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a b s t r a c t

A family of square planar nickel(II) complexes containing N-heterocyclic carbene ligands as well as tri-
dentate, dianionic ligands was prepared by two different methods. The compounds were characterised
by various spectroscopic methods and the solid-state structures were determined by single-crystal X-ray
diffraction. Electrochemical studies of the compounds are also reported.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

N-heterocyclic carbenes (NHCs) once thought to be exotic and
unstable chemical curiosities have evolved to a class of essential
ligands with diverse and innovative applications in a variety of
fields, especially homogenous catalysis and, more recently, in
medicine [1e6]. Obvious reasons for the rapid growth of NHC-
metal chemistry are their ease of preparation and handling and
the fact that they form stable complexes with almost all known
metals. Indeed, the discovery of the so-called “silver-oxide-route”
by Lin and the use of the resulting silver(I) complexes to transfer
the NHC ligand to other metals was a significant milestone in the
development of NHC coordination chemistry [7]. Amongst the first
transition metal NHC-complexes reported were nickel(II) species of
the type [Ni(X)2(NHC)2], formed by reaction of the free carbenes
with suitable nickel precursors [8]. Since then, the diversity of
nickel-NHC-complexes has steadily increased, mainly due to their
).
superior performance in homogeneous catalysis. A number of
recent reviews give an overview of preparation methods and ap-
plications of nickel NHC-complexes [9e11].

We have been interested in the medicinal properties of carbene
or phosphine complexes the heavy group 10 metals Pd(II) and Pt(II)
with sulfur-containing ligands [12e16]. Given the importance of
nickel in biological systems, especially with sulfur-containing li-
gands [17e19], we report here results of our first experiments to
prepare some nickel(II) NHC-complexes with sulfur-containing
multidentate ligands.

2. Results and discussion

Our investigation began with the idea, that a cleavage reaction
of sulfur-bridged dimeric nickel(II) compounds with in situ formed
free carbenes should lead to the corresponding mononuclear Ni(II)
NHC species. As a starting point for our investigation, we selected
two different (known) sulfur-bridged dinickel(II) complexes, one
with only sulfur donor atoms derived from 2-mercaptoethyl sulfide
[20] and the other containing an S, N, O-donor set formed by
condensation of 2-mercaptoaniline with acetylacetone [21]
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Scheme 2. Synthesis of the nickel(II) complexes via transmetallation.
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(denoted hereafter as [Ni(LSSS)]2 and [Ni(LSNO)]2, respectively). The
reaction of these dinickel(II) species with two equivalents of the
respective imidazolium salts in THF in the presence of a base (KOtBu
or NaHMDS) results in formation of brown solutions out of which
dark orange solids can be isolated in low to moderate yields
(Scheme 1).

The crude products contain paramagnetic impurities, as evi-
denced by broad lines in their proton NMR spectra. However, these
can be removed by filtration through a short column of alumina.
Pure, crystalline products were finally obtained after diffusing
cyclohexane into THF solutions. As an alternative route, we envis-
aged the possibility, that silver(I) NHC-complexes could be used to
transmetallate the carbene to the nickel centre. Indeed, to our
delight the reaction of [Ni(LSSS)]2 and [Ni(LSNO)]2 with the silver(I)
NHC complexes [IMesAgCl] [IMes¼ 1,3-dimesitylimidazolylidene]
and [IPrAgCl] [IPr¼ 1,3-di(2,6-diisopropylphenyl)imidazolylidene]
in a THF/CH2Cl2 mixture afforded orange-brown solutions accom-
panied by precipitation of AgCl (Scheme 2). The isolated orange-
brown products were purified by the same procedures as detailed
above (filtration through alumina and crystallisation from THF/
cyclopentane). The purified products prepared by bothmethods are
spectroscopically identical. Yields in both methods were similar,
although consistently low in the case of the LSSS ligand, due to
losses during purification and crystallisation. We have however not
optimised the purification methods to date. The nickel complexes
appear to be stable to air and moisture both in solid-state and in
solution.

