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Nickel(II) PE1CE2P pincer complexes (E = O, S) for
electrocatalytic proton reduction†

Sandeep Kaur-Ghumaan, *a,b Patrick Hasche, a Anke Spannenberga and
Torsten Beweries *a

Nickel(II) chloride and thiolate complexes with iPrPE1CE2PiPr (E = O, S) pincer ligands were investigated as

electrocatalysts for the hydrogen evolution reaction in CH3CN in the presence of acetic acid and trifluoro-

acetic acid. The bis(thiophosphinite) (S,S) chloride complex reduced protons at the lowest overpotential

in comparison with the bis(phosphinite) (O,O) and mixed phosphinite–thiophosphinite (O,S) complexes.

A combination of electrochemical, NMR and UV-vis spectroscopic and mass spectrometric experiments

provides mechanistic insights into the catalytic cycle for proton reduction to dihydrogen.

Introduction

Pincer ligands and their metal complexes have been known
since the early 1970s.1 Since then several new systems with
numerous functional groups2,3 have emerged , and depending
on the functional group, have been employed as crystalline
switches, as sensors and as precatalysts for a number of stoi-
chiometric and catalytic transformations.3a In particular,
metal complexes with tridentate pincer ligands have attracted
considerable attention in homogeneous catalysis.4 In this
regard, an interesting series of bis(phosphinite) based nickel
pincer complexes have been reported by Zargarian et al.5 and
Guan et al.6 Based on these reports, very recently, the first
Ni thiophosphinite iPrPOCSPiPr and Ni bis(thiophosphinite)
iPrPSCSPiPr (iPrPOCSPiPr = C6H4-1-(SPi-Pr2)-3-(OPi-Pr2);
iPrPSCSPiPr = C6H4-1,3-(SPi-Pr2)) pincer complexes were syn-
thesised by our group.7 The iPrPOCSPiPr and iPrPSCSPiPr Ni
complexes showed significantly better activity than the known
isostructural bis(phosphinito) iPrPOCOPiPr Ni complex
(iPrPOCOPiPr = C6H4-1,3-(OPi-Pr2) for Kumada cross-coupling
reactions, activating even chlorobenzene at room temperature.
In another study, we have shown that Rh bis(thiophosphinite)
complexes can be accessed by C–H activation at the PSCSP
ligand precursor at room temperature, a behaviour that is

rather unusual as typically such metalation reactions require
much higher temperatures.8

Because of these findings we were further interested in
studying iPrPOCSPiPr and iPrPSCSPiPr complexes, especially of
Ni as a non-noble metal, as catalysts for other reactions, par-
ticularly for the electrocatalytic proton reduction to dihydro-
gen. Though a plethora of complexes with different metals and
ligands have been studied for the electrocatalytic and photo-
catalytic proton reduction to hydrogen in various media,9

there are only a few Ni pincer complexes that have been investi-
gated and reported as catalysts for the hydrogen evolution reac-
tion (HER) (Fig. 1).10

Fig. 1 Ni pincer complexes reported as electrocatalysts for the HER.
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The reported nickel(II) pincer complexes were efficient
catalysts (TOF ∼ 50–200 s−1; overpotential ∼0.35–0.85 V) for
electrocatalytic proton reduction.10a,d Moreover, motivated by
the recent reports on Ni(II) PCP (a–g)10a,b and PNN pincer com-
plexes (h–j)11 as electrocatalysts for the HER, we were inter-
ested in further studying the influence of different bridging
atoms (O,O; O,S; S,S) on the catalytic properties of the com-
plexes. Therefore, four reported [(iPrPOCOPiPr)NiCl] 1,
[(iPrPOCSPiPr)NiCl] 2, [(iPrPSCSPiPr)NiCl] 3, [(iPrPOCOPiPr)
NiSC6H4CH3] 4 and two new [(iPrPOCSPiPr)NiSC6H4CH3] 5 and
[(iPrPSCSPiPr)NiSC6H4CH3] 6 complexes were synthesised and
investigated for the electrocatalytic reduction of protons to
hydrogen in the presence of acetic acid (AA) and trifluoroacetic
acid (TFA) in acetonitrile. Based on UV/vis, NMR and MS
experiments, a mechanism for the catalytic proton reduction
has been proposed.

