03 for 2a–f, respectively. All these factors are consistent with
the transfer of two negative charges to the ligand.

Reductive ligation of azolium-2-dithiocarboxylates also
leads, in general, to a decrease in the bite angle;SCS relative to
the neutral free ligands (e.g. IMes-CS2: ;SCS = 130.3(3)°),
which results in ;SCS angles in a range of 102.7(1)–103.8(1)°
for complexes 2a–d. Interestingly, the bonding parameters
observed for the azolium-2-dithiocarboxylate ligands in 2a–
d differ signicantly from those reported for the related square
planar dicationic complex [Pd(PPh3)2(k

2-S,S0-IMes-CS2)]
2+15h

with (average) bond lengths of C–C: 1.452 Å, C–N: 1.352 Å and
C–S: 1.688 Å, which closely resemble those of the neutral non-
ligated IMes-CS2 molecule (d(C–C) = 1.452(3) Å, davg(C–N) =

1.315(4) Å; davg(C–S) = 1.662(2) Å).14h This deviation can be
attributed to the difference in the total charge of both
complexes (0 vs. +II), which does not affect the oxidation state of
the central metal atoms (Ni(II) vs. Pd(II)) but inuences the redox
state of the IMes-CS2 ligand, which is dianionic in 2a–d and
neutral in [Pd(PPh3)2(k

2-S,S0-IMes-CS2)]
2+.

As the ligation of azolium-2-dithiocarboxylates with nickel(0)
complexes bearing two additional NHC ligands (IiPr) led to the
internal reduction of the carbene-CS2 ligands forming 1,1-
dithiolate complexes of nickel(II), we were interested in inves-
tigating how two of such ligands would behave in homoleptic
nickel complexes in the absence of additional co-ligands.
Therefore we reacted [Ni(COD)2] (COD = 1,5-cyclooctadiene)
with the CS2 adducts of the N-aryl substituted carbenes cAACMe-
5146 | Chem. Sci., 2025, 16, 5142–5154
CS2 (1a), IDipp-CS2 (1b) and IMes-CS2 (1c). Solutions (1a) or
suspensions (1b–c) of azolium-2-dithiocarboxylates in toluene
react cleanly with [Ni(COD)2] at room temperature, leading to
immediate dissolution and a color change in the reaction
mixtures from yellow to green-purple (3a) or to blue and then
dark-green (3b–c). The homoleptic bis-azolium-2-
dithiocarboxylate complexes [Ni(cAACMe-CS2)2] (3a), [Ni(IDipp-
CS2)2] (3b) and [Ni(IMes-CS2)2] (3c) were isolated as microcrys-
talline powders in yields of 78–80% aer workup (Scheme 5).

Compounds 3a–c were characterized using elemental anal-
ysis, HRMS, NMR, IR and UV/VIS/NIR spectroscopy, as well as
cyclic voltammetry (CV) and SC-XRD analysis using single
crystals obtained from saturated benzene or THF solutions. The
homoleptic bis-(carbene-CS2) complexes 3a–c in general were
less sensitive towards air or moisture than their heteroleptic
relatives 2a–g, with 3a being the most stable complex.

NMR spectroscopy of solutions of the complexes 3a–c
revealed characteristic sets of signals of the carbene scaffolds in
the 1H NMR spectra, which were shied relative to the reso-
nances of the free ligands 1a–c to values characteristic for
diamagnetic compounds. Interestingly, the 13C{1H} NMR
spectra recorded for 3a–c did not show resonances for the car-
benoid carbon atom and the CS2 carbon atoms of the carbene-
CS2 ligands, whereas all the peripheral carbon resonances were
detected in the range expected (see Fig. S27, S29, S31 of the
ESI‡). We attribute this behavior to considerable electronic
mixing of an energetically low-lying triplet state into the singlet
ground state of the molecule (see below).

The complexes 3a–c crystallize in the space groups P�1, P21/n
and P21/c. The results of the X-ray analyses reveal that these
complexes are homoleptic coordinated bis-azolium-2-
dithiocarboxylate complexes of Ni(II) in a distorted square
planar environment (Fig. 3 and Table 1). Both azolium-2-
dithiocarboxylates are attached via two k2-S,S0 interactions to
nickel and the molecular units crystallize without considerable
intermolecular interactions between the molecular entities of
3a–c (compare Fig. S77, S78, S80, S81, S83 and S84‡ for unit cell
packing), which is most probably hindered by the steric bulk of
the N-aryl groups of 3a–c. Thus, the intermolecular distances
from the nickel atom of one molecular entity to the NiS4 plane
of the next parallelly aligned molecular unit are 6.258(1) Å (3a),
10.473(1) Å (3b) and 6.680(1) Å (3c).

