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A Ni() complex with an NoP,-type ligand, [Ni(Ly)2l(BF4), (Ly = 2-((diphenylphosphino)methyl)-pyridine), was
prepared and characterized structurally, spectroscopically, and electrochemically. Its electrochemical
hydrogen production capability was investigated and compared with that of a previously reported Ni(i)
complex bearing an amino group in the ligand, [Ni(Lnw,)2l(BFa)2 (Lan, = 6-((diphenylphosphino)methyl)-
pyridin-2-amine). The X-ray crystal structure was revealed to be a four-coordinate square planar structure
(t4 = 0.25) in the cis form, with the counter anion BF,~ weakly coordinated to the Ni(i) ion. The structure in
the solution was assessed on the basis of UV-vis and NMR spectral features, which showed a four
coordinate square planar structure in dichloromethane and a five- or six-coordinate structure bound with
solvent molecules in acetonitrile. The electrochemical hydrogen production reaction using AcOH as a
proton source showed a similar behaviour to that of [Ni(Lyn,)2l(BF4)z, with the catalytic current (icad
proportional to the square root of the concentration of AcOH added. This indicates that the reaction
mechanism is EECC and that the rate-determining step is the reaction of the two-electron reduced Ni(0)
species with the approaching proton to form the Ni()—H™ species. The TOF and overpotential values, when
evaluated under the same conditions as in a previous study (complex: 1 mM, electrolyte [n-BusN]J(ClOy):
0.1 M in MeCN (3 mL), AcOH = 145 equiv. (pKa = 22.3 in MeCN)), were found to be 1060 st and 710 mV,
respectively. These values were higher for the overpotential and smaller for TOF, as compared to those of
[Ni(LNHZ)Z](BF4)2 (TOF 8800 s7%, overpotential 430 mV). The structure of the starting material [Ni”(LH)Z]2+ and
the formation of the hydride Ni(i) complex [Ni'(Lj),HI*, a reaction intermediate in the hydrogen evolution
reaction, were evaluated by DFT calculations. The results of the hydrogen evolution behaviour of these two
complexes show that the electron-donating amino group plays an important role in the hydrogen evolution
reaction, not only capturing protons but also increasing the basicity of the pyridyl N atom.
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Introduction

Hydrogen is a substance that has recently attracted attention as
a clean energy source that can replace fossil fuels, because
hydrogen produces only water during combustion. However,
the current industrial method of hydrogen production, steam
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reforming," is not a clean energy source because it is based on
fossil fuels and produces greenhouse gases. Therefore, in
recent years, the use of electrolysis of water to achieve a
completely clean energy cycle has been attracting attention.’
This is also attracting attention as a method that can preserve
electrical energy, which is not suitable for long-term storage, in
the form of chemical substances. Electrochemical hydrogen
generation requires the use of a catalyst. Since precious metals
such as platinum are currently required,’ there is a need for
development of methods to use more abundant metals as
catalysts.

On the other hand, in nature, the enzyme hydrogenase
catalytically produces hydrogen using water-derived protons
under mild conditions.*” [FeFe]-hydrogenase, one of the hydro-
genase enzymes, has two iron atoms in its active site and
produces molecular hydrogen with a TOF of 6000-9000 s *.*
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Recent structural and functional studies of the active site of
[FeFe]-hydrogenase have revealed that its catalytic activity is
achieved by the following mechanism, that is, a base is present
near one of the two iron centres, which transfers and supplies
protons one after another, and then another iron centre
reduces the proton to hydride, which combines with the next
proton to produce H,. In addition, [NiFe]-hydrogenase has the
same hydrogen production function as [FeFe]-hydrogenase.
In the case of [NiFe]-hydrogenase, Ni acts primarily as a proton
trapping site, and protons are reduced to hydride species due to
the flexible valence character of the Ni atom.”

Based on these studies, electrochemical hydrogen produc-
tion catalysts have been developed using transition metal
complexes of iron,® nickel,” and other abundant metals such as
manganese,® cobalt,’ copper,'® and molybdenum."" For example,
DuBois et al. reported electrochemical hydrogen production using
a phosphine-type nickel complex with a secondary amine as the
proton-transferring site, mimicking the structure of [FeFe]-
hydrogenase.” The Ni complex showed high catalytic activity with
TOF exceeding 100 000 s~ * in MeCN containing a small amount of
water. However, the catalyst developed by DuBois et al. required
the use of a strong acid, [[DMF)H]" (pK, 6.1 in MeCN). Jones et al.
also developed a Ni complex of an S,P,-type ligand with a
ferrocene substituent that mimics [NiFel-hydrogenase and
achieved electrochemical hydrogen production under weakly
acidic conditions using acetic acid (AcOH) (pK, = 22.48 in
THF).” Their excellent work also revealed a reaction intermediate
in which the nickel centre/site is protonated. However, its TOF
was only 1240 s™', which was not comparable to the case of
hydrogen production by the strong acid used by Dubois et al., as
described above.

There are some other reports on hydrogen generation cata-
lysis using nickel complexes. Some of the studies, mainly based
on their experimental approach, are presented as follows: Helm
et al. reported that a square-planar Ni(u) electrocatalyst,
[Ni(7P"",NCHX) |(BF,),, featuring seven-membered ring cyclic
diphosphine ligands with an amine base, in MeCN in the
presence of [(DMF)H]", at the potential of Ni(i/1) couple, showed
efficient electrocatalytic hydrogen evolution."” TOFs of the reac-
tions were accelerated by addition of water. The computational
studies have indicated that the catalytic reaction rate is max-
imised when the pK, of the Ni(i) protonated pendant amine
matches the pK, of the acid used to supply the protons, due to
the electron-donating nature of X. Hammes-Schiffer et al. also
investigated the electrocatalytic hydrogen evolution of Ni-based
complexes with P,”"N," type ligands bearing a pendant amine,
[Ni(P,""N,®),]**, in the presence of strong acids in MeCN and
found a linear dependence of the Ni'"! reduction potential on
pH."® Based on the experimental and theoretical studies, it was
suggested to proceed by a proton-coupled electron transfer
(PCET) process. It was previously demonstrated that the Ni
catalyst with pyridine 2-thiolate, Ni(PyS); ", showed good stability
and activity as a H, generation catalyst for use in solar energy
storage."* Based on the DFT analysis, it was found that the initial
reduction occurs at the nickel site rather than via a non-innocent
ligand and that protonation of the pyridyl nitrogen causes
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de-chelation, but water coordination is not favored.'® The
Ni(DQPD) complex with an N4-type polypyridine ligand with a
quinoline moiety as a proton relay has also been reported to act
as a visible light-driven active catalyst for proton reduction from
water in combination with the photosensitising agent fluores-
cein and triethylamine.'® Sakai et al. also recently reported that a
square-planar Ni(u)(bpy)(dcbdt) hydrogen evolution catalyst
undergoes consecutive two electron reduction reactions to form
[Ni'(bpy *)(dcbdt)]>~, followed by an increase in the basicity of
the filled Ni d,. orbital, which greatly accelerates the proton
abstraction rate."”

We have also previously focused on the amino group near
the metal of the [FeFe] hydrogenase enzyme and synthesized
the Ni(i) complex with a phosphinopyridine-type ligand bear-
ing an amino group, [Ni(Lnu,)2])(BF4)2 (Lnn, = 6-((diphenylpho-
sphino)methyl)-pyridin-2-amine), as a functional model for
hydrogen evolution. The electrochemical hydrogen evolution
using this Ni(u) complex proceeded through an EECC mecha-
nism (two electrons and two chemical steps) and resulted in a
large TOF despite the low overpotential in the presence of a
weak acid such as AcOH.'® The elucidation of this effect has
important implications for the role of this complex and other
catalysts with proton transfer sites in hydrogen evolution by
[FeFe] hydrogenase. It is very important to determine at this
stage whether the amino group plays a role as a proton transfer
site in the catalytic activity of hydrogen production. In Scheme 1,
a schematic diagram of the proton transferring behaviours of the
nickel complexes with and without amino groups is shown; the
Ni(u) complex is an electrochemically reduced to a Ni(0) species,
where the Ni(0) atom is presumed to be considerably electron
rich, and the added proton is considered to approach the
electron-rich Ni(0). If the amino group has any influence on
the behaviour of the protons, it is likely to affect the formation of
the Ni-hydride complex. Therefore, the next step is to synthesize
Ni(u) complexes without amino groups in the second coordina-
tion sphere and to investigate their effect on hydrogen produc-
tion behaviour in order to elucidate the role of the amino groups.

