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Electrocatalytic Hydrogen Production by [Ni(7P”",N"),]**: Removing
the Distinction Between Endo- and Exo-Protonation Sites
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ABSTRACT: A new Ni(II) complex, [Ni(7P™,N"),H]>*
(7P*P,N" = 3,6-diphenyl-1-aza-3,6-diphosphacycloheptane),
has been synthesized, and its electrochemical properties have
been reported. The 7P™,N" ligand features an NH, ensuring
properly positioned protonated amine groups (N—H*) for
electrocatalysis, regardless of whether protonation occurs exo
or endo to the metal center. The compound is an electro-
catalyst for H, production in the presence of organic acids
(pK, range 10—13 in CH,CN), with turnover frequencies
ranging from 160 to 780 s™" at overpotentials between 320 and
470 mV, as measured at the potential of the catalytic wave.
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In stark contrast to [Ni(P™,N¥,),]** (P™,N¥, = 3,7-diphenyl-1,5-diaza-3,7-diphosphacyclooctane) and other [Ni(7P™",N®),]**
complexes, catalytic turnover frequencies for H, production by [Ni(7P™,N"),]** do not show catalytic rate enhancement upon
the addition of H,O. This finding supports the assertion that [Ni(7P" b NH),]?* eliminates the distinction between the endo- and

exo-protonation isomers.
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B INTRODUCTION

As a clean fuel, H, is an ideal storage medium for renewable,
sustainable energy technologies." The development of molec-
ular complexes for the electrocatalytic production of H, has
made remarkable progress through the incorporation of design
elements present in Nature’s catalysts for production and
oxidation of H,—the hydrogenases.*”® For example, the active
site of [FeFe]-hydrogenase features two iron centers bridged by
an azadithiolate cofactor (Figure 1a).”~"' Mechanistic studies
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Figure 1. (a) Proposed structure for the active site of the protonated

[FeFe]-hydrogenase active site. (b) Exo-protonated Ni(I) isomer of
ydrogf P

[Ni(7P™,N¥),H]**. (c) Protonated Ni(I) isomer of [Ni(7P™,N"),H]?".

indicate that this pendant amine functionality serves a crucial
role in the H, production cycle by relaying protons from the
surrounding protein matrix to the metal center.'” The [FeFe]-
hydrogenase produces H, with amazin% efficiency at rates
>9000 s~ ! at overpotentials <100 mV. >3 Achieving such re-
markable catalytic performance requires precise delivery of
electrons and protons to the active site of the enzyme to form
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the H—H bond. As such, functional mimics of the [FeFe]-
hydrogenase active sites often feature similarly positioned
proton relays.>"*

Efforts in our laboratory have focused on developing first-
row-metal complexes (Ni, Co, Fe, and Mn) that contain an
amine base in the second coordination sphere for controlling
proton movement to/from the metal center.*'>™>° For example,
[Ni(7P",N™),]** features positioned pendant amines and
catalyzes the production of H, at rates >100000 s~'.>" A related
series of [Ni(7P™",NR),1** (7P™",N¥ = 3,6-diphenyl-1-aza-3,6-
diphosphacycloheptane) catalysts with different aryl substituents
on the N atoms illustrates how the basicity of the proton relay
can influence the turnover frequency for H, production.”*
Although the [Ni(7P™,N%),]*" complexes are electrocatalysts
for H, production, their rates can be limited by kinetically
favored exo protonation of the pendant amine (Figure 1b).
Computational and mechanistic investigations confirm that
catalysis by both [Ni(P™,N¥,),]** (P**,N®, = 3,7-diphenyl-1,5-
diaza-3,7-diphosphacyclooctane) and [Ni(7P™,N*),]** requires a
protonated amine functionality (N—H") positioned endo to the
metal center for H, production (e.g, Figure 1c).27* Exo
protonation, forming an (N—H') bond away from the
metal center, limits the rate of catalysis through the forma-
tion of less productive catalytic intermediates. The active
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Scheme 1. Synthesis of meso- and rac- 7P™",N“HP and [Ni(7P™",NCHPR) 1(BE,),
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site of [FeFe]-hydrogenase has a more constrained environ-
ment due to the surrounding protein matrix that helps
minimize undesirable conformations. The proton relay in the
natural system also features a secondary amine; protonation in
either an exo or endo position results in an N—H" functionality
adjacent to the metal center (Figure 1a). Following Nature’s
lead, we report the synthesis and electrohemical behavior of
a new [Ni(7P"*,N"),]?* catalyst designed to eliminate the exo-
protonation limitation by incorporating a secondary amine into

the ligand backbone (Figure 1c).