Results and discussion
Synthesis and characterisation of Ni(II) pincer complexes

The Ni(II) chloride complexes [(iPrPE1CE2PiPr)NiCl] (E = O,O; O,
S; S,S) (1–3) were synthesised as reported in the literature.5,7

The Ni(II) thiolate complex [(PrPOCOPiPr)NiSC6H4CH3] (4) was
obtained from the reaction of [(iPrPOCOPiPr)NiCl] and
NaSC6H4CH3.

6 All analytical data for complex 4 matched well
with those reported in the literature.6 The Ni(II) thiolate com-
plexes [(iPrPOCSPiPr)NiSC6H4CH3] (5) and [(iPrPSCSPiPr)
NiSC6H4CH3] (6) were prepared by a procedure similar to that
used for complex 4 (Scheme 1).

Crystals of complex 6 suitable for X-ray analysis were
obtained from an n-hexane solution layered with acetonitrile
at −30 °C. The molecular structure of 6 (Fig. 2) shows the
Ni(II) centre in a distorted square planar coordination
environment with a Ni1–S3 distance of 2.2334(4) Å longer
than that observed for the structurally similar bis(phosphi-
nite) complex 4 (2.1908(7) Å).6 The 1H NMR spectra of com-
plexes 5 and 6 in THF-d8 displayed the expected peaks for
the two isopropyl groups of the pincer ligand, the methyl
group of the thiolate ligand and for the aromatic protons
present. The 31P {1H} NMR spectrum of complex 5 in THF-
d8 displayed two doublets at 107.2 and 180.1 ppm with the
value at the lower field corresponding to the P connected to
the O atom, while that for complex 6 displayed a singlet at
96.4 ppm.

Electrochemical characterisation and proton reduction

The redox properties of the pincer complexes [(iPrPE1CE2PiPr)
NiCl] (E = O,O, 1; E = O,S; 2; and E = S,S, 3) and [(iPrPE1CE2PiPr)
NiSC6H4CH3] (E = O,O, 4; E = O,S, 5; and E = S,S, 6) were inves-
tigated using electrochemistry in acetonitrile under argon
atmosphere. All the potentials are given vs. Fc+/Fc (0.1 M
n-Bu4NPF6) at 0.1 V s−1 unless otherwise mentioned. The cyclic
voltammograms (CVs) for complexes 1–6 displayed an irrevers-
ible one-electron reduction process that can be assigned to a
Ni(II)/Ni(I) couple (Table 1 and Fig. S1 and S2†). The reduction
potential for the Ni(II)/Ni(I) couple shifted significantly to
more positive values on moving from O,O to O,S and S,S brid-
ging atoms in the chloride and thiolate complexes. From the
plot of peak current (ip) of the reduction waves vs. square root
of the scan rate (0.025–1 V s−1), it can be claimed that the
electrochemical processes were diffusion-controlled (Fig. S3†).
The complexes also displayed multiple irreversible oxidation
processes (Table 1). The complexes were further studied for
electrocatalytic proton reduction in the presence of weak and

Scheme 1 Synthesis of Ni(II) thiolate complexes 4–6.

Fig. 2 Molecular structure of complex 6. Thermal ellipsoids correspond
to 30% probability. Hydrogen atoms are omitted for clarity.

Table 1 Electrochemical data for complexes 1–6 in acetonitrile

Complex Epc/V Epa/V

Ecat
a (η)/V

AA AA with Ag+ TFA

1 −2.40 0.51 −2.38 (0.92) −2.03 −1.88 (0.99)
0.80
1.02

2 −2.25 0.62 −2.23 (0.77) −2.01 −1.73 (0.84)
0.87
1.06

3 −2.06 0.63 −2.06 (0.60) −1.97 −1.65 (0.76)
1.05

4 −2.53 0.18 −2.52 (1.06) — −1.59 (0.70)
0.89
1.17

5 −2.36 0.23 −2.35 (0.89) — −1.57 (0.68)
0.92
1.16

6b −2.14 0.30 — — —
0.80

a Peak current potential value taken for Ecat.
bNo electrocatalytic

experiments were done using this complex due to limited solubility in
acetonitrile.
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strong acids, acetic acid (AA, E°
HA=Hþ ¼ �1:46 V, pKa = 22.3 in