In this paper, the Ni(u) complex [Ni(Ly),](BF4), (1) with a
phosphinopyridine type ligand Ly (Ly = 2-((diphenylphosphi-
no)methyl)pyridine) without any amino groups as a proton
transfer site was synthesized and its electrocatalytic hydrogen
evolution behaviour was studied. The results were compared

(a) (b)

Scheme 1 Effects of the (a) presence and (b) absence of amino groups in
the second coordination sphere on the first step in hydrogen production
using Ni complexes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with those reported previously for the Ni(i) complex with an
amino group, [Ni(Ly,)2](BF4)2, and the role of the amino group
was discussed. The hydrogen production mechanism of this
system was also proposed.

Results and discussion

Synthesis and characterization

The synthesis of a Ni(u) complex with Ly, [Ni(Ly),](BF4)2 (1),
was carried out based on a previous study.'® The purity of
complex 1 was confirmed by elemental analysis. Fortunately,
the recrystallization of complex 1 in MeCN/Et,O yielded
reddish-orange needle-like crystals with the Fdd2 (#43) space
group, which were orthorhombic crystals, as confirmed by X-ray
crystallography (Fig. 1 and Table S1, ESIf). In the crystal
structure (Tables S2 and S3, ESIf), complex 1 had a four-
coordinate square planar structure (t, = 0.25)"° with Ni-P1 =
2.1760(6) and Ni-N1 = 1.952(2) A and existed only in the cis
form in the unit cell. This shows almost the same coordination
structure as that previously reported for [Ni(Lnu,)>](BFa)s,"*
and it is presumed that this coordination is the result of
preventing repulsion due to the trans effect. The Ni-P1 and
Ni-N1 bond lengths are in the range of previously reported
bond lengths (Ni-P = 2.154-2.214 A and Ni-N = 1.901-1.969 A)
of a low spin Ni(1) complex with chelating diphenylphosphino-
pyridine ligands, respectively."®?° The closest distance between
Ni and the counter anions was Ni- - -F = 3.394(2) A, indicating
that the BF,” anions were weakly coordinated to the Ni atom
and were unlikely to be involved in the formation of the Ni-H
bond in the catalytic cycle in solution.

Next, UV-vis absorption spectra were examined to study the
structure of complex 1 in solution. In homogeneous catalysts,
the structure in solutions is more relevant to the catalytic cycle
than that in the crystalline state. UV-vis absorption spectra of

Fig.1 ORTEP drawing of the cationic part [Ni(Ly),?" of complex 1
with 50% ellipsoid probability. The counter anions and H atoms are
omitted for clarity.
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complex 1 (1 mM) dissolved in MeCN and CH,Cl, showed
intense absorption bands at 428 nm (¢ = 504 M~ ' cm ™)
(Fig. 2) and at 407 nm (¢ = 335 M ' cm ') (Fig. S1, ESI{),
respectively. Absorptions observed in the 400-550 nm region
have been attributed by previous studies to d-d transitions
originating from the square planar Ni(in) complex and LMCT
band from the ligand to the Ni(u) ion.*' In the case of
Ni(u) complexes, absorptions originating from octahedral and
tetragonal pyramidal structures are usually observed around
900-1100 nm in addition to absorption around ~400 nm."®
However, no specific absorption was observed in either solution
for complex 1, while a slightly smaller one was visible in MeCN
(inset in Fig. 2). This suggests that complex 1 maintains mainly
a four-coordinate square planar structure in solutions.

In order to investigate the structure of the Ni(u) complex
containing cis/trans isomers in solution, "H and *'P{'"H} NMR
spectroscopy measurements were also carried out. Interest-
ingly, 'H (Fig. S2, ESIt) and *'P{'"H} NMR (Fig. S3, ESI{) of
complex 1 in MeCN-d; both showed broadened paramagnetic
spectra, while those (Fig. S4 and S5, ESIt) in CD,Cl, exhibited
sharp diamagnetic ones. Based on the crystal field theory, the
square planar structure is expected to be a low-spin Ni(u)
complex, which is diamagnetic, while the octahedral or tetra-
gonal pyramidal structure is predicted to be a high-spin Ni(u)
complex, which is paramagnetic.'"®” Therefore, in MeCN,
complex 1, which shows paramagnetic properties in MeCN-d3,
seems to form a five- or six-coordinate structure bound with
MeCN, while the diamagnetic properties exhibited in CD,Cl,
suggest that it is a square planar structure. Different results for
the coordination structures of complex 1 in these solutions
appear to have been obtained in the NMR and UV-vis spectra.
Presumably, the MeCN molecule interacted weakly with the
Ni(1) complex, but only to the extent that it was undetectable in
the UV-vis spectrum, as discussed in the calculations below.
By the way, 'H and *'P{"H} NMR spectra in both solutions
showed that complex 1 is present as only one isomer each.
These findings suggest that complex 1 exists only in one isomer
in solution as well as in the crystal structure, and only in the cis-
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- 700 (504 M-1em-") 5000003
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Fig. 2 UV-vis spectrum of complex 1 (1 mM) in MeCN. The inset shows
the spectrum measured at high concentration (8.58 mM) in the long
wavelength region (800-1200 nm).
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isomer in solution, although there may be differences in
solvent coordination. Subsequent electrochemical and other
measurements were performed in MeCN for comparison with
the previously reported complex [Ni(Lyg,)2](BF4),."*”

Electrochemical measurements

Cyclic voltammetry (CV) measurements of complex 1 (1 mM)
were carried out in MeCN solution containing 100 equiv. of
electrolyte (0.1 M TBAP ([n-Bu,N](ClO,)) under inert gas condi-
tions with sweep rates varying from 100 to 500 mV s~ in steps of
100 mV s~ . The results are shown in Fig. 3, and the redox waves
attributed to Ni(1/1) and Ni(1/0) are summarized in Table 1. Redox
waves originating from Ni(u/1) and Ni(1/0) were observed as quasi-
reversible and irreversible systems at E;, = —0.86 V (AE =
140 mV) and E,. = —1.73 V, respectively. An oxidation wave of
Ni(1/0) was observed around —1.5 V, but it was much smaller
than the reduction wave, which was interpreted as the Ni(1/0)
reduction wave occurring almost irreversibly. The finding that
the redox potentials of the Ni(n/1) and Ni(y0) couples in the CV of
complex 1 were attributed to one-electron reduction, respec-
tively, was confirmed by the observation of waves corresponding
to the Ni(i/1) and Ni(1/0) potentials at the same current values in
the differential pulse voltammetry (DPV) method, carried out
under the same conditions as the CV measurements. The DPV
results are presented in Fig. S7 (ESIT) and the current integrals in
Fig. 3 together with the CV of complex 1.

Each peak current (i) is proportional to the square root of the
sweep rate (Fig. 4), indicating that this system functions as a
homogeneous system and a diffusion system rather than an
adsorption system at the electrode surface.>” The redox waves of
Ni(u/1) are observed at almost the same positions as the previously
reported complex with amino groups, [Ni(Lny,):](BFs)s (Evz =
—0.82 V, AE = 90 mV)."®” On the other hand, the reduction wave

I1/A

T
-1.5 -2

-0.5 -1
E/V vs. Fc/Fc¢*

N0y
NI \
N

I/A

500 mV/s

I 100 mV/s

0 -0.5 -1 -15 -2 -2.5
E/V vs. Fc/Fc*

Fig. 3 Cyclic voltammograms (bottom) of complex 1 in MeCN, as mea-
sured at several sweep rates and current integral (upper) estimated by DPV.
Note that the redox potential of ligand Ly may be observed in this region,
but as shown in Fig. S6 of ESI, ¥ no such wave was detected when the CV
measurement of ligand Ly was carried out under the same conditions as
complex 1, and the wave is due to the Ni(i/0) couple of complex 1.
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Table 1 Cyclic voltammetry results (V vs. Fc*/Fc) for complex 1 in MeCN

Ni(u/1) Ni(1/0)
EpC/V —0.93 —1.73
EpalV ~0.79
E1p/V —0.86
AE/mV 140

of Ni(1/0) was observed to be more negative than that of the
complexes reported in the previous study (Ep, = —1.55 V)."*” The
finding that the Ni(u/1) redox potentials did not change signifi-
cantly between Ni complexes with or without an amino group and
the Ni(1/0) redox potentials of the Ni complex with the amino
group shifted towards the positive side compared to that without
the amino group suggests that the Lewis acidity of the Ni atom
decreases when reduced to Ni(1) and the electron density of the
amino group nitrogen increases in the Ni complex with the amino
group. The interaction between the amino groups with the large
electron density and the solvent molecules is considered to have
strengthened and then the reduction potential of Ni(1/0) shifted to
the positive side.