B RESULTS

Synthesis and Characterization of [Ni(7P™",N"""2),](BF,),
and [Ni(7P"",N"),H](BF ,);. The synthesis of [Ni(7P",N™),H]**
was accomplished through formation and conversion of the pro-
tected [Ni(7P™,N°HP%) 1(BE,), (CHPh, = diphenylmethyl)
complex.”® The 7P™",N“"™ Jigand was synthesized by addition
of benzhydrylamine to 1,2-bis(hydroxymethylphenylphosphino)-
ethane in CH;CN (Scheme 1). The desired 1-aminodiphenyl-
methyl-3,6-diphenyl-1-aza-3,6-diphosphacycloheptane ligand was
isolated as a 1:1 mixture of the rac and meso stereoisomers,
as reported for other 7P™,N* ligands (Scheme 1) and fully
characterized by multinuclear NMR spectroscopy and
elemental analysis.”>*® The addition of 2 equiv of 7P™",NCHPh2
to a solution of [Ni(CH;CN)4](BF,), shows the formation of
[Ni(7PPP,NCHP),12* a5 determined by 3'P{'H} NMR spec-
troscopy (Scheme 1). In addition to the desired homoleptic
monometallic complex, the formation of oligomeric metal com-
plexes is suggested by broad resonances in the *'P{'H} NMR
spectrum of the reaction mixture, as previously observed in other
[Ni(7P™NR),]** syntheses.”"** The [Ni(7P™,NHP) 1(BE,),
complex is separated from oligomeric products by recrystalliza-
tion from CH,ClL,/Et,0, }Zfleldln% a pure, red crystalline solid in
73% yield. The [Ni(7P™,N“#"2).]1(BE,), complex was fully
characterized by NMR spectroscopy, elemental analysis, and
single-crystal X-ray analysis.

X-ray-quality crystals of [Ni(7P™,N°HP) 1(BF,), were
grown by slow diffusion of Et,O into a saturated CH;CN
solution. The [Ni(7P™h,NCHPh:) 12 dication crystallizes with
the two BF,” ions interacting weakly with the metal center,
resulting in a pseudo-octahedral structure around the Ni center,
with Ni-F distances of 3.00 A (Figure 2). The structure
confirms that the 7P™",N“"" ligands coordinate as diphos-
phine chelates to give a distorted-square-planar geometry, with
the four Ni—P bond distances being nearly equal, ranging
from 2.18 to 2.20 A. The P—Ni—P bite angle for each of the
diphosphine ligands is 79.12°, smaller than the 82—84° typically
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Figure 2. X-ray crystal structure of [Ni(7P™,NCH™2) 1(BE,),.
Thermal ellipsoids are shown at the 50% probability level. Hydrogen
atoms have been omitted for clarity.

observed for the P—Ni—P bite angle in [Ni(P®,N¥,),]*
complexes but in the normal range for previously reported
[Ni(7P™,N*),]>* complexes.*"***”*® The two six-membered
rings containing the pendant amines are trans to each other
with respect to the metal center and are in chair conformations
(Figure 1).2>?72% The 3P{'H} NMR spectra of [Ni-
(7P, NCHPR2) 12% at room temperature in CH;CN show the
presence of conformational isomers resulting from the position
of the pendant amines, either on the same side (up—up), or on
opposite sides (up—down) of the square-planar nickel complex.
Although the crystal structure of the [Ni(7P™,NCHP), ]2

complex shows a single isomer, previous studies on the related
[Ni(7P™,N¥),]** complexes show the isomers to be in ex-

change at room temperature in CH;CN solutions. *22 Com-
plete crystallographic information on [Ni(7P",NCHP®),].
(BF,), is contained in the Tables S1 and S2 in the Supporting
Information.

Removal of the diphenylmethyl protecting group on the
amines of [Ni(7P™",N"),12* can be achieved through
addition of a slight excess (~5%) of HBF,-Et,O, resulting in
a sohd orange precipitate of [N1(7PPhZNH)2H] (BF,); in 65%
yield*® The product was characterized by 'H and *'P{'H}
NMR spectra, which showed multiple conformational isomers
in CD;CN solutions as shown and discussed in the Figures S1
and S2 in the Supporting Information. A satisfactory elemental
analysis for the compound was obtained, confirming the
stoichiometry, but separation of the conformational isomers or
suitable crystals for X-ray diffraction was not accomplished.
An alternative acid deprotection route using trifluoroacetic acid
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Figure 3. Structural drawing (left) and X-ray crystal structure (right) of [Ni(CF,CO0)(7P™,N"),H]**. The BF,” counterions, CH,Cl, solvent
molecules, and H atoms have been omitted for clarity. Thermal ellipsoids are shown at the 50% probability level.

also yielded a *'P{'H} NMR spectrum of the reaction mixture
that is consistent with multiple conformational isomers.
Deprotection by this route leads to fractional crystallization
of a single conformational isomer that allowed for structural
analysis of [Ni(CF;COOQ)(7P™,N"),H](BF,), (Figure 3). The
compound crystallizes with a [Ni(CF,COO)(7P™,N"),H]**
dication, two noncoordinating BF,” anions, and two CH,CI,
solvent molecules in the unit cell. The complex has a five-
coordinate Ni(II) center, with four phosphorus atoms and
one coordinating oxygen atom from a CF;COO™ anion. The
conformational isomer that crystallized contained two P—N—P
six-membered rings arranged in boat conformations on the
same side of the Ni(II) center (up—up conformation) with a
proton “pinched” between adjacent N atoms. Crystallographic
data and selected bond angles and distances are provided in the
Tables S3 and S4 in the Supporting Information.