CH3CN) and trifluoroacetic acid (TFA, E°
HA=Hþ ¼ �0:89 V, pKa =

12.7 in CH3CN), respectively (Table 1).
12

In the following section, we describe the electrocatalytic
investigations using the above-described complexes.
Electrochemical data are shown to be exemplarily for complex
2 only; the corresponding data for all the other complexes are
depicted in the ESI.† Upon the addition of a small amount of
AA (∼2 equiv.), the potential of the reduction peak for each of
the complexes remained unchanged. However, increase in
current at the complex reduction peaks was recorded in the
CVs with a further addition of AA (Fig. 3 and S4–S6†). Since
the Ecat potential was very close to the ipc in the absence of
acid, it suggests that the reduction of the pre-catalyst with a
concomitant release of the chloride or thiolate ligand occurs

prior to catalysis. This was further confirmed by CVs measured
for the complexes before and after coulometry (one-electron
reduction), which showed a significant change in the CV
pattern after coulometry (Fig. S7 and S8†). Removal of the
chloride ligand was also probed by the addition of AgNO3 and
gave Epc values (−1.95 (for 1), −1.82 (for 2) and −1.67 V (for 3))
close to Ecat values in the presence of the stronger acid, TFA
(Fig. 3, centre). Also, the addition of Ag+ during catalysis
results in a significant increase in current as well as a shift of
the reduction potential (e.g. for 2: from −2.23 V to −2.01 V)
(Fig. 3) closer to the value obtained in electrocatalysis with
TFA (Table 1, vide infra). CVs recorded after bulk electrolysis
do not show pronounced waves; however, shoulders can be
detected that show the same potential as seen in experiments
with Ag+ (Fig. 3, S4, S5, S7 and S8†). Next, we added an excess
of chloride ions to probe the role of halide elimination.
Although we observed a suppression of current, we did not
manage to obtain CV patterns that contain valuable infor-
mation. Based on the above findings it is concluded that
reductive removal of the chloride ligand leads to the formation
of the solvated complex [(iPrPOCSPiPr)Ni(MeCN)]+ during bulk
electrolysis.

When TFA was used as the source of protons instead, the
catalytic reduction potential was recorded between −1.88 and
−1.65 V for the chloride complexes (1–3) and at −1.59 and
−1.57 V for the thiolate complexes 4 and 5, respectively
(Fig. S9–S13†). Due to the limited solubility of complex 6 in
CH3CN, electrocatalytic studies were not performed using this
species. A similar shift to more positive reduction potentials
when increasing the pKa of the proton source was reported
earlier by Fan and co-workers.11a Notably, these values are in
the same range as those found in the experiments with Ag+

(vide supra), indicating that the formation of the solvated
complex [(iPrPOCSPiPr)Ni(MeCN)]+ requires the removal of the
chloride ligand either by Ag+ or strong acids. Also, curve cross-
ing was observed at low scan rates (25 mV s−1 and below),
which could be an indication that an ECE mechanism is oper-
ative, leading to the formation of a reduced nickel intermedi-
ate complex (Fig. S14†).11

Without the catalyst, insignificant current was observed
between −1.0 to −2.6 V for direct reduction of protons at the
glassy carbon working electrode (Fig. S15–S17†).13 The catalytic
behaviour of the complexes (shown for 1 and 4) was further
confirmed by bulk electrolysis experiments. The difference in
the charge vs. time plots for only acid and for acid with
catalyst indicates that the complexes are catalysts for the
HER (Fig. S18†). The formation of hydrogen during bulk
electrolysis measurements was further confirmed by GC
experiments.

