Role of High-Spin Species and Pendant Amines in Electrocatalytic Alcohol Oxidation by a Nickel
Phosphine Complex

Thilina Gunasekara,” Yicheng Tong,* Amy L. Speelman,” Jeremy D. Erickson,” Aaron M. Appel,” Michael B.
Hall,** Eric S. Wiedner®"

T Center for Molecular Electrocatalysis, Pacific Northwest National Laboratory, Richland, Washington 99352,
United States

* Department of Chemistry, Texas A&M University, College Station, Texas 77843, United States

Abstract

The development of active and efficient electrocatalysts for oxidation of alcohols using earth-abundant metals will
aid the progress towards a renewable energy economy. Here we present a detailed mechanistic study of
electrocatalytic benzyl alcohol oxidation by a molecular nickel complex containing pendant amines using a
combination of kinetic studies, NMR spectroscopy, and density functional theory. The catalyst preferentially binds
alcohol in high-spin octahedral geometry, but this complex is not readily deprotonated by exogeneous base and
inhibits catalysis. Dissociation of one or more solvent ligands returns the complex to a low-spin state that can be
deprotonated. Kinetic modeling indicates the off-cycle high-spin intermediate lowers the catalytic turnover
frequency by a factor of eight, suggesting that substantial gains in activity can be attained by improvements to the
catalyst coordination geometry. In a second finding, we demonstrate the pendant amine of the catalyst only
functions as a proton relay for the potential-determining step, oxidation of a nickel hydride intermediate, but does
not have a substantial impact on the overall rate for oxidation of benzyl alcohol to benzaldehyde. This result

contradicts the common expectation for pendant amines to participate in rate-limiting proton transfer reactions.
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Introduction

Electrocatalytic oxidation of alcohols has received a great deal of attention in energy research as an anode
reaction for Direct Alcohol Fuel Cells.!** This interest is mainly due to the availability of alcohols from biomass
sources, the ease of transport using existing infrastructure, and the higher volumetric energy density than
hydrogen — the most commonly used fuel in fuel cells. In addition, the prospects of converting CO, to methanol
using renewable energy strengthens the role of alcohols as chemical fuels.>” The complete oxidization of an
alcohol to COs is highly desirable to utilize its full energy density. However, this conversion is a multi-electron
and multi-proton process, and the mechanisms of such multi-step reactions are inherently difficult to study. One
way to address this complexity is to study the mechanism of each step individually. In the present paper, we focus
on the mechanism of electrocatalytic oxidation of alcohols to aldehydes (equation 1), which is the first step in the

multi-step oxidation of alcohols.

_H

? ?
R/C\\H =R/C\H + 2H* + 2e”
H (1

Most of the molecular electrocatalysts discovered for this reaction are complexes of noble metals, mainly
Ru®!* and Ir.!>'¢ In the past few years, four electrocatalytic systems based on first-row transition metals have
been reported (Figure 1).!72° These catalysts display similar turnover frequencies (TOFs) for the 2¢ /2H"
oxidation of alcohols (except for the Co catalyst), but operate at very different electrochemical driving forces.
Typically the driving force is represented by the overpotential, defined as the additional potential beyond the
standard potential needed to drive a reaction at a specific rate.?!* However, the standard potentials of the
RR’'C=0/RR’CHOH couples are unknown in organic solvents, precluding determination of the overpotentials of
these catalysts. As a proxy for overpotential, the catalytic potentials are shown versus the non-aqueous reversible
H'/H, couple**2® under the reaction conditions for each catalyst. This approach accounts for differences in the
base strength used in different studies and provides an accurate measure of the relative overpotential of different
catalysts. As seen in Figure 1, the complex [Ni(P"*,N®%,)(MeCN),]** (1) operates at a much lower potential than
the Cu or Fe catalysts while displaying a similar TOF.
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Figure 1. First-row transition metal electrocatalysts for alcohol oxidation.!”° Catalytic potentials are listed relative
to the non-aqueous reversible H'/H, couple (RHESY) as a proxy for the overpotential since the standard potential

of the RR'C=0/RR’CHOH couple is unknown in these organic solvents.

Given the desirable attributes of 1, we performed an in-depth study of its mechanism for electrocatalytic
alcohol oxidation using a combination of electrochemical kinetic measurements, NMR spectroscopy, and Density
Functional Theory (DFT) calculations. These studies demonstrate that the MeCN solvent binds to the initial
alcohol-bound intermediate to form an off-cycle, high-spin alcohol complex. This off-cycle species must
dissociate a solvent ligand to form a low-spin alcohol complex that can proceed in the main catalytic pathway.
Kinetic modeling indicates this off-cycle high-spin complex lowers the TOF by a factor of eight, suggesting 1
would be a much more active catalyst if this inhibited complex could be avoided. In a second main finding, we
demonstrate that the pendant amines of 1 do not afford an enhancement in the overall rate for oxidation of benzyl
alcohol. However, the pendant amines do enable the oxidation of the nickel hydride intermediate at low potentials
by promoting intramolecular H transfer from Ni, thereby playing a key role in enabling the low overpotential of

this catalyst.

Results

Analysis of the electrocatalytic wave. In the presence of triethylamine (NEt;) and benzyl alcohol (BnOH), 1 displays
a catalytic oxidation wave at a half-wave potential (E..2) of -0.66 V versus Cp.Fe™. Formation of PACHO was
previously confirmed by bulk electrolysis followed by 'H and '3C {'"H} NMR analysis of the product mixture.!” The

alcohol oxidation waves of 1 span about 700 mV from the base of the wave to the plateau (Figure 2), which is



much broader than typical for a molecular electrocatalyst. The resistance of the analyte solution was determined to
be 53 Q using a single-point impedance measurement, which is not large enough to have an appreciable impact on
the electrode potential through iR-drop at the currents of these catalytic measurements (< 10 pA). These data
indicate that electron transfer of one or more catalytic intermediates at the electrode is slow relative to catalytic

turnover when the electrode potential is more negative than the maximum plateau current (where kqps is measured).

