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ABSTRACT: Transition metal hydride complexes are key intermediates in Metal Hydride BDFE Measured in Water
a variety of catalytic processes. Transfer of a hydride, hydrogen atom, or LINi-H]* e [—|1+
proton is defined by the thermochemical parameters of hydricity, bond ;gaz':mi:';\;g\
dissociation free energy (BDFE), and pK,, respectively. These values have 1| e:‘f; 8 o
been studied primarily in organic solvents to predict or understand BDFE :
reactivity. Despite growing interest in the development of aqueous metal 2 e
hydride catalysis, BDFE measurements of transition metal hydrides in water ;' i -0
are rare. Herein, we report two nickel hydride complexes with one or two LNi LNi®

L . 011V
cationic ligands that enable the measurement of BDFE values in both vs. NHE w5 a8 o4 oz oo
aqueous and organic solvents using their reduction potential and pK, ” "
values. The Ni(I/0) reduction potentials increase anodically as more Highly Oxidizing Ni(1/0) N2 P\Ni,.4..§‘2\/,,5
charged groups are introduced into the ligand framework and are among EPUBIgU Ao AF Gt el

the most positive values measured for Ni complexes. The complex with two

cationic ligands, 2-Ni(II)—H, displays exceptional stability in water with no evidence of decomposition at pH 1 for at least 2 weeks.
The BDFE of the nickel hydride bond in 2-Ni(II)—H was measured to be 53.6 kcal/mol in water and between 50.9 and 56.2 kcal/
mol in acetonitrile, consistent with prior work that indicates minimal solvent dependence for BDFEs of O—H and N—H bonds.
These results indicate that transition metal hydride BDFEs do not change drastically in water and inform future studies on highly
cationic transition metal hydride complexes.

B INTRODUCTION were used to obtain estimates of BDFEs in metal porphyrin
complexes.' >’
Measuring BDFEs of metal hydrides in water presents

unique challenges (Figure 1b). Protonation of a metal hydride

Transition metal hydride complexes are common intermedi-
ates in catalytic reductions and can react as hydride, H-atom,
or proton donors." For example, in one of the simplest

reductions, the hydrogen evolution reaction (HER), electro- by protons in water to form H, and the corresponding oxidized
catalysts are known to form H—H bonds either through a metal is often favorable.” To obtain a BDFE value using a
heterolytic mechanism through protonation of a metal square scheme, an accurate pK, value and one electron
hydride” or through homolytic bond formation, where H- reduction potential are needed (Figure la). However, the
atoms from two M—H complexes combine to form H, and two narrow pH range of water limits the range of measurable pK,
reduced metal centers.” Additionally, metal hydrides are values, and most transition metal complexes exhibit irreversible
implicated in CO, reduction reactions”™* and organic redox events in water. The BDFE value could also be measured
transformations, such as hydrogenations®” and radical hydro- by equilibrium measurements with H-atom donors/acceptors
functionalization™” reactions. with known BDFE values close to the value of a metal hydride.

The thermodynamic parameters of a metal hydride— Yet, few H-atom donor/acceptors with suitable BDFEs have
hydricity, pK,, and BDFE (bond dissociation free energy)— been reported in water, and some of these favor spontaneous
define the free energies for hydride transfer, proton transfer, H, evolution through homolytic bond formation.'®

and hydrogen atom transfer (HAT), respectively. These values
are interrelated through square schemes (Figure 1a).* For
metal hydrides, these values have been most commonly studied
in organic solvents, particularly acetonitrile (MeCN).*'*'" In
water, pK, values of approximately 20 transition metal hydrides
have been documented,'’ and there has been more recent
interest in evaluating aqueous hydricity values.”'*~"> However,
there is a notable lack of transition metal hydride BDFEs that
have been measured in water.'” Most prominent is the work of
Wayland and co-workers, where equilibrium measurements

In order to elucidate a more complete understanding of
aqueous metal hydride thermochemistry and how it relates to
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a. Thermodynamic Parameters of Metal Hydride Transfer
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Figure 1. (a) Square scheme depicting the relationship between
thermodynamic parameters of a metal hydride. (b) Challenges
contributing to the difficulty of measuring BDFEs of transition metal
hydrides in water.

values in organic solvents, we investigated a metal complex
soluble in both MeCN and water. The desired solubility
properties were achieved by adding charged functional
groups,'” which are commonly used to engender water
solubility to organometallic complexes, although they can
change other thermochemical properties.”’”>> Specifically,
nickel complexes with two diphosphine ligands containing an
amine in the backbone were singly or doubly methylated
(Scheme 1). These highly charged nickel complexes enabled
the study of nickel hydride BDFEs in aqueous and organic
solvents.