The rinse test was performed for the catalysts (1–5) after the
bulk electrolysis experiments (Fig. S19 and S20†). No signifi-
cant peaks were observed in the control experiments and,
hence, the catalysis can be assumed to be homogeneous and
not because of electrode deposition or complex decompo-
sition. For the control experiments, after electrolysis, the glassy
carbon working electrode was removed, rinsed with aceto-

Fig. 3 Top: CVs for complex 2 (1.47 mM) in MeCN in the absence (---)
and presence (—) of (1.55, 3.09, 6.17, 9.24, 15.35, 21.41, 33.41,
45.24 mM) of acetic acid at 0.1 V s−1. Centre: CVs for complex 2
(0.44 mM) in MeCN in the absence (—) and presence (---) of AgNO3 at
0.1 V s−1. Bottom: CVs for complex 2 (0.44 mM) in MeCN in the absence
(---) and presence (—) of (0–28 mM) acetic acid with 0.1 M TBAP at 0.1
V s−1. CVs with acetic acid were measured after the addition of AgNO3

to the MeCN solution of the sample.
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nitrile and dipped into the solution having the same amount
of acid but without the catalyst.

The overpotential (η/V) was calculated using the Evans
method (Table 1).12b The catalytic efficiencies for the com-
plexes were calculated to be 88 (1), 66 (2), 60 (3), 97 (4) and
77% (5) in AA and 50 (4) and 45% (5) in TFA at low acid con-
centrations, by using the formula for catalytic efficiency, C.E. =
(icat/ip)/(CHA/Ccat) (icat = catalytic current, ip = current for reduc-
tive peak of the catalyst in the absence of acid, CHA = concen-
tration of acid, and Ccat = concentration of catalyst) as defined
by Felton and co-workers.12b

The catalytic peak current (icat) increased linearly with the
catalyst concentration [cat], thus indicating that at fixed acid
concentrations [acid] the reaction is first-order type with
respect to [cat] (Fig. S21 and S22†). The initial linearity of the
plots of icat vs. [acid] suggests that catalysis with complexes 1–5
is second-order with respect to acid concentration (Fig. 4 and
S23–S25†), which is in line with previous studies on other
pincer complexes.10a Therefore, the observed rate k (TOF/s−1)
is dependent on [acid] under these conditions and can be cal-
culated using eqn (1),14 where n is the number of electrons
involved in the catalytic reaction (2), k is the rate constant, and
ν is the scan rate (0.1 V s−1).

icat
ip

¼ n
0:446

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTk acid½ �2

Fv

s
ð1Þ

For the icat/ip vs. [acid] and kobs vs. amount of acid plots, see
Fig. 4 and Fig. S23 and S24.† For plots of icat vs. scan rate see
Fig. S26–S32.† The measurements were done with two
different AA concentrations for the complexes. Scan rate inde-
pendence was achieved only at a scan rate of 0.4 V s−1 or
higher (Fig. S26–S30†). The kobs (TOF/s−1) values for the
maximum acid concentration studied were calculated to be 13
(1), 6 (2), 5 (3), 13 (4) and 24 (5) with AA. The TOF values were
calculated at the scan rates of 0.4 (1), 0.8 (2), 1.0 (3), 1.0 (4)
and 0.8 (5) V s−1. No kinetic information could be extracted
from the experiments with TFA since a region independent of
scan rate was not fully reached even at higher scan rates
(Fig. S31 and S32†).

Notably, while for the chloride complexes 1–3, the bis(thio-
phosphinite) complex 3 showed a higher icat/ip value, the bis
(phosphinite) thiolate complex 4 was superior to its unsymme-
trical analogue 5. Taken together with results from previous
studies that use thiophosphinite ligands,7,8,15 this suggests
pronounced reactivity differences upon the introduction of
sulfur into the backbone of the pincer ligand, the origin of
which still requires further studies.

Mechanistic considerations

In order to get a detailed insight into the mechanism of
proton reduction, UV-vis, NMR and mass spectrometric experi-
ments were carried out in the absence and presence of acids.
Since the electrocatalytic studies were carried out only for com-
plexes 1–5, titrations with acid were performed only for these
five complexes. Unfortunately, with acetic acid, a more
resolved set of UV-vis spectra was obtained only for the thiolate
complexes that showed clear isosbestic points (Fig. S35†). For
titrations with TFA as a stronger acid, small but gradual
changes were seen in the UV-vis absorption spectra upon the
addition of TFA to the chloride complexes 1–3 and in case of
the thiolate complexes 4 and 5 (Fig. 5 and Fig. S33–S35†).