The sharp lines and range of chemical shifts in the NMR spectra
of the products are consistent with the presence of diamagnetic
species. From the proton NMR spectra of the compounds a 1:1 ratio
of tridentate ligand and NHC can be deduced. In the carbon NMR
spectra of the products, the signal of the metal-bound carbon-atom
has shifted from around 185 ppm in the silver(I) compounds [22] to
169 ppm (LSNO) and 174 ppm (LSSS) in the products. This is consis-
tent with the formation of a nickel(II) NHC-complex. Similar
chemical shifts for the carbenic carbon atom have been observed in
the cyclopentadienyl nickel(II) NHC complex [CpNi(IMes)Cl]
(dC¼ 168.0) [23] and in bis(NHC) nickel(II) complexes of the type
[NiX2(NHC)2] (dC¼ 170.0) [8,24]. The slight difference in this
chemical shift is consistent for the presence of different donor
atoms trans to carbon bound nickel atom in the two complexes. In
the electrospray mass spectra of the compounds sodium adducts of
the molecular ion peaks can be observed in addition to fragment
peaks, which we were not able to assign. To confirm the proposed
formulations, we obtained single crystals for X-ray diffraction ex-
periments. The molecular structures are shown in Figs. 1 and 2 and
important bond lengths and angles are collected in Table 1.
Scheme 1. Synthesis of the nickel(II) complexes via the free-carbene route.
Both compounds crystallise in the monoclinic crystal system in
the space group P21/n. [IPrNi(LSSS)] (Fig. 1) consists of a nickel atom
coordinated by the three sulfur atoms of the dianionic [S,S,S]2-

ligand and the carbon atom of the NHC-ligand. Similarly, [IPr-
Ni(LSNO)] (Fig. 2) contains a nickel atom coordinated by the sulfur,
nitrogen and oxygen atoms of the dianionic [S,N,O]2- ligand and the
carbon atom of the carbene. The coordination geometry about the
metal centre is square planar for [IPrNi(LSNO)] and distorted square
planar for [IPrNi(LSSS)], as determined using the t4-parameter
proposed by Houser [25]. This value was calculated to be 0.05 for
[IPrNi(LSNO)] and 0.26 for [IPrNi(LSSS)], clearly illustrating a greater
distortion from square planar geometry (t4¼ 0.00 for perfect
square planar coordination) of the latter compound. Inspection of
the structures shows that the tridentate sulfur ligand seems
responsible for this distortion. The two five-membered rings
formed by the tri-sulfur ligand are evidently more rigid than the
five- and six-membered chelate rings in [IPrNi(LSNO)]. The nickel-
carbon bond lengths of 1.89 Å are similar to those observed in
other Ni(II)eNHC-complexes including [IPrNiCl2(2,6-lut)] [26] and
[IPrNi{CH2CHCHN(CH2)2NMe2}], containing a dianionic, tridentate
[C,N,N]2- ligand [27]. In contrast to what is observed in the parent
dimer [Ni(LSSS)]2, where the three NieS bond lengths are 2.152(5),
Fig. 1. Molecular structure of [IPrNi(LSSS)]. Ellipsoids are drawn at the 50% level.
Hydrogen atoms have been omitted for clarity.



Fig. 2. Molecular structure of [IPrNi(LSNO)]. Ellipsoids are drawn at the 50% level.
Hydrogen atoms have been omitted for clarity.
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Fig. 3. Cyclic voltammograms of [IMesNi(LSNO)] in MeCN referenced to Cp2Fe/Cp2Fcþ.
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2.164(5) and 2.220(5) Å [28], the Ni-Strans distance is shorter in the
NHC complex than the two Ni-Scis distances. Compared to the
parent dimer [29], the NieN, NieO and NieS bond distances in
[IPrNi(LSNO)] do not change significantly. In both compounds the
carbene ligand lies perpendicular to the plane of the tridentate
ligand, probably to minimise steric interactions.
2.1. Electrochemistry

Cyclic voltammograms of representative complexes (Figs. 3e5)
were recorded in MeCN solutions at a scan speed of 100mV s�1.
Selected electrochemical data is collected in Table 2.