Two pieces of data indicate that the slow electron transfer during catalysis does not result from oxidation
of Ni(I) to Ni(Il). First, variable scan-rate experiments indicate that the heterogeneous electron-transfer rate constant
for oxidation of Ni(I) by the electrode is too large to account for the broad catalytic response (see Supporting
Information for further details). Second, the first derivative of the current-potential curve reveals the presence of
two overlapping features, one centered at the Ni(Il/I) couple of -0.76 V and the other at the catalytic half-wave
potential of -0.66 V (Figure 2). Together these data indicate the slow electron transfer arises from a catalytic
intermediate formed in the diffusion layer that we tentatively assign as a Ni"H species. In previous studies, no
hydride species were detected by "H NMR spectroscopy following reaction of 1 with BnOH and NEt; at —40 °C,
though hydride resonances could be observed for a related catalyst with a benzyl group on the pendant amine (Figure
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Figure 2. Cyclic voltammogram of the Ni'"' couple of 1 and a representative catalytic wave for electrochemical

oxidation reaction of BnOH by 1 and NEt;. Black: cyclic voltammogram of the Ni'"!

couple of 1; Red (solid): cyclic
voltammogram of 0.38 mM 1, 84 mM BnOH, and 69 mM NEt;; Red (dashed): The first derivative of the catalytic
wave shown in red with respect to time. All experiments were performed at room temperature in 0.1 M "BusNPFg

in CH3CN at a scan rate of 100 mV/s using a glassy carbon working electrode.



Electrochemical studies of a control complex with no pendant amine. To investigate the importance of having a
pendant amine for electrocatalytic activity, we previously used [Ni(dcpe)(MeCN),]**, where dcpe = 1,2-
bis(dicyclohexylphoshino)ethane, as a control complex with no pendant amine.!” However, the Ni(Il/I) couple of
this complex is 200 mV more negative than 1. As a result, the lack of electrocatalytic activity by this control
complex could be due either to the lack of a pendant amine or its decreased driving force for alcohol oxidation.
For this study, we synthesized the new control complex [Ni(depp)(MeCN)2]*" (2), where depp = 1,2-
bis(dicyclohexylphoshino)propane. X-ray crystallographic studies reveal that 2 adopts a square-planar geometry
in the solid state with no axial solvent ligands (Figure S23), similar to 1. As shown in Figure 3, the Ni(I/T)
couple of 2 (-0.79 V versus Cp,Fe™°, Figure S10) is close to that of 1 (-0.76 V), indicating the complexes have a

similar driving force for alcohol oxidation.
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Figure 3. Structure and Ni(II/I) reduction potentials of 1 and control complexes with no pendant amine.

Studies of the alcohol oxidation activity of 2 were complicated by its decomposition in the presence of
amine bases (Figure S11). The decomposition of 2 could be minimized by reducing in situ with 1 equiv CrCp*; to
generate the Ni(I) complex, Ni(dcpp)(MeCN),*. Addition of NEt; to a solution of the Ni(I) complex resulted in a
decrease in the peak height for the cathodic portion (ipc) of the Ni(Il/I) couple, but had no effect on the anodic
portion (i,.) (Figure 4). This data shows the Ni(I) species in the bulk solution is stable to NEts;, and the
decomposition occurs slowly at the Ni(Il) state. When both NEt; and BnOH were added to a solution of Ni(I), the
peak potential of the anodic wave shifted negative slightly (~20 mV) and did not increase in intensity, consistent
with a stoichiometric oxidation of BnOH by Ni(Il) (an EC mechanism). A cathodic wave was not observed on the
return scan, indicating near complete consumption of Ni(Il) in the diffusion layer. These electrochemical

28-29 with an

characteristics indicate the stoichiometric oxidation of BnOH by 2 is in an intermediate kinetic regime
estimated rate of 1-4 s™' (see SI for full details). Since the rate of stoichiometric BnOH oxidation by 2 is similar to
the catalytic TOF of 1, it is unlikely that a pendant amine is necessary for rapid stoichiometric oxidation of BnOH

to PhCHO.
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Figure 4. Cyclic voltammograms of the Ni'"' couple (E12 = -0.79 V vs. F¢™?) of a 1.0 mM [Ni(dcpp)(MeCN),]*
solution reduced with 1 equiv CrCp*; before (black) and after (red) addition of 69 equiv NEt;. The CV of the same
mixture after addition of 84 equiv BnOH (blue) shows no catalytic current enhancement. All experiments were
performed at room temperature in 0.1 M "BusNBF, in CH3CN at a scan rate of 100 mV/s using a glassy carbon

working electrode.

The oxidation of BnOH was confirmed by 'H NMR spectroscopy, where treatment of 2 with 10 equiv
BnOH and 10 equiv NEt; led to the formation of 3.7 equiv of PhCHO (Figure S26). The observation of a
superstoichiometric amount of PhCHO by NMR spectroscopy suggests the presence of reaction pathways, such as
dehydrogenation of BnOH, that lead to more than 1 equiv of PhCHO per Ni on the NMR timescale. In a similar
experiment, a multiplet resonance was observed at —14.1 ppm in the 'H NMR spectrum upon treating 2 with 5 equiv
BnOH and 1 equiv NEt; (Figure S27). This resonance is consistent with the formation of a nickel hydride as the
metal-based product of BnOH oxidation. The hydride intermediate is unstable under these conditions and disappears

after several minutes.