The UV absorption maximum for complex 1 shifted from
335 to 325 nm, and during titration with acid an isosbestic
point was preserved at 330 nm. This indicated the formation
of a single product complex at all acid concentrations (Fig. 5a).
Clear isosbestic points which can be attributed to the for-
mation of monocationic solvent bound species [(iPrPE1CE2PiPr)
Ni(MeCN)]+ of the complexes were observed for all complexes
except for bis(thiophosphinite) complex 3. Notably, for com-
plexes 1 and 4, formation of the same new species that pos-
sesses the same UV-vis spectroscopic features (i.e. isosbestic
point at 330 nm and absorption maximum at 325 nm) was
observed, suggesting that in both systems the same organo-
metallic species is formed. However, Fig. 5b shows that for 4,
formation of this species occurs at much lower acid concen-
trations, which is in line with the more facile removal of the
thiolate ligand upon protonation. A similar behavior was
observed for the complex pair 2/5 (Fig. S33 and S35†). The
addition of a base such as sodium bicarbonate restored the
spectra of the chloride complexes but not the thiolate com-
plexes (Fig. S34 and S35†), which is in line with the fact that
for the thiolate complexes protonation of the ligand results in

Fig. 4 icat/ip vs. acid concentration (M) plots (a) for [iPrPOCOPiPr]NiCl (1)
(1 mM), for [iPrPOCSPiPr]NiCl (2) (1.47 mM) and for [iPrPSCSPiPr]NiCl (3)
(1.43 mM) (with acetic acid), and (b) for complexes 1–3 (0.45 mM) with
acetic acid after the addition of AgNO3 to the MeCN solution of the
sample.
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the formation of the thiol, which cannot further coordinate
under the reaction conditions.

The 1H and 31P NMR spectra for the complexes in the
absence and presence of TFA also showed shifts in the peaks
indicating the formation of a new species upon the addition of
acid (Fig. S36–S45†). For the thiolate complexes, formation of
free thiol p-Me-C6H4-SH can be deduced from a new resonance
in the 1H NMR spectrum at 3.74 ppm. The reactions of com-
plexes with the same pincer ligand (i.e. 1/4 and 2/5) with acid
showed formation of the same resonances (δ 31P for 1/4: 193.5/
192.7, δ 31P for 2/5: 190.1, 188.5/190.8, 189.2 ppm), again
suggesting that the same Ni pincer complexes form in the
presence of acid. The reaction of 3 with TFA is less well-
defined, giving more than one species, as evidenced by the 1H
and 31P NMR (Fig. S40 and S41†) spectra. LC-MS measure-
ments for complexes 1, 2 and 4 with TFA confirm the for-
mation of the solvent-bound species [(iPrPE1CE2PiPr)Ni
(MeCN)]+ (Fig. S46–S48†). Notably, this species is only formed
in the presence of acid; simple dissolution in MeCN does not
furnish this solvent-bound species.

Electrocatalytic proton reduction using Ni pincer complexes
was reported earlier and a mechanism has been proposed
based on DFT calculations.10a Our electrochemical, UV-vis, MS
and NMR data on related [(iPrPE1CE2PiPr)NiX] systems with the
strong acid TFA support the initial acid-mediated removal of
the X ligand from the precatalyst to form a solvent-bound
intermediate that could in an ECEC (E = electrochemical and
C = chemical) mechanistic scenario catalyse proton reduction.
Hence, the chloride complexes in this study might be operat-
ing through a similar reaction mechanism as described in ref.
10a (Scheme 2). A different mechanism is, however, likely to
be operative with AA which is evidenced by the fact that the

Ecat values are close to the ipc values for the complexes in the
absence of acid (Table 1). However, the addition of Ag+ results
in the removal of the chloride ligand and the formation of the
same species as with the stronger acid TFA. Although the spec-
troscopic data discussed above are similar for 1/4 and 2/5, the
difference in the catalytic potentials between the complex
pairs that possess the same pincer ligand indicates that the
chloride and thiolate complexes operate through different pro-
cesses. The mechanism shown in Scheme 2 should, therefore,
only be considered relevant for chloride complexes 1–3. These
mechanistic differences were observed before by Fan and co-
workers for complexes Ni pincer chloride, nitrate and thiolate
complexes h–j (Fig. 1).11a The differences in their potentials
and thus the reaction mechanisms could be traced back to the
differences in the processes involved in the removal of the X
ligand.