Similar to 2a–d, the redox state of the carbene-CS2 ligands in
3a–c is altered upon coordination to nickel, leading to internal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular structures of [Ni(cAACMe-CS2)2] (3a, top left), [Ni(I-
Dipp-CS2)2] (3b, bottom left) and [Ni(IMes-CS2)2] (3c, middle right) in
the solid-state (ellipsoids set at the 50% probability level). The
hydrogen atoms and co-crystallized solvent molecules are omitted for
clarity. Selected bond lengths [Å] and angles [°] are provided within
Table 1 or in the captions of Fig. S76, S79 and S82 of the ESI.‡

Fig. 4 Molecular orbital diagram obtained from DFT calculations on
geometry-optimized, D2h-symmetric [Ni(IMes-CS2)2] (3c) at the B3-
LYP//def2-TZVP(Ni)/def2-SVP(C,H,N,S) level of theory and the relative
energies of the singlet, triplet, and quintet state of this complex. The
MOs and an overview of the changes in selected geometric parame-
ters of 3c in different electronic states are provided in Fig. S3 and S4 of
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reduction and structural changes within the ligand system. In
3a–c, the present oxidation state of the central nickel ions may
therefore be deduced by considering the changes in the bond
parameters of the attached carbene-CS2 ligands, which indicate
the presence of d8-nickel(II) ions, which is also in line with the
adoption of a square planar geometry. These nickel(II) ions are
coordinated by two radical monoanionic [carbene-CS2]

c−

ligands (redox state B, Scheme 2) as a result of internal reduc-
tion (for a theoretical assessment, see below). This is corrobo-
rated by C–C bond strengthening, as well as C–N and C–S bond
weakening compared to the non-coordinated azolium-2-
dithiocarboxylates. This happens to a degree similar to that
observed for the radical monoanions of the type [K(18-crown-
6)(carbene-CS2)] reported recently,16 but is less pronounced
than that observed for the complexes 2a–d presented above. The
bond lengths observed for 3 range in between 1.391(2) Å and
1.399(2) Å (C–C), 1.361(2) Å and 1.380(2) Å (C–N) as well as
1.730(1) Å and 1.740(1) Å (C–S). The [carbene-CS2]

c− ligands
adopt almost ideal co-planar conformations with dihedral
angles ;NCCS in the range of 3.6(2)–8.7(2)°. Thus, co-planarity
extends across both radical anionic 1,1-dithiolate ligands and
the central nickel atom. Furthermore, the bite angles ;SCS of
105.4(1)–107.3(1)° observed are slightly smaller than those
observed in complexes 2a–d, where the carbene-CS2 ligands
carry a dianionic charge. These metric data are also corrobo-
rated by the calculated WBIs obtained from DFT-optimized
(PBE0-D3BJ//def2-TZVP(Ni)/def2-SVP(C,H,N,S)) complexes
[Ni(cAACMe-CS2)2] (3a), [Ni(IDipp-CS2)2] (3b) and [Ni(IMes-CS2)2]
(3c). The WBIs for the Ccarbene–CCS2 bonds of 1.45 (3a), 1.40 (3b),
and 1.44 (3c) lie between those calculated for the pure ligands
1a–c (0.95) and the NHC-ligated complexes [Ni(IiPr)2(carbene-
CS2)] 2a–c, 2f (1.73–1.83); similarly the WBIs for the C–N and
C–S bonds align with this trend (see Table S3 of the ESI‡), which
© 2025 The Author(s). Published by the Royal Society of Chemistry
is consistent with the transfer of one negative charges to each
ligand.

DFT calculations have been performed at different levels of
theory to elucidate the electronic structure of the bis-(carbene-
CS2)-ligated nickel complexes 3. A molecular orbital diagram of
the frontier orbitals of D2h-symmetric [Ni(IMes-CS2)2] (3c),
calculated at the B3-LYP//def2-TZVP(Ni)/def2-SVP(C,H,N,S) level
of theory, is provided in Fig. 4 and S3 of the ESI.‡

Within the D2h-symmetry restraint, the orbitals in the region
between −4.3 eV and −6.5 eV are either located on the sulfur
atoms and can be described as lone pairs on sulfur or are the
typical metal d-centered orbitals of a square planar complex.
The unoccupied orbital 33b2g at −0.63 eV is the s*-antibonding
Ni-centered x2 − y2 orbital of the square plane. The electronic
structure of D2h-[Ni(IMes-CS2)2] is dominated by the 20b2u
orbital at −3.09 eV, which is the HOMO of the complex and the
19b1g orbital at−2.09 eV, which corresponds to the LUMO. Both
orbitals are in principle linear combinations of the Ccarbene=-

CCS2 p-orbitals mentioned earlier. The occupied orbital 20b1u
(denoted as p1 in Fig. 4) is the symmetric linear combination
with both p-bonds in phase, whereas the unoccupied orbital
19b1g (denoted as p2 in Fig. 4) is the asymmetric linear
combination of these p-bonds with some antibonding admix-
ture of a metal 3d orbital. The gap between both orbitals is
merely 1.00 eV. Due to this small HOMO/LUMO gap a triplet
state is relevant for 3c, which lies only 11.6 kJ mol−1 above the
the ESI.‡
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singlet ground state, where the orbitals p1 and p2 are singly
occupied by electrons of the same spin. In addition to the triplet
state, a quintet state, where one electron of the 17b3g orbital is
formally promoted to MO 33b2g, lies 89.9 kJ mol−1 above the
singlet diradical state.