Since 2 is capable of stoichiometric BnOH oxidation on the CV timescale, the lack of catalytic activity was
hypothesized to result from an inability to oxidize the Ni(Il)-H intermediate formed after loss of PhCHO by
B-hydride elimination. Consistent with this hypothesis, a new oxidation wave was not observed up to +0.1 V versus
Cp2Fe™ in CVs of Ni(I) in the presence of BnOH and NEts; higher potentials led to oxidation of NEt; by the
electrode (Figure 4). The shorter timescale of the CV experiment (~18 s) in comparison to the NMR spectroscopic
experiment in which the Ni(II)-H was observed (several minutes) suggests that the absence of a new oxidation wave
is not due to rapid decomposition of the hydride intermediate. By analogy to related [HNi'(diphosphine),]*
complexes, where the inclusion of a pendant amine lowers the oxidation potential by providing a pathway for

intramolecular deprotonation of [HNi''(diphosphine).]*, the pendant amine likely plays a key role in allowing



oxidation of the Ni(II)-H derived from 1 to occur at a milder potential than the Ni(II)-H derived from 2 (see

Discussion for more details).>%3

Substrate Dependence. The pseudo-first-order catalytic rate constant, ko, for BnOH oxidation by 1 was
calculated from the limiting current of the catalytic wave using equation 2 and the known or measurable
quantities: plateau current (i.«), peak current in the absence of substrates (i,), number of electrons transferred in

the redox event (n), the universal gas constant (R), the temperature (7), Faraday’s constant (), and the scan rate
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Figure 5. Kinetic data for electrochemical oxidation of BnOH by 1 and NEts. (A) Plot of i. at varying
concentrations of 1 with 8 mM BnOH and 69 mM NEt;. (B) kobs at varying concentrations of BnOH with 0.38 mM



1 and 69 mM NEt;. (C) kops at varying concentrations of NEt; with 0.38 mM 1 and 84 mM BnOH. The line in (A)
is a linear least-squares fit to the data. Curves in (B) and (C) are non-linear least-square fits to the Michaelis-Menten

Equation (see Supporting Information for details). Error bars show one standard deviation.

The dependence of kobs on the catalyst and substrate concentrations are shown in Figure 5. A linear
increase of ic; with [1] indicates that the rate limiting step (RLS) is first order in catalyst. The catalytic rate
showed saturation kinetics in BnOH and NEt; suggesting that the RLS could involve BnOH and/or NEt;
depending on the reaction conditions employed. Accordingly, three kinetic regimes (KRs) for this reaction can be

identified as below.

KR-1) Saturation of rate in [BnOH]; RLS involves only 1 and NEt3

KR-2) Saturation of rate in [NEt3]; RLS involves only 1 and BnOH

KR-3) Rate is dependent on both [BnOH] and [NEt3]; RLS involves 1, BnOH, and NEt;

Additional kinetic studies were performed at conditions corresponding to specific KRs, so that the effect on the

substrate of interest, i.e. BnOH or NEts, can be studied separately.

Kinetic Isotope Effect. To determine whether the B-hydride elimination step is rate-limiting in the catalytic alcohol
oxidation reaction we investigated the kinetic isotope effect (KIE) using separate experiments employing
C¢HsCH>OH and CsDsCD,OH. We used reaction conditions relevant to KR-2 to ensure that the reaction involving
BnOH is contributing to the net rate of the reaction. The kobs values for under these conditions gave a KIE of 1.1 +
0.3 indicating that the isotopic effects are kinetically insignificant within the experimental error Therefore, we ruled

out B-hydride elimination as a possible way that BnOH could take part in the RLS.

Hammett Studies. Hammett studies were performed using five para-substituted benzyl alcohols covering a wide
range of para-substituent constants (c,) (from —0.32 to 0.54). The first study was conducted under saturating
conditions of NEt; (KR-2), so that the step involving the alcohol is the only RLS.3* A negative slope (p = —0.53)
was observed in the Hammett plot for KR-2 (Figure 6a), indicating that a positive charge is developed on the
substrate in the rate-limiting transitions state (RLTS). This finding is consistent with a rate-limiting alcohol
coordination step where a positive charge is developed on the oxygen atom. More electron donating substituents

would stabilize this RLTS, thus resulting in higher rates.

Two possibilities were considered for the RLS involving NEt3: (i) deprotonation of BnOH bound to the
metal center, and (ii) direct coordination of NEt; to the metal center. The first scenario should afford a positive
slope due to a decrease in the positive charge on the alcohol in the RLTS, while the second scenario should be

insensitive to the electronic character of the alcohol and display a horizontal line in the Hammett plot. Ideally, this



Hammett Study would be performed under a saturating condition that applies to all the alcohols in the study (KR-
1) so that the alcohol coordination step can be neglected in the analysis. However, such a condition is difficult to

achieve with more electron-deficient alcohols without reaching a much higher concentration of the alcohol.

As a result of the inaccessibility of KR-1, Hammett studies were performed in KR-3 (RLS involves 1,
BnOH, and NEt3) to gain insight into the role of NEts. The resulting Hammett plot was nonlinear with two
distinguishing features: (i) a maximum around the o, value for p-tert-butylbenzyl alcohol and (ii) a curvature on
each side of the maximum (Figure 6b). Deviations from a linear Hammett plot occur when there is a change from
one RLS to another (with no change in the mechanism) as the electronic effect of the para-substituent is varied.
As a result, the measured rate constant is a composite quantity of substituent-dependent rate constants and
equilibrium constants.* Use of substituents more electron donating than ‘Bu led to a positive slope of that portion
of the curve, indicating that the positive charge on the alcohol is decreasing in the RLS. This is consistent with
rate-limiting deprotonation by NEt; and fast BnOH coordination, as would be expected with electron donating
substituents. In contrast, a negative slope was observed with substituents that are less electron donating than ‘Bu,
consistent with rate-limiting BnOH binding and fast deprotonation by NEts, as observed for the studies performed

in KR-2.
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Figure 6. Hammett plots for independently measured rate constants of a series of para-substituted benzyl alcohols
at two different NEt; concentrations. Conditions: 0.38 mM 1, 84 mM para-substituted benzyl alcohol, (A) 69 mM
NEt;. The line is a linear least-square fit to the data (R> = 0.97). (B) 17 mM NEt;. The curve connecting the data

points is to serve as a guide to the eye. Error bars show one standard deviation.