Conclusion

In summary, we have presented electrocatalytic proton
reduction using a series of well-defined Ni(II) pincer complexes
of the type [(iPrPE1CE2PiPr)NiX]. Among the chloride complexes
1–3, with acetic acid as the proton source, complex 3 is the
most efficient with the lowest overpotential. Furthermore, the
thiolate complexes were found to be more efficient than the
chloride complexes. Based on spectroscopic evidence, an
ECEC mechanism that agrees with the earlier suggestions for
related systems has been proposed for the proton reduction
process with chloride complexes in the presence of strong
acids. The observed differences indicate that choice of a suit-
able X ligand and PE1CE2P ligand can lead to more efficient

Scheme 2 Proposed mechanism for proton reduction with chloride
complexes 1–3.

Fig. 5 UV-vis absorption spectroscopy (l = 1 mm) recorded in aceto-
nitrile for complex (a) [iPrPOCOPiPr]NiCl (1) (0.13 mM) under different
concentrations of TFA (0–93 mM) and (b) [iPrPOCOPiPr]NiSC6H4CH3 (4)
(0.11 mM) under different concentrations of TFA (0–5 mM). The spectral
changes upon the addition of increasing amounts of acid are indicated
by arrows.
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and robust catalysts. The advantage of PE1CE2P type ligands is
the formation of the terminal hydride species unlike some of
the reported {FeFe} models that involve bridging hydride inter-
mediates, which is a limitation to the catalytic conversion of
protons to dihydrogen. We are currently looking into the
reasons for the observed reactivities and the development of
modified, more stable, possibly redox-active thiophosphinite
ligands that allow for the reduction of the overpotential of the
HER is underway along with the isolation of the hydride
intermediates.

Experimental section
Materials and methods

All complex syntheses were carried out in an oxygen- and
moisture-free argon atmosphere using standard Schlenk and
glovebox techniques. THF, acetonitrile and n-hexane were dis-
pensed from a solvent purification system (PureSolv,
Innovative Technology) and stored under argon. Deuterated
solvents were freshly distilled prior to use and were stored over
molecular sieves and under argon. Trifluoroacetic acid (TFA)
was purchased from Sigma-Aldrich and used without further
purification.

1H NMR and 31P{1H} NMR spectra were obtained at room
temperature using Bruker AV300 or AV400 spectrometers and
were referenced internally to the deuterated solvent. All 1H
NMR spectra were referenced using the chemical shifts of
residual protio solvent resonances (THF-d8: δH 1.72, 3.58;
CD3CN: δH 1.94). Chemical shifts were reported in ppm (δ)
relative to tetramethylsilane. For 31P{1H} NMR spectra, 85%
H3PO4 was used as an external standard.

Elemental analysis was performed using a Leco TruSpec
Micro CHNS analyzer.

Mass spectra (LC-MS) were recorded using an Agilent
1260/6130 Quadrupol LC-MS with electron spray ionisation
(ESI), while the high resolution spectra were recorded using a
Waters Xevo G2-XS Tof also with electron spray ionisation.
Further mass spectra were recorded using a MAT 95XP
Thermo Fisher Mass Spectrometer in chemical ionisation (CI)
mode.

The UV/vis spectra for the complexes were measured in
acetonitrile using a SPECORD S 600 (Analytik Jena)
spectrometer.