NMR Spectroscopic Studies of [Ni(CF;COO)(7P"",N"),H]-
(BF4), in CD3CN. To gain insight into the NMR spectra of
[Ni(7P™,N"),H]* that show multiple conformational iso-
mers, the fractionally crystallized single isomer used for
structural analysis of [Ni(CF,COO)(7P™,N™),H](BE,), was
studied in CD;CN. The *'P{'H} NMR spectrum of the
complex shows a single resonance attributed to the up—up
conformational isomer that shifts between 58.7 and 60.7 ppm
as the temperature was decreased. The "’F NMR spectrum of
the complex shows resonances at —85 and —153 ppm for the
Ni(IT)-bound CF;COO™ and BF,” anions, respectively. The 'H
NMR spectrum of [Ni(CF,COO)(7P*",N"),H]** shows the
anticipated resonances for methylene and phenyl protons;
however, no peaks for N—H protons were observed at room
temperature. At —40 °C, two additional resonances become
apparent at 6.2 and 11.2 ppm that integrate as approximately
2:1 (Figure S3 in the Supporting Information). The two-proton
resonance centered at 6.2 ppm is assigned to the N—H protons
pointing exo to the metal center, and the downfield one-proton
resonance at 11.2 ppm is assigned to the “pinched” endo N—H
proton. Similar chemical shifts in the low-temperature "H NMR
spectrum of [Ni(7P™*,N"),H]** were also observed (Figures
S1 and S2 in the Supporting Information). To avoid possible
complications from trifluoroacetate binding during electro-
catalytic hydrogen production, [Ni(7P™,N"),H]**(BF,); was
used in all electrochemical and electrocatalytic studies described
below.

Cyclic Voltammetry Studies of [Ni(7P™",N"),H]**. Cyclic
voltammograms of [Ni(7P™,N"),H]** show two irreversible
redox events at —1.05 and —1.16 V, which become a single
reversible wave upon treatment with triethylamine (Figure 4).
The E,/, value of this reversible wave is —1.13 V, which is
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—— [Ni(7PP",N") H]**
— [Ni(7PP",N), 2+

-1 -1.2

Potential (V) vs. Cp,Fe**

Figure 4. Cyclic voltammograms of 1.0 mM [Ni(7P™,N™),H]**
(green) and 1.0 mM [Ni(7P"",N"),]** (blue) formed in solution by
the addition of 42 mM NEt; to 1.0 mM [Ni(7P™,N"),H]*"
Conditions: 0.1 M Bu,NPF, in CH;CN at 22 °C, scan rate 1 V s™".

consistent with the irreversible wave observed with an E, value
of —1.16 V. The first irreversible wave may be due to the
reduction of the protonated species, which may then eliminate
H, through a bimolecular pathway. To verify the additional
reduction event, a controlled-potential electrolysis experiment
was performed, resulting in a total of 3 equiv of electrons
passed for each 1 equiv of metal complex (Table SS in the
Supporting Information). The observed three electrons per
nickel complex is consistent with production of 1/2 equiv of H,
per complex, in addition to the two-electron reduction of
Ni(II) to Ni(0). A plot of the cathodic peak current (i,) versus
the square root of the scan rate shows a linear correlation,
implying diffusion-controlled electrochemical events. The
absence of two clear Ni(II/I) and Ni(I/0) features indicates
that the second redox process is likely occurring at or positive
of the first redox potential. At all scan rates studied, the
difference in the potentials of the cathodic and anodic peak
potentials (AE,) for this feature are less than the AE, value
observed for the Cp,Fe*’® one-electron couple, consistent with
a two-electron redox event. For example, the AE, value at a
scan rate of 1 V/s for the overlapping Ni(II/I) and Ni(1/0)
processes was measured to be 55 mV, under conditions where
the AE, value of Cp,Fe*’* is 71 mV. The difference in the AE,
value of Cp,Fe”® in comparison to that of in situ generated
[Ni(7PP",N"),]** was also confirmed with square wave
voltammetry (Figure S4 in the Supporting Information). The
two-electron nature of the reversible wave was also confirmed
with a controlled-potential electrolysis experiment, as described
in Table SS. The observation of a two-electron overlapping
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process in the cyclic voltammetry of in situ generated
[Ni(7P™,N"),]** is consistent with the previously observed
and simulated data for other members of the [Ni(7P™",N*),]2*
family.*"*

Electrocatalytic Hydrogen Production. Addition of an
acid to in situ generated [Ni(7P™,N"),]** results in a sig-
nificant current enhancement near the two-electron Ni(II/0)
couple, indicating production of H, (Figure S). Values for k,,
(turnover frequency, TOF) were determined using eq 1, where

cat

lcat/Z

Overpotential -

Potential (V) vs. Cp,Fe**

Figure 5. Cyclic voltammograms illustrating the experimental
parameters used for calculating TOF and overpotential: (blue trace)
1 mM [Ni(7P™,N"),H]* and 3 mM NEty; (purple trace) after the
addition of 7 mM 2,6-di-tert-butylpyridinium tetrafluoroborate and
7 mM 2,6-di-tert-butylpyridine. Conditions: 0.1 M Bu,NPF, in CH;CN,