Coordination Environment of 1. To understand the coordination environment, we first investigated the nature of 1
in acetonitrile solution. The net effective solution magnetic moment (u.r) of 1 was measured to be < 0.5 ug using
the Evans Method. This data suggests that 1 exists in equilibrium with a small amount of a high-spin octahedral
form (Scheme 1). Furthermore, at room temperature, the "H NMR spectrum of 1 shows only one set of resonances,
while no resonances are observed in the >'P {'H} NMR spectrum (Figure 7). These data indicate that interconversion
between high-spin and low-spin species is fast on the NMR timescale at room temperature, with the absence of an
observable *'P{'H} NMR spectrum likely resulting from paramagnetic broadening of the rapidly exchanging
species. At—40 °C, a single broad resonance is observed at 27 ppm in the *'P {'"H} NMR spectrum,?’ consistent with
slowed exchange between the low-spin and NMR-silent high-spin species. Similar exchange behavior has been

reported for related complexes with different groups (Ph, Bn) on the pendant amines.*®

Scheme 1. Interconversion of 1 in acetonitrile (L = MeCN).
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Adding NEt; to a solution of 1 led to an immediate color change from yellow to colorless. Using 10 equiv
of NEts, the 'TH NMR spectrum showed a new set of resonances and did not change further over 20 hours (see
Supporting Information). Relative integrations show that only about half of the initial amount of 1 remains in the
solution. Increasing the amount of NEt; to 200 equiv (an amount similar to that used in catalytic conditions)
revealed that only about 6% of the initial amount of 1 remains in the solution and the rest is accounted for by the
new species. The 'H NMR spectrum of the new major species displays a single N'Bu resonance at 1.22 ppm and
two P'Bu resonances at 1.27 and 1.29 ppm (Figure 7a). In addition, two broad resonances (v, ~ 1400 Hz) that
are identical in size and shape are observed in the room-temperature *'P{'H} NMR spectrum of a mixture of 1 and

200 equivalents of NEt; (Figure 7b). These data are consistent with a species in which NEt; occupies one of the
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equatorial positions (in the plane of the P®%,N'®Y, ligand), leading to chemically inequivalent P atoms (Scheme 2).
Based on the observation of only one set of new resonances, the axial sites are either occupied by fast exchanging
acetonitrile and/or NEt; ligands or remain as vacant sites. Consistent with this assignment, the resonances of the
new species in the 'H NMR spectrum shift upfield as the amount of NEt; is increased (Figure S15). The p.; value
changed only by a modest amount (from < 0.5 ug for 1 to 0.7 us in the presence of excess NEt3), indicating that
the majority (~76%) of the species under excess NEt; conditions are in a low-spin square planar/pyramidal
geometry. Similar behavior was observed when Hiinig's base (‘Pr.NEt) or quinuclidine (an unhindered bicyclic
amine) were added to an acetonitrile solution of 1 (Figure S16), although the relative amounts of the solvent- and

base-bound species differ. Therefore, it is clear that compound 1 has a significant affinity to bind amine bases.

A 'H NMR N-'Bu

1+ 200 equiv. NEt,

N-'Bu

P-Bu
1 only

145 140 1.35 130 1.25 1.20
ppm

B *'P{*H} NMR
1+ 200 equiv. NEt, *

1 only
60 50 40 30 20 10 O
ppm

Figure 7. Evidence for the reaction between 1 and NEt;. (A) alkyl region of the '"H NMR spectrum of 2.9 mM 1
(black) and a mixture of 2.8 mM 1 and 560 mM (200 equivalents) NEt; (red). (B) 3'P{'H} NMR spectrum of 7.6
mM 1 (black) and a mixture of 7.6 mM 1 and 1520 mM (200 equivalents) NEt; (red). The peak at 23 ppm marked

with an asterisk corresponds to a minor species (see Figure S14 for a deconvolution of this spectrum).
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Scheme 2. Reaction of 1 with NEt;
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The observation that 1 binds Hiinig's base, a sterically hindered amine, to a similar degree as NEt; is
unexpected. One possibility is that the reactivity observed with amine bases involves residual water, leading to the
formation of Ni—-OH species instead of binding the amine. Addition of 10 equiv NEt; and 4 equiv of H,O to a
solution of 1 in CDsCN led to the formation of a new species with a symmetric PN, ligand and a new
resonance at —4.0 ppm in the '"H NMR spectrum (Figure S31). This species was assigned as a hydroxide-bridged

37-39

dimer, [Ni(P"®*,N",)(u-OH)],*", by analogy to similar complexes.*’*° The structural assignment was further
verified by isolation and characterization of the dimer complex. Therefore the species formed in the presence of
amine bases do not arise from reaction with residual water, further supporting the affinity of 1 to bind amine

ligands.

In the presence of 200 equiv BnOH (typical catalytic conditions), the "TH NMR spectrum of 1 shows
multiple peaks in the -CHj3 region (Figure S12), suggesting that more than one species is present under these
conditions. No resonances were observed in the *'P{'H} NMR spectrum at room temperature, possibly due to
paramagnetic broadening. Using the Evans method, a p.fr of 1.2 ug was measured for the mixture of complexes,
indicating an increase in the equilibrium population of high-spin octahedral species upon reacting with excess
BnOH. Based on the ideal value of 2.8 up for high-spin Ni(II), ~25-45% of Ni exists as a high-spin octahedral
complex with at least one BnOH ligand under these conditions. A similar ues of 1.3 g was measured for 2,

indicating that a pendant amine is not necessary for binding of BnOH in a high-spin octahedral geometry.