Electrochemical hydrogen production

Electrochemical measurements were performed using AcOH as
a proton source to realize electrochemical hydrogen production
by the Ni complexes. However, it is necessary to consider the
possibility that the coordination of AcOH may interfere with the
hydrogen generation mechanism because of its coordination
ability. Therefore, the possibility of AcOH coordination was
investigated by tracing UV-vis spectra (Fig. S7, ESIT). As a result,
in the case of complex 1, the absorption derived from the
square planar structure of Ni(u) complex was not attenuated
and that originating from the octahedral or square pyramidal
structure did not rise by addition of AcOH in the range of 0-
290 equiv. This means that, in this range, deactivation of the
catalyst due to AcOH coordination does not need to be taken
into account. Thus, electrochemical hydrogen production
experiments were performed under the same conditions as
the CV measurements described above, using AcOH (pK, =
22.3 in MeCN) added dropwise as the proton source. The
results are shown in Fig. 5(a). The Ni(u/1) and Ni(1/0) reduction
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Fig. 4 Plots of iy/pA vs. (scan rate)2/(mV s™)Y2 of Ni(i/)) (left) and Ni(/0)
(right) of complex 1 in MeCN.
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Fig. 5 (a) CVs and (b) plots of icalip A vs. (ACOH)2/(mmol L=9*2 of
complex 1 (1.0 mM) in the presence of 0-203 equiv. of AcOH (pK, = 22.3

in MeCN) in MeCN containing 0.1 M TBAP at room temperature under an

Ar atmosphere, recorded at a scan rate of 500 mV s,

potentials did not change under the acidic conditions, and the
onset potential of the catalytic current was found to be around
—1.7 V, indicating that this catalyst facilitated a two-electron
reduction through the EECC mechanism. As shown in Fig. 5(b),
the catalytic current (i.,) is proportional to the square root of
the concentration of AcOH added. This is in good agreement
with the case of [Ni(Lymu,)2](BF.), reported in a previous
study.'® As can be seen from eqn (2) and (3),”%** i. is
proportional to x/2 power of the acid concentration (x is the
reaction order with respect to the acid). Thus, the hydrogen
production reaction is estimated to be x = 1, indicating that the
reaction is the first order. This also means that the rate-
determining step of the reaction is the stage in which the first
proton reacts with Ni(0) to form the hydride Ni(u) species.

i, = 0.4463FA[cat]\/FvD/RT )
icat = nFA[cat]y/ (K[H*]") (2)

et /i = 1/0.4463\[RT(K[H*]")/ Fy 3)
kobs = k[H']" (4)

Kobs = 1.94v (icat /i) (5)

where n = number of electrons transferred, D = diffusion

© 2024 The Author(s). Published by the Royal Society of Chemistry
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', A = electrode area in cm?, [cat] =
concentration in mol cm ™, F = Faraday constant in C mol ™7,
v = scan rate in V s, T = temperature in K, R = ideal gas
constant in K~ ! mol™?, k = rate constant, and x = reaction order
with respect to acid.

Turnover frequency (TOF) is calculated using a ratio of ica/i;
(eqn (3) and (4)), where i., is the peak current of the reduction
wave in the presence of acid (eqn (2)) and 7, is the peak current
applied to a reversible and one electron wave in the absence of
acid (eqn (1)).”“** As defined in eqn (2), the value of i is
independent of the scan rate. Studies on the scan rate depen-
dence of i.,; show that the scan rate independence is achieved
only at a scan rate of 0.7 V s~ " and greater. Eqn (5) is obtained
by simplifying eqn (3) and (4).

Next, in determining the overpotential, there is one more
thing to note here. It is the problem of the homoconjugation of
AcOH in MeCN, which was used as a proton source in this
study. This depends on the concentration, which should be
paid attention for evaluation of overpotential. It is thought in
this system to mainly be a homoconjugate species under the
evaluation conditions of the catalytic activity (25 mL in total
3 mL of MeCN; ca. 200 mmol L' of AcOH). Foumond et al.
reported that it is not possible to exactly determine the over-
potential of a system wherein a homoconjugate species is
predominantly present.>* However, for convenience, we decided
to use the equations shown above for the evaluation of the over-
potential, just as the system with a non-homoconjugate acid,
because the complexes compared in this study are structurally very
similar to each other under the same reaction conditions. The

coefficient in ecm? s~

overpotential can be calculated as the difference between Ey+ and
catalytic potential E.,, (eqn (6) and (7)), where Eyy- is the thermo-
dynamic potential (for H'/H, reduction) and E,, is the observed
catalytic half-wave potential for AcOH reduction in the presence
of complex 1.*** In MeCN, E}. was recently determined to be

—0.028 + 0.008 V vs. Fe/Fc' through open circuit measurements.>*”?
En+=E}: — 0.05916 x pK, (6)
overpotential = |Ey+ — Ey 2| )

where E{. is the standard potential of the reduction of
protons in V.

Using the above equations, the TOF and overpotential of
complex 1 were evaluated to be 1060 s~ and 710 mV, respec-
tively, where they were evaluated under the same conditions as
in the previous study (AcOH = 25 pL (145 equiv.), scan rate =
500 mV s~ ') and are summarized together with them in Table 2.
First, the TOF was found to be reduced to 1/8th of 8800 s~* for
[Ni(Lng,)2)(BF4), in the previous study.'®” This reduction in
catalytic activity is thought to be due to the absence of amino
groups, which are proton-transferring sites, in complex 1,
resulting in a slower supply of protons from outside the system.
More unfortunately, the overpotential became very large. This
suggests that the amino group of [Ni(Lys,)2](BF4),'®” has some
significant effects, such as proton-transfer, on the decrease in
the overpotential. Overpotential is made up of the sum of the
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Table 2 TOF values and overpotentials in hydrogen production by addi-
tion of AcOH (25 pL) using complex 1 and [Ni(LNHZ)Zl(BF4)2, asrecorded ata
scan rate of 500 mV st

TOF/s™* Overpotential/mV
Complex 1 1060 710
[Ni(Lnr,)>)(BF4)a 8800 440

following three components: activation overpotential, concen-
tration overpotential, and resistance overpotential. In complex
1, there are no functional groups such as amino groups to
transfer protons in the vicinity of the metal of the reaction
centre. Of course, the other two effects could be considered, but
they are unlikely to be significant. As a result, the concentration
of raw material protons near the reaction centre is thought to
be reduced due to the absence of amino groups. In other words,
the concentration overpotential due to the absence of protons
in the vicinity of the active centre is considered to have been
higher in complex 1 than in the case with amino groups.>® This
can also be supported by the fact that in the hydrogen produc-
tion reaction using AcOD, the plots of the catalytic currents
proportional to the square root of the acid concentrations
showed a large heavy-atom effect (Fig. S9(a) and (b), ESIt).

Preparation of a hydride Ni(u) complex intermediate

In this study, electrochemical hydrogen production in MeCN
has been investigated using AcOH as the proton source and
using complex 1 without amino groups. Before discussing the
reaction mechanism, it is necessary to confirm the formation
and presence of a hydride Ni(u) complex intermediate, which is
produced by the reaction between the Ni(0) species and the
approaching protons. So, to demonstrate this possibility, the
intermediate species produced by the reaction of a separately
generated [Ni%(Ly),] complex with NH,PF4 as the H™ source were
studied in THF-dg in the NMR sample tube under anaerobic
conditions. The sample for ESI-MS measurements was also pre-
pared in the same way. First, in the ESI-MS spectrum (Fig. S10,
ESIt), fortunately a main ion cluster was obtained at m/z = 613.49
in positive mode, which is in good agreement with the mass of the
complex [Ni"(Ly),H]" in the simulation. The "H NMR spectrum of
the resulting solution (Fig. S11, ESIt) contained several chemical
species, which cannot be accurately attributed, but a peak char-
acteristic of the hydride species was observed at —23.9 ppm,
which is in good agreement with values previously reported for
similar hydride nickel complexes.>” This is also consistent with
the values calculated from the DFT calculations described below,
together with the confirmed formation of [Ni"(Ly),H]" from ESI-
MS, which can be attributed to hydride species and is definitely
the NMR peak for hydride species.