B RESULTS

Synthesis and Characterization. We synthesized
charged, water-soluble derivatives of the previously reported
nickel bis(diphosphine) complex, Ni(PNP),*® (0-Ni) (PNP =

Et,PCH,NMeCH,PEt, ), through methylation of the backbone
amines (Scheme 1). Attempts to methylate the free PNP
ligand resulted in a complex mixture of products, none of
which could be assigned as the desired cationic ligand by "H
and *'P{'H} NMR spectroscopies. However, direct methyl-
ation of the ligand bound to a metal is precedented in related
metal phosphine complexes.”’

Upon methylation with 1 or 2 equiv of methyl triflate
(MeOTY), the Ni(0) complexes 1-Ni and 2-Ni were prepared
and characterized by 'H and *P{'H} NMR spectroscopies
(where 1 and 2 refers to the nickel complex with one and two
cationic ligands, respectively). 2-Ni was further studied by
single crystal X-ray crystallography and is a rare example of a
structurally characterized dicationic Ni(0) complex (Figure
2).>! For comparison, we also obtained a solid-state structure

Figure 2. Solid-state structure of 2-Ni. Thermal ellipsoids are shown
at 80% level of probability. Hydrogens and outer-sphere triflate anions
have been omitted for clarity.

of Ni(depp), (depp = Et,PCH,CH,CH,PEt,, Figure S1).*
The average Ni—P bond lengths (2.160(4) A) of 2-Ni are

Scheme 1. Synthesis of Cationic Nickel Bis(disphosphine) Complexes
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similar to Ni(depp), (2.148(5) A). We also attempted
methylation of [Ni(PNP),](BE,),*® to form the Ni(II)
analogue of 2-Ni, forming an overall 4+ charged complex.
However, treatment of [Ni(PNP),](BF,), with 2 equiv of
MeOT{ resulted in a complex mixture of species, as
determined by *'P{'H} NMR spectroscopy. Further attempts
to isolate the Ni(I) and Ni(II) analogues of 2-Ni through
chemical oxidation of 2-Ni were also unsuccessful (see
Supporting Information). When chemical oxidation was
attempted, a product was observed by 'H and *'P{'H} NMR
spectroscopies that we tentatively assign as uncoordinated
ligand. (See Supporting Information).

Electrochemical Studies. 1-Ni and 2-Ni were further
characterized electrochemically. All electrochemical potentials
in acetonitrile (MeCN) are referenced to the Fe(CiHj),™°
reduction potential. Cyclic voltammetry (CV) of 2-Ni in
MeCN exhibits a quasireversible Ni(I/0) redox event with an
E,/;, = —0.49 V followed by an irreversible oxidation at —0.11
V that we assign as oxidation to Ni(II) (Figures 3a and S2).
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Figure 3. Cyclic voltammograms of 1 mM solutions of 2-Ni (a) in
MeCN with 02 M TBAPF; (TBAPF4 = tetrabutylammonium
hexafluorophosphate) displaying the first redox feature (solid red)
and a larger electrochemical potential window (orange dotted) and
(b) in water with 0.1 M pH 7 phosphate buffer displaying the first
redox feature (solid blue) and a larger electrochemical potential
window (dashed blue). All scans were recorded at 100 mV/s.

We suspect that after oxidation to Ni(II), the cationic
ligand(s) dissociate from the nickel center, followed by
oxidation of a free phosphine ligand at approximately 1.1
V.**** CV of 1-Ni in MeCN shows a reversible Ni(I/0) event
at —0.82 V followed by an irreversible feature at —0.31 V
assigned as the Ni(II/I) couple (Figure S3). The redox
potentials of 1-Ni and 2-Ni follow a trend with 0-Ni, where
increasing the number of cationic ligands corresponds to more
anodic reduction potentials and loss of reversibility for the
Ni(II/I) couple (Table 1, Figure S4). The Ni(I/0) reduction
potentials of 1-Ni and 2-Ni are among the most positive
recorded for Ni complexes.”