If the symmetry constraints are removed, the HOMO 20b1u
becomes MO 216a and the LUMO 19b1g becomes MO 217a, and
the ground state of this molecule can be described as a singlet
diradical, which is in accordance with the electronic structure of
closely related palladium complexes reported recently.15s

However, signicant mixing of the singlet and the triplet state
occurs, which stabilizes the molecule. Geometry optimizations
of [Ni(IMes-CS2)2] (3c) for the closed shell and open shell
complexes at different levels of theory (functional B3-LYP and
PBE0-D3BJ; basis sets def2-TZVP(Ni)/def2-SVP(C,H,N,S) and
def2-TZVPP(Ni)/def2-TZVP(C,H,N,S)) reveal that the unre-
stricted open shell singlet diradical ground state is energetically
favored compared to the restricted closed shell state, but it is
heavily spin-contaminated (S2 statistics of 0.752–0.867 for 3c,
depending of the level of theory, for details see Tables S1 and S2
of the ESI‡). For example, the open shell singlet diradical is
favored by 21.2 kJ mol−1 compared to the closed shell singlet at
the B3-LYP//def2-TZVP(Ni)/def2-SVP(C,H,N,S) level. If spin-
contamination of the singlet diradical state originates exclu-
sively from the mixing of the low-lying triplet state into the
singlet diradical state an S2 value of 0.80 would account for
roughly 40% admixture of the triplet into the singlet state.
Geometry optimization of the closed shell singlet, open shell
singlet, triplet, and quintet state leads to slight changes in the
geometries of 3c (see Fig. S4 of the ESI‡). Especially the Ni–S
distances widen upon going from the closed shell singlet
(2.2201 Å) to the triplet state (2.2607 Å), and the calculated bond
lengths for the open shell singlet diradical lie in-between
(2.2477 Å).

The same features as described in detail for [Ni(IMes-CS2)2]
(3c) also apply to the complexes [Ni(cAACMe-CS2)2] (3a) and
Fig. 5 p1 spin orbitals p1(a) (216a,a) and p1(b) (216a,b) and the spin
densitiy (blue: spin up and red: spin down) of the singlet diradical
ground states of [Ni(IMes-CS2)2] (3c) calculated at the B3-LYP//def2-
TZVP(Ni)/def2-SVP(C,H,N,S) level of theory. The spin-densities
calculated for 3a and 3b are provided in Fig. S5 of the ESI.‡

5148 | Chem. Sci., 2025, 16, 5142–5154
[Ni(IDipp-CS2)2] (3b), which show singlet diradical ground
states with signicant admixtures of energetically low-lying
triplet states (see Tables S1 and S2 of the ESI‡). The spin
orbitals of the p1 orbital and the spin densities of the singlet
diradical ground states of [Ni(cAACMe-CS2)2] (3a), [Ni(IDipp-
CS2)2] (3b), and [Ni(IMes-CS2)2] (3c), calculated at the B3-LYP//
def2-TZVP(Ni)/def2-SVP(C,H,N,S) level, are presented in Fig. 5
(3c) and S5 (3a and 3b, see ESI).‡

In each of the congeners 3a–c the orbital p1 is the HOMO of
the complex and each spin orbital p1(a) andp1(b) is centered on
a different dithiolato ligand. Thus, the spin density plot of each
complex clearly reveals that the spin densities for up and down
spins are located on different dithiolato ligands. The open-shell
singlet ground state therefore demonstrates that SOMO1 and
SOMO2 (SOMO = singly occupied molecular orbital) are local-
ized on different ligands, which agrees with a description of the
azolium-2-dithiocarboxylates in 3a–c as radical monoanionic
ligands and a nickel atom in the oxidation state +II.

The nickel complexes ligated with the anionic carbene-CS2
ligands reported herein should, in principle, exhibit distinctly
different C–C vibrations in comparison to the neutral ligands
due to C–C bond strengthening upon reductive complexation.
However, DFT calculations at the B3-LYP//def2TZVP(Ni)/
def2SVP(C,H,N,S) level of theory predicted for 3b several vibra-
tions at 1353 cm−1 (asymmetric stretching vibration + CN
coupling), 1323 cm−1 (symmetric stretching vibration + CN
coupling), 1259 cm−1 and 1243 cm−1 (C–N stretches C–C
coupling), which showed signicant coupling of the C–C
stretches with the vibrations of the imidazolium ligand frame.
As the relevant range in the experimental IR spectra were
additionally overlayed with other vibrations of similar intensi-
ties, the C–C stretches of these complexes were not unambig-
uously allocated and are thus not discussed herein.

Time-dependent (TD) DFT calculations at the PBE0-D3BJ//
def2-TZVPP(Ni)/def2-TZVP(C,H,N,S)/COSMO(benzene) level
using the singlet ground state of the complexes predicted
characteristic intense absorptions of the complexes 3a–c in the
near-IR region at 1008 nm (3a), 1034 nm (3b) and 1056 nm (3c)
(Fig. S6 of the ESI‡), which were assigned as ligand-to-ligand
charge transfer (LLCT) transitions from the p1 to the p2

orbital. This was also conrmed by experimental UV/VIS/NIR
spectroscopic measurements of complexes 3a–c in benzene
(see Fig. 6).