Possible coordination of acetate ions to complex 1 and its
electrochemical behaviour

Although no coordination to the Ni(u) ion of complex 1, as
described above, was detected by addition of AcOH, AcO™
remains when it reacts as an acid and the protons are removed
during the hydrogen evolution process; AcO~ may be
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coordinated to the Ni(u) complex. Therefore, the coordination
of AcO™ to complex 1 and its electrochemical behaviour were
investigated using TBA'AcO™. As a result, tracing the absorp-
tion spectral changes due to the addition of TBA'AcO™, two
broad peaks were observed in the range 500-900 nm with an
isosbestic point (Fig. S12, ESIt). This suggests the formation of
a five- or six-coordinated Ni(u) species with AcO™ coordinated to
complex 1. The CV measurements (Fig. S13, ESI{) were also
carried out in this acid concentration range, and the Ni(u/i)
reduction wave shifted slightly to a negative potential with the
addition of TBA'AcO™, while the Ni(1/0) wave did not change
much. This means that even if AcO™~ was coordinated to Ni(i)
species in the electrochemical hydrogen production in this
study, it was removed during the electrochemical reduction to
Ni(0) species. Here, the source of protons for hydrogen produc-
tion is a trace amount of water in the added TBA"AcO™.

Electronic structure of [Ni"(Ly),]** in MeCN as evaluated by
DFT calculations

In order to study the electronic structures of the starting Ni(u)
complex [Ni"(Ly),]*" in MeCN, the energies of the Ni(u) com-
plexes with and without MeCN solvent as the ligand were
calculated for the low- and high-spin states, respectively, using
DFT calculations. The optimized structures of the MeCN-
solvated Ni(u) complex, [Ni"(Ly),(MeCN),]**, and the desol-
vated Ni(n) complex, [Ni"(Ly),]**, in the low- and high-spin
states are shown in Fig. S14 (ESIt). The structural parameters
around the Ni centre of these complexes and their Gibbs free
energies with reference to the low-spin state at room tempera-
ture are listed in Table 3. The optimized structure of the
desolvated Ni(u) complex [Ni"(Ly),]** calculated in the low spin
state, despite taking into account MeCN solution conditions,
was a square planar structure as shown in Fig. S14(a) (ESIY), in
which the Ni-P and Ni-N lengths were in good agreement with
those of the crystal structure in the range of 0.03 A and 0.06 A,
respectively. On the other hand, the optimized structure calcu-
lated in the high-spin state was a distorted four-coordinate
geometry (Fig. S14(b), ESIT), where a solvent molecule has been
desorbed from the equatorial site of the trigonal bipyramidal
structure. The low spin state was 9.7 kcal mol ' more stable
than the high-spin state. These results indicate that [Ni"(Ly),]**
in the crystal is in the low-spin state.

Next, the optimized structure of the Ni(u) complex with two
MeCN molecules, [Ni"(Ly;),(MeCN),]*", was calculated. The
optimized structure of the MeCN-solvated Ni(u) complex calcu-
lated in the low-spin state was a square-planar structure (Fig.
S14(c), ESIt) with MeCN molecules loosely bound to Ni(i) with
Ni-N(MeCN) = 3.555 and 3.560 A, attracted by n-r interactions
(~3.3 A) with aromatic rings of phenyl groups. The optimized
structure of the MeCN-solvated Ni(i1) complex in the high-spin
state was octahedral (Fig. S14(d), ESIT), with the MeCN mole-
cules strongly coordinated with Ni-N(MeCN) = 2.106 and
2.121 A from the apex directions. Interestingly, the low-spin
complex was slightly higher in energy than the high-spin one by
0.4 kcal mol™ " unlike the case of the desolvated complex, or
rather the high-spin and low-spin complexes were almost equal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Gibbs free energies and structural parameters around the Ni centres for [Ni"(Liy),2* and [Ni'(Liy)o(MeCN),J2*2
[Ni"(Lg)o " [Ni"(Lgg)o(MeCN), >
Low-spin High-spin Crystallographic data Low-spin High-spin
S (calc.) 0 1.002 0 1.002
Energy” (kcal mol™")
AE 0.0 12.3 0.0 2.2
AH 0.0 11.6 0.0 0.8
AG , 0.0 9.7 0.0 —0.4
Solvation, AGOQ 1.6 1.3
Bond length (A)
Ni-P 2.189 2.344 2.1771(6) 2.199 2.432
2.192 2.341 2.1628(6) 2.199 2.428
Ni-N(py) 1.999 2.064 1.948(2) 2.003 2.145
1.998 2.061 1.964(2) 2.002 2.151
Ni-N(MeCN) 3.555 2.106
3.560 2.121

9 At 298.15 K, 1 M.

However, the stability of the low-spin di-MeCN complex (Fig. S14(c),
ESIt) appears to be overestimated due to the - interactions as
mentioned above. Although the solvation energy in the high-spin
di-MeCN complex is slightly uphill by 1.3 kecal mol ™", considering
the overestimation of entropy in the bimolecular reaction, the high-
spin  [Ni"(Ly),(MeCN),]** may be dominant in the MeCN
solution.® These results correspond well with the behavior
observed in the aforementioned NMR spectra of the
[Ni"(Lgy)2](BF,), complex in the solution as diamagnetic in CD,Cl,
solution and paramagnetic in MeCN-dg solution.

Structural characterization of a hydride Ni(u) complex
intermediate, [Ni"(Ly),H]", by DFT calculations

It is expected that the two-electron reduction of [Ni"(Ly),]*"
produces [Ni’(Ly),]° prior to the reaction with protons.
[Ni°(Ly),]° has no ligand field stabilization energy due to the
Ni centre with the d'’-configuration. It is therefore not clear
what kind of four-coordinate structure can be obtained. The
optimized structures and energies of the four-coordinate and
three-coordinate structures with a free pyridyl group, respec-
tively, are shown in Fig. S15 (ESIt). The four-coordinate
complex (Fig. S15(a), ESIt) was slightly lower in energy

than the three-coordinate complex (Fig. S15(b), ESIt) by
1.6 kcal mol ', This slight difference in energy would be
sufficient to release the pyridyl group. This flexible coordina-
tion structure allows the formation of the hydride Ni(u)
complex intermediate [Ni"(Ly),H], which is formed by the
initial proton attack on the Ni centre of [Ni’(Ly),]°.

Gibbs free energies of hydride Ni(u) isomers, which could exist
as several isomers, are given in Table 4. The optimized structures of
the low-spin hydride Ni(u) complexes are shown in Fig. 6. The high-
spin counterparts and mono-MeCN solvated low- and high-spin
complexes are also shown in Fig. S16-S18 (ESIt), respectively. As
mentioned in the Computational details section, no isomers with
hydride ligands at the apex position were found.

The low-spin isomers with low energies of around 2 kcal mol
seem to coexist with each other, except for the unstable isomer with
P atoms at the apex- and the ¢rans-positions of the hydride ligand.
The MeCN molecules loosely bound to low-spin complexes have no
significant effect on their coordination structure, except for the case
of MeCN bound to the unstable isomer. In this mono-MeCN
solvated complex, the MeCN molecule bound to the basal plane
pushes one pyridyl group toward the apex position and moves the
other pyridyl group away from the Ni centre. The isomer with N

Table 4 Gibbs free energies and the selected bond lengths in hydride Ni(i) complex intermediates, [Ni"(Ly).HI* and [Ni"(Liy).H(MeCN)J*?

Trans atom of H ™ N P

Apex atom N P N P
Energy (keal mol ™)

desolvated

Low-spin 0.0 1.9 2.3 15.3
High-spin 13.5 9.4 12.3 10.4
Mono-MeCN

Low-spin 0.0 1.5 4.7 5.5
High-spin 13.7 9.5 12.8 13.7
Bond length (A)

desolvated

Ni-H 1.460 1.468 1.489 1.481
Mono-MeCN

Ni-H 1.476 1.468 1.489 1.495
Ni-N(CH;CN) 3.687 3.898 4.015 1.880°

@ At298.15 K, 1 M. * One pyridyl group leaves away from the Ni centre, and the other moves to the apex position, where the MeCN molecule is coordinated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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() trans-P, apex-P

(c) trans-P, apex-N

Fig. 6 The optimized structures of the desolvated low-spin hydride Ni(i)
complexes. Medium, large, shaded, grey, and small circles denote Ni, P, N,
C, and H atoms, respectively. These square pyramidal structures are
distinguished by atoms at the trans position of hydride and at the apex
position: (a) N atoms occupy both positions, (b) N and P atoms occupy the
trans position of the hydride and the apex position, respectively, (c) P and N
atoms occupy the trans position of hydride and the apex position,
respectively, and (d) P atoms occupy both positions.

atoms at the apex and in the trans position of hydride (trans-N,
apex-N in Fig. 6) was the most stable of all. A hydride ligand prefers
a pyridyl group in the trans position for the stable short Ni-H bond.

Regardless of the binding of MeCN to the Ni centre, the low-
spin complex has about 10 kcal mol™' lower energy than
the high-spin complex. In contrast to the case of [Ni"(Ly),]*",
the MeCN coordination did not stabilize the high-spin state.