For compounds [IPrNi(LSNO)] and [IMesNi(LSNO)] which contain
the [S,N,O]2- ligand, irreversible waves are observed at 0.27 V and
0.28 V in the oxidation region, which originate from thiolate cen-
tred oxidation. In both compounds additional, irreversible oxida-
tion peaks with potentials of 1.38 V and 0.75 V were present. These
might result from further ligand-centred oxidation or its decom-
position or arise from the Ni(II)/Ni(III) redox couple. In Cp-Ni(II)
Table 1
Selected bond distances and angles in [IPrNi(LSSS)] and [IPrNi(LSNO)].

Bond distances [Å] [IPrNi(LSSS)] [IPrNi(LSNO)]

NieC 1.8920(8) 1.890(2)
NieS 2.1757(3) Ni-Scis

2.1856(3) Ni-Scis
2.1400(3) Ni-Strans

2.1293(7)

NieN e 1.899(2)
NieO e 1.8680(19)

Bond angles [�]

CeNieN/Strans 161.31(3) 175.55(9)
CeNieScis 90.71(3) 87.02(7)
CeNieO/Scis 96.14(3) 90.00(9)
O/SciseNieScis 161.628(11) 176.96(6)
complexes containing NHC ligands values for the nickel oxidation
in the range of 0.01e0.07 V have been reported [30].

In the cathodic region waves with peak potentials of �2.43 V
and �2.48 V are observed. For [IMesNi(LSNO)] the wave shows
partially reversible character, while for [IPrNi(LSNO)] the process
appears irreversible. These reduction processes correspond to the
Ni(II)/Ni(I) redox couple. The assignments are supported by DFT
calculations of the complexes. The greatest contribution to the
HOMO originates from the sulfur atoms and the aromatic ring, in
case of the [S,N,O]2- ligand, with little involvement of the nickel
(Fig. 6). The LUMO on the other hand, shows a contribution of the Ni
dx2-y2 orbital, consistent with metal centred first reduction.

The compound containing the [S,S,S]2- ligand shows slightly
more complex electrochemical behaviour. Here, the irreversible
oxidation wave assigned to a mixed S/Ni-centred oxidation is
at �0.07 V, with an additional, probably ligand-related, oxidation
peak at 1.07 V. For reduction, one pseudo-reversible process
at �2.44 V (nickel reduction) and one irreversible process
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Fig. 4. Cyclic voltammograms of [IPrNi(LSNO)] in MeCN referenced to Cp2Fe/Cp2Fcþ.
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Fig. 5. Cyclic voltammograms of [IPrNi(LSSS)] in MeCN referenced to Cp2Fe/Cp2Fcþ.

Table 2
Selected electrochemical data.1

Ox3 Ox2 Ox1 Red1 Red2

[IMesNi(LSNO)] 1.38 Epa 0.27 Epa �2.43 Epc �3.03 Epc
[IPrNi(LSNO)] 0.99 Epa 0.75 Epa 0.28 Epa �2.57 Epc
[IPrNi(LSSS)] 1.07 Epa �0.07 Epa �2.44 Epc �2.98 Epc
1 From cyclic voltammetry in 0.1M nBu4NPF6/MeCN solutions at 100mVs�1 scan

rate. Potentials given in V vs. Cp2Fe/Cp2Fcþ. Anodic (Epa) or cathodic (Epc) peak
potentials for irreversible processes.

Fig. 6. HOMO (left) and LUMO (right) diagrams of [IMesNi(LSNO)] (top), [IPrNi(LSNO)]
(middle) and [IPrNi(LSSS)] (bottom) from DFT calculations.
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at �2.98 V (ligand reduction) can be seen. In the parent dimer, an
irreversible reduction wave was observed at �1.78 V for the nickel
centre [31]. This is completely in line with the energy of the anti-
bonding orbitals in octahedral and square planar d8 systems.