CV of 2-Ni in 0.1 M pH 7 phosphate buffered water shows a
reversible Ni(I/0) couple at —0.11 V versus NHE, as
evidenced by the linear correlation of the square root of the
scan rate with the current, and AE, =70 mV, which is near the
ideal S9 mV of a one electron couple (Figures 3 and SS). This
result is in contrast to the Ni(I/0) couple in MeCN, which is
quasireversible. Similar to its behavior in MeCN, the Ni(II/1)
couple is irreversible. 1-Ni at pH 7 also has a reversible Ni(I/
0) event followed by an irreversible event assigned to the
Ni(II/I) couple (Figure S6). Insolubility of the non-
methylated compound O0-Ni and instability of
[Ni(PNP),](BF,), in water preclude determination of the
potentials for the neutral analogue for comparison.

Protonation Studies. Protonation studies were performed
in both MeCN and water (Scheme 1, above). Protonation of
colorless 2-Ni with 4 equiv of [DMF(H)]OTf (DMF =
dimethylformamide, pK, = 6.1°°) in MeCN forms a yellow
solution of 2-Ni(II)—H, which was characterized by '"H NMR
and *'P{'"H} NMR spectroscopic analysis. A hydride resonance
was observed in the "H NMR spectrum at —15.84 ppm. The
expected quintet splitting of the hydride resonance with
phosphorus was not observed, even at —35 °C, despite being
observed in [Ni(PNP),H](PF).”® The putative hydride is
unstable; decomposition is evident 10 min after
[DMF(H)]OTf is added, which is as quick as we could
measure the species by NMR spectroscopy. 2-Ni(II)—H fully
decomposes over the course of several hours, resulting in free
ligand and a paramagnetic species observable by electron
paramagnetic resonance (EPR) spectroscopy (Figure S7). The
EPR spectrum of this species indicates that the decomposition
forms an S = 1/2 nickel-based complex. The anisotropic g
factor of the paramagnetic species is greater than the g factor of
a free electron (2.0023), suggesting that the signal arises from a
species with more than a half full d orbital set.”” Our EPR
simulation does not capture all of the spectral features, which
suggests that multiple paramagnetic compounds may be
present. Protonation was also performed with 1 equiv of 4-
trifluoromethylanilium tetrafluoroborate (pK, = 8.03°%) at —35
°C, and the corresponding 'H NMR and *'P{'H} NMR
spectra were taken at —35 °C. When protonating under these
conditions, 2-Ni(II)-H is formed without concomitant

Table 1. Reduction Potentials of Studied Complexes in MeCN and Water”

complex Ni(I/0) vs Fe(CsHs),""® (V) MeCN  Ni(II/I) vs Fe(CsHs),*® (V) MeCN  Ni(I/0) vs NHE (V) H,0, pH 7 Ni(1I/I) vs NHE (V) H,0, pH 7

0-Ni —1.24 (rev)* —0.64 (rev)*
1-Ni —0.82 (rev) —0.31 (irrev)
2-Ni —0.49 (quasi) —0.11 (irrev)®

—0.27 (rev)
—0.11 (rev)

0.05 (irrev)
0.55 (irrev)

“Irreversible potentials were recorded from E,,, the potential at the maximum oxidative current. bBest assignment for this feature.
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Scheme 2. Square Schemes of Nickel Hydride Complex 2-Ni(II)—H in Water and MeCN
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decomposition, but decomposition begins immediately when
the sample is warmed back to 25 °C (Figures S8 and S9).

Due to the instability of the hydride 2-Ni(II)—H in MeCN,
a precise pK, could not be obtained. Bounds for the pK, were
determined using acids of different pK, values and varying
concentrations as needed. Addition of 10 equiv of 4-
trifluoromethylanilium tetrafluoroborate to 2-Ni consumes
nearly all of the Ni(0) species, forming 2-Ni(I)—H and the
decomposition product. When 1 equiv of this acid was used,
incomplete reaction of 2-Ni was observed. Addition of 10
equiv of the weaker acid 4-methoxyanilinium tetrafluoroborate
(pK, = 11.86°%) to 2-Ni forms <5% of 2-Ni(II)~H and the
decomposition product after 16 h. From these studies, we
estimate that the pK, is between 7.0 and 10.9 for 2-Ni(II)-H
in MeCN (Figure S10). We note the possibility that the
decomposition impacts the equilibrium for the reaction with
the acid, and the pK, could be lower than 7.0.