Computational Analysis of BnOH Binding and Deprotonation. Density functional theory (DFT) calculations were
performed on 1 to better understand the possible pathways for binding and deprotonation of BnOH. The presence
of 2 to 4 possible coordination sites results in multiple species that must be considered. For this study, we have
only considered the binding of MeCN and BnOH. However, the NMR spectroscopic studies described above
indicate the amine base can also coordinate to the metal center, resulting in additional species that must be
considered. The impact of base binding to the metal center is the focus of ongoing computational studies that will
be reported separately.

The species that were found to be most relevant for the binding and deprotonation of BnOH are shown in

Figure 8. The lowest-energy alcohol complexes contain BnOH in an axial position of the molecule, with the most
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stable complex, 36c(T), adopting an octahedral, high-spin triplet configuration. This result is consistent with the

findings from magnetic moment measurements that show an increase in u. for 1 in the presence of excess BnOH.

Isomers with the BnOH ligand in an equatorial position were 5-10 kcal mol ™! higher in energy than those with

BnOH in an axial position. The BnO™ ligand formed upon deprotonation of the coordinated BnOH by NEt; has a

strong preference to adopt an equatorial position and dissociate the axial MeCN ligands. Collectively, these

calculations show that 1 first binds BnOH in an axial position, and the subsequent deprotonation by NEt; is

accompanied by the loss of one or more solvent ligands and isomerization of the BnOH/BnO™ to an equatorial

position. This result is an essential feature of Ni(Il) six-coordinate high-spin versus four-coordinate low-spin

species. Weak donors, such as BnOH and MeCN, will support 6-coordinate high-spin systems with the weakest

donor preferring axial positions over equatorial ones, while strong donors such as BnO™, force the system to

become four-coordinate and low-spin.
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Figure 8. Calculated free energy/enthalpy profiles of possible species involved in the binding of BnOH to 1 and

subsequent deprotonation by NEt;. The most stable alcohol and alkoxide complexes are framed for emphasis. See

Computational Details for methodology.

Pathways involving intramolecular proton transfer from BnOH to the pendant amine were found to result

in intermediates that were much higher in energy (17-20 kcal mol™") than those shown in Figure 8 (generally <
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15 kcal mol ™). These results indicate there is a mismatch in the pK, of the pendant amine and the coordinated
BnOH. For the low-spin species 44¢ and 4sc, the equatorial BnOH ligand is calculated to have a pK, of 13.8 and
16.2, respectively. However, protonation of the amines in the BnO~ complexes 54c and 5s¢ by HNEt;" is uphill by
13.9 and 9.4 kcal mol ™!, corresponding to pK,’s of 8.6 and 6.9 for the protonated amine. These pK, values are
much lower than that of ‘BuNH;" (pK, = 18.1),* the conjugate acid of the parent amine in the P®*,N"®%, ligand.
Previous work has shown that complexation of P?,N®, ligand to a metal lowers the basicity of the amine due to a
combination of inductive and electrostatic effects.**> Thus the pendant amines are not basic enough to serve as

proton relays by deprotonating the BnOH ligand.

The pendant amine does help stabilize BnOH in an axial coordination site by formation of a hydrogen
bond. For complex 3sc, computations indicate the hydrogen bond between the amine and BnOH ligands stabilizes
the complex by 3—4 kcal mol™. Isomerization of the pendant amines of 3sc breaks the hydrogen bond, resulting in

3sc_p that is 3.6 kcal mol ™! higher in energy (Scheme 3).

Scheme 3. Calculated free energy/enthalpy profiles for isomerization of the pendant amines for species with an

axial BnOH ligand.
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Discussion

The goal of this study was to gain a more detailed understanding of the mechanism for electrocatalytic
alcohol oxidation by 1. In particular, we wanted to better understand the influence of the coordination
environment and pendant amines on the rate-limiting and potential-limiting steps. The experimental and
computational studies described above suggest the catalytic cycle (Scheme 4) consists of (i) reversible
coordination of BnOH to an axial site of 1, (ii) deprotonation of the Ni(BnOH) complex with NEt; to afford a
square-planar complex with the alkoxide ligand in the equatorial plane, (iii) B-hydride elimination to give a NiH
intermediate, (iv) oxidation and intramolecular H' transfer from Ni to the pendant amine, (v) deprotonation of the
pendant amine by NEts, and (vi) oxidation of the Ni(I) species back to Ni(Il). Kinetic studies indicate that the rate
of catalysis is limited by alcohol binding and deprotonation, while the potential of catalysis is governed by the

oxidation of the NiH intermediate. Two unexpected findings are that catalysis is inhibited by the formation of a
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stable six-coordinate (and high-spin) alcohol complex, and that the pendant amine does not appear to enhance the

overall rate for oxidation of benzyl alcohol to benzaldehyde.

Scheme 4. Proposed catalytic cycle for electrocatalytic oxidation of benzyl alcohol by 1 using NEt; as a base. Rate

and equilibrium constants are labeled for a competitive inhibition kinetic model.
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Magnetic moment measurements showed that 1 has an affinity to bind BnOH in a mixture of high-spin
states in acetonitrile solution (uerr = 1.2 ug). Octahedral Ni(Il) is well-known to favor a triplet spin-state, indicating
that coordination of BnOH (a weak-field ligand) is accompanied by binding of an additional MeCN ligand. In
support of this assignment, computations show that BnOH binding to give 36c(T), a high-spin octahedral complex,
is thermodynamically favorable, while low-spin square-pyramidal and square-planar complexes of BnOH are > 4
kcal mol™! higher in energy than 1. Calculations also revealed that binding of BnO~ (a strong-field ligand) to 1

follows the opposite trend in geometric stability, with the square-planar complex being ~12 kcal mol™' more stable
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than the octahedral complex. The octahedral alcohol complex, 36c(T), is an off-cycle intermediate that inhibits
catalysis since its deprotonation by either the pendant amine or exogeneous base is a high-energy pathway (> 17

kcal mol ™).