The UV/VIS/NIR spectra of all three compounds 3a–c reveal
the same absorption pattern with similar values of labs

featuring two intense absorptions in the ultra-violet region (ca.:
292 nm and 367 nm), two less-intense, broad absorptions in the
visible region (ca.: 462 nm and 711 nm) and an intense
absorption in the NIR region (u1) at almost identical values of
1076 nm (3a), 1077 nm (3b) and 1064 nm (3c), which is quali-
tatively in line with the predicted values obtained from TD-DFT
calculations (see discussion above, lcalc = 1008 nm (3a),
1034 nm (3b), and 1056 nm (3c)). These NIR absorptions u1 of
the nickel complexes 3a–c are absent in the complexes 2 with
formally dianionic ligands [carbene-CS2]

2− (see Fig. S54–S56 of
the ESI‡) and lie at almost the same energies as those observed
for some palladium congeners reported previously, such as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Experimental UV/VIS/NIR spectra of [Ni(cAACMe-CS2)2] (3a,
green), [Ni(IDipp-CS2)2] (3b, blue) and [Ni(IMes-CS2)2] (3c, red) in
benzene and TD-DFT (PBE0-D3BJ//def2-TZVPP(Ni)/def2-
TZVP(C,H,N,S)/COSMO(benzene)) calculated absorption maxima lcalc
for the NIR absorption (u1).
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[Pd(IDipp-CS2)2],15s which absorbs at 1014 nm. This NIR
absorption is an intrinsic feature of these neutral complexes
[M(IDipp-CS2)2] and seems to be independent of substitutional
variations in the system.

However, the choice of the central metal atom affects the
redox-chemical properties in the systems [M(carbene-CS2)2],
which are governed by (quasi)reversible one-electron processes
corresponding to oxidation or reduction reactions addressing
the p1 or p2 ligand centered orbitals. Cyclic voltammetric
measurements performed on the complexes 3a–c (Fig. 7; all
Fig. 7 Cyclic voltammograms of [Ni(cAACMe-CS2)2] (3a, green,
bottom), [Ni(IDipp-CS2)2] (3b, blue, middle) and [Ni(IMes-CS2)2] (3c,
red, top) in THF (concentrations ca. 1 mM) with added [TBA][PF6] (TBA
= tetra(n-butyl)ammonium; 0.1 M). Potentials are internally referenced
relative to the ferrocenium/ferrocene (Fc+/Fc) couple with negative
sweep directions. Scan velocities v= 25mV s−1 (3a, 3c), 50mV s−1 (3b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
potentials referenced vs. the ferrocenium/ferrocene (Fc+/Fc)
redox couple) in THF thus revealed two redox events (EII/III, EIII/
IV) corresponding to step-wise one-electron oxidations of the
nickel(II)-ligated radical monoanions [carbene-CS2]

c− to the
respective neutral forms, which leads to mono- (EII/III) and
dicationic (EIII/IV) complexes [Ni(carbene-CS2)]

+/2+ (3a: EII/III =
−1.19 V and EIII/IV = −0.29 V; 3b: EII/III = −2.14 V and EIII/IV =

−1.09 V; 3c: EII/III = −1.96 V and EIII/IV = −1.05 V). While the
oxidation step EII/III is reversible for all complexes 3a–c, the
second oxidation step to yield the dication EIII/IV shows
decreasing reversibility in the order 3b < 3a < 3c. In comparison,
the one-electron oxidation processes EII/III and EIII/IV in 3a–c
occur at signicantly more negative potentials than those
observed for the palladium congeners. For example, for [Pd(I-
Dipp-CS2)2], two reversible processes were reported at −0.97 V
(EII/III; vs. 2b: −2.14 V) and −0.325 V (EIII/IV; vs. 2b: −1.09 V) in
total.15s Moreover, for the nickel complexes 3a–c we observed an
additional third reversible redox event in the cyclic voltammo-
grams at even more negative potentials, which may be assigned
to a one-electron reduction, yielding the corresponding nickel-
ates [Ni(carbene-CS2)2]

c− (3a: EI/II = −1.71 V; 3b: EI/II = −2.52 V;
3c: EI/II =−2.31 V), where the low-lying p2 LUMO is involved. All
three redox events EI/II, EII/III and EIII/IV in general occur at more
positive potentials for the cAAC-based compound 3a, i.e., the
formation of the nickelate anion, as well as the mono- and
dications is easier to achieve for the cAAC derivative 3a, which
also reects the better p-accepting properties of cAACs
compared to NHCs.19i,26

In light of these results, the synthesis and isolation of
monoanionic, radical nickelates of the type [Ni(carbene-CS2)2]

c−

posed a challenge, which is achievable by reduction of the
neutral nickel complexes 3a–c with metallic reductants.

If solutions of 3a–c in THF were treated with an excess of KC8

or [CoCp2] (for 3a) at room temperature the reaction mixtures
immediately changed their color from dark green to yellow-
green (3a) or red (3b–c). Workup of the reaction mixtures led
to isolation of salts of the radical monoanionic nickelates
[Cat]+[Ni(cAACMe-CS2)2]

− (Cat = K: 4aK, CoCp2: 4aCo) and
K+[Ni(IDipp-CS2)2]

− (4bK) in 70% (4aK), 71% (4aCo) and 41%
(4bK) yield (Scheme 6).