Electrochemical measurements were conducted in aceto-
nitrile with 0.1 M tetrabutylammonium-hexafluorophosphate
(Sigma-Aldrich, electrochemical grade) as the supporting elec-
trolyte that was dried in vacuum at 383 K. Cyclic voltammetry
was carried out using an Autolab potentiostat (PGSTAT204).
The working electrode for cyclic voltammetry was a glassy
carbon disc (diameter 3 mm, freshly polished). For bulk elec-
trolysis experiments, a carbon rod was used. Platinum was
used as the counter electrode. The reference electrode was a
non-aqueous Ag/Ag+ electrode (CH Instruments, 0.01 M AgNO3

in acetonitrile). All the potentials are quoted against the ferro-
cene–ferrocenium couple (Fc+/Fc); ferrocene was added as an

internal standard at the end of the experiments. For the
electrochemical measurements all solutions were prepared
using dry acetonitrile (Sigma-Aldrich, spectroscopic grade,
dried with molecular sieves 3 Å).

The generation of hydrogen in the bulk electrolysis experi-
ment was determined by gas chromatography. A GC sample
was taken from the reaction system and was analysed by the
system-GC, Agilent Technologies 6890N/Carboxen 1000/TCD/
Methaniser/FID. Gas integration was calibrated using certified
gas mixtures from commercial suppliers (Linde and Air
Liquide) with the following gas vol%: H2: 2500 ppm and
5000 ppm; 1% and 5%. The system allowed for the determi-
nation of H2 within the range, H2 ≥ 0.25–100 vol%.

General procedure for NMR and LC-MS experiments

In a glovebox, a J. Young NMR tube was charged with
0.025 mmol of the complex , which was dissolved in 0.5 mL of
CD3CN before trifluoroacetic acid was added (0.25 mmol). The
NMR tube was sealed with a cap and 1H, 19F and 31P NMR
spectra were recorded. The next day, the NMR tube was intro-
duced to the glovebox again. Inside the glovebox, the NMR
solution was completely transferred to a GC vial and 1 mL of
acetonitrile was added to dilute the sample for LC-MS. The vial
was closed with a cap and transferred to a small Schlenk flask.
The Schlenk flask was eventually opened right before the
sample was measured.

Synthetic procedures

All three Ni-chlorido-complexes, [iPrPOCOPiPr]NiCl (1),5

[iPrPOCSPiPr]NiCl (2)7 and [iPrPSCSPiPr]NiCl (3)7 were prepared
as described in the literature.

Synthesis of [iPrPOCOPiPr]NiSC6H4CH3 (4). A solution of
[iPrPOCOPiPr]NiCl (105 mg, 0.24 mmol) in 15 mL of THF was
added to NaSC6H4CH3 (142 mg, 0.97 mmol) in a Schlenk flask.
An immediate color change from yellow to orange could be
observed. The resulting orange suspension was stirred for 24 h
at room temperature followed by filtration to afford a clear
orange solution. All volatiles were then removed under vacuum
and the residue was extracted with 10 mL of acetonitrile.
Again, all volatiles were removed under vacuum and the
residue was extracted with n-hexane (2 × 10 mL). Removal of
the solvent under vacuum afforded the product in excellent
purity as a solid yellow compound. All analytical data matched
with those reported in the literature.6 1H NMR (THF-d8,
300 MHz, δ): 1.19–1.38 (m, PCH(CH3)2, 24H), 2.10 (sept, 3JH–H

= 7.0 Hz, PCH(CH3)2, 4H), 2.20 (s, CH3, 3H), 6.37 (d, 3JH–H = 8.0
Hz, ArH, 2H), 6.81 (d, 3JH–H = 8.0 Hz, ArH, 2H), 6.87 (t, 3JH–H =
7.9 Hz, ArH, 1H), 7.28 (d, 3JH–H = 8.0 Hz, ArH, 2H). 31P{1H}
NMR (THF-d8, 121 MHz, δ): 188.25 (s).