As shown in Scheme 4, there are two main pathways for formation of the off-cycle intermediate 36c(T)
during catalysis. In the first path, MeCN first binds to the square-planar Ni(I) (14c), then BnOH coordinates to the
5-coordinate Ni species (1sc). Alternatively, BnOH can first bind to 14c, then coordination of MeCN to the
5-coordinate alcohol complex (3sc) gives 36c(T). The two inhibition pathways can be classified respectively as

competitive inhibition by the substrate** 44

and uncompetitive inhibition by the solvent.*> While both pathways are
likely operative during catalysis, the resulting rate expression is too complex to solve from the available kinetic
data. Using the simpler kinetic model for competitive substrate inhibition, ks is described by equation 3, shown in
the form of the Michaelis-Menten equation for a reaction with constant [Base] and variable [ROH], where k1 and
k-1 are the rate constants for alcohol binding to 14 and dissociation from 3sc, > is the rate constant for deprotonation
of the Ni-bound alcohol in 3sc, and K3 is the equilibrium constant for the interconversion between 14 and 36c(T).
Using the kinetic data shown in Figure 5, equation 3 can be solved to obtain k1 = 140 M ! s7!, ko/k 1 =23.8 M,
and K5 = 6.25 M! (see the SI for complete details). These kinetic constants can be used to estimate the degree to
which 36c(T) impacts the overall catalytic activity. If 36c(T) did not form during catalysis, then the rate equation
would be given by equation 4, where kqps is determined by the rate of alcohol binding (k1) and the relative rates of
dissociation and deprotonation of the alcohol ligand (k-1/k2). At a fixed concentration of base, kos would show a
linear dependence on [ROH] and reach ~80 s! at 1 M alcohol (Figure 9), which is substantially larger than the

1

experimentally observed value of 10 s™. A similar finding is obtained when the reaction kinetics are analyzed

according to an uncompetitive inhibition scheme, as detailed in the SI.

k,k,[Base]

o = ki + K5(k_; + k,[Base]) [ROH] 3)
obs ™ k_, + k,[Base] + [ROH]
k1 + K3 (k—l + kz [Base])
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Figure 9. Plot of ko versus [BnOH] for oxidation of BnOH by 1 with inhibition (solid red line) and without
inhibition (dashed blue line). The kinetic traces are obtained from the solutions to equations 3-4 using [NEt;] =

0.069 M (the same base concentration used in experimental studies).

An open mechanistic question is whether binding of NEt; to the metal center inhibits catalysis by directly
competing with alcohol for the binding sites or by promoting formation of off-cycle high-spin alcohol complexes.
Binding of NEt; to transition metals has been reported in the literature by several research groups.*-*® Chaudhuri
and Wieghardt demonstrated that NEt; has an inhibitory effect on the aerobic oxidation of alcohols by a Cu
complex containing an iminosemiquinone ligand.”” A similar inhibiting behavior has been observed by Ozerov for
catalytic coupling of acetonitrile with aldehydes by a Ni complex of a diarylamido-based PNP ligand with 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU) as the base.*® Buchwald has studied the binding affinity of several bases
to a Ni(II) complex bearing a bidentate phosphine ligand and its effect on Pd-catalyzed amination reactions.>*!
Their work shows that NEt; has a lower binding affinity compared to DBU and aniline, possibly due to
“frustrated” Lewis acid-base pairing. Our spectroscopic investigations found that NEt; binds at an equatorial
position of 1, replacing a solvent ligand. Surprisingly, we also observed similar changes in the "H NMR spectrum
upon treating 1 with Hiinig's base, which is typically considered to be a non-nucleophilic base. Addition of NEt3
to 1 also leads to a small increase in the population of high-spin species, suggesting that binding of NEt; to Ni
could enhance the formation of high-spin, off-cycle alcohol complexes. In-depth studies are underway to

investigate the role of NEt; binding in the oxidation of alcohols by 1.

An intriguing feature of 1 is the presence of a pendant amine that can potentially assist in alcohol binding
and/or deprotonation. DFT studies show the pendant amine stabilizes the alcohol in an axial position via
formation of a hydrogen bond, but intramolecular proton transfer from coordinated alcohol to the pendant amine

is a high-energy pathway. This finding indicates the amine can potentially enhance the rate of alcohol binding but
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is unlikely to function as a proton relay. In further studies, we used [Ni(dcpp)(CH3CN),](BF4)2 (2) as a control
complex with no pendant amine because its Ni(II/I) potential is only 30 mV more negative than that of 1. Thus,
both complexes have the same thermodynamic impetus to oxidize BnOH. Unexpectedly, CV and NMR
spectroscopic experiments indicate 2 performs stoichiometric oxidation of BnOH at about the same rate as 1
performs electrocatalytic BnOH oxidation. Additionally, 2 binds the alcohol in a high-spin state to about the same
extent as 1 as evidenced by their similar p.; values in the presence of BnOH. These data provide strong evidence
that the pendant amine does not lower the overall barrier for binding and deprotonation of alcohols. A likely
effect is that hydrogen bonding to the pendant amine facilitates the initial alcohol binding in an axial position but

impedes the subsequent deprotonation and isomerization to an equatorial position.

While the pendant amines do not appear to impact the overall rate for oxidation of BnOH, they do appear
to be critical for the potential-determining step of catalysis. Stoichiometric oxidation of BnOH to PhCHO by 2
results in a nickel hydride species, [Ni(dcpp)(H)(L).]", that must be electrochemically oxidized before being
deprotonated by NEt;. However, no new oxidation features were observed within the electrochemically accessible
potential window, suggesting a very high potential is needed to oxidize [Ni(dcpp)(H)(L).]". In contrast, studies of
1 suggest that [Ni(PB%,N®%)(H)(L),.]" is oxidized at potentials slightly more positive than the Ni(II/I) couple,

thereby enabling electrocatalysis to occur at a modest electrochemical driving force of 0.48 V versus H'/Ho.