Table 5 Natural atomic charges and *H-NMR chemical shifts of hydride
Ni(1) intermediates, [Ni"(Ly),H]* and [Ni"(Ly),H(MeCN)]?*

Trans atom of H™ N P

Apex atom N P N P
Desolvated

Ni 0.79 0.82 0.78 0.88
P 0.93 0.97 0.89% 0.88°
P 0.90 0.85° 1.01 0.80°
N —0.57° —0.57° —0.55 —0.54
N —0.58° —0.57 —0.57° —0.53
H —0.23 —0.23 —0.30 —0.32
5 (*H NMR, ppm)° —18.2 —16.9 -8.2 —-8.2
Mono-MeCN

Ni 0.76 0.84 0.73 0.75
P 0.94 0.95 0.90% 0.93%
P 0.92 0.85° 0.98 0.99”
N —0.57° —0.56% —0.57 —0.52
N —0.54° —0.58 —0.49° —0.50
H —0.26 —0.23 —0.29 —0.25
N(acetonitrile) —0.43 —0.43 —0.42 —0.50

“ At the trans position of the hydride ligand. ® At the apex position.
“ The chemical shift of the hydride ligand referenced to 2- and 5-
protons of THF.
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The solvation energy of MeCN defined by eqn (16) in the most
stable isomer (Fig. 6(a)) was positive, 1.6 kcal mol™", and the
bound MeCN molecule was out of the first-coordination sphere
(Fig. S17(a), ESIT). Therefore, it can be said that solvation of
MeCN has no obvious effect on the hydride Ni(u) complex.

Natural atomic charges and '"H-NMR chemical shifts of the
hydride in the low-spin hydride Ni(un) complexes are listed in
Table 5. The calculated "H-NMR chemical shift of the hydride
of the isomer with the pyridyl group attached in the trans
position was about —18 ppm, close to the measured value
(—23.9 ppm). In contrast, the calculated chemical shift of the
hydride of the isomer in which the hydride and a phosphino
group are bound in the trans position was —8 ppm. The
calculated chemical shifts are similar to those previously
reported for Pt(u) hydride complexes and are in good agreement
with the fact that ligands with a high trans influence on
hydrides reduce the chemical shifts.>® This stable isomer is
inferred to have a pyridyl group attached to the ¢rans position of
the hydride, based on the agreement between the observed and
calculated chemical shifts and the calculated energies.

The H ligand subjected to a large magnetic shielding effect
is attributed to be hydride formed by electron transfer from the
Ni(0) centre to the bound proton. Natural population analysis
shows that the negative atomic charge of the coordinated H is
small (—0.2 to —0.3), suggesting that the Ni-H bond in the low-
spin complex has some polarized Ni(u)-H™ feature. The positive
charges on Ni and P atoms are due to the electron donation
from phosphino ligands to the electron-deficient Ni centre.
Phosphino ligands may act as a buffer for the positive charge
generated during the electron transfer process.

The electron configuration of the low-spin (¢rans-N, apex-N)
hydride Ni(i) complex with respect to the 3d-shell of the Ni
centre and the hydride ligand is shown in Fig. S19 (ESIt). The
HOMO-2, HOMO-1, and HOMO are attributed to 3d., 3d,,
and 3d, orbitals. The 3d,, orbitals are mixed with some
occupied orbitals in the lower energy levels than them, as
predicted from the square pyramidal coordination. The bond-
ing and antibonding orbitals of Ni-H, corresponding to
HOMO-14 and LUMO+12, respectively, are shown in Fig. S20
(ESIY). The fairly close weights of the 3d orbital on the Ni centre
and the 1s orbital on the hydride ligand suggest the covalent
nature of the Ni-H bond. However, the larger weight of the d-
orbitals than the 1s orbital in the LUMO+12 as well as the
LUMO+1 and the remarkable bulge on the hydride ligand in the
HOMO-14 indicate that the donor-acceptor interaction attrib-
uted to the electron donation from the H™ donor to the Ni(u)
centre makes some contributions to the Ni-H bond.

Thermodynamic schemes of electrocatalytic hydrogen
generation by the [Ni"(Ly),]** system

In the previous section, the intermediates observed for the
catalytic HER were assigned to calculated geometric and elec-
tronic properties using DFT calculations. In this section, ther-
modynamically possible reaction pathways are proposed based
on calculation of the protonation and reduction steps connect-
ing these intermediates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Thermodynamic diagrams for (a) complex 1, [Ni"(Ly),]%*, and (b)
[Ni”(LNHZ)2]2+ systems. The reduction potentials are for the ferrocene/
ferrocenium couple as the reference electrode. The ApKj, values for the
protonation pathway are based on AcOH. The 'S" in the equations repre-
sent the solvated MeCN molecule.

The thermodynamic diagrams of the HERs for complex 1 and
its amino derivative, [Ni"'(Lyg, )], are given in Fig. 7(a) and (b),
respectively. The calculated Ni(u1) reduction potentials are sub-
stantially less negative than the observed one. This is due to the
underestimation of the solvation energy for highly charged ions
by the polarized continuum model (PCM), and that of the real
solvated [Ni"(Ly),]*" is considered to be more stable than the
calculated value. The change in the Ni(u/i) reduction couple from
the amino derivative to complex 1 is calculated to be —0.06 V,
comparable to the observed one, —0.11 V, as errors in solvation
energies are canceled out. The change in Ni(1/0) is calculated to be
—0.03 V, which is evaluated as a substantially smaller change
compared to the observed one, —0.18 V, but these tendencies with
the substituent change are in the same direction. The desolva-
tion energy of the Ni(i) species in complex 1 is estimated to be
2.4 kecal mol ', which is thermodynamically unfavorable, while
that for the amino derivative, 5.1 keal mol ", is more positive
(Fig. S4, ESIf). Considering the underestimation of calculated
solvation energies, the Ni(1) species in complex 1 would have a
solvent molecule at the apex and be more stabilized in real
solution, while the amino derivative would not.

For the complex 1 system, the ApK, values with respect to
AcOH for the Ni(u), Ni(1), and Ni(0) species corresponding to
[Ni"(Ly)o]*, [Ni'(Ly)2]", and [Ni®(Ly),S], respectively, and the
hydride complex of 1, [Ni"(Ly),H]", are —22.0, —14.4, —7.5, and
—14.9, respectively, which are more acidic than AcOH. These
values are roughly controlled by the electrostatic repulsion
between a proton and the total charge of the conjugate bases.
The reduction potential of the Ni(u/1) couple with reference to
the Ni(1/0) couple was +0.80 V (—18.4 kcal mol '), which was
evaluated from the experimental Ep. values of the Ni(u/1) and
Ni(1/0) couples rather than the potentials calculated from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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insufficient solvation model. Based on this value, the reactions
starting from [Ni"(Ly),]*" to form the protonated Ni(0) species,
[Ni’(Ly),]JH*, and then the protonated hydride complex,
[Ni"(Ly),H]H", are exergonic at the Ni(1/0) reduction potential,
but those forming the protonated Ni(u) and Ni(i) species,
[Ni"(Ly),""H" and [Ni'(Ly),]"H", respectively, are not. These
calculation results suggest that the catalyst follows the EECC
mechanism. The Gibbs free energy of the reaction starting from
[Ni'(Ly),]" to form complex 1, which was recovered by the
release of the H, molecule, was —9.5 kcal mol " (Fig. S22,
ESIt), and it was estimated to be —27.9 kcal mol ! for the
catalytic cycle by adding the Ni(u/1) reduction potential. This
pathway of the catalytic cycle is entirely downhill via formation
of a stable hydride complex intermediate.

On the other hand, the species in the [Ni'(Lyy,).]" system
have more positive ApK, values than those in the complex 1
system. Like the complex 1 system, protonation of the N atom
of a leaving pyridyl group is preferred to protonation of an
amino group forming an intramolecular hydrogen bond with
another pyridyl group, because the positive charges on the
metal centre and the protons are far from each other (Fig.
S23, ESIt). The role of the electron donating amino group is not
only to capture protons but also to increase the basicity of the
pyridyl N atom. The reduction potential of the Ni(u/1) couple
with reference to the Ni(1/0) couple for the amino derivative was
+0.82 V (—18.9 kecal mol ') and was evaluated from the experi-
mental Ep, values in the same manner as in the complex 1
system. Considering this reduction potential, the protonation
of [Ni(1)]" with the reaction energy of 17.6 kcal mol™* would also
be available in the catalytic cycle if the reaction barrier raised by
the repulsive interaction between positive charges on the
[Ni(1)]" cation and a proton is ignored. The Gibbs free energy
of the reaction starting from [Ni'(Lyg,)>]" to form [Ni"(Lygs,)2]",
restored by releasing the H, molecule, is —7.7 kcal mol ™"
(Fig. S22, ESIt) and that of the catalytic cycle was estimated
to be —26.3 kcal mol . The difference in the total reaction
energies between [Ni'(Ly),]”" and [Ni"(Lyg,),]*" systems is
insignificant. It is considered that the high catalytic reactivity
found in the [NiII(LNH2)2]2+ system comes from the low reaction
barriers of proton transfer steps, owing to the electron donating
amino group feasible for protonation at the pyridyl N atom.