The isolated paramagnetic nickelate salts 4a–b were char-
acterized by EPR, IR and UV/VIS/NIR spectroscopy as well as SC-
Scheme 6 Synthesis of the nickelates [Cat][Ni(carbene-CS2)2]
(4a–bK/Co; Cat = K, CoCp2).
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XRD, elemental analysis and HRMS. High resolution mass
spectrometry of THF solutions of 4a–bK proved that the central
[Ni(carbene-CS2)2] moiety remains intact upon reduction, as the
[Ni(carbene-CS2)2]

c− molecular ion peaks (m/z = 780.3161 (4aK)
and 986.4016 (4bK)) were detected. Instantaneous re-formation
of the neutral complexes 3a–b was observed upon exposure of
the complexes to air, as indicated by the characteristic dark
green (3b) or green-purple (3a) color of the neutral compounds
and the corresponding NMR and UV/VIS/NIR spectra, which
revealed the characteristic resonances or absorptions of 3a–b.

Single crystals of 4a–bK were obtained from saturated THF
solutions and used for SC-XRD analyses, which conrmed the
molecular structures as the potassium salts of nickelate anions
[Ni(carbene-CS2)2]

c− (Fig. 8 and Table 1).
The salts 4aK and 4bK crystallize in the space groups P21/n

and P212121 and contain intact, non-stacked monoanionic
square planar nickelates [Ni(carbene-CS2)2]

c−. The potassium
cations are attached to two of the sulfur atoms (d(S–K) =

3.163(6)–3.459(1) Å), with a separation from the central nickel
atoms of d(Ni–K) = 3.615(1) Å and 3.358(1) Å). The potassium
cations are coordinatively saturated by complexation of three
THF ligands in 4aK or two THF ligands in 4bK. As observed in
the molecular structures of the carbene-CS2 compounds 2a–
d and 3a–c, the difference in the ligands' redox states for the
nickelates 4a–bK can be deduced from the change in bond
parameters which can be attributed to ligand-centered reduc-
tions and occupation of the p2 LUMOs of the neutral complexes
(Fig. 4). In both nickelates 4a–bK, the two carbene-CS2 ligands
are found with almost identical bond lengths (d(C–C) =

1.353(3)–1.378(5) Å, d(C–N) = 1.389(4)–1.402(4) Å, and d(C–S) =
1.746(3)–1.766(3) Å), which are between those of the dianionic
(C; e.g. 2a–d) and the radical monoanionic (B; e.g. 3a–c) ligand
forms (see Table 1). This geometrical change is, again, also re-
ected in the Wiberg bond indices calculated for the DFT-
optimized (PBE0-D3BJ//def2-TZVP(Ni)/def2-SVP(C,H,N,S)) nick-
elates [Ni(cAACMe-CS2)2]

c− (4a) and [Ni(IDipp-CS2)2]
c− (4b). The

WBIs for the Ccarbene–CCS2 bonds of 1.70 (4a) and 1.59 (4b) are
higher than those calculated for the neutral complexes 3a (1.45)
and 3b (1.40) and almost reach the values calculated for the
related NHC-ligated complexes [Ni(IiPr)2(carbene-CS2)] 2a (1.83)
Fig. 8 Molecular structures of [K(THF)3][Ni(cAAC
Me-CS2)2] (4a

K, left)
and [K(THF)2][Ni(IDipp-CS2)2] (4b

K, right) in the solid-state (ellipsoids
set at the 50% probability level). The hydrogen atoms are omitted for
clarity. Selected bond lengths [Å] and angles [°] are given in Table 1 or in
the captions of Fig. S85 and S88.‡ The unit cell packing of these
complexes are provided in Fig. S86–S90 of the ESI.‡

5150 | Chem. Sci., 2025, 16, 5142–5154
and 2b (1.73). Similarly, the WBIs calculated for the C–N and C–
S bonds of 4a and 4b reach values close to those calculated for
2a and 2b (see Table S3 of the ESI‡), which is consistent with the
additional negative charge delocalized over both ligands.

Reduction with coordination of the potassium cations comes
along with a slight distortion of the overall square planar
structure of the complexes. This distortion is visualized in
Fig. S7 of the ESI,‡ which provides side-on perspectives of the
experimentally obtained molecular structures of the neutral
compounds 3a–b vs. the anions 4a–bK. Thus, in 4aK and 4bK, the
angles ;SNiS between sulfur atoms in trans positions deviate
from the ideal 180° angle as observed in the square planar
neutral compounds 3a and 3b, with coordination to nickel at
angles of 173.5(1)° or 178.2(1)° (4aK) and 173.6(1)° or 177.0(1)°
(4bK). Furthermore, minor curving of the overall planar struc-
tures of 3a–b is observed in 4a–bK with the ligand frames
bending towards the attached potassium ions. The latter is re-
ected by an increase in the angles between the C–C vectors of
the bonds between the CS2 groups and the carbenoid carbon
atoms with respect to the central NiS4 square planes. Thus, in
the nickelate 4bK the angles ;(vector(CC)−plane(NiS4)) are
9.2(1)° and 13.8(1)° for both ligands, while for the neutral form
3b, values of 3.7(1)° are found. In the cAAC derived nickelate
4aK, analogous bending of the ligand frame in one direction is
found, although to a smaller degree as in 4bK, which is reected
by respective angles ;(vector(CC)−plane(NiS4)) of 1.7(1)° and
9.1(1)°. Contrastingly, in the neutral compound 3a, both ligands
are bent in opposite directions away from the central NiS4
square plane by 7.3(1)°. Furthermore, the (average) twist angles
;NCCS of the CS2 group relative to the attached carbene
increase to 11.4° for the nickelate 4bK relative to the neutral
form 3b, while in 4aK this twisting slightly decreases to 4.5°
relative to neutral 3a which has an angle of 5.9(2)°.