Pendant amines have been shown to effect a similar change in the potential for oxidation of
[HNi(diphosphine),]* complexes.*® For example, the observed oxidation potential of [HNi(PB',NB%,),]" (—=0.67 V)
is ~870 mV more negative than its calculated HNi(III/IT) couple (0.2 V).*? Oxidation of [HNi(P2N2).]* can occur by
sequential transfer of electrons and protons (ET-PT or PT-ET) or by a concerted electron—proton transfer (CEPT)
mechanism (Figure 10).3!*? These PCET pathways are enabled by the low kinetic barrier for intramolecular H*
transfer from Ni to the pendant amine (1-8 kcal mol™).>! In contrast, intermolecular PCET mechanisms involving
exogeneous base generally have a much higher barrier due to the entropic penalty associated with a bimolecular
reaction. For example, the oxidation wave of [HNi(depp).]" (depp = 1,3-bis(diethylphosphino)ethane) does not
exhibit a noticeable potential shift in the presence of NEt;,*° and the hydride intermediate formed from 2 likely

possesses a similarly high barrier for intermolecular PCET.
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Figure 10. Illustration of the different proton-coupled electron transfer pathways for oxidation of a Ni(I[)H

intermediate containing a pedant amine.

Removal of a hydride ligand also contributes to the high potential for electrocatalytic alcohol oxidation by
transfer hydrogenation catalysts. Complexes of Fe, Ru, and Ir require the use of very strong bases, such as
isopropoxide or phosphazene base, to deprotonate the hydride intermediates.'> ' ! Waymouth has shown that
hydrogen-atom transfer from metal hydrides to electrochemically regenerable hydrogen-atom acceptors can be
used to lower the potential for alcohol oxidation by 400450 mV."> 16 These studies are related to earlier work by
Stahl, who demonstrated that a combination of Cu(bpy)(OTf) and TEMPO- lowers the potential for oxidation of
BnOH by 500 mV relative to TEMPO-« alone. Our studies suggest the pendant amine of 1 is responsible for
lowering its overpotential for alcohol oxidation by > 750 mV, based on comparison to 2 with no pendant amine.
The catalytic potential for 1 (0.48 V vs H'/H,) is substantially lower than the potentials of the HAT-mediated
transfer hydrogenation catalysts (1.1-1.3 V vs H/H>), suggesting an overall benefit to the use of an internal

pendant amine over an exogeneous HAT mediator.

Conclusions

We have described a comprehensive investigation of the mechanism of electrocatalytic oxidation of
benzyl alcohol by a nickel-based molecular catalyst containing pendant amines that operates at low overpotential.
This catalyst possesses a highly dynamic coordination environment that interconverts between low-spin four-
coordinate and high-spin six-coordinate geometries depending on the nature of the ligands. The nickel complex
preferentially binds benzyl alcohol in a high-spin octahedral geometry, but this species lies outside of the main
catalytic cycle since direct deprotonation of the alcohol ligand results in a high-energy, high-spin alkoxide
intermediate. Instead, the high-spin alcohol complex must first dissociate one or more solvent ligands and convert

back to a low-spin state prior to accessing the rate-limiting deprotonation of the bound alcohol. Kinetic modeling
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suggests the TOF of this catalyst could be enhanced by a factor of eight if the off-cycle high-spin complex could
be avoided. These results provide direct insight into the rational improvement of the catalyst structure to enable

high TOFs for oxidation of alcohols at a low electrochemical driving force.

In an unexpected finding, our studies indicate the pendant amines of the catalyst do not have a significant
influence on the overall rate for oxidation of benzyl alcohol to benzaldehyde. Instead, the pendant amine appears
to be necessary for oxidizing a nickel-hydride intermediate at a low potential through an intramolecular PCET
mechanism, as observed in related electrocatalysts for hydrogen oxidation. This finding was enabled by the
judicious selection of a control complex with no pendant amine that has the same driving force for alcohol
oxidation as the parent catalyst (based on its reduction potential). Identifying a suitable control complex for
catalysts with a PR,N®’, ligand is often challenging due to the unique bite angle and steric environment of the
cyclic diphosphine ligand. Our previous studies of this catalyst relied on an inaccurate control complex with 200
mV less driving force for alcohol oxidation, leading to ambiguous conclusions regarding the role of the pendant
amine. These results should serve as a cautionary account about choice of control complexes in studies involving

ligands with pendant amines (or other functional groups) that can potentially function as proton relays.

Experimental Section

General Procedures. All experiments were performed under dry N, atmosphere using a glovebox and standard
Schlenk techniques. Acetonitrile (anhydrous, amine-free) was purified by sparging with N, and passage through
neutral alumina using an Innovative Technology, Inc., Pure Solv solvent purification system, then further purified
by stirring over CaH, overnight followed by fractional distillation at high reflux. Acetonitrile-d; (99.8%) was
purified by distilling over CaH, at high reflux. Solvents were degassed by three freeze-pump-thaw cycles,
transferred into the glovebox, and stored over 3 A molecular sieves. Complex 1 was synthesized following the

procedure described in our previous publication®” with minor modifications as described below.

"H and *'P{'H} NMR spectra were recorded on a Varian Inova spectrometer (500 MHz) at 20-25 °C. All
"H chemical shifts have been internally calibrated to the monoprotio impurity of the deuterated solvent or to the
chemical shift of 1,3,5-trimethoxybenzene. The *'P{'H} NMR spectra were referenced to external phosphoric
acid at 0 ppm. X-ray diffraction data were collected on a Bruker APEX-II diffractometer; for more detailed
information, see the CIF for the structure of [Ni(dcpp)(MeCN),][BF4]: which is provided as Supporting

Information

Cyclic voltammetry measurements were performed using a CH Instruments 700E potentiostat equipped
with a standard three-electrode cell. Experiments were performed in a glovebox at ambient temperature, 21 + 2

°C, using a using a standard 3-electrode setup. The working electrode (1 mm PEEK-encased glassy carbon,
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Cypress Systems EE040) was polished using diamond paste (Buehler, 0.25 um) on a polishing pad, then the
electrode was rinsed with neat acetonitrile. A glassy carbon rod was used as the counter electrode, and a silver
wire suspended in a solution of "BusNPFs (0.1 M) in acetonitrile and separated from the analyte solution by a
Vycor frit was used as a pseudoreference electrode. Ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
was used as an internal standard after initial measurements were taken, and all potentials are referenced to the

ferrocenium/ferrocene couple at 0 V.

