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Dihydrogen evolution was observed in a two-step protonation
reaction starting from a Ni° precursor with a tripodal N-
heterocyclic carbene (NHC) ligand. Upon the first protonation, a
Ni" monohydride complex was formed, which was isolated and
fully characterized. Subsequent protonation yields H, via a
transient intermediate (INT) and an isolable Ni" acetonitrile
complex. The latter can be reduced to regenerate its Ni°
precursor. The mechanism of H, formation was investigated by
using a deuterated acid and scrutinized by 'H NMR spectro-

Introduction

Hydrogen (H,) is an appealing alternative to carbon-based fuels,
and, in this context, the hydrogen economy has given
considerable attention to metal hydrides."™ While cobalt
complexes have been extensively studied for hydrogen
production,®'® nickel hydride complexes, obtained by proto-
nation of the corresponding Ni° complex,"”? are currently
attracting interest due to their potential to transfer protons,
hydrogen atoms, or hydrides.”*?” In H, evolution chemistry,
molecular Ni hydride catalysts are known for H, production
through proton reduction.*¥=% |n this regard, the chemistry of
Ni hydride complexes is also becoming increasingly important
because of their role in nickel-containing enzymes. In [NiFe]-
hydrogenases’ active site, a Ni hydride species is proposed to
be a crucial intermediate in the biological process of hydrogen
metabolism, viz, the generation and consumption of H,.B'
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scopy and gas chromatography. Remarkably, the second
protonation forms a rare nickel dihydrogen complex, which was
detected and identified in solution and characterized by 'H
NMR spectroscopy. DFT-based computational analyses were
employed to propose a reaction profile and a molecular
structure of the Ni—H, complex. Thus, a dihydrogen-evolving,
closed-synthetic cycle is reported with a rare Ni—H, species as a
key intermediate.

Herein, we report the synthesis and study of a chelating tris-
carbene-based Ni complex that produces H, upon two
sequential protonations. In this system, the N-heterocyclic
carbene ligand is our first- generation tris-[2-(3-isopropylimida-
zol-2-ylidene)ethyl]-amine (TIMEN™) chelate.

Results and Discussion

Previously, our group reported a Ni° tris-NHC derivative with
tert-butyl substituents, namely [Ni(TIMEN®")1.5% In [Ni(TIMEN®")],
the more encumbering tert-butyl groups engage the electron-
rich Ni° center in three Ni-H anagostic interactions, thus,
effectively shutting down any further reactivity. Considering the
sterically less demanding iso-propyl substituents, the present
ligand system provides a more open coordination sphere that
leads to a significantly more reactive Ni° complex.

Accordingly, the zero-valent nickel complex, [Ni(TIMEN™)]
(1), was prepared by the reaction of [Ni(COD),] with one
equivalent of TIMEN™ in cold tetrahydrofuran. The red powder
was isolated and characterized by 'H and *C NMR spectroscopy
and showed a diamagnetic behavior (Figures S7-S13 in the
Supporting Information). Red crystals of 1, suitable for a single-
crystal X-ray diffraction (sc-XRD) study, were obtained from a n-
hexane solution of 1 at —35°C (Figure 1, left). Neutral 1
crystallized with two independent molecules of the complex
and half a molecule of n-hexane in its asymmetric unit. In one
of the two independent complex molecules, one of the ligand’s
iPr groups was disordered (Figure S41). The geometry of the Ni
center’s first coordination sphere in 1 is best described as
trigonal planar with the nickel center located slightly below the
plane of the three carbene carbon ligands towards the N-
anchor (out-of-plane shift, Uoop:—0.0204(9)/°\ for Ni(1) and
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Figure 1. Thermal ellipsoid representations at the 50% probability level of the molecular structures of neutral 1 (left), cation 2* (middle), and dication 32+
(right) in crystals of 100.25C¢H,,, 2 (PFe), and 3 (BPh,),. Hydrogen atoms (except for the hydride in 2%), solvent molecules (except for coordinated acetonitrile

in 32%), and counter anions are omitted for clarity.