In summary, we have prepared and characterized some nick-
el(II) NHC-complexes containing different tridentate co-ligands by
two different methods. We are currently exploring the generality
and scope of this class of compounds as well as some applications
including catalysis and electrocatalysis.
3. Experimental

3.1. General

Reactions were carried out under dinitrogen gas using HPLC
grade solvents, which were stored over 3 Å molecular sieves. The
dimeric nickel complexes [Ni(LSSS)]2 [20] and [Ni(LSNO)]2 [21], the
imidazolium salts [IMes]HCl and [IPr]HCl [32] as well as the silver(I)
eNHC complexes [IMesAgCl] and [IPrAgCl] [22,33] were prepared
by published methods. All other chemicals were purchased from
commercial suppliers andwere used as received. NMR spectrawere
recorded on Bruker Avance 400 or Bruker Avance III 600 in-
struments. Signals were referenced externally to TMS (1H and 13C).
Elemental analyses were obtained in-house using an Elementar
Vario EL analyser. Electrospray mass spectra were recorded in
positive ion mode on a Bruker Daltonics microTOF system using
MeCN solutions of the compounds.
3.2. Synthesis of the NieNHC complexes

3.2.1. Method A. Free NHC method
To a solution of the dimeric Ni(II)-complex in THF (20mL) was

added the respective imidazolium chloride (2 equiv.) and KOtBu
(2.3 equiv.) or NaHMDS (2.3 equiv.). The reaction mixture was
heated to 60 �C for 2 h and then left at room temperature overnight.
The solvent was removed under reduced pressure and the residue
was extracted into CH2Cl2. This CH2Cl2 solutionwas passed through
a short column of alumina. The eluting orange-brown solution was
subsequently evaporated to dryness. Diffusion of cyclohexane into
a THF solution afforded orange-brown crystals after several days.
Samples for elemental analysis were further recrystallised from
MeOH.

3.2.2. Method B. Ag-transmetallation method
To a solution of the dimeric Ni(II)-complex in a 1:1 THF/CH2Cl2

mixture (15mL) was added the respective silver(I)eNHC complex
(2 equiv.). After stirring the mixture at room temperature over-
night, the solvent was removed in vacuum and the residue was
extracted into CH2Cl2. This CH2Cl2 solution was passed through a
short column of alumina. The eluting orange-brown solution was
subsequently evaporated to dryness. Diffusion of cyclohexane into
a THF solution afforded orange-brown crystals after several days.

3.2.3. [IMesNi(LSSS)]
This was prepared by method B as described above using
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[Ni(LSSS)]2 (0.100 g, 0.24mmol) and [IMesAgCl] (0.203 g,
0.48mmol). The product was obtained as an orange-brown solid in
27% yield. Using method A, the same product was obtained in 21%
yield. 1H NMR (CDCl3): d¼ 2.28e2.45 (m, 22 H, SCH2CH2S & Me),
2.62 (d, J¼ 10.8 Hz, 2 H, SCH2CH2S), 2.94 (d, J¼ 8.1 Hz, 2 H,
SCH2CH2S), 6.92 (br. s, 1 H, imidazole-H), 7.07 (m, 5 H, imidazole-H
& IMes). 13C{1H}-NMR (CDCl3): d¼ 19.15 (Me), 19.34 (Me), 21.21
(Me), 30.46 (SCH2CH2S), 42.31 (SCH2CH2S), 124.28 (imidazole-C),
128.96 (IMes), 136.25 (IMes), 138.49 (IMes), 174.37 (CNi). Elemental
analysis calcd. for C25H32N2S3Ni MeOH (547.5): C 57.04, H 6.63, N
5.12; found: C 56.59, H 6.33, N 4.84%. ES-MS: m/z¼ 503 [MþNa]þ.