Catalytic currents (i..) were measured by extension from the background capacitive current and taken at
the potential where the first derivative of the i vs. £ curve is closest to zero. This method provides a lower bound
on i, due to the sloped nature of the plateau current, with ic, increasing by ~10% at higher potentials. Each
reported iq. Or kops value is an average of at least two measurements at a scan rate of 0.1 V s7!. The ica values were
measured to be independent of the scan rate over the range 0.05-0.2 V s (Figure S2), indicating the electron
transfer kinetics of the catalyst are relatively rapid at the potentials of the plateau current and equation 2 for
calculation of ks is appropriate. This conclusion is supported by kinetic models that incorporate Butler-Volmer

33, 63-64

kinetics of electron transfer, which simplify to equation 2 at potentials that result in a high thermodynamic

driving force for electron transfer.

Synthesis of [Ni(P®B";NB,)(MeCN).](BF4): (1). Ni(CH3CN)s(BF4) (384 mg, 0.806 mmol) and P, NBY, (302 mg,
0.802 mmol, 1 equiv) were combined in 5 mL acetonitrile. After 3 hours, the solution was concentrated to 2 mL
and filtered. Vapor diffusion of diethyl ether into this solution overnight at ambient temperature resulted in
precipitation of 1 as large red block crystals along with unreacted Ni(MeCN)s(BF.), as pale purple needles. The
crystals were cooled to —30 °C in a freezer and washed with cold acetonitrile (which removed the Ni(MeCN)4s(BF4):
impurity) followed by room temperature diethyl ether. The crystals were dried under vacuum, yielding 188 mg of

1 (34% yield). The "H NMR spectrum and cyclic voltammogram of the product match the reported values.*’

Synthesis of [Ni(depp)(CH3CN):]J(BF4): (2). Ni(CH3CN)e¢(BFs): (54.5 mg, 0.114 mmol) and
1,3-bis(dicyclohexylphosphino)propane (53.0 mg, 0.114 mmol, 1 equiv) were combined in 10 mL CH3CN. The
resulting solution was stirred for 2 h at room temperature. The solvent was then removed under vacuum, and the
resulting material was redissolved in 2 mL CH3;CN and filtered. The filtrate was layered with 15 mL diethyl ether.
After standing overnight at —30 °C, a microcrystalline yellow-brown solid precipitated. The supernatant liquid was
decanted off, and the crystals were washed with diethyl ether, then dried under vacuum. Yield: 83 mg (96% yield)
Crystals suitable for X-ray diffraction were grown by vapor diffusion of diethyl ether into a concentrated MeCN
solution at room temperature. 'H NMR (25 °C, CD;CN): § 2.63-2.46 (m, 4H), 2.06-2.02 (m, 4H), 2.04-1.89 (m,
overlaps with CH;CN/CD;CN), 1.90-1.69 (m, 10H), 1.69-1.23 (m, 26H). *'P{'H} NMR (25 °C, CDsCN): & 32.8
(s) Anal. Calcd for Cs1HssB2FsNoNiP2: C, 49.58; H, 7.52; N, 3.73; Found: C, 49.23; H, 7.73; N, 433 CV (0.1 M
NBuwBF, in CH3CN, scan rate 100 mV/s): Eip, V vs F¢™° (AE,) —0.79 V (68 mV)
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Synthesis of [Ni(P®";N®",)(u-OH)]2(BF4).. A 125 puL portion of 1 M H>O in MeCN (125 umol, 5 equiv)
was added to 17 mg (25 umol) of [Ni(P®":2N"®%)(MeCN):][BF4]z in 400 uL MeCN. The solution was
treated with 7 uL (120 pmol, 5 equiv) of triethylamine, resulting in an instant color change from dark red
to orange. Vapor diffusion of diethyl ether into the crude reaction mixture at ambient temperature resulted
in the formation of bright red-orange crystals suitable for X-ray diffraction. The crystals were collected,
washed with diethyl ether, and dried under vacuum, affording 8.3 mg of the title compound (63% yield).
"H NMR (25 °C, CD3CN): § 3.18 (d, J = 13 Hz, 8H, NCH,P), 2.66 (d, J = 13 Hz, 8H, NCHP), 1.21 (s,
36H, ‘Bu), 1.13 (s, 36H, ‘Bu), —4.02 (s, 2H, OH). *'P{!H} NMR (25 °C, CD3;CN): & 28 (broad s) Anal.
Calcd for Ca0H90B2FsNaNi2O2P4: C, 44.73; H, 8.45; N, 5.22; Found: C, 45.01; H, 8.45; N, 5.36

Computational Details. DFT calculations were performed with Gaussian 09 (revision D. 01)® using the M06
functional®® and two basis sets (BS1 and BS2). BSI1 used 6-31+G(d)*”* for Ni, 3-21G"° for the four ‘Bu groups,
and 6-31G(d) on the other atoms, while BS2 used 6-311++G(d,p) for Ni, 6-31G(d) for the four ‘Bu groups, and 6-
311++G(d,p) on the other atoms. Geometry optimizations were performed in both the gas and solution phase with
MO06/BS1. Harmonic frequencies and thermal contributions to the free energy in the corresponding phases were
calculated at the same level. Solvation corrections with the continuum solvent model (SMD)”! for acetonitrile were
made via single-point calculations in the larger basis set (M06/BS2) on the optimized geometries. The free energy
of solvation was added to all the energies. Further details are provided in the Supporting Information.
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