Near quantitative protonation of 2-Ni in water was achieved
by dissolving the complex in a pH 1 solution of sulfuric acid,
forming 2-Ni(II)-H. In H,0, a characteristic hydride
resonance is present at —15.69 ppm, which is not present
when D,0 is used (Figures S29 and S30). Remarkably, this
hydride complex is stable in pH 1 water for over 2 weeks, and
minimal decomposition is observed over ~3 months (Figures
S15 and S16). The pK, of this complex in water was measured
to be 2.4 by monitoring the relative concentration of 2-Ni and
2-Ni(II)—H with *'P{"H} NMR spectroscopy in pH 2.8 or pH
3.6 citric acid—sodium citrate buffered water (Tables S1 and
S2, Figures S11—S14). The sample was monitored for 36 h to
ensure that equilibrium was achieved (Figure S10). The 'H
NMR spectra taken in pH 1 water (made with sulfuric acid)
have the same resonances as the citric acid—sodium citrate
buffer, indicating that citrate or HSO,~ does not coordinate
the resultant hydride species.

The protonation reactivity of 1-Ni is complicated due to two
possible sites of protonation—at the metal or backbone
amine—and the tendency of the compound to decompose into
the homoleptic complexes 0-Ni and 2-Ni in solution. The pK,
of the amine in [Ni(PNP),](BF,), was previously measured to
be 10.6 + 0.1 in MeCN.*® Upon treatment of 1-Ni with acid in
MeCN, multiple hydride species are observed and can be
assigned as [Ni(PNP),H](PF),”® 2-Ni(Il)-H and presum-
ably the nickel hydride complex of 1-Ni. These species are
likely formed through ligand exchange, rather than demethy-
lation of the ligand backbone. Due to this ligand exchange, the
pK, could not be accurately determined in MeCN. Protonation
of 1-Ni in water was also difficult to study due to pH-
dependent solubility. The aqueous pK, value of 0-Ni could not
be determined because it is not water-soluble.

BDFE Determination. With both redox potential and pK,
data in hand, the BDFE of the Ni—H bond of 2-Ni(II)—H was

2608

calculated using eq 1, where E° is the E,, of the Ni(I/0)
reduction potential, the pK, is the pK, of 2-Ni(II)—H, and
AG.?° is a solvent-dependent constant (52.8 kcal/mol for
water” and 52.6 kcal/mol for MeCN).** The calculated
BDFEs for 2-Ni(II)—H in water and MeCN are 53.6 and
50.9—56.2 kcal/mol, respectively (Scheme 2).

AGS, = 137(pK,) + 23.06(E°) + AG? (1)

B DISCUSSION

We prepared new highly charged complexes 1-Ni and 2-Ni
through a post-metalation methylation procedure, which
selectively methylated the backbone amines of the ligand.
Cationic phosphine ligands are relatively rare in the literature
and in most cases impart significantly different properties on
the complex compared to their neutral analogues.’”*' The
same is true for the cationic PNP ligands prepared in this work,
which result in very electron-poor metal centers, making them
weaker hydride donors. Unfortunately, the highly positive
nature of these ligands makes it difficult to form the more
electron-deficient Ni(I) and Ni(II) complexes of 1-Ni and 2-
Ni. The ligands also seem to be susceptible to dissociation, as
protonation experiments in MeCN show evidence of what we
tentatively assign as free ligand, which is also evident in
chemical oxidation experiments.

The cationic ligands result in significant anodic shifts to the
redox potentials of the nickel center relative to the neutral
analogue. Since there is only a single methylene spacer
between the cation and the donor phosphorus atoms, we
would expect significant inductive effects reducing the donor
strength of the ligand. The Ni(I1/0) reduction potential of 2-Ni
in MeCN (—0.49 V) is very similar to a calculated reduction
potential of a P,N,-type Ni(0) bis(diphosphine) complex
(—0.51 V) with two protons attached to the backbone pendant
amines. "