3.2.4. [IPrNi(LSSS)]
This was prepared by method B as described above using

[Ni(LSSS)]2 (0.050 g, 0.12mmol) and [IPrAgCl] (0.109 g, 0.24mmol).
The product was obtained as an orange-brown solid in 26% yield.
Using method A, the same compound was obtained in 32% yield. 1H
NMR (CDCl3): d¼ 1.07 (d, J¼ 7.7 Hz, 12 H, Me), 1.47 (d, J¼ 6.2 Hz,
12 H, Me), 2.18e2.32 (m, 4 H, SCH2CH2S), 2.53 (d, J¼ 8.1 Hz, 2 H,
SCH2CH2S), 2.90 (d, J¼ 7.0 Hz, 2 H, SCH2CH2S), 3.14 (m, 4 H, CH),
7.02 (s, 2 H, imidazole-H), 7.33 (d, J¼ 7.4 Hz, 4 H, IPr), 7.48 (t,
J¼ 7.4 Hz, 2 H, IPr). 13C{1H}-NMR (CDCl3): d¼ 23.29 (Me), 26.21
(Me), 28.84 (CH), 30.58 (SCH2CH2S), 42.79 (SCH2CH2S), 123.68 (IPr),
125.16 (imidazole-C), 129.62 (IPr), 136.36 (IPr), 146.71 (IPr), CeNi
was not observed. Elemental analysis calcd. for C31H44N2S3Ni
MeOH (631.6): C 60.85, H 7.66, N 4.44; found: C 59.94, H 7.13, N
4.33%. ES-MS: m/z¼ 621 [MþNa]þ. X-ray quality crystals were ob-
tained by vapour diffusion of cyclohexane into a THF solution of the
complex.

3.2.5. [IMesNi(LSNO)]
This was prepared by method B as described above using

[Ni(LSNO)]2 (0.100 g, 0.19mmol) and [IMesAgCl] (0.162 g,
0.38mmol). The product was obtained as an orange-brown solid in
79% yield. Using method A, the same compound was obtained in
66% yield. 1H NMR (CDCl3): d¼ 1.76 (s, 3 H, Me), 2.08 (s, 3 H, Me),
2.23 (s, 6 H, Me IMes), 2.36 (s, 12 H, Me IMes), 5.00 (s, 1 H, CH), 6.53
(dt, J¼ 7.4, 1.3 Hz, 1 H, Ar), 6.60 (t, J¼ 7.3 Hz, 1 H, Ar), 6.64 (d,
J¼ 8.2 Hz,1 H, Ar), 6.93 (s, 2 H, imidazole-H), 7.02 (s, 5 H, imidazole-
H), 7.18 (dd, J¼ 7.0, 1.3 Hz, 1 H, Ar). 13C{1H}-NMR (CDCl3): d¼ 18.08
Table 3
Crystallographic and refinement details for [IPrNi(LSSS)] and [IPrNi(LSNO)].

[IPrNi(LSSS)]

CCDC code 1865725
Empirical formula C31H44N2S3N
Formula weight 599.57
Crystal system Monoclinic
Space group P21/n
a/Å 10.1786(9)
b/Å 14.3692(13)
c/Å 22.224(2)
b/� 99.143(2)
Volume/Å3 3209.1(5)
Z 4
rcalc g/cm3 1.241
m/mm�1 0.821
F(000) 1280
Crystal size/mm3 0.06� 0.143
q range for data collection 2.336e33.32
Reflections collected 71470
Independent reflections 12387 [Rint¼
Data/restraints/parameters 12387/0/342
Goodness-of-fit on F2 1.039
Final R indices [I> 2s(I)] R1¼ 0.0258
R indices (all data) R1¼ 0.0322
Largest diff. peak and hole/eÅ�3 0.6/-0.2
(Me IMes),19.12 (Me IMes), 21.19 (Me IMes), 24.06 (Me), 24.91 (Me),
102.97 (CH), 118.33 (Ar), 121.84 (Ar), 122.03 (Ar), 123.57 (imidazole-
C), 126.92 (Ar), 128.99 (m-C Mes), 129.55 (m-C Mes), 136.00 (ipso-C
Mes), 138.66 (p-C Mes), 143.89 (Ar), 147.65 (o-C Mes), 150.49 (CS),
163.48 (CN), 167.91 (CNi), 174.98 (CO). Elemental analysis calcd. for
C32H35N2OSNi (568.4): C 67.62, H 6.21, N 7.39; found: C 67.63, H
6.17, N 7.42%. ES-MS: m/z¼ 590 [MþNa]þ.