The calculated thermochemical diagram suggests that the
high-energy barriers of the catalytic cycle are located around the
zero-valent [Ni’(Ly),]® and the high energy protonated hydride
complex, [Ni"(Ly), H]'H" (Fig. S22, ESI}). In particular, the
latter complex is the product of an unfavorable reaction
between a positively charged hydride complex and an electro-
statically repulsive proton. The H, elimination reaction of
[Ni"(Ly),H]'H" produces the HER product [Ni"(Ly),]*", which
is also the reactant of the catalytic cycle. It is considered that
the more negative the energy of H, eliminated from
[Ni"(Ly),H]'H" is, the higher the energy barrier for the catalytic
HER is.

The previously reported thermodynamic analysis of the
driving force of the HER catalyzed by bis(diphosphine)Ni(u)
complexes shows that the driving force of the catalytic HER is
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evaluated from the reaction given in eqn (8),"
[Ni" (L), " +H2 — [N (Li)oH] HY, AGY,  (8)

which is the reverse reaction of the final step of the HER. This
reaction consists of the hydride addition
[Ni"(Ly),]**, concerning its hydricity, AGY,

reaction to

[Ni""(Ly),) " +H™ — [Ni'(Lu),H] ", -AGY (9)

protonation to form [Ni"(Ly;),H]" and concerning the basicity of
the protonation site, pK,,

[Ni"(Lu),H] " +H* — [Ni''(Ly),H] "H,

— AGY. = —1.36pK, (10)
and heterolysis of H,.
H, » H" +H, AGY, 4 (11)
Thus, the AG?_lz is represented as follows,
AGY, = —AGY- + AGY, +AGY y (12)

An unstable [Ni'(Ly),H]'H* with the low hydricity and
basicity, namely, ie. small pK,, causes largely exergonic H,
elimination, meaning that the energy barrier for the HER to
form [Ni"(Ly),H]'H" from the [Ni"(Ly),]*" reactant is high.

The hydricity of [Ni"(Ly),H]", 39.8 kcal mol™", is smaller
than that of [Ni"(Lyg,),H]", 41.4 keal mol™', and the pK, of
[Ni''(Lyy),H]'H', 7.4, is smaller than that of [Ni"(Lyg,),H]*'H',
8.4; these pK, values are calculated using the pkK, value (22.3) of
AcOH in MeCN. The H, elimination of [Ni"(Ly),H]'H", —20.3
keal mol ™, is more exergonic than that of [Ni"(Ly ),H]'H',
—17.2 keal mol ™", which is consistent with the small hydricity
degree and pK, value of the [Ni'(Ly),]** system. The unstable
Ni-H bond and the N-H bond of the proton raise the energy
barrier of the HER from the reactant [Ni"(Ly),]*".

The bis(diphosphine)Ni(i) system with pendant amines has
a large hydricity of 54.9 kcal mol *, but the pK, value, 8.9, of
the pendant amines® close to our system leads to a AGY};, of
10.0 kcal mol ', smaller than the systems reported in this
study. As a result, the present P,N, system requires an environ-
ment for the reduction process that promotes the stabilization
of [Ni(m)H]'H" compared to the P, system.

The slightly higher hydricity for protons for the hydride
complex of the amino-substituted derivative compared to that
of the unsubstituted form is due to the difference between their
most stabilized structures, that is, the most stable structure of
the amino-substituted derivative is the trans-P, apex-N struc-
ture, while that of the unsubstituted forms is the ¢rans-N, apex-
N structure. The population analysis of these structures showed
that the Ni centre in the amino-substituted derivative is more
electron-rich than that in the unsubstituted form due to the
strong electron-donating properties of the amino group, and
thus the trans-P structure, which can disperse the negative
charge on the hydride H, leads to a stable structure. As a result,
the Ni-H bond is elongated and polarized by the trans influence
of P, which is considered to be the result of the electrostatically
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Scheme 2 Possible reaction mechanism in the electrocatalytic hydrogen
production by [Ni"(Li)o1**/INi"(Ly,)2]*" using AcOH in MeCN.

strengthened and stabilized Ni(i)-H™ bond. In fact, the charges
on H of these hydrides were —0.30 (Table S5, ESIt) for the
amino-substituted derivative and —0.23 (Table 5) for the unsub-
stituted form. In fact, the charges on H of these hydrides were
—0.30 (Table S5, ESIT) for the amino-substituted derivative and
—0.23 (Table 5) for the unsubstituted form. The large negative
charge on the hydride ligand in the amino-substituted deriva-
tive increases the hydride basicity (ApK, = —13.7 in Fig. 7),
leading to the high catalytic activity in the hydrogen evolution
reaction in comparison with the unsubstituted form (ApK, =
—15.0 in Fig. 7).

Possible mechanism of electrocatalytic hydrogen generation by
[Ni"(Ly)2](BE4), in MeCN

Based on the above experimental and computational results, a
mechanism for the hydrogen production reaction in this sys-
tem is proposed, as shown in Scheme 2, that is, (i) the Ni(u)
complex is electrochemically reduced to the Ni(0) species by
two-electrons. [Ni’(Ly),]° has a pyridyl group that is easily
cleaved from the metal centre (Table S4, ESI{), in contrast to
[Ni®(Lyg,)2]° barely retaining tetra-coordination with electron-
donating amino groups. Consequently, the Ni(0)-N(py) bond is
weakened due to lowering of the Lewis acidity of the Ni centre
in both complexes, which promotes the protonation of pyridyl
nitrogen. (ii) The reduced, electron-rich Ni(0) species repulses
the coordinating pyridine and the pyridine attracts H" from
AcOH, and (iii) the attracted H' is immediately attracted to and
bonds with the electron-rich Ni(0) species. (iv) The formed Ni-
H bond is polarized to Ni(n)-H™ and subsequently accepts H"
from AcOH to produce H,, which is released, and the Ni
complex then reverts to the starting Ni(u) complex, followed
by subsequent hydrogen evolution catalysis. (v) Some Ni com-
plexes are coordinated with the free AcO™ and deactivated, but
subsequent electrochemical reduction is expected to revert to
the Ni(0) species and return to the catalytic cycle of hydrogen
production. Here, the greater catalytic capability for hydrogen
generation exhibited by [Ni(Lyy,)2]*" compared to [Ni(Ly),]*" is
due to the following two effects. One is due to the increased

© 2024 The Author(s). Published by the Royal Society of Chemistry
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basicity of the pyridine nitrogen in [Ni(Lyy,),]** with electron-
donating amino groups, which contributes to a rise in proton
concentration around the Ni(0) centre more than that in
[Ni(Lg),]*". Another is that the negative charge on the hydride
H in the most stable structure of these hydride complexes is
greater in the amino-substituted derivative than in the
unsubstituted form.

Experimental
General procedure

All reagents were the purest available from Tokyo Kasei Co. and
Fujifilm Wako Pure Chemicals Co. The solvents of THEF,
n-hexane, acetonitrile and dichloromethane were purified as
the ultra-dehydrated ones using activated alumina columns. All
processes were carried out under inert gas conditions. Ligand
synthesis was carried out using the Schlenk technique and
complex synthesis using MBrown and UniLab gloveboxes.

Synthesis of the ligand Ly (2-((diphenylphosphino)methyl)-
pyridine)

Under a N, atmosphere, o-picoline (1.02 g, 11.0 mmol) was
added to 30 mL of dehydrated THF, cooled to 0 °C and 8.0 mL
(11.2 mmol) of a hexane solution of 1.6 M n-BuLi was added
dropwise, and the solution turned from yellow to red. When the
solution was cooled to —78 °C, an orange-white solid precipi-
tated. A solution of diphenylphosphine chloride (2.21 g,
10.0 mmol) in 10.0 mL of dehydrated THF was added dropwise
to the suspension, which turned to an orange solution. After
stirring for three days, it was subsequently deactivated using
oxygen-free water and extracted with dichloromethane and
sodium bicarbonate. Citric acid was then added to the organic
phase until pH 2 was achieved, the resulting salts were
degassed again and extracted using 10 mL of water, calcium
hydroxide was added to the extracted aqueous phase until pH
14 was achieved, extraction was carried out with n-hexane and a
white solid was obtained by decompression and concentration
(vield: 673.87 mg, 2.43 mmol, 24.3%).