Quantum chemical geometry optimizations (see Fig. S8 of
the ESI,‡ top) resulted in a similar distorted geometry for the
free nickelate 4b (calc.: ;(vector(CC)–plane(NiS4)) = 20.9°,
27.7°; ;SNiS = 171.1°, 171.7°), while for 4a an almost undis-
torted structure was obtained (calc.: ;(vector(CC)–plane(NiS4))
= 0.9°; ;SNiS = 180°). We attribute the observed structural
distortion of the nickelates 4a–bK to the additional electron,
which is delocalized over both ligands and results in [carbene-
CS2]

1.5− ligands, while the oxidation state of the nickel atom
remains unchanged. DFT calculations (see Fig. S8 of the ESI,‡
bottom) conrm that the spin density of the nickelates 4a and
4b is delocalized over the whole molecule. Thus, due to the
almost indistinguishable nature of both carbene-CS2 ligands in
4a–bK, the metalla-anions should be considered as ligand based
mixed-valent (LBMV) systems which feature strong electronic
coupling between both ligands, similar to Robin-Day class III
systems.27

The additional electron in the nickelates 4a–bK leads to
paramagnetic character of the metallates, which was conrmed
via X-band EPR spectroscopy (Fig. 9) performed on THF solu-
tions of the complexes at 70 K. These EPR spectra revealed
broad resonances without resolved hyperne coupling (Fig. 9).

For both compounds 4aK and 4bK, rhombic g-tensors were
found (4aK: g1 = 2.0357, g2 = 2.0413, and g3 = 2.1274; 4bK: g1 =
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 bX-band EPR spectra of K[Ni(cAACMe-CS2)2] (4aK, bottom,
green) and K[Ni(IDipp-CS2)2] (4b

K, top, blue) at 70 K with normalized x-
and y-axes (exact values are provided in Fig. S32–S34 of the ESI;‡
resonances are detected at ca. 310–340 mT; black lines: simulated
spectra; regular, colored lines: experimental spectra).
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2.0069, g2 = 2.0271, and g3 = 2.0469), both matching simula-
tions. The obtained EPR data are essentially in line with spin
systems of square planar symmetry28 and other EPR-
characterized nickel bis-dithiolene monoanions reported ear-
lier.25a The signicant differences in g anisotropy between 4aK

and 4bK can be attributed to the different degrees of structural
distortion observed in the anions, as well as to different spin
distributions of the anions (see Fig. S8 of the ESI,‡ bottom), with
4aK exhibiting a more localized unpaired spin, while 4bK

features a highly delocalized spin across both ligand moieties.
UV/VIS/NIR spectroscopy on THF solutions of the nickelate

compounds 4aK and 4bK were performed to evaluate the
absorption properties of the bis-(carbene-CS2) complexes 3
upon reduction (Fig. 10). Intriguingly, while the neutral
complexes 3a–c absorb at ca. 1076 nm, in the respective anionic
compounds K[Ni(cAACMe-CS2)2] (4aK) and K[Ni(IDipp-CS2)2]
(4bK) these absorptions vanish. Instead, 4aK and 4bK display
Fig. 10 Experimental UV/VIS/NIR absorption spectra of K[Ni(cAACMe-
CS2)2] (4a

K, green) and K[Ni(IDipp-CS2)2] (4b
K, blue) in THF in the NIR

region and TD-DFT (PBE0-D3BJ//def2-TZVPP(Ni)/def2-
TZVP(C,H,N,S)/COSMO(THF)) calculated absorption maxima lcalc.

© 2025 The Author(s). Published by the Royal Society of Chemistry
signicantly red shied broad NIR-absorptions at wavelengths
of 1499 nm for 4aK and at even lower energies for 4bK, which
absorbs at 1909 nm. These absorption maxima are in line with
TD-DFT calculations (PBE0-D3BJ//def2-TZVPP(Ni)/def2-
TZVP(C,H,N,S)/COSMO(THF)) performed on [Ni(cAACMe-
CS2)2]

c− (4a) and [Ni(IDipp-CS2)2]
c− (4b), which predict charac-

teristic intense absorptions (lcalc) of these metalates at 1573 nm
(4a) and 1947 nm (4b) (see Fig. S9 of the ESI‡). These absorp-
tions are shied to higher energies compared to the neutral
nickel complexes 3a (lcalc = 1008 nm) and 3b (lcalc = 1034 nm)
and are due to electronic transitions between the doubly occu-
pied p1 orbital and the singly occupied p2 orbital, i.e. p1(b) /
p2(b), and are thus essentially IVCT bands.