—0.0400(9) A for Ni(2)). The Ni—C bond distances were deter-
mined at Ni(1)-C(3)=1.8824(15) A, Ni(1)-C(8)=1.8782(15) A,
Ni(1)-C(13)=1.8692(15) A, and Ni(2)-C(27)=1.8678(14) A, Ni-
(2-C(32)=1.8664(15) A, and Ni(2)—C(37)=1.8789(14) A; hence,
the average Ni—C bond lengths of 1.877(2) A and 1.871(2) A in
the two independent molecules is 1.874(2) A. Lastly, the amine
nitrogen anchor in 1 remains non-coordinating at a Ni—N,chor
distance of 2.6698(13) A for Ni(1)-N(1) and 2.6063(13) A for
Ni(2)—N(8). For comparison, the Ni—C bond lengths in [Ni-
(TIMEN™Y)] are equivalent with 1.892(1) A, which is slightly
longer due to an increased steric crowding at the Ni center
compared with the iso-propyl derivative.?? Also, the Ni—N,.cnor
distance of 3.204 A in [Ni(TIMEN®"] is significantly longer and
excludes Ni—N,,.o, interaction. As noted above, the electron-
rich nickel center and one hydrogen atom of each of the three
tert-butyl groups show anagostic interactions with Ni--HC
distances of 2.611A (d(Ni—Cg,)=3379 A5 The distance
between the central nickel atom and the iso-propyl hydrogens
in [Ni(TIMEN™)] is, on average, 2.871 and 2.883 A in the two
crystallographically independent molecules, suggestive of no
such interactions in 1.

The addition of [2,6-lutidinium](BPh,) to a solution of 1 in
tetrahydrofuran at room temperature leads to a rapid reaction,
indicated by a change in color from red to yellow. The
formation of a hydride complex, [(TIMEN™)Ni(H)I(BPh,), 2 (BPh,),
is confirmed by a resonance signal in the 'H NMR spectrum at
0=—14.36 ppm in CD,;CN. According to 'H NMR and "*C NMR
spectroscopy, complex 2 displays diamagnetism (Figures S14-
S19). The molecular structure of [(TIMEN™)Ni(H)]*, 2%, in crystals
of its hexafluorophosphate salt, was also determined by sc-XRD
(Figure 1, middle, Figure S42). Yellow crystals of complex 2
(PFg), suitable for a sc-XRD study, were obtained by slow
diffusion of Et,0O into a THF solution of 2 (PF;). The mono-
hydride [(TIMEN™)Ni(H)]*, 2%, features a distorted square planar
geometry with a 7, geometry index value of 0.19,%” and the
hydride shifted up by 0.39(4) A out of the tris-carbene plane.
The position of this hydridic H atom (H1) was taken from a
difference Fourier synthesis, and its positional parameters were
refined without restrictions, resulting in a Ni-H bond length of
1.61(4) A. This value agrees well with the only other reported
neutron crystal structure of a nickel complex having terminal
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hydride ligands, where the Ni—H distances were determined at
1592, 1.640, and 1.611 A®® Furthermore, the Ni—C(3), Ni—C(8),
and Ni—C(13) distances in 2 (PF;) are 1.901(3), 1.937(3), and
1.892(3) A, respectively, with the longest one, Ni—C(8), trans to
the hydride. Also, the Ni—N,.. distance in 2 (PF;) was
determined at 2.747(3) A and the anchor is - similar to zero-
valent 1 - considered non-coordinating. Moreover, (2) features
C(3)-Ni—H and C(13)-Ni—H angles of 84(2)° and 81(2)°, as well
as C(3)-Ni—C(8) and C(13)—Ni—C(8) angles of 100.39(12)° and
95.20(12)°, respectively.

Subsequently, by adding another equivalent of the lutidi-
nium salt to the Ni" hydride solution, 2%, the yellow color
intensifies, H, bubbles appear, and a new Ni species
[(TIMEN™)Ni(NCCH,)I**, 3*™, is formed. The evolution of H, can
be detected as a characteristic singlet resonance at 0=
4.55 ppm in the '"H NMR spectrum of 2% in [Dg]THF (Fig-
ure 527).5 Dihydrogen formation was further confirmed by gas
chromatography (GC) with a thermal conductivity detector
(TCD, see the Supporting Information). To verify the origin of
the evolved H,, [[D]-2,6-lutidinium](BPh,) was prepared for
protonation. HD production is confirmed when [Hlut]* is used
as the first proton source, while [Dlut]™ is used as the second
(Figure S37). This observation affirms the protonation of the Ni°
complex to form the nickel hydride, which then produces HD
upon the addition of D™ to the solution of 2*. Next, [Dlut]* was
used as the only proton source and, accordingly, D, gas could
be detected; additional formation of HD is explained by the
[Hlut]™ impurity in [DIut]™ that has been confirmed by 'H NMR
spectroscopy. Thus, the production of H, through a nickel
hydride complex is fully supported. Moreover, to prove the
quantitative formation of H,, the evolved gas was collected
with a gastight syringe and analyzed by GC-TCD, thereby
confirming that the yield of H, exceeds 86% (see the
Supporting Information).