The tricationic nickel hydride complex 2-Ni(II)—H was
synthesized in situ via protonation of 2-Ni. The anodic shift in
potential from the cationic ligands is expected to result in a
poorer hydride donor. As a result, protonation to form H, is
likely unfavorable.*> The 2-Ni(II)—H complex is less stable in
MeCN, leading to paramagnetic species and free ligand. As
water has a higher dielectric constant, we hypothesize that it
stabilizes the highly charged 2-Ni(II)—H species better than
MeCN. The trends observed in the reduction potential and
electrochemical reversibility are also consistent with this
hypothesis. As more charged ligands are introduced, the
reversibility of the Ni(I/0) and Ni(II/I) couples decreased in
MeCN, suggesting that the chemical events of ligand
dissociation become more favorable with more cationic
ligands. However, in water, the Ni(I/0) couple remains
reversible.
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The pK, range of 2-Ni (7.0—10.9) in MeCN is significantly
lower than the previously reported pK, value of 0-Ni (22.2),
which is not surprising given its higher cationic charge.”® The
ligand acidity method of Morris has been previously used to
calculate pK, values of metal hydrides.** This method could
not be used to predict a pK, value of 2-Ni(II)~H—which has
an overall charge of 3+—because the equation of this method
only accommodates hydrides with overall charges of 0, 1+, or
2+.

The stability of 2-Ni(II)-H in water allowed for the
measurement of its aqueous BDFE, which is a very rare
example of a transition metal hydride BDFE measured in
water. This BDFE of 53.6 kcal/mol is in the range of most
measured transition metal hydrides in organic solvents
(typically between 50 and 60 kcal/mol)."" Due to the
necessity of using a pK, bracket, only a BDFE range of
50.9—56.2 kcal/mol could be obtained in MeCN. The
measured BDFEs of 53.6 and 50.9—56.2 kcal/mol in water
and MeCN, respectively, are very similar. This result is
consistent with BDFEs of O—H and N—H bonds measured in
multiple solvents; there is very little solvent dependence.'®
Since the BDFE is within the typical range for transition metal
hydrides, there appears to be little or no perturbation of the
bond strength either from the water solvent or from the
proximally located charges. Interestingly, the BDFE of the
analogous neutral hydride [Ni(PNP),H](PF4) is $4.4 kcal/
mol, approximately the same as the tricationic complex 2-
Ni(1I)—H.

The hydricity values for 1-Ni and 2-Ni could not be
rigorously determined in aqueous or organic solvent because
reversible or quasireversible Ni(II/I) couples could not be
obtained. Furthermore, the inaccessibility of the Ni(Il)
analogues of 1-Ni and 2-Ni obviated the use of H,
equilibration to determine hydricity, as this method requires
stable Ni(II) complexes. A lower bound of hydricity for 2-
Ni(II)—H in water could be estimated at 35 kcal/mol because
no H, evolution was observed in pH 1 water after 2 weeks.
Alternatively, the potential-pK, method®”*® can be used to
estimate a hydricity of 48 kcal/mol (see Figure S17 for
calculation information). However, the irreversible Ni(II/I)
couple limits the accuracy of this value.

B CONCLUSIONS

New monocationic and dicationic nickel(0) bis(diphosphine)
complexes 1-Ni and 2-Ni were synthesized and characterized
by NMR spectroscopy and cyclic voltammetry. 2-Ni was
further characterized by single crystal X-ray crystallography.
Electrochemical studies reveal that the Ni(I/0) couples of the
cationic species are significantly anodically shifted relative to
the neutral analogue and are among the most positive values
measured for nickel complexes. Protonation studies were used
to obtain the pK, values of the 2-Ni(II)—H species in both
water and acetonitrile. The nickel hydride bond dissociation
free energies for 2-Ni(II)—H were measured in water and
MeCN. The BDFE value in MeCN is very similar to the value
obtained in water, which is consistent with previous studies
that demonstrate solvent invariance for BDFEs of O—H and
N-—H bonds. This work more broadly suggests that the bond
strengths of transition metal hydrides are not perturbed in
water, and measured BDFE values of transition metal hydrides
in organic solvents would likely be similar to the BDFE of
these metal hydride bonds in water. This conclusion informs
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the development of transition metal hydride catalysis in
aqueous conditions.

