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ABSTRACT: We present a DFT study of the reaction mechanism on electrocatalytic oxidation of formate by a family of
[Ni(PR,NR,), 1> complexes (PR,N®, = 1,5-diR’-3,7-diR derivative of 1,5-diaza-3,7-diphosphacyclooctane, where R and R’ are

aryl or alkyl groups). [Ni(P™",N™e,),]** complex 1 was used as a model complex to mimic a family of [Ni(P%,N®),),]*
complexes. Our calculated results show that the decarboxylation step (corresponding to TS3) is the rate-determining step for the
electrocatalytic oxidation of formate and that a Ni"—H intermediate is involved in the reaction mechanism. The pendant amine
plays an important role in the deprotonation of the nickel hydride complex generated in the decarboxylation step. In addition,
our study indicates that the choice of external bases is important for removing the proton (H*) from the nitrogen-protonated
nickel(0) complexes. For the electrocatalytic oxidation of formate using the catalytically inactive [Ni(depe),]** (depe = 1,2-
bis(diethylphosphino)ethane) complex, calculations on 1-depe have also been carried out for comparison.

B INTRODUCTION

For renewable energy sources such as solar and wind to be
practical, storage of the energy is crucial. H,, as the simplest
nonfossil fuel, has attracted much attention in recent years. The
processes of hydrogen production in industry via the water-gas
shift or methane steam re-forming require high temperatures
with precious metals’ (such as Ry, Ir, etc.) as catalysts. Since
this production relies on fossil resources, the design of catalysts
that can potentially be used to make hydrogen from renewable
energy sources is important. Such catalysts should preferentially
be based on nonprecious and abundant metals for reduction of
two protons by two electrons to form H, (eq 1). In nature, the

+ _M]
2H' +2¢” =H, (1)
FeFe-based hydrogenases” and the NiFe-based hydrogenases®
are well-known as highly efficient catalysts to produce H, under
ambient conditions. Lately, hydrogen production from formic
acid using iron catalysts, as a functional hydrogenase mimic,
and its reversible process (eq 2) have been reported by Beller et

[Fe]

HCO,H = CO, + H, @)
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al,* and a theoretical investigation of the reaction mechanism
for an iron-catalyzed dehydrogenation of formic acid has been
reported by our group.® Furthermore, a family of [Ni-

(PR,NR,),]%* complexes (PR,NF, = 1,5-diR’-3,7-diR derivative
of 1,5-diaza-3,7-diphosphacyclooctane) with R = Ph and R’
Ph, R =Ph and R’ = PhOMe, R = Cy and R’ = Ph, R = Cy and
R’ = Bn, etc. (eq 3) as artificial hydrogenases has been also
synthesized and characterized by DuBois’ group.®™® Kubiak et
al’ further developed the route for the synthesis of PX,N%’,
ligand with a multitude of substituents R on the phosphine.

Experimental results showed that the [Ni(P®,N¥,),]*
complexes, as electrocatalysts, are able to catalyze proton
reduction and hydrogen oxidation (eq 1) and oxygen
reduction with hydrogen.” Theoretical studies on the proton
reduction mechanism catalyzed by a [Ni(P",N',),]** com-

plex'® and [Ni(P’,N®,),]* (R=R'=Me, R=R’' =Ph,or R =
Cy and R’ = Me) complexes'' have been reported. Very
recently, the oxidation of formate by [Ni(P®,N%®,),]**
complexes (eq 3) has been reported.® Formic acid, as one of
the major products formed in biomass processing, has attracted
considerable attention as a potential liquid fuel and hydrogen
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storage material.'* The reversible process, namely converting
CO, to formate, is of course also of interest as a method for
storing hydrogen and capturing carbon dioxide.

DuBois et al.® proposed the reaction mechanism for formate
oxidation in the original report on the basis of the following
experimental results they observed. First, the TOF for the
electrocatalytic formate oxidation correlating with the pK,
values of the free primary ammonium (R'NH;*) used to

make the corresponding PX,N®, ligands follows two separate
linear trend lines, where the [Ni(P™",N®,),]** complexes

follow one, while the [Ni(P“,N¥,),]** complexes follow
another. These two linear correlations for the catalytically active