Yellow crystals of [(TIMEN™)Ni(NCCH,)I(BPh,), (3 (BPh,),)
were obtained by slow evaporation of an acetonitrile solution
of 3%*, and the solid-state structure of 3 (BPh,), was determined
by sc-XRD (Figure 1, right). In dicationic 327, the Ni ion is five-
coordinate in a GN, ligand environment, in which the central
Ni ion possesses a distorted square pyramidal geometry. The
three individual Ni—Cy,c bond distances are equivalent within
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the 3-o-criterion, giving an average Ni—Cyyc bond length of
1.911(2) A. In addition to the chelate’s three carbene carbons,
one acetonitrile molecule is bound in the equatorial position
(d(Ni—N¢,3cn) = 1.8986(10) A), thus, replacing the hydride. In
contrast to 1 and 2%, the N-anchor is now coordinated to Ni
with d(Ni—N,, o) =2.3917(11) A. Moreover, the yellow powder
was isolated and characterized by 'H and *C NMR spectroscopy
and showed a diamagnetic behavior (Figures S20-526).

V H+
Reduction Oxidation

(
Z, N 2 N
ﬁ 7N/ N] 7« N i(( ]
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(3 o 2+ @

Figure 2. Synthetic cycle for Ni-based H, formation from H*.

Owing to the gradual reaction between nickel hydride (2)*
and protons in THF solvent, an intermediate was detected in
the reaction solution by '"H NMR spectroscopy. Accordingly, a
variable-temperature (VT) NMR study was set up to follow the
reaction (Figures S28 and S29). To a frozen solution of
compound 1 in [Dg]THF, 2.5 equiv. of [2,6-lutidinium](BPh,) in
cold [Dg]THF were added, immediately frozen, and subjected to
an NMR experiment at —80°C. During the second protonation
step, the resonance at~ —14.3 ppm, assigned to the hydride in
2%, starts decreasing in intensity, while a new resonance at=
—22.3 ppm appears and increases over the temperature range
from —20 to +20°C. After full conversion, the resonance at=
—22.3 ppm begins decreasing again, and the formation of the
diamagnetic Ni' complex, (3™)*", is observed (4 40°C). Clearly,
the resonance at~ —22.3 ppm originates from an intermediate
species (INT), which forms upon the reaction of hydride 2% with
a proton and before the evolution of H, gas with the formation
of (3™7)**. At this point, we suggest that INT is a Ni' species
with a bound H, molecule. To close a synthetic cycle, zero-
valent 1 can be regenerated by adding two equivalents of KCq
to a THF solution of 3?*, upon which a new H, evolution cycle
can start (Figure 2).

DFT calculations were undertaken to establish a reaction
mechanism and to reveal the molecular structure of INT. The
reaction profile in Figure3 was calculated at the
TPSSh—D4(SMD=MeCN)/def2-TZVPP//r*SCAN-3c level of theory
(for r’'SCAN-3c, PBE, PBEQ see Figures S44, S45). Starting with
the Ni° complex 1 and ending up with the Ni' hydride 2*
asserts that protonation in the two proposed positions is
feasible, specifically equatorial and axial to the Ni-carbene
plane. The equatorial position appears more favorable (AG=

AG
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Figure 3. Energy profile obtained at the TPSSh—D4(SMD=MeCN)/def2-TZVPP//r*SCAN-3c level of theory. Compounds (3™)** and (3"*)*" relate to the reaction
in THF (SMD=THF) with and without coordination of one solvent molecule. For further isomers, see Figure S49.
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—155 kJmol™ for 2 vs. AG=—105 kimol™' for (2*)%). Whereas
the potential energy surface is flat (Figure S47), the second
protonation proceeds, consistent with a slow reaction in the
cold, with an estimated barrier of AG™= +61 kJmol™' = +155
—94 kJmol™". With regard to the Ni'-H, complex, INT (AG=
—119 kJmol™), the computational analyses reveal that the H,
molecule binds perpendicular to the Ni-carbene plane, slightly
raised upwards. Seemingly contradictory to the experiment, the
formation of INT is predicted to be slightly uphill (AG=+36=
—119+155) kimol™". This ambiguity is likely due to computa-
tional shortcomings of the implicit solvation model (Figure S48)
to properly treat low-coordinate neutral, monocationic, as well
as dicationic species.*” Notably, INT is predicted to stand in
equilibrium (AG= +119-108=+1kJ; AG" = +22kimol™'=
—97 4119 kimol™") with the dihydrido complex INT*". Intrinsic
bond orbitals (IBOs)*" for the latter, formally tetravalent nickel
complex (Figures S55 and S56), suggest an inverted ligand
field,"*? thus lowering the metal’s oxidation state. Such inverted
ligand fields have been likewise proposed for nickel alkyl
complexes with a formal Ni" valence state.***? Scalar-relativistic
DFT computations did not allow to distinguish between INT
and INT"" based on the computed 'H NMR shifts. However,
note that INT and INT*" should, in any case, swiftly interconvert
at the NMR timescale (calculated half-life for AG™= +
22 kJmol™" at —80°C based on first-order kinetics: ~0.1 us).
Dihydrogen release proceeds with a low barrier (AG*= +
71 kJmol™'=—-84+155 kJmol™") and, in principle, is reversible
in THF (AG=—122 kimol™"); however, the coordination of the
stronger donating acetonitrile renders this elementary step
irreversible (AG=—175 kJmol™).