scan rate 1 V s,

2

i
kg = 1.94 V7' x v[f—"“]
p

(1)
v is the scan rate, i, defines the noncatalytic one-electron peak
current (obtained from a simulation of experimental data that
accounts for the two-electron Ni(II/0) redox couple; Figure SS
and Table S6 in the Supporting Information), and i, is the
scan-rate independent catalytic current measured at the point
where the catalytic wave first plateaus, as defined by a point
where the second derivative first reaches a constant value
(Figure 5; scan rate dependence shown in Figure $6).”*° The
overpotentials are calculated as the difference between the
equilibrium potential for proton reduction (Ey+) and the
potential of the catalytic wave, E_, 5, defined as the potential at
half the catalytic current (i.,) used to calculate the TOF
(Figure S and eq 2). The Ey is determined as a function of

overpotential =

|EHJr - Ecat/Zl

RT

+
(E L RO ]
nF

H,

] - (Ecat/Z)
2

proton concentration and H, pressure using the Nernst
equation (eq 2). Using a value of E°y = —0.028 V and the
conditions used in this study (T = 298 K, 1/1 acid/base buffer
solution, as suggested by Helm and Appel to ensure consistent
and accurate reporting of rate and overpotential data), eq 2 can
be simplified to eq 3, where the pK, value is that of the acid in
CH,CN.*"*?
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overpotential = 1(—0.028 V — 0.05916 V X pKa)

- (Ecat/2)| (3)

Although the "H NMR spectrum of [Ni(7P™,N"),H]3*
shows the presence of a pinched endo N—H proton at low
temperature (Figure S2 in the Supporting Information), this
species is likely present only with strong acids (HBF,) capable
of protonating the Ni(II) complex. After in situ generation of
[Ni(7P™,N),]%*, the acids used in this study are too weak
to protonate the Ni(II) complex. The proposed catalytic
mechanism requires reduction of the complex before the first
protonation event, substantiated by the absence of positive shift
in the E,, potential relative to the Ni(II/0) couple (Figure S).
This change in oxidation state is accompanied by a change in
conformation around the metal center from square planar to
tetrahedral.*®> The positions of the pendant amines around a
tetrahedral Ni(I) or Ni(0) complex preclude the ability to
pinch a proton between the two amines during the catalytic
process.

The TOFs and overpotentials for electrocatalytic H,
production using four 1:1 buffered solutions with pK, values
between 10 and 13 were determined (Table 1): 2,6-di-tert-

Table 1. Summary of TOFs and Ooverpotentials for

H, Production by in Situ Generated [Ni(7P™,N"),]**
Determined for 1/1 Buffered Solutions of Four Different
Acids

TOF  [buffer] overpotential
acid (pKMe<N) (s (mM) mV)
2,6-di-tert-butyl-4-methylpyridinium 160 47 320
tetrafluoroborate (12.8§7
anisidinium tetrafluoroborate (11.86)%* 710 9.1 410
2,6-di-tert-butylpyridinium 220 17 410
tetrafluoroborate (11.4)%
anilinium tetrafluoroborate (10.62)* 780 20 470

butyl-4-methylpyridinium tetrafluoroborate (12.8), anisidinium
tetrafluoroborate (11.9), 2,6-di-tert-butylpyridinium tetrafluor-
oborate (11.4), and anilinium tetrafluoroborate (10.62).>***
The use of a 1/1 buffered solution, rather than pure acid, was
used to ensure that the concentration of the bulk solution more
accurately reflects that at the electrode surface. Buffered solu-
tions with pK, values below 10 result in decomposition of the
complex, and no catalysis was observed using buftered solutions
with pK, values above 13, presumably because the acid is too
weak to protonate the complex. In a typical experiment,
aliquots of the 1/1 buffered solution were added until no
further current enhancement was observed (e.g., Figure 6 and
Figures S7—S14 in the Supporting Information). Catalytic
currents measured for all four buffered solutions show a
concentration dependence at low buffer concentrations but
become independent of concentration at higher concentrations,
as illustrated in the plot of i.,/i, versus [buffered acid] (Figure 7
and Figures S7—14). Addition of water to these solutions
showed no significant change in the i,/i, values. Under these
conditions catalysis is pseudo zero-order with respect to acid
concentration, resulting in an accurate measure of TOFs (k)
that range between 160 and 780 s™' with overpotentials of
320—470 mV.

For comparison, the catalytic H, production by [Ni-
(PPh,NP),1%* and [Ni(7P",N""),]** using 1/1 buffered solu-
tions of 2,6-di-tert-butylpyridinium and anilinium was explored.
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— 0.92 mM cat after NEt; addition
— 0.92 mM cat, 4 mM buffer
— 0.91 mM cat, 8 mM buffer
— 0.91 mM cat, 17 mM buffer
0.86 mM cat, 130 mM buffer
— 0.86 mM cat, 130 mM buffer, 130 mM H,O
— 0.86 mM cat, 130 mM buffer, 380 mM H,O

ic

—

i,
fa

-0.6

-0.8 -1.0
E (V vs CpyFe*)

Figure 6. Cyclic voltammograms of in situ generated [Ni(7p™,NH), 12
(0.9 mM) in the absence of buffer (black trace) and with varying
concentrations of buffered acid (acid = anilinium tetrafluoroborate)
and H,O in acetonitrile (0.1 M Bu,NPFy). Scan rate v = 1 V/s.
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0 10 20
Figure 7. Plot of i/i, vs with varying concentration of buffered acid

(acid = anilinium tetrafluoroborate) in acetonitrile (0.1 M Bu,NPFy).
Scan rate v = 1 V/s, [Ni(7P™,N"),](BF,), (0.9 mM).