[Ni(PR,N®,),]1** complexes and the catalytically inactive
[Ni(depe),]** complex suggest that the rate-determining step
requires the presence of the pendant amine. Second, the cyclic
voltammograms for the complex [Ni(PPh,NFhOMe ) 12+ i
acetonitrile solution shows that there are two reversible one-
electron waves for respective Ni(II/I) and Ni(I/0) couples.
The electrocatalytic formate oxidation by a [Ni-
(PPR,NFhOMe ) 12+ complex occurred along with the peak
potential at around —0.80 V vs Cp,Fe*/’. Third, the peak
potential for the [NiH(P™,N""OMe,) 1% complex was observed
at —0.50 V vs Cp,Fe"’’. The peak potential for [NiH-
(PP,NPROMe ) 1% was not affected by addition of a stoichio-
metric amount of NEt; as an external base. On the basis of
these observations the mechanism involving heterolytic
cleavage of formate (i.e., f-deprotonation) was proposed by
DuBois et al. as the operating mechanism in electrocatalytic
formate oxidation.®

For the proposed mechanism as shown in Scheme 1, there
are four main steps: (1) dissociation of the solvent molecule

Scheme 1. Proposed Mechanism for Electrocatalytic
Formate Oxidation
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acetonitrile (ACN) from complex A to form complex B, (2)
coordination of an HCO,™ anion to complex B to give the five-
coordinated complex C, (3) heterolytic cleavage of formate
from complex C via TS to generate complex D, and (4)
deprotonation from D and followed by oxidation to regenerate
Ni"' complex B and complete the electrocatalytic cycle.®

To our knowledge, no theoretical studies are available on the
mechanism of catalytic electrochemical oxidation of formate in
the literature. In this paper, we report our study on the reaction
mechanism for the electrocatalytic formate oxidation by

[Ni(P®,NR,),]** complexes reported by DuBois and co-
workers® from a theoretical perspective. We aim to understand
the details of the reaction mechanism and rationalize how

[Ni(PR,NR,),]** complexes facilitate the oxidation of formate
to CO, and the major role of pendant amine in the

[Ni(PR,NF,),]%* complexes for the formate oxidation reaction.
Through this study, we would like to provide knowledge of
development and design for these electrocatalysts for the
interconversion of formate and CO,.

B COMPUTATIONAL DETAILS

All calculations were performed with the Jaguar 7.6 program
package.”> Molecular geometries of the model complexes were
optimized at the Becke three-parameter hybrid functional and the
LYP correlation functional (B3LYP'*) with the LACVP** basis set,'
while single-point energy corrections were performed with the M06'®
functional using the LACV3P**++ basis set'” augmented with two f
functions on the metal as suggested by Martin.'® Frequency
calculations at the B3LYP/LACVP** level were performed on the
optimized geometries to verify that the geometries correspond to
minima or first-order saddle points (transition states) on the potential
energy surface (PES). All transition states were confirmed to connect
to the relevant minima by intrinsic reaction coordinate (IRC)'
calculations. On the basis of the gas-phase-optimized structures the
solvation energies were estimated by single-point calculations using the
Poisson—Boltzmann reactive field implemented in Jaguar 7.6 (PBF)*°
with solvent = acetonitrile, which was used under the experimental
reaction conditions.® The estimated solvation energies were then used
to correct the thermochemical data obtained from the gas-phase
calculations. Since the calculations of free energy of solvation of small
ionic species using the PBF method are not very reliable,” the
solvation energies of HCO,H, HCO,”, NEt;, and Et;NH" were
calculated using Solvation Model 8 (SM8).** Hence, the Gibbs free
energies were defined by the equation G,,06 = E(yos/Lacvipssr) + Geoly
+ ZPE + H,gs - TS,05 + 1.9 (concentration correction to the free
energy of solvation from M(g) — M(aq) to atm(g) — M(aq)). The
E,»(Bc*/Fc) value is —0.624 V vs SHE (standard hydrogen electrode)
in acetonitrile solution,” the E, /Z(NiH/ 1) value is —0.98 V vs Cp,Fe*/°
for the complex [Ni(PPh,NMe ), 12 from experiments in acetonitrile
solution,® and the SHE is —4.281 V.>* Here, we took an electron
affinity of 90.5 kcal/mol (3.925 V= —0.98 V — (—0.624 V) — (—4.281
V)) to calculate the total driving force for the reaction using the
[Ni(P™h,N™e,),]?* complex. Concerning the choice of B3LYP, we also
performed the calculations for Figure 2 at the B3P86> level as
recommended in the literature."’ The calculated results at the B3P86
level (see the Supporting Information for details) are similar to the
results at B3LYP/MO6 levels. In this text, we present the calculated
Gibbs free energies G unless otherwise stated. The free energy of
solvation of acetonitrile (—1.2 kcal/mol) in acetonitrile solvent was
adopted from experimental results.*®