In the sight of scarce reports on Ni' dihydrogen complexes,
the computed structure of INT was analyzed in more detail
(Figure 4, top). The computed H—H bond length of 0.83 A is
moderately longer than that in free H, (0.74 A). Dihydrogen
complexes with H-H bond lengths between 0.8-1.0A are
commonly referred to as “Kubas-type” complexes.**™*! Still,

o: HOMO-59
Figure 4. Computed structural parameters of INT (top); calculated bond

lengths are given in [A]. o-Bonding (HOMO — 59, bottom left) and 7-
backbonding interactions (HOMO — 4, bottom right) in INT.
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nickel dihydrogen complexes are uncommon, and, to date and
to the best of our knowledge, only a few of them have been
reported.***¥ |n 2012, Heinekey and co-workers reported the
first sc-XRD data for a structure with H, coordinated to a square
planar Ni' center (dy;=0.92A, determined by NMR
spectroscopy).”” In 2012,%? Peters and co-workers reported a
thermally stable Ni'—H, complex (DFT: d,,,=0.816 and 0.810 A
for iPr and Ph groups in tris-phosphinosilyl ligands) and, later,
the first d"” Ni-H, compound (d, ;=0.827 A, by NMR
studies).” In 2015, and later in 2019 and 2020, Lu and co-
workers reported hetero-dinuclear In—Ni—H, (dy,_,=0.80(2) A, by
NMR, and 0.92(3) A by XRD studies) and Ga—Ni—H, complexes
(dy.y=0.86 A, by NMR studies).?***"" Computationally eluci-
dated, transient examples feature similar H—H bond distances
(e.g., for truncated model systems of bis-phosphine ligands:
dyy~0.90 A).5¥ We also performed several '"H NMR measure-
ments to identify proper reaction conditions to measure the
relaxation time (7,)® of the H, resonance. The only conditions
to observe INT are shown in the reaction sequence shown in
Figures S28 and S29, and described as follows: Starting from
[NIi(TIMEN™)] (1), the addition of the proton source in the THF
solvent yields the hydride complex [(TIMEN™)Ni(H)]*, 2.
Subsequently, the hydride 2* rapidly reacts with another equiv.
of H' to form the intermediate H, complex, INT, that swiftly
releases H, and gives the sparsely soluble Ni'" species
[(TIMEN™)Ni(NCCH,)], 32, which precipitates. Thus, conditions
that provide a sufficient and constant concentration of the
Ni'-H, complex, INT, could not be achieved.

We conclude that H—H bond activation in INT is weak, thus,
further rationalizing its transient nature. Indeed, analyzing the
canonical molecular orbitals in INT (’SCAN-3c) corroborates a
weak o-bonding interaction with the formally vacant d. .
orbital, buried in the HOMO-59 (Figure4, bottom left;
Figures S50 and S51). n-Backbonding by the d,, orbital with the
H, ligand, which is not well aligned along the z-axis and, thus,
also allows for small overlap with the d,, orbital (Figures S52
and S53), is likewise weak (Figure 4, bottom right). Energy-
decomposition analysis, using natural orbitals for chemical
valence (EDA-NOCV) with the TPSSh functional (Figure S54),
estimates the stabilization by these two orbital interactions at
merely —92 kimol™ (c-bonding) and —38 kimol™" (n-back-
bonding).