Only [Ni(7P™,N™),]** using a 1/1 anilinium/aniline buffered
solution showed a current enhancement consistent with
catalytic H, production (Figures S15 and S16 in the Supporting
Information). The TOF in the presence of 90 mM buffered
anilinium was determined to be 68 s™'. Addition of small
amounts of water (330 mM) resulted in a TOF of 96 s™*. The
observation of an increase in rate upon the addition of water
to anilinium acids is consistent with previously reported
[Ni(PP,NCHX ) 12 complexes.””

To confirm the production of H,, a controlled-potential
coulometry experiment was performed using [Ni(7P™,N*),H]-
(BF,);. By measuring the amount of H, produced using gas
chromatography, the current efficiency was determined to be
95 + 5% from the average of three experiments, with calculated
turnover numbers of 9, 14, and 19, confirming the selective
catalytic production of H, (Table S7 in the Supporting
Information).

B DISCUSSION

The in situ generated [Ni(7P*,N"),]>* complex is an electro-
catalyst for H, production in CH;CN in the presence of a series
of organic acids, with TOFs ranging from 160 to 780 s~ and
overpotentials between 320 and 470 mV. Previous H,
production electrocatalytic studies of the [Ni(7P™",NR),]**
family of complexes were conducted using [(DMF)H]*
(pK, = 6.1 in MeCN) as the acid. 3% Unfortunately, the
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presence of excess acid with pK, values <10 leads to
decomposition of [Ni(7P™,N"),H]*, preventing direct TOF
comparisons to other members of this family. Despite this
limitation, the observed rates allow for two key conclusions:
(1) catalysis by in situ generated [Ni(7P®,N™),]** is slower
when bulkier acids and increasing pK, values are employed
as the proton source and (2) unlike previously reported
[Ni(7P™,N¥),1* and [Ni(P?,N®,),]** catalysts, catalysis by
[Ni(7P®,N"),]** shows no catalytic rate enhancement in the
presence of small amounts of water.

In H, production electrocatalyzed by in situ generated
[Ni(7P®,N"),]**, the TOFs in the presence of anilinium acids
are more than three times faster than the TOFs in the presence
of the more sterically bulky pyridinium acids, regardless of their
relative pK, values (Table 1). The slower rates observed with
catalysis using the bulky acids are attributed to slower
protonation of the complex. A second trend in the rates of
catalysis by in situ generated [Ni(7P™,N"),]** may indicate
that acids with lower pK, values result in faster TOFs. For
example, catalysis in the presence of 2,6-di-tert-butylpyridinium
(pK, = 11.4) was observed to be 30% faster than catalysis using
2,6-di-tert-butyl-4-methylpyridinium (pK, = 12.8). Previous
work on the [Ni(7P"",N¥),]** family demonstrated that
matching the pK, value of the exogenous acid to that of the
protonated pendant amine of the reduced Ni(I) comglexes
provides the optimal conditions for catalytic TOFs.”” In
catalysis by in situ generated [Ni(7P™",N"),]**, acids with a
lower pK, value would likely result in faster TOFs, as they will
more closely match the free energies of the protonated
intermediates in the catalytic cycle.

To allow for a more direct catalytic comparison, the TOF of
H, production by [Ni(7P™,N™),]** with a 1/1 anilinium
buffer was determined to be 68 s™', over 1 order of magnitude
slower than that of in situ generated [Ni(7P™",N™),]**. This
drastic difference in rates is likely the result of two effects. First,
protonation [Ni(7P™,N™),]* can lead to either exo or endo
Ni(I) species (Figure 1). With sterically larger acids, protona-
tion to form the less productive exo isomer is more likely than
protonation at the more sterically crowded endo position.
Second, protonation of the less basic pendant amine of
[Ni(7P™,N"),]* will be less favored than protonation of in
situ generated [Ni(7P™,N"),]* by a weak acid such as
anilinium, resulting in a slower rate of catalysis. Additionally,
the shape of the catalytic waves observed in H, production
with in situ generated [Ni(7P",N"),]* in comparison to
[Ni(7P™,N™),]* indicated electron transfer may also play a
role in determining the rate. This comparison highlights the
importance of delivering the proton to the correct position
on the catalytic structure and matching the pK, of the proton
source to that of the protonated pendant amines.

Previous complexes of the [Ni(P*",N®,),]** and [Ni-
(7P™,N™),]** families show dramatic catalytic improvement in
the presence of water.”””” For example, the TOF for H,
production by [Ni(7P™*,N™),]*" with buffered anilinium was
found to increase by 40% upon the addition of small amounts
of water, from 68 to 92 s~' (Figure S15 in the Supporting
Information). This is in stark contrast to catalysis by
[Ni(7P™,N"),]>, where no catalytic rate enhancement is
observed upon addition of H,O to the catalytically active
solutions. The observation of water-induced current enhance-
ments in the [Ni(7P™",N®),]** family has been associated with
the protonation of the Ni(I) species in the catalytic cycle
(Figure 8). Computational and experimental data identify this
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Figure 8. Proposed mechanism for the first protonation step of the mechanism for H, production by [Ni(7P*,N*),]** type catalysts.