The observed drastic differences in the NIR-absorptions of
4aK and 4bK demonstrate that small changes in the carbene-CS2
scaffold strongly inuence the absorption spectra of these
reduced nickelates, which allows tuning of the redox state
dependent NIR absorptivity in these systems by substitutional
variation. These basic observations may lay the foundation for
further development towards application of such nickel bis-
(carbene-CS2) complexes as tunable and switchable electro-
chromic NIR dyes, enabled by the distinct redox activity of
carbene-CS2 ligands.

Conclusions

In this study we demonstrated that azolium-2-
dithiocarboxylates are redox active ligands in nickel
complexes and that the redox activity of these carbene-CS2
adducts enables access to a variety of formal ligand based redox
states. Using nickel(0) precursors and depending on other
ancillary co-ligands, bonding of carbene-CS2 adducts through
k2-S,S0 coordination led to the formation of mono- or bis-(car-
bene-CS2) complexes of the types [NiL2(carbene-CS2)] (2a–g) or
[Ni(carbene-CS2)2] (3a–c), in which the ligands were reduced
upon coordination to the central nickel atom. Reduction by
external redox reagents afforded anionic nickelates [Ni(carbene-
CS2)2]

c− (4a–bK). The ligand redox states in these compounds
range from radical monoanionic (Scheme 2; B: 3a–c) and dia-
nionic (Scheme 2; C: 2a–g) to a redox state with a non-integer
negative charge of −1.5 (4a–bK). SC-XRD analytic evaluation of
the structural parameters such as CCarbene–CCS2, C–N, and C–S
distances or ;NCCS torsion angles of the ligated carbene-CS2
adducts proved that these parameters are valuable tools for the
determination of the ligands' redox state and thus also for the
evaluation of the formal oxidation state of the central nickel
atom, which in this study was exclusively Ni(II). Moreover, the
strong electronic coupling of the two radical anionic carbene-
CS2 ligands in the homoleptic complexes 3a–c led to the
description of the electronic structure as a singlet diradical with
admixtures from a triplet state that is only slightly higher in
energy, which was indicated by quantum chemical calculations
and also experimentally corroborated by the diamagnetic
character of the ligands in these complexes, except for the
central CCarbene and CCS2 carbon atoms, as well as by the pres-
ence of characteristic intense ligand-to-ligand charge transfer
(LLCT) transitions in the NIR region of their electronic
Chem. Sci., 2025, 16, 5142–5154 | 5151
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absorption spectra at 1076 nm (3a), 1077 nm (3b) and 1064 nm
(3c). In the nickelates 4a–bK the added electron is equally
delocalized across the p-system of both carbene-CS2 ligands,
leading to a ligand-based mixed-valent (LBMV) redox-state cor-
responding to the Robin-Day class III. Consequently, these
nickelates exhibit characteristic IVCT transitions, which are
strongly red-shied relative to those of 3a–c, with experimental
values of 1499 nm (4aK) and 1909 nm (4bK). This work lays the
foundation to understand the interesting chemical reactivity
and physical properties of redox-active carbene-CS2 ligands in
general and of their transition metal complexes and thus paves
the way for the application of azolium-2-dithiocarboxylate
ligands in different applications, for example, as redox cata-
lysts, as electronically switchable materials or as NIR dyes.
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and H. Rodŕıguez-Solla, Dalton Trans., 2024, 53, 9433–9440;
(q) V. P. Carvalho, G. Zaragoza and L. Delaude, Dalton
Trans., 2024, 53, 11436–11444; (r) F. Mazars, G. Zaragoza
and L. Delaude, Organometallics, 2024, 43, 2284–2304; (s)
© 2025 The Author(s). Published by the Royal Society of Chemistry
S. Park, J.-Y. Hwang, J. Shin and Y. Kim, J. Am. Chem. Soc.,
2024, 146, 28508–28515; (t) M. Lee, H. Noh and Y. Kim,
Chem. Commun., 2024, 60, 13867–13870.

16 M. S. Luff, I. Krummenacher, K. Oppel, H. Braunschweig and
U. Radius, Chem. Commun., 2024, 60, 14447–14450.

17 N. Kuhn, G. Weyers and G. Henkel, Chem. Commun., 1997,
627–628.

18 The X-ray structure of this compound, however, is reported,
see P. G. Jones and I. Dix, CSD Commun., 2004, CCDC:
238439.