B EXPERIMENTAL SECTION

General Experimental Details. All manipulations were per-
formed under an atmosphere of N, in a glove box or through the use
of a Schlenk line. Chemicals were obtained from commercial sources
without further purification, unless otherwise noted. HPLC grade
water degassed under active vacuum was used for aqueous studies.
Nondeuterated organic solvents were degassed by sparging with argon
and then dried by passage through an alumina column under argon
pressure on a solvent drying system (JC Meyer Solvent Systems) and
stored over activated 3 A molecular sieves under a N, atmosphere.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories, degassed by freeze—pump—thaw methods, and then
dried over activated molecular sieves prior to use, with the exception
of D,0, which was stored without molecular sieves. Tetrabutylam-
monium hexafluorophosphate (TBAPF,) was recrystallized from
ethanol three times. PNP,*® Ni(PNP),,*® Ni(depp),** [DMF(H)]-
OTf,*® 4-methoxyanilinium tetrafluoroborate,*® and 4-trifluoromethy-
lanilinium tetrafluoroborate*® were synthesized as previously reported.
NMR spectroscopic measurements were obtained on a Bruker
AVANCEG00 instrument. Phosphorus NMR spectroscopy samples
were referenced to internal or external H;PO, or were referenced to
the solvent signal of the proton spectrum. pH 7 buffer was made with
monobasic and dibasic sodium phosphate. pH 1 solutions were made
from sulfuric acid. pH 2.77 and pH 3.62 buffered solutions were made
with citric acid and sodium citrate. X-ray diffraction studies were
carried out at the UCI Department of Chemistry X-ray Crystallog-
raphy Facility on a Bruker SMART APEX II diffractometer. Data were
collected at 133 K using Mo Ka radiation (4 = 0.71073 A). The
APEX2 program package was used to determine the unit cell
parameters and for data collection. The raw frame data were
processed using SAINT and SADABS to yield the reflection data
file.*”*® The structures were solved using XT, and the data were
refined using XL using SHELXIle as a graphical user interface.*”*°
Electrospray ionization mass spectrometry experiments were
performed on a Micromass LCT at the University of California,
Irvine Mass Spectrometry Facility. Electrochemical measurements
were obtained on a Pine WaveDriver 10 bipotentiostat, equipped with
AfterMath software. The working electrode was a glassy carbon disc
with a 1 mm diameter, the counter electrode was a glassy carbon rod,
a silver wire was used as a pseudo reference in organic solvents, and a
saturated calomel reference electrode (SCE) in saturated KCl was
used in aqueous solvent. Aqueous potentials were converted to SCE
using the conversion factor of NHE = 0.244 V versus SCE. EPR
spectra were taken on an X-band Bruker EMX spectrometer, outfitted
with an EMX standard resonator and a Bruker PremiumX microwave
bridge. EPR simulations were performed with EasySpin.”' Spectra
were taken as frozen solutions. Water pH measurements were
performed with a Thermo Scientific Orion Star A216 Benchtop pH/
RDO/DO meter.

Syntheses. Synthesis of 2-Ni. A thawing solution of MeOTf (81
mg, 0.50 mmol, 2.1 equiv) in benzene (5 mL) was added to a
thawing, stirring solution of 0-Ni (125 mg, 0.237 mmol, 1.0 equiv) in
benzene (3 mL). The solution immediately turned cloudy and was
warmed to room temperature. After 20 min, the suspension was
filtered, and the resulting white solid was dissolved in MeCN. The
solvent was removed in vacuo to yield 2-Ni as a white solid powder
(200 mg, 84% yield). The solid was dissolved in minimal MeCN, and
ether was layered on top yielding crystals suitable for single crystal X-
ray diffraction. "H NMR (600 MHz, CD,CN, 23 °C): 5 1.03 (dt, ] =
14.8, 7.1 Hz, 24H, CH,), 1.60—1.74 (m, 16H, CH,), 3.24 (s, 20H,
NCH,P & NCH;). 'H NMR (600 MHz, D,0, 23 °C): § 1.05 (dt, ] =
12.2, 7.4 Hz, 24H, CH,), 1.68—1.80 (m, 16H, CH,), 3.35 (s, 12H,
NCH;), 3.39 (s, 8H, NCH,P). *'P{'"H} NMR (203 MHz, CD,CN,
23 °C): 6 4.72 (s). 3'P{'"H} NMR (203 MHz, D,0, 23 °C): § 4.62
(s). BC{"H} NMR (151 MHz, CD;CN, 23 °C): § 62.4, 56.5, 24.2,
8.1. ESI-MS m/z: caled [2-Ni + 2H'] 560.3; found m/z, 560.2.
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In Situ Synthesis of 2-Ni(ll)—H in MeCN. Four equivalents of
[DMF(H)]OTS were added to an NMR tube charged with CD;CN
(0.6 mL) and 2-Ni (10 mg, 0.012 mmol, 1.0 equiv), consuming all of
2-Ni and forming 2-Ni(II)—H (>95% conversion). "H NMR (600
MHz, CD;CN, 23 °C): & 1.14 (dt, ] = 15.0, 7.7 Hz, 24H, CH;), 1.9
(m, 8H, CH,), 3.31 (s, 12H, NCH,), 3.76 (s, 8H, NCH,P), —15.86
(s, 1H, NiH). 3'P{*H} NMR (203 MHz, CD;CN, 23 °C): § 5.49.