A note should be made concerning the hydricity of the Ni—H
intermediate: i.e., the thermodynamic hydride-donor ability of nickel
hydride complexes (eq 4). In experiments, DuBois and co-workers
investigated the hydricity by means of a thermodynamic cycle.®
However, it is very difficult to get the absolute standard free energy of
the solvated hydride ion in theoretical calculations. Here, we could
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[NiH(P®,NY,),TF = [Ni(PR,N",), Y + HT AGY,-

(4)

employ the isodesmic reaction scheme (as shown in egs S and 6) to
calculate the AGy- value”” Then we calculated AGy qeq([NiH-
(PP",N™e,),]%) = 55.6 kcal/mol, which is in good agreement with
experimental results (56.4 kcal/mol). fa

[Ni(P*,NY,), I + HCO,™ = [NiH(P®,NY)), "
+CO, AG° ()

HCO,” = CO, + H AG’%y- g = 442 keal /mol
(6)

B RESULTS AND DISCUSSION

On the basis of the previous experimental results and proposed
mechanism, we carried out DFT calculations to provide insight
into the details of the reaction mechanism. Here, we used the
model complex [Ni(P™,N™¢,),]2* (1), as shown in Scheme 2,

Scheme 2. Relative Free Energies of Different Conformers of
the Complex [Ni(P™,NMe,),]2*
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in which each diphosphine ligand contains two noncoordinat-
ing pendant amines, as the precursor complex to mimic the

electrocatalysts [Ni(P™",N®,),]** (R’ = PhOMe, Bn, Ph, Me).
First, we considered different conformations for [Ni-

(PR,NR®,), 1%, since both boat and chair conformations for
the six-membered ring were observed experimentally. 589 DFT
calculated results indicated that the lowest- -energy conformers
of the complexes with the P<Y,N™°, and P™",N"", ligands had
one six-membered rlng in a boat conformation and one in a
chair conformation.""® Our calculated results (in Scheme 2)
show that 1 is more stable than 1’ by 3.7 kcal/mol, which is
consistent with X-ray studies, where the majority of the

[Ni(PR,NR,),]** complexes have the conformation of complex
1 in the solid state.®

Experimentally, complexes [Ni(CH,CN)(P®,N¥,),]*" (R =
Ph and R’ = PhOMe, and R = Cy and R’ = Ph), having a fifth
coordinating CH;CN ligand, were also characterized by X-ray
crystallography.® We optimized structures with a solvent
CH;CN molecule coordinating to complexes 1 and 1. Using
B3LYP in the optimization resulted in dissociation of the
CH,CN hgand however. When we performed the optimization
using B3P86,> we could locate structures where the CH;CN
coordinated at the fifth coordination site. Using the B3P86
structure, the energy of 2 was calculated to be slightly less
stable than 1 + CH;CN by 1.7 kcal/mol (as shown in eq 7),
which could indicate that 1 and 2 are in equilibrium. We do not
believe that formation of 2 will have any significant impact on
the reaction, since the coordinating ability of formate (HCO,")
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to [Ni(P?,N®,),]** complexes is much stronger than that of
CH;CN, due to the strong electrostatic interactions between

the formate anion and the [Ni(P*,N®,),]*" cation. We have
therefore used complex 1 as our precursor complex in our
calculations.

Direct Heterolytic Cleavage of Formate. First, we
present the calculations based on the proposed mechanism:
ie, heterolytic cleavage of formate. Figure 1 shows the free
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Figure 1. Energy profile calculated for the direct heterolytic cleavage
of formate electrocatalyzed by complex 1. The relative solvation-
corrected Gibbs free energles are given in kcal/mol, and selected bond
distances are given in A.

energy profile for the direct heterolytic cleavage of formate
electrocatalyzed by complex 1. There are two major steps:
inversion of the pendant amine and heterolytic cleavage of
formate. A formate anion (HCO,”) first coordinates to
complex 1 to form the five-coordinate complex 3. Followed
by inversion of one of pendant amines from the chair to the
boat conformation in complex 3 via TS1, complex 3’ is formed,
which is set up for the heterolytic cleavage of formate. Then
complex 3’ undergoes cleavage of formate (TS2), which a bit
surprisingly leads to the formation of the nickel hydroxy
complex 4 and CO. In TS2 the H atom of the formate ligand
reacts with the lone pair of the N atom in the pendant amine.
The scan of the intrinsic reaction coordinate (IRC) for TS2
showed that the reaction gives CO instead of CO, as product,
which is very different from the proposed mechanism: ie,
heterolytic cleavage with CO, as the product. Despite several
attempts (we have tried controlling the N—H distances, the C—
H distances, or both N—H and C—H distances), we have not
been able to find any transition state of a direct heterolytic
cleavage for formate connecting complex 3 and the nitrogen-
protonated nickel(0) complex D with CO,. Following TS2 the
proton first resides on the nitrogen and then spontaneously
moves over to the oxygen on the nickel center.
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Figure 2. Energy profiles calculated for the direct hydride transfer mechanism of electrocatalytic oxidation of formate by [Ni(P™*,N™°,),]** complex
1. The relative solvation-corrected Gibbs free energies are given in kcal/mol, and selected bond distances are given in A. The favorable pathway is
shown by a black dashed line, and another possible pathway for the direct deprotonation is shown by a pink dashed line.