step as rate determining and a branch point in the catalytic
cycle, with exo protonation (x(I); Figure 8) slowing the catalytic
process (for the complete catalytic cycle, see Figure S17 in the
Supporting Information). Water-induced current enhancements
are attributed to lower kinetic barriers for endo protonation
(e(I); Figure 8); by acting as proton relays, H,O molecules are
hypothesized to provide improved access to con;ested areas
around the metal’s primarz coordination sphere.*"”” In the case
of protonation of [Ni(7P",N*™),]*, access to protonation of the
endo site is unnecessary for catalysis, and the absence of water-
induced current enhancements supports the hypothesis of
H,O assisting in the delivery of protons when endo and
exo protonation sites are distinct. As with the active site of
[FeFe]-hydrogenase, the inclusion of a secondary amine
functionality in [Ni(7P®,N"),]** ensures either endo or exo
protonation leads to intermediates with suitably positioned
protons (Figure 1).

B CONCLUSION
We have reported the synthesis of [Ni(7P™",N"),H]**, a new

member of the [Ni(7P™,N*),]** family, and evaluated it for
the electrocatalytic production of H,. The complex is an active
electrocatalyst under buffered acidic conditions with pK, values
ranging from 10—13, with turnover frequencies between 160
and 770 s~ and overpotentials between 320 and 470 mV
measured at E_/,. Studies of this complex yield mechanistic
insights into the protonation steps of the catalytic cycle for H,
production by [Ni(7P"*,N¥),]** catalysts. The use of a
secondary amine as the proton relay eliminates the distinction
between the exo- and endo-protonated isomers. Other mem-
bers of the [Ni(7P™",N®),]** and [Ni(P™,N%,),]*>* families
showed substantial catalytic rate enhancements upon addition
of H,0O, which was attributed to increasing the rate of endo
protonation relative to nonproductive exo protonation. In the
case of catalysis with in situ generated [Ni(7P™,N"),]**, no
water effect is observed, indicating that the beneficial effects
from the addition of water have been eliminated. These findings
are being used in our ongoing efforts to design H, production
catalysts with faster rates and lower overpotentials through
rational ligand modification based on a detailed mechanistic
understanding.

B MATERIALS AND METHODS

General Considerations. All manipulations with phos-
phine ligands and metal reagents were carried out under N,
using standard vacuum line, Schlenk, and inert-atmosphere
glovebox techniques. Solvents were purified by passage through
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neutral alumina using an Innovative Technology, Inc., PureSolv
solvent purification system. The [Ni(CH,CN)4](BF,), was
prepared according to literature procedures.” Ferrocene was
purchased from Aldrich and sublimed under vacuum before
use. Tetrabutylammonium hexafluorophosphate (Bu,NPF,)
was purchased from the Tokyo Chemical Industry (TCI) and
recrystallized three times from absolute ethanol. H,O was
purified using a Millipore Milli-Q purifier and was sparged with
nitrogen before use.

NMR. NMR spectra were recorded on a Varian Inova
spectrometer (500 MHz for 'H) at 22 °C unless otherwise
noted. All 'H chemical shifts have been internally calibrated to
the monoprotio impurity of the deuterated solvent. All *C{'H}
chemical shifts have been internally calibrated to the carbon
atoms of the deuterated solvent. The *P{'H} NMR spectra
were referenced to external phosphoric acid at 0 ppm. The °F
NMR spectra were referenced to external CFCl; at 0 ppm.

Electrochemistry. All experimental procedures were con-
ducted at ambient temperature (22 °C) under nitrogen using a
Vacuum Atmospheres drybox. A standard three-electrode con-
figuration was employed in conjunction with a CH Instruments
potentiostat interfaced to a computer with CH Instruments
700 D software. All voltammetric scans were recorded using
glassy-carbon working electrode disks of 1 mm diameter
(Cypress Systems EE040). Precise active electrode surface areas
were determined by chronoamperometric measurements of
ferrocene in 0.1 M Bu,NPF,/CH;CN, using a diffusion co-
efficient of 2.4 X 10™° cm® s™'. The working electrode was
treated between scans by means of a sequence of polishing with
diamond paste (Buehler) of decreasing sizes (3 to 0.25 ym)
interspersed by washings with purified H,O. A glassy-carbon
rod (Structure Probe, Inc.) was used as the auxiliary electrode.
A frit-separated AgCl-coated Ag wire in 0.1 M Bu,NPF,/
CH;CN was used as the reference electrode. All glassware for
electrochemical experiments was oven-dried overnight and
cooled to room temperature before use. Ferrocene was used as
an internal standard, and all potentials reported within this
work are referenced to the Cp,Fe*’* couple at 0 V. Controlled-
potential electrolyses were performed using a CH Instruments
1100A power potentiostat, and gas analysis for H, was per-
formed using an Agilent 6850 gas chromatograph equipped
with a thermal conductivity detector fitted with a 10 ft long
Supelco 1/8 in. Carbosieve 100/120 column and calibrated
with two H,/N,/CO/CO, mixtures of known composition.