700 MHz "H-NMR (6/ppm in CeDy) 3.63 (s, 2H); 6.49 (m, 1H);
6.80 (d, 1H); 6.90 (td, 1H); 7.01-7.48 (m, 6H); 7.48 (td, 1H); 8.40
(d, 1H), 282 MHz *'P{"H}-NMR (§/ppm in MeCN-d;) = —10.10 (s).

Preparation of [Ni(Ly),]|(BF,),

Under a N, atmosphere, Ly (166.30 mg, 0.60 mmol) was
suspended in 10 mL of acetonitrile, and to the solution was
added slowly dropwise a 5 mL MeOH solution containing
Ni(BF,),'6H,0 (104.21 mg, 0.31 mmol). After stirring for
2 hours, the solution changed from light yellow to red, the
solvent was removed by reduced pressure and an orange solid
was obtained. The solid was dissolved in 10 mL of diethyl ether,
filtered by suction and the precipitate formed was filtered off to
give an orange powder. The powder was dissolved in acetoni-
trile and recrystallized using acetonitrile/diethyl ether by a
vapor-liquid equilibrium or a liquid-liquid equilibrium method
to obtain red-orange crystals (yield: 98.6 mg, 0.13 mmol, 41.7%).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Elemental analysis [Ni(Ly),](BF,): (C36H32N,ByFgNiP,), caled: C
54.95; H 4.10; N 3.56, found: C 54.73; H 4.20; N 3.56. 700 MHz
"H-NMR (§/ppm in MeCN-d3) 6 = 2.12 (s); 4.79 (br); 7.29-7.41 (m);
7.67 (br); 8.07 (s); 8.42 (br), 282 MHz *'P{'"H}-NMR (§/ppm in
MeCN-d;) J = 44.9 (br).

Preparation of [Ni"(Ly),H]"

The ligand Ly (5.54 g, 20.0 mmol) dissolved in THF (10 mL) was
added dropwise under anaerobic conditions to Ni(COD), (solid,
2.75 g, 10.0 mmol) and then cooled at —78 °C and stirred for
30 minutes. To the solution was added 10 mL of THF solution of
NH,PF¢ (1.67 g, 10.0 mmol) dropwise, and then a dark orange
solution was obtained. Its ESI MS spectrum was measured in the
positive mode. The same method was carried out to prepare the
complex for NMR measurements at —90 °C, using THF-dg as
solvent. Its "H NMR spectrum was obtained at room temperature.
ESI MS: [Ni"(Ly),H]' 613.49; "H NMR: (6/ppm in THF-dg) § = —23.9.
Note that confirmation of the formation of Ni-H ™~ by electroche-
mical or chemical two-electron reduction of the [Ni"(Ly),](BF,),
complex at low temperature and successive addition of AcOH was
attempted, but was not obtained.

Measurements

NMR spectra were measured using a JEOL J]NM-ECZ-700 NMR
spectrometer, for "H NMR, in the range —4 to 14 ppm (dia-
magnetic range) and —50 to 50 ppm (paramagnetic range), and
for *'P{'"H}-NMR, in the range —120 to 120 ppm. UV-vis
absorption spectra were recorded using a JASCO U-best V-720
spectrometer in the range 230-1100 nm, with the sample
concentration adjusted to 1 mM. ESI-MS spectra were mea-
sured using a Micromass LCT ESI-TOF mass spectrometer.

For X-ray crystallography, single crystals with a size of 0.1-
0.2 mm were used to collect diffraction data, and measure-
ments were performed at —100 °C with the crystals fixed with
grease on a glass fiber. The measurements were carried out
using a Rigaku VariMax RAPID II diffractometer, and the lattice
parameters were analyzed by the direct method (SIR 2008)
using diffraction points with appropriate intensities in the
range of 20 < 55° and refined by the least-squares method.
The structural parameters of four-coordinate complexes, 1,
values,'® were calculated using the two largest bond angles.

Elemental analysis was carried out on samples purified and
isolated by recrystallization using a Vario EL cube CHNS elemental
analyzer. After a gas blank measurement prior to sample measure-
ment, approximately 2 mg of the sample sealed in approximately
40 mg of silver foil was measured twice. The data were corrected
with the acetanilide standard material for elemental analysis to
obtain the mass content (%) of C, H, N and S elements.

CV and DPV measurements were performed using a
HOKUTO DENKOH SV-110 electrochemical analyzer. Glassy
carbon (d = 1 mm) was used as working electrode, Ag/Ag"
(MeCN) as the reference electrode, Pt coil as the counter
electrode, and TBAP ([(n-Bu),N](ClO,)), 0.1 M in MeCN) as the
electrolyte. Deaeration was performed by bubbling with Ar for
20 min before the measurements to maintain anaerobic con-
ditions in the measurements, and argon flow was maintained
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during the measurements. The solvent was MeCN, the concen-
tration of the complex was 1 mM, and the solution was unified
to 3 mL. All potentials given in this work were quoted relative to
the ferrocene/ferricenium (Cp,Fe/Cp,Fe’) couple, whose
potential was measured in the cell at the end of each experi-
ment. All potentials are presented based on Cp,Fe/Cp,Fe’. The
results were taken from the steady state, where the cycles were
repeated and the waveform no longer changed.

Caution

Perchlorate used as an electrolyte is toxic and can be explosive
upon impact, so it should be handled with care.

Computational details

Density functional theory (DFT) calculations were performed using
the B3LYP functional®®® with D3 version of Grimme’s dispersion.**?
The solvent effect of MeCN on structures and thermodynamic
properties was evaluated using the polarized continuum model
(PCM).*' The geometry optimizations and the frequency calcula-
tions were carried out using the basis sets used for the respective
atoms as follows: 6-311G for Ni,*?*® P** and N°*¢ atoms and 6-
31G(d)*** for C and H atoms. Two p functions scaled by 1.5 were
added as 4p orbitals on Ni atoms. Single-point energy calculation
using the def2-TZVP basis set®® at each optimized structure was
performed to reduce the basis set superposition error (BSSE) on the
Ni centre bound to the hydride and explicit MeCN molecules. The
Gibbs free energy of each species at ambient temperature was
determined by adding the thermal correction derived from fre-
quency calculation to the single-point energy.

Both high- (S = 1) and low-spin (S = 0) states were examined
for all Ni complexes. The initial structure of geometry optimiza-
tion for [Ni"(Ly),]”" was taken from the crystal structure.
[Ni"(Ly),]*" in MeCN was considered as a di-MeCN complex,
[Ni"(Ly)2(MeCN),]**, with six-coordinate octahedral geometry,
which has MeCN molecules at both axial positions. The stabi-
lity of [Ni"(Ly),(MeCN),]** was also examined using the solva-
tion energy of MeCN. The solvation energy for two equiv. of
MeCN was calculated for the reaction (eqn (13))

[Ni"(Lr)o]** (low-spin) + 2MeCN = [Ni"(MeCN),(Lsr)o]*
(13)

The low-spin desolvated complex, which is more stable than
the high-spin complex (Table 3), is considered as the reactant
complex of the solvation.

The Gibbs free energy of the reaction (eqn (13)) in MeCN
solution, AG", is described as eqn (14),

[NiS,, 1 M]
[Ni, 1 M][S, 19.14 M]?
[NiS,, 1 M]
[Ni, 1 M][S, 1 M]?

AGY = AG® + AG*™* + RTIn

= AG" — 2RTIn(24.5) — 2RT In([S, 19.14 M])

= AG® —3.79 — 3.50(kcal mol ")
(14)
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where AG®° and AG°”* are Gibbs free energies of reaction
(eqn (13)) at 1 atm and the correction of the Gibbs free energy
from the 1 atm gas phase (24.5 L) to 1 M solution phase (M
means mol L™ ").** The decrease in the numbers of moles in the
reaction is 2 and AG®™ * is 2RTIn(24.5) = 3.79 kcal mol . From
a density of 0.7857 g cm > at 293.15 K, the mole of MeCN in 1 L
is found to be 19.14.> AG; were also calculated for optimized
structures obtained by calculations without empirical disper-
sion to estimate solute-solvent interactions.