19 (a) T. Schaub and U. Radius, Z. Anorg. Allg. Chem., 2006, 632,
807–813; (b) T. Schaub and U. Radius, Z. Anorg. Allg. Chem.,
2006, 632, 981–984; (c) U. Radius and F. M. Bickelhaupt,
Organometallics, 2008, 27, 3410–3414; (d) T. Schaub,
P. Fischer, T. Meins and U. Radius, Eur. J. Inorg. Chem.,
2011, 3122–3126; (e) T. Zell, P. Fischer, D. Schmidt and
U. Radius, Organometallics, 2012, 31, 5065–5073; (f)
D. Schmidt, T. Zell, T. Schaub and U. Radius, Dalton
Trans., 2014, 43, 10816–10827; (g) M. W. Kuntze-Fechner,
H. Verplancke, L. Tendera, M. Diefenbach,
I. Krummenacher, H. Braunschweig, T. B. Marder,
M. C. Holthausen and U. Radius, Chem. Sci., 2020, 11,
11009–11023; (h) L. Tendera, M. Helm, M. J. Krahfuss,
M. W. Kuntze-Fechner and U. Radius, Chem.–Eur. J., 2021,
27, 17849–17861; (i) L. Tendera, M. S. Luff,
I. Krummenacher and U. Radius, Eur. J. Inorg. Chem., 2022,
e202200416; (j) L. Tendera, F. Fantuzzi, T. B. Marder and
U. Radius, Chem. Sci., 2023, 14, 2215–2228; (k) L. Tendera,
L. Kuehn, T. B. Marder and U. Radius, Chem.–Eur. J., 2023,
29, e202302310; (l) M. S. Luff, C. Kerpen, J. A. P. Sprenger,
M. Finze and U. Radius, Inorg. Chem., 2024, 63, 2204–2216;
(m) M. S. Luff, L. Walther, M. Finze and U. Radius, Dalton
Trans., 2024, 53, 5391–5400.

20 (a) T. Schaub and U. Radius, Chem.–Eur. J., 2005, 11, 5024–
5030; (b) P. Fischer, T. Linder and U. Radius, Z. Anorg. Allg.
Chem., 2012, 638, 1491–1496; (c) J. H. J. Berthel,
L. Tendera, M. W. Kuntze-Fechner, L. Kuehn and
U. Radius, Eur. J. Inorg. Chem., 2019, 3061–3072; (d)
L. Kuehn, D. G. Jammal, K. Lubitz, T. B. Marder and
U. Radius, Chem.–Eur. J., 2019, 25, 9514–9521; (e)
J. H. J. Berthel, M. J. Krahfuß and U. Radius, Z. Anorg. Allg.
Chem., 2020, 646, 692–704.

21 Anamika, D. K. Yadav, K. K. Manar, C. L. Yadav, K. Kumar,
V. Ganesan, M. G. B. Drew and N. Singh, Dalton Trans.,
2020, 49, 3592–3605.

22 (a) L. A. Freeman, A. D. Obi, H. R. Machost, A. Molino,
A. W. Nichols, D. A. Dickie, D. J. D. Wilson, C. W. Machan
and R. J. Gilliard, Chem. Sci., 2021, 12, 3544–3550; (b)
N. Kuhn, G. Weyers, S. Dümmling and B. Speiser,
Phosphorus Sulfur Silicon Relat. Elem., 1997, 128, 45–62.

23 G. J. Martin, J. P. Gouesnard, J. Dorie, C. Rabiller and
M. L. Martin, J. Am. Chem. Soc., 1977, 99, 1381–1384.

24 F. H. Allen, O. Kennard, D. G. Watson, L. Brammer,
A. G. Orpen and R. Taylor, J. Chem. Soc. Perk. Trans., 1987,
2, S1–S19.

25 (a) B. S. Lim, D. V. Fomitchev and R. H. Holm, Inorg. Chem.,
2001, 40, 4257–4262; (b) M. C. Aragoni, C. Caltagirone,
Chem. Sci., 2025, 16, 5142–5154 | 5153

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08449g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

2:
26

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
V. Lippolis, E. Podda, A. M. Z. Slawin, J. D. Woollins,
A. Pintus and M. Arca, Inorg. Chem., 2020, 59, 17385–
17401; (c) Z. M. Wong, X. Yong, T. Deng, W. Shi, G. Wu,
N. Li, H.-K. Luo and S.-W. Yang, J. Phys. Chem. A, 2022,
126, 5552–5558; (d) K. Youssef, C. Poidevin, A. Vacher,
A. Fihey, Y. Le Gal, T. Roisnel and D. Lorcy, Dalton Trans.,
2024, 53, 9763–9776.

26 (a) U. S. D. Paul and U. Radius, Eur. J. Inorg. Chem., 2017,
3362–3375; (b) U. S. D. Paul and U. Radius,
Organometallics, 2017, 36, 1398–1407; (c) U. S. D. Paul,
5154 | Chem. Sci., 2025, 16, 5142–5154
M. J. Krahfuß and U. Radius, Chem. unserer Zeit, 2019, 53,
212–223.

27 (a) M. B. Robin and P. Day, Adv. Inorg. Chem. Radiochem.,
1968, 10, 247–422; (b) A. Vogler and H. Kunkely, Comments
Inorg. Chem., 1990, 9, 201–220; (c) A. Vogler and
H. Kunkely, Coord. Chem. Rev., 2007, 251, 577–583.

28 (a) M. M. Roessler and E. Salvadori, Chem. Soc. Rev., 2018, 47,
2534–2553; (b) M. Ju, J. Kim and J. Shin, Bull. Korean Chem.
Soc., 2024, 45, 835–862.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08449g

	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...
	Azolium-2-dithiocarboxylates as redox active ligands in nickel chemistryDedicated to Prof. Dr Franc Meyer and Prof. Dr Christian Limberg on the...