Synthesis of 7PP",N"P"_ Inside the glovebox, a Schlenk
flask was charged with 1,2-bis(phenylphosphino)ethane
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(2.0 g; 8.12 mmol) and paraformaldehyde (0.530 g;
17.6 mmol). The reaction mixture was heated to 90 °C for
2 h, during which time the suspension turned clear and
homogeneous. The reaction mixture was cooled, CH;CN
(25 mL) followed by benzyhydrylamine (1.4 mL; 148 g;
8.12 mmol) was added via syringe, and this mixture was heated
to 70 °C for 2 h, upon which a white precipitate formed. All
volatiles were removed in vacuo to yield a white solid consisting
of the meso and rac isomers in an approximate 1/1 ratio (3.28 g,
7.23 mmol; 89% yield). The white solid was recrystallized twice
from hot CH;CN, yielding an analytically pure compound
(2.55 g, 5.62 mmol; 69% yield). *'P{'"H} NMR (CD;CN, ppm):
—38.9 (s, meso), —40.1 (s, rac). “C{'"H} NMR (CD,CN, ppm):
137—128 (multiple peaks, Ph), 65.3 and 63.1 (s, meso/rac, N—
CH(C4Hs),), 49.3 and 45.6 (d, meso/rac, PCH,N, Jcp = 13 Hz),
28.2—25.3 (multiple peaks, PCH,CH,P). '"H NMR (CD;CN,
ppm): meso 7.54—7.17 (multiple peaks, 20H, P-C¢Hs and
N-CH(C¢Hs),), 498 (s, 1H, N-CH(C4H,),), 3.73—3.68 (mult,
2H, PCH,N), 3.20—3.18 (mult, 2H, PCH,N), 2.47—2.25 (mult,
4H, PCH,CH,P); rac 7.65—7.12 (multiple peaks, 20H, P-C4H;
and N-CH(CH;),), 5.63 (s, 1H, N-CH(C¢H,),), 3.49—3.26
(mult, 4H, PCH,N), 2.50—2.19 (mult, 4H, PCH,CH,P). Anal.
Caled for C,oH,oNP, (7P, NCHP). C 76.81; H, 6.45; N, 3.09.
Found: C, 76.55; H, 623; N, 2.85.

Synthesis of [Ni(7PP",N""2),1(BF,),. Inside the glovebox,
a blue solution of [Ni(MeCN),](BFE,), (0.241 g; 0.5 mmol) in
CH,CN (3 mL) was added to a suspension of 7P"",NCHP:
(0.453 g; 1.0 mmol) in CH;CN (10 mL). An immediate color
change to reddish brown was observed, and the reaction
mixture was stirred at 22 °C for 3 h. The reaction mixture was
filtered through Celite. All volatiles were removed in vacuo,
and Et,O was added to precipitate a reddish-brown solid. The
solid was purified via vapor diffusion of Et,O into a saturated
CH;CN solution to yield reddish-brown crystals (0.415 g;
0.364 mmol; 73% vyield). The reddish-brown crystals were
placed under vacuum (~1 X 107" mmHg) at 50 °C, yielding
analytically pure compound. *P{'"H} NMR (CD,Cl,, ppm):
44.5 (s). ”F NMR (CD,Cl,, ppm): —151.4 (s, BE,"). *C{'H}
NMR (CD,Cl,, ppm): 143—129 (multiple peaks, Ph), 69.2 (s,
N—CH(C(Hy),), 48.3 (d, PCH,N, Jop = 11 Hz), 31.3 (mult,
PCH,CH,P). 'H NMR (CD,CL, ppm): 7.41-6.87 (multiple
peaks, 40H, P-C¢H; and N-CH(CH;),), 4.97 (s, 2H,
—CH(CGH,),), 3.90 (mult, 4H, PCH,N), 328 (mult, 4H,
PCH,N), 3.15 (mult, 4H, PCH,CH,P), 2.51 (mult, 4H,
PCH,CH,P). Anal. Caled for CigH:B,FgN,NiP, ([Ni-
(7P NCHPR) 1(BE,),): C, 61.15; H, 5.13; N, 2.46. Found:
C, 60.79; H, 527; N, 2.83. CV (02 M Bu,NPF, in CH,CN,
scan rate 100 mV/s): E,,,, V vs Fc/° (AEP, mV) —1.15 (93).

Synthesis of [Ni(7P"",N"),H](BF,); (Deprotection of
N—H). A Schlenk flask was charged with [Ni(7P™,NHP) 1.
(BF,), (0.520 g; 0.456 mmol) in CH,Cl, (20 mL). Under
nitrogen, fresh HBF,-Et,O (0.236 g; 1.45 mmol) was added to
the reaction mixture dropwise. Freshly opened HBF,-Et,O is
required; otherwise, the reaction does not proceed cleanly
enough to yield the desired product. A yellow precipitate
immediately forms. The precipitate was isolated quickly on a
frit and washed with Et,O to afford a yellow solid (0.265 g;
0.296 mmol; 65% yield). The solid was dried under vacuum
(~1 x 10™* mmHg) at 50 °C for 24 h, yielding an analytically
pure compound. *'P{'"H} NMR (CD;CN, ppm): 56.6 (br s),
47.7 (s), 45.7 (s). ’F NMR (CD;CN, ppm): —156.2 (s, BF,”).
BC{'H} NMR (CD;CN, ppm): 148—132 (multiple peaks,
some broad, Ph), 52.3 (d, PCH,N, Jcp = 12 Hz), 34.3 (mult,
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PCH,CH,P). 'H NMR (CD;CN, ppm): 7.40 (overlapping m,
20H, Ar-H); 4.30—3.64 (multiple peaks, 8H, PCH,N),
2.80—2.55 (multiple peaks, 8H, PCH,CH,P). Anal. Calcd for
C3,H39B3F,N,NiPy ([Ni(7PPh2NH)2H] (BF4)3)3 C, 42.96; H,
4.39; N, 3.13. Found: C, 42.89; H, 4.48; N, 3.18.