Ni(0) and hydride Ni(n) complexes, [Ni%(Ly;),]° and [Ni"(Ly),H],
were calculated as the assumed products of the two-electron
reduction of [Ni"(Ly),]*" and subsequent protonation process,
respectively. The initial structure of the Ni(0) complex was the
optimized structure of the low-spin Ni(u) complex without MeCN
molecules because the neutral metal centre is not attractive enough
to directly coordinate solvent molecules. In addition, the three-
coordinate structure with a free pyridyl group was calculated to
examine the stability of the four-coordinate structure. The struc-
tural optimization of hydride Ni(u) complexes was carried out using
two different initial structures. One was the optimized tetrahedral
Ni(0) complex with a proton on the Ni centre from a direction
perpendicular to the chelate ring, and the other was the optimized
low-spin square planar Ni(n) complex with the hydride at the apex
position. First, the low-spin hydride Ni(x) complexes suggested by
the aforementioned NMR spectra were examined. The N and P
donor atoms and hydride ligands are available as apex atoms in the
square pyramidal complex. Moreover, there are two different
orientations of the basal Ly ligand for each apex donor atom,
giving six possible initial structures. However, four of the optimized
hydride Ni(n) isomers could be distinguished from the other
optimized isomers by the transformation of the initial structure
with a hydride ligand at the apex to an N-apex enantiomer during
geometry optimization (Fig. S21, ESIT). We also calculated geome-
tries of the four isomers in the high-spin state and mono-MeCN
solvated counterparts, where a MeCN ligand fills the opposite site
to the apex donor to form a feasible octahedral geometry. In
addition, geometry optimization of mono-MeCN solvated low-
spin complexes was performed using the optimized structure of
the six-coordinate high-spin complex as the initial structure.

The solvation energy of the hydride Ni(i) complex for reac-
tion (eqn (15)) was calculated using eqn (16).

[Ni"(Ls),H]' + MeCN 2 [Ni"(Lyy),H(MeCN)]'

(15)

AG” = AG® — RTIn(24.5) — RT In([S, 19.14M])

(16)
= AG" — 1.89 — 1.75 kcal mol™!

'H NMR chemical shift of the hydride ligand in the four low-
spin hydride Ni(u) isomers in THF was evaluated with NMR
shielding tensors calculated using the Gauge-Independent
Atomic Orbital (GIAO) method®® with the def2TZVP basis set.
Atomic charges in the hydride complexes were calculated using
natural population analysis.?”

Thermodynamic energy diagrams*® were
from reduction and protonation steps for plausible catalytic
mechanisms of [Ni"(Ly),]*" and [Ni'(Lym).]*"  systems.

constructed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Solvation energies of all the intermediates with explicit solvent
molecules were calculated in the same manner as [Ni"(Ly),H]"
and [Ni"(Ly),]** for mono- and disolvation, respectively. Possi-
ble binding sites of solvent molecules in the intermediates of
[Ni"(Lyss,)2]>" systems are the axial positions of a square-planar
P,N, coordination structure, the empty site left by a pyridyl
group, and a proton of ammonium or pyridinium groups to
form a hydrogen bond. The electrostatic potential generated
using the default scaling factor for the van der Waals radius,
o = 1.1, in the PCM calculation is too sensitive to geometrical
change to optimize the structure of [Ni"(Ly),]”'H'S, (S =
MeCN). Thus, o = 1.2, which reduces the generated potential,
was used for the geometry optimization and frequency calcula-
tion to obtain the thermochemical correction of the free energy
and « = 1.1 was used for the energy calculation at the optimized
structure in the case of [Ni"(Lg),]*"H"-S,. Calculated solvation
energies are listed in Table S4 (ESIt), and calculated solvation
structures are shown in Fig. $24 and S25 (ESIt) for [Ni"(Ly),]*"
systems. Only the disolvation model for protonated Ni(u) and
Ni(1) complexes with a leaving pyridinium group in [Ni"(Lg),]*"
systems, [Ni(u/1)]*""H", was calculated because the protonated
analogues of [Ni'(Lyp,).]*" systems are considerably lower
in energy than that with a coordinated pyridyl group over
10 kecal mol ™" (Table S4, ESIT). The positive solvation energies
of deprotonated species suggest that their P,N, chelation
structures are stable against ligand-dissociation and exchange
processes except for [Ni’(Ly),]°, which has a coordinated MeCN
molecule replaced with a leaving pyridyl group (Fig. S24, ESIT).
In contrast, the negative disolvation energies of protonated
species, except for the protonated hydride complex [Ni(n)H] H,
have one MeCN molecule H-bonded to the leaving pyridinium
group and the other bound to the left site (Fig. S25, ESIT). Thus,
the reasonable solvation models are desolvation for deproto-
nated complexes and hydride complexes except for monosolva-
tion of Ni(0), [Ni’(Ly),]°, and disolvation for protonated
complexes except for desolvation of protonated hydride com-
plexes. The reduction potential and pK, values derived from
free energies of reduction and protonation steps were calcu-
lated between reactant and product complexes with the most
exergonic solvation as discussed above. The reduction poten-
tials relative to the reference electrode, the ferrocene/ferroce-
nium couple, were calculated from the Gibbs free energies of
the cell reactions coupled with the ferrocene oxidation reaction.
The pK, values were calculated from the Gibbs free energies of
the reaction of the bases with the proton source, AcOH, and the
absolute pK, values were obtained from adding the pK, value of
AcOH in MeCN (22.3). The basis set used for geometry optimi-
zation of ferrocene and ferrocenium complexes was 6-311G
augmented with two p functions for Fe atoms like Ni atoms and
6-311G(d) for the other atoms, and that of an AcOH molecule
and AcO™ anion was 6-311G(d) for the O atom and 6-31G(d) for
the other atoms. H, at 1 atm in the gas phase was considered
for the free energy of the H, elimination reactions.

All the electronic structure calculations were performed
using Gaussian 16, revision C.01,%° and the molecular orbitals
were drawn using the MOPLOT and MOVIEW programs*® on
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the HPE ProLiant DL560 system at the Nagoya University
Information Technology Centre. The natural population
analyses were performed using the NBO7 program*! in Gaus-
sian 16, revision C.01,*° in Research Centre for Computational
Science, Okazaki (Project: 23-IMS-C24).

Conclusions

We have previously focused on the roles of the amino group in
[FeFe]-hydrogenase, which is considered to be a proton-
transferring site, and have synthesized the phosphinopyridine
ligand with an amino group in the second coordination sphere
of the metal complex and the Ni(m) complex thereof,
[Ni(Lnp,)2](BF4)2, and examined its hydrogen-producing ability.
We have demonstrated that it has a very high hydrogen
production capability. In this study, as a comparison, we
synthesized the Ni(i1) complex of the phosphinopyridine ligand
without the amino group, [Ni"(Ly),](BF,), (1), and studied its
hydrogen production ability. Complex 1 is a four-coordinate
square planar geometry with only a cis-isomer in the crystal
structure, and the structure in the solution state was also
revealed by UV-vis and NMR spectra. The crystal structure is a
four-coordinate square planar structure in the cis-form and is
similar to that of [Ni(Ly,).](BF4), reported previously.'®” How-
ever, in solution it was slightly different: in dichloromethane it
took a four-coordinate square planar structure, whereas in
acetonitrile solution it formed a five- or six-coordinate structure
with weakly bound MeCN molecules, according to the spectral
features. The electrocatalytic current of complex 1, indicative of
its ability to produce H,, increased with increasing amounts of
AcOH as the proton source under the same conditions as those
for the previously reported [Ni(Lyy,)>](BF4), complex."®” The
catalytic current increased in proportion to the square root of
the drop of AcOH, in a similar manner to that of the previously
reported [Ni(Lyy,)](BF,), complex. However, as expected, the
TOF in electrochemical hydrogen reduction was reduced and
the overpotential increased compared to the case of [Ni(Lnpy,).}-
(BF,),. This clearly indicates that the rate-determining step in
the catalytic cycle is affected by the amino groups in the second
coordination sphere of [Ni(Lyt,)2](BF4)2. It was also found that
an amino group in the complex system, which is a proton-
transferring moiety, improves the catalytic turnover frequency
(TOF) and contributes to the reduction of the overpotential.
The above findings were explained and discussed based on the
results evaluated from the DFT calculations, and the hydrogen
generation mechanism was also proposed based on these
findings. The DFT calculations supported the EECC mecha-
nism for both systems with and without amino groups. These
results suggest that the amino group of the ligand stabilizes the
protonated intermediate, which causes the pyridyl group to
leave in order to capture the proton. Thus, the electron-
donating properties of the amino group help in the capture
of protons from the reduced species. The results obtained in
this study show not only the significance of the amino group in
the [FeFe]-hydrogenase enzyme, but also the role of the amino
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group introduced in the second coordination sphere in the
previously reported [Ni(Lnp,),] complex as the functional
model. In the future, these results will be applied to develop
catalysts for more efficient hydrogen production.
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