Conclusions

In conclusion, this study reports the synthesis, characterization,
and reactivity of the tris-N-heterocyclic carbene nickel complex
[Ni(TIMEN™)] (1). Zero-valent 1 was assessed for H, evolution
through protonation with lutidinium salts. The products from
two protonation steps, the Ni' hydride [(TIMEN™)NiH]*, 2*, and
acetonitrile complex [(TIMEN™)Ni(NCCH,)]*", 3**, were isolated
and characterized. The formation of H, was verified by '"H NMR
spectroscopy and quantified by GC-TCD. A low-temperature 'H
NMR study suggested the formation of a rare nickel dihydrogen
intermediate, namely [(TIMEN™)Ni(H,)]** (INT), which was
identified by a characteristic 'H NMR resonance at —22.3 ppm.
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DFT calculations proposed a reaction profile and the molecular
structure of INT, establishing a weak interaction between the Ni
center and the H—H bond. Current and future efforts will focus
on the (electro-)catalytic generation of H, from Ni-based NHC
complexes.

Experimental Section

Details about the characterization methods, including NMR spectro-
scopy, gas chromatography, cyclic voltammetry, IR vibrational, UV/
vis electronic absorption spectroscopy, single-crystal X-ray crystallo-
graphic data, and computational details are presented in the
Supporting Information.

Deposition Numbers 2235581 (for 1), 2235582 (for 2 (PF)), and
2235583 (for 3 (BPh,),) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

Synthesis of [Ni(TIMEN™)] (1): TIMEN™ (243 mg, 0.571 mmol) was
added to a cold suspension of Ni(COD), (141 mg, 0.514 mmol) in
5mL THF, and the color turns red immediately. The solution was
stirred for one hour and the solvent was evaporated. The red
powder was achieved with extraction from the crude product using
3mL of diethyl ether and n-hexane, each. Yield: 184 mg,
0.380 mmol, 74%. Elemental analysis calcd. (%) for C,4H3oN,Ni: C
59.52, H 8.12, N 20.24; found: C 59.67, H 8.24, N 20.11.

Synthesis of [(TIMEN™Ni(H)I(BPh,), (2 (BPh,): [2,6-Lutidi-
nium](BPh,) (49 mg, 0.114 mmol) was added to a cold solution of
Ni(TIMEN™) (55 mg, 0.114 mmol) in 5mL of THF, and the color
changes to yellow immediately. After 1h of stirring, THF was
reduced by evaporation, and Et,0 was added to the solution. The
yellow precipitate was filtered and washed with Et,0O and n-
pentane. Yield: 88 mg, 0.109 mmol, 96%. [(TIMEN™)Ni(H)1(PF,) (2
(PFg)): Ni(COD), (109 mg, 0.396 mmol) was dissolved in 3 mL of THF
and added to a suspension of [H,TIMEN™](PF,); (340 mg,
0.394 mmol) in THF. KOtBu (88 mg, 0.784 mmol) was dissolved in
2 mL of THF as well and added dropwise to the suspension. Yield:
201 mg, 0.319 mmol, 81%. Elemental analysis calcd. (%) for
CoaHaoFsN,NiP: C 45.74, H 6.40, N 15.56; found: C 44.91, H 5.85, N
14.99.

Synthesis of [(TIMEN™)Ni(NCCH,)I(BPh,), (3 (BPh,),): [2,6-Lutidi-
nium](BPh,) (70 mg, 0.164 mmol) was added to a cold solution of
[Ni(TIMEN™)] (36 mg, 0.074 mmol) in 5mL of THF and the color
changes to yellow immediately. After 1h of stirring, THF was
reduced by evaporation, and Et,0 was added to the solution. The
yellow precipitate was filtered and washed with Et,O and n-
pentane. The yellow crystalline material was obtained from an
acetonitrile  solution at room temperature. Yield: 81 mg,
0.072 mmol, 97 %. [(TIMEN™)Ni(NCCH,)I(PF¢)(BPh,) (3 (PF)(BPh,)):
[2,6-lutidinium](BPh,) (29 mg, 0.068 mmol) was added to a cold
solution of [(TIMEN™)Ni(H)I(PFs) (35 mg, 0.055 mmol) in 5mL of
CH,CN. After 1 h of stirring, acetonitrile was reduced by evapo-
ration, and yellow crystalline material was obtained from the
solution at room temperature. Yield: 50 mg, 0.053 mmol, 96%.
Elemental analysis calcd. (%) for C,,Hg,B,NgNi: C 76.37, H 7.10, N
9.63; found: C 75.91, H 7.19, N 9.49.
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