[iPrPOCSPiPr]NiSC6H4CH3 (5). [iPrPOCSPiPr]NiSC6H4CH3 (5)
was prepared in 58% yield by a procedure similar to that used
for 4. 1H NMR (THF-d8, 300 MHz, δ): 1.19–1.52 (m, PCH(CH3)2,
24H), 1.96–2.11 (m, S-PCH(CH3)2, 2H), 2.20 (s, CH3, 3H),
2.31–2.45 (m, O-PCH(CH3)2, 2H), 6.38–6.46 (m, Ni-ArHS-meta,
1H), 6.76–6.86 (m, ArH, 4H), 7.30 (d, 3JH–H = 8.0 Hz, S-ArHortho,
2H). 13C{1H} NMR (THF-d8, 100 MHz, δ): 16.9 (s, PCH(CH3)2),
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18.3 (s, PCH(CH3)2), 18.4 (d, JC–P = 5.2 Hz, PCH(CH3)2), 19.3 (d,
JC–P = 5.2 Hz, PCH(CH3)2), 20.8 (s, CH3), 28.3 (d, JC–P = 16.0 Hz,
PCH(CH3)2), 29.1 (d, JC–P = 21.5 Hz, PCH(CH3)2), 107.8 (d, JC–P
= 13.4 Hz, Ni-ArCS-meta), 116.8 (d, JC–P = 12.4 Hz, Ni-ArCO-meta),
128.0 (s, Ni-ArCpara), 128.7 (s, S-ArCmeta), 132.9 (s, S-ArCpara),
134.9 (s, S-ArCortho), 142.7 (s, S-ArCipso), 149.1 (s, Ni-ArCS-otho),
155.5 (s, Ni-ArCO-ortho), 167.5 (s, Ni-ArCipso).

31P{1H} NMR (THF-
d8, 121 MHz, δ): 107.2 (d, 2JP–P = 314 Hz), 180.1 (d, 2JP–P = 314
Hz). Anal. Calcd for C25H38NiOP2S2: C, 55.67; H, 7.10; S, 11.89.
Found: C, 55.90; H, 7.120; S, 12.68. MS (CI positive, isobutane):
m/z = 538 [M]+, 415 [M − SC6H4-p-CH3].

[iPrPSCSPiPr]NiSC6H4CH3 (6). [iPrPSCSPiPr]NiSC6H4CH3 (6)
was prepared in 59% yield by a procedure similar to that used
for 4. Crystallisation from an n-hexane solution layered with
acetonitrile at −30 °C yielded crystals suitable for X-ray ana-
lysis. 1H NMR (THF-d8, 300 MHz, δ): 1.25–1.52 (m, PCH(CH3)2,
24H), 2.20 (s, CH3, 3H), 2.29–2.44 (sept, 3JH–H = 7.0 Hz,
PCH(CH3)2, 4H), 6.69 (t, 3JH–H = 7.6 Hz, Ni-ArHpara, 1H), 6.84
(d, 3JH–H = 7.6 Hz, S-ArHmeta, 2H), 6.88 (d, 3JH–H = 7.6 Hz, Ni-
ArHmeta, 2H), 7.34 (d, 3JH–H = 7.6 Hz, S-ArHortho, 2H). 13C{1H}
NMR (THF-d8, 100 MHz, δ): 18.3 (s, PCH(CH3)2), 19.7 (s, PCH
(CH3)2), 20.7 (s, CH3), 28.5 (t, JC–P = 9.7 Hz, PCH(CH3)2), 119.2
(t, JC–P = 6.0 Hz, Ni-ArCmeta), 126.5 (s, Ni-ArCpara), 128.9 (s,
S-ArCmeta), 132.8 (s, S-ArCpara), 134.4 (s, S-ArCortho), 141.3 (s,
S-ArCipso), 155.5 (s, Ni-ArCortho), 164.7 (s, Ni-ArCipso).

31P{1H}
NMR (THF-d8, 121 MHz, δ): 96.38 (s). Anal. Calcd For
C25H38NiP2S3: C, 54.06; H, 6.90; S, 17.32. Found: C, 54.04; H,
7.20; S, 17.56 (determined by at least two measurements). MS
(CI positive, isobutane): m/z = 554 [M]+, 431 [M − SC6H4-p-
CH3].

Crystallographic details

X-ray analysis was performed using a Bruker Kappa APEX II
Duo diffractometer with Mo-Kα radiation. The structure was
solved by direct methods (SHELXS-97)16 and refined by full-
matrix least square procedures on F2 (SHELXL-2014).17

Diamond was used for graphical representations.18 CCDC
1893578 contains the supplementary crystallographic data for
this paper.†
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