In Situ Synthesis of 2-Ni(ll)—H in H,0. 0.5 mL of pH 1 water was
added to an NMR tube charged with 2-Ni (3.5 mg, 0.0041 mmol),
forming 2-Ni(I[)—H (>95% conversion). "H NMR (600 MHz, H,0,
23 °C): § 1.11 (dt, J = 14.0, 7.1 Hz, 24H, CH;), 1.9—1.98 (m, 8H,
CH,), 1.99-2.08 (m, 8H, CH,), 3.39 (s, 12H, NCH};), 3.9 (s, 8H,
NCH,P), —15.69 (s, 1H, NiH). 3'P{'"H} NMR (203 MHz, H,0, 23
°C): § 5.65.

Synthesis of 1-Ni. A thawing solution of MeOTf (12 mg, 0.074
mmol, 1.0 equiv) in benzene was added to a thawing, stirring solution
of 0-Ni (39 mg, 0.074 mmol, 1.0 equiv) in benzene (3 mL). The
solution immediately turned cloudy and was warmed to room
temperature. After 20 min, the suspension was filtered, and the
recovered solid was dissolved in MeCN. The MeCN solvent was
removed in vacuo, and the resultant white solid was washed with
minimal ether and hexanes. The remaining solvent was removed in
vacuo, yielding a white solid (48 mg, 95% yield). '"H NMR (600
MHz, CD,CN, 23 °C): § 1.0 (m, 24H, CH;), 1.3—1.37 (dq, J = 15.2,
8.1 Hz, 4H, CH,), 1.46—1.54 (dq, ] = 144, 7.5 Hz, 4H, CH,), 1.57—
1.68 (m, 8H, CH,), 2.27 (s, 3H, NCH};), 2.49 (s, 4H, NCH,P), 3.12
(s, 4H, NCH,P) 3.17 (s, 6H, N(CH;),). 3P{"H} NMR (203 MHz,
CD4CN, 23 °C): § 4.4 (t, Jpp = 12.1 Hz), 5.05 (t, Jpp = 12.1 Hz).
BC{'H} NMR (151 MHz, CD;CN, 23 °C): § 60.3, 60.1, 55.9, 52.6,
24.6,22.2, 8.3, 7.8. ESI-MS m/z: calcd [1-Ni — H*] 542.3; found m/
z, 542.2.

pK, Measurement of 2-Ni in Water. Solutions of 2-Ni (3 or 4.5
mM) buffered to a solution pH of 2.77 or 3.62 were added to an
NMR tube, establishing an equilibrium between the 2-Ni and 2-
Ni(I[)—H species. A ¥P{'"H} NMR spectrum was acquired and the
integrations of 2-Ni and 2-Ni(II)—H were noted. After 12 and 36 h,
additional *'P{’'H} NMR spectra were taken and the ratio of the
signals was unchanged relative to the internal standard HNa,PO,.

pK, Bracket Measurement of 2-Ni in MeCN. To 4 mM solutions
of 2-Ni in an NMR tube was added 10.0 equiv of 4-methoxyanilinium
tetrafluoroborate (pK, = 11.86°°) or 4-trifluoromethylanilinium
tetrafluoroborate (pK, = 8.03°%). A *'P{'H} NMR spectrum was
taken, showing near complete conversion to 2-Ni(II)-H or no
conversion leaving only the 2-Ni species. A bracketing study was
performed with 1 equiv of different acids, but incomplete conversion
of the Ni(0) species to 2-Ni(II)—H prevented the use of the 1 equiv
bracket.
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