3.2.6. [IPrNi(LSNO)]
This was prepared by method B as described above using

[Ni(LSNO)]2 (0.100 g, 0.19mmol) and [IPrAgCl] (0.173 g, 0.38mmol).
The product was obtained as an orange-brown solid in 28%. Using
method A, the same compound was obtained in 68% yield. 1H NMR
(CDCl3): d¼ 1.09 (d, J¼ 6.9 Hz, 12 H, IPr), 1.37 (d, J¼ 6.6 Hz, 12 H,
IPr), 1.80 (s, 3 H, Me), 2.01 (s, 1 H, Me), 3.06 (m, 4 H, IPr), 4.96 (s, 1 H,
CH), 6.48 (dt, J¼ 7.7, 1.5 Hz, 1 H, Ar), 6.54 (dt, J¼ 7.6, 1.3 Hz, 1 H, Ar),
6.58 (dd, J¼ 7.9, 1.0 Hz, 1 H, Ar), 6.99 (s, 2 H, imidazole-H), 7.07 (dd,
J¼ 7.7, 1.5 Hz, 1 H, Ar), 7.34 (d, J¼ 7.7 Hz, 4 H, IPr), 7.47 (t, J¼ 7.7 Hz,
2 H, IPr). 13C{1H}-NMR (CDCl3): d¼ 23.14 (IPr), 24.58 (Me), 25.71
(Me), 26.20 (IPr), 28.61 (IPr), 102.84 (CH), 118.21 (Ar), 121.68 (Ar),
121.83 (Ar), 124.05 (m-C IPr), 124.82 (imidazole-C), 126.55 (Ar),
129.96 (p-C IPr), 136.08 (ipso-C IPr), 144.37 (Ar), 146.52 (o-C IPr),
150.82 (CS), 163.12 (CN), 169.97 (CNi), 175.44 (CO). Elemental
analysis calcd. for C38H47NOSNi MeOH (684.6): C 68.42, H 7.51, N
6.14; found: C 68.86, H 7.31, N 6.22%. ES-MS:m/z¼ 674 [MþNa]þ. X-
ray quality crystals were obtained by vapour diffusion of cyclo-
hexane into a THF solution of the complex.

3.3. X-ray crystallography

Diffraction data were collected at 100 K using an Enraf-Nonius
KappaCCD system located in front of a FR591 rotating anode
equipped with an Incoatec focusing Montel optic for Mo radiation.
For data integration the EVAL-14 package [34] was employed. For
data scaling and absorption correction (combination of gaussian
and multiscan corrections) SADABS was used. All crystal structures
were solved using SHELXT and refined using SHELXL [35]. The
Olex2 graphical user interface [36] was used for all structure ma-
nipulations and for molecular graphics. Crystallographic and
refinement details are collected in Table 3.
[IPrNi(LSNO)]

1865724
i C38H47N3OSNi

652.55
Monoclinic
P21/n
11.0575(11)
16.0914(16)
20.449(2)
103.924(8)
3531.6(6)
4
1.227
0.641
1392

� 0.200 0.04� 0.13� 0.24
0� 2.682e33.072�

40789
0.0273] 13338 [Rint¼ 0.0690]

13338/0/407
1.093

wR2¼ 0.0673 R1¼ 0.0674 wR2¼ 0.1577
wR2¼ 0.0705 R1¼ 0.1199 wR2¼ 0.1859

1.2/-1.1
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3.4. Electrochemistry

Electrochemical measurements of the compounds were per-
formed using a BioLogic Science Instruments model SP150 poten-
tiostat controlled through the EC-Lab software interface.
Experiments were performed in an electrochemical glass cell with a
cell volume of 10mL using 0.1M nBu4NPF6 solutions in MeCN with
a three-electrode configuration (glassy carbon working electrode,
Pt counter electrode, Ag/AgCl pseudo reference electrode). The
ferrocene/ferrocenium couple (Cp2Fe/Cp2Feþ) served as internal
reference.

3.5. DFT calculations

Calculations were performed using the TUBROMOLE program
package [37] and TMoleX 4.2 [38] user interface. Structures were
first geometry optimized at the def-SV(P)/B3LYP level [39e42] and
were further optimized with the def2-TZVP basis set [43] for all
atoms.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jorganchem.2018.11.034.
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