Catalytic Hydrogen Production using [Ni(7P":N"),H]-
(BF,); as Catalyst under Buffered Conditions. Typical
Experimental Conditions. [Ni(7P™",N"),H](BE,); (1.7 mg,
0.0019 mmol), Bu,NPF, (77.5 mg; 0.200 mmol), and ferrocene
(0.4 mg, 0.002 mmol) were weighed into an 4 mL glass vial and
dissolved in 2 mL of CH;CN. The resulting mixture consists of
0.1 mM [Ni(7P™,N"),H](BE,); and 0.1 M (Bu,N)(PF,). To
this solution was added 5§ uL of a 1.68 M Et;N solution in
CH;CN via volumetric microsyringe. [Ni(7P™,N"),H] (BF,),
is a protonated species, and the addition of Et;N is required to
obtain a reversible cyclic voltammogram (i,) prior to acid addi-
tions. In a separate vial, 1/1 stock/buffer solutions were prepared
from 2,6-di-tert-butyl-4-methylpyridinium tetrafluoroborate
(pKMeN = 12.8) and 2,6-di-tert-butyl-4-methylpyridine, anisidi-
nium tetrafluoroborate (pKM*“N = 11.86) and anisidine, 2,6-di-
tert-butyl-pyridinium tetrafluoroborate (pK,M*“N = 11.4) and 2,6-
di-tert-butylpyridinium, and anilinium tetrafluoroborate (pK,M*N =
10.62) and aniline. The buffer components were dissolved in
minimal CH;CN (0.2 or 0.8 mL depending on solubility). The
buffered solution was transferred to the electrochemical solution by
volumetric microsyringe in a 10—50 uL aliquots. After each addition
of buffer solution the working electrode was polished and rinsed
(vide supra) and a cyclic voltammogram was recorded. The catalytic
current (i.,) was selected as the plateau of the wave as defined by
second-derivative analysis.”” After the completion of buffer solution
additions, the described method was repeated using purified H,O
added via volumetric microsyringe in S L increments up to 50 uL.

Controlled-Potential Coulometry. The bulk electrolysis
vessel and its electrode were assembled under a flow of nitro-
gen. The working electrode consisted of a copper wire attached
to a reticulated vitreous carbon cylinder, the reference electrode
was a silver wire, and the auxiliary electrode was a nichrome
wire; each was placed in a glass electrode compartment
separated by Vycor frits. The total volume of this setup was
determined to be 295 mL. Inside the glovebox, an electrolyte stock
solution consisting of 0.1 M Bu,NBF, in CH;CN was prepared.
This electrolyte stock solution was used to prepare a 25 mL
solution consisting 0.89 mM [(Ni(P™,NH),H] (BF,); (20.0 mg,
0.022 mmol) and ferrocene. This solution was transferred to the
bulk electrolysis vessel, and a cyclic voltammogram was recorded.
An acid solution containing S mL of electrolyte solution and
collidinium tetrafluoroborate (707 mg; 3.38 mmol) was prepared
inside the glovebox and added by syringe to the bulk electrolysis
vessel. The final solution volume was 30 mL, consisting of
0.1 M Bu,NBF,, 0.73 mM [(Ni(P™,N"),H](BE,),, and 0.11 M
collidinium tetrafluoroborate and ferrocene. The controlled-
potential coulometry was performed at —1.40 V versus
ferrocenium/ferrocene as an internal reference. After 40.1, 60.2,
and 80.3 C of charge had passed, a 1.0 mL sample of the
headspace that had a total volume of 265 mL was removed via
gastight syringe and analyzed by gas chromatography. Using the
moles of H, produced and the charge passed, an average current
efficiency of 95 + 5% was calculated for H, production. Data are
reported in Table S7 in the Supporting Information.

pK, Determination for 2,6-Di-tert-butyl-4-methylpyr-
idinium Tetrafluoroborate. Under an N, atmosphere, 2,6-di-
tert-butyl-4-methylpyridinium tetrafluoroborate (40.0 mg;
0.136 mmol) was placed in a 1.0 mL volumetric flask and
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diluted to 1.0 mL with CD;CN to yield a 0.136 M solution. In a
second volumetric flask, p-anisidine (21.3 mg; 0.173 mmol) was
diluted to 1.0 mL with CD5CN to result in a 0.173 M solution.
Five combinations of the acid and base solution were prepared
in 1/4, 1/2, 1/1, 2/1, and 4/1 ratios. Analyzing these mixtures
via "H NMR spectroscopy resulted in a pK, value of 12.8 + 0.2.
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