Our results show that the direct heterolytic cleavage of
formate is an endergonic process with an energy of 27.2 kcal/
mol. The overall barrier (corresponding to TS2) for the
heterolytic cleavage of formate is 69.6 kcal/mol. The inversion
(corresponding to TS1) step from 3 to 3’ is relatively facile.
Our calculated results suggest that the proposed mechanism by
DuBois et al. for formate oxidation via the direct heterolytic
cleavage of formate process is unlikely.

Direct Hydride Transfer Mechanism of Electrocata-
lytic Oxidation of Formate via a Ni'-H Intermediate.
Next we discuss another possible mechanism for the formate
oxidation. Both f-hydride elimination and direct hydride
transfer are well-known mechanisms for hydride transfers to
metal centers. In the current case f-hydride elimination is
unlikely, since it requires a vacant cis coordination site.
Therefore, we tested an alternative mechanism, a direct hydride
transfer from formate to the metal via a Ni"—H intermediate.

Figure 2 depicts energy profiles of calculated relative
solvation-corrected Gibbs free energies for electrocatalytic
oxidation of formate. For the favorable pathway as shown in
black in Figure 2, the overall reaction of formate oxidation
(1) 1 + HCO,” intl
coordination of HCO,™ to give 3 followed by decarboxylation
via TS3 with a barrier of 11.3 kcal/mol relative to complex 3 to
give the Ni'—H intermediate int1 and release CO,, (2) intl —
intl’ inversion of one of the six-membered rings from the chair
conformation to the boat conformation via TS4 with a barrier
of 12.0 kcal/mol relative to the intermediate intl to form the
intermediate intl’, (3) intl’ — § internal proton transfer from
the Ni"—H intermediate intl’ to give the nitrogen-protonated
nickel(0) complex § via TS5 with a barrier of 10.5 kcal/mol
relative to intermediate int1, (4) 5 — 6 deprotonation via TS6
followed by inversion giving the nickel(0) complex 6, (5) 6 —

consists of five main steps: -

3284

1 reoxidation via ET-6 to complete the electrocatalytic cycle
and regenerate the precursor complex 1

The overall reaction 2HCO,” — CO, + HCO,H + 2e™ is an
exergonic process with a reaction energy of —16.5 kcal/mol.
The highest solvation-corrected Gibbs free energy barrier for a
formate oxidation process catalyzed by precursor complex 1
was calculated to be 12.0 kcal/mol, corresponding to TS4
relative to intl. Furthermore, the barrier for decarboxylation
(TS3) is 11.3 kcal/mol, which is competitive with TS4.
Therefore, both TS3 and TS4 have the possibility to be the
rate-determining step. The R’ substituent (R’ = aryl group) on

the N atom in the [Ni(P®,N®),]** complexes will decrease the
barrier energy of TS4, since the lone pair of the electron on N

atom in ligands of P®,N®', can be conjugated to the 7 system of
the aryl ring, which can stabilize transition state TS4.
Furthermore, the electronic energies relative to the preceding
intermediates (AE) are 17.7 kcal/mol for TS3 and 11.7 kcal/
mol for TS4. It is possible that some of the corrections that are
made to the free energy are erroneous, leading to the free
energy of TS3 (11.3 kcal/mol) being underestimated. The
conformational change in TS4 gives a small error in free energy
correction. Therefore, we believe that the decarboxylation step
(TS3) is the rate-determining step in the whole electrocatalytic
formate oxidation reaction.

In order to understand the role of the pendant amine, we
also calculated a direct deprotonation step from intl to 6. As
shown in pink in Figure 2, the barrier (corresponding to TS7)
for direct deprotonation is 16.0 kcal/mol, which is significantly
higher than the barrier of the process with the pendant amine
assistance pathway (i.e., the process goes through TSS and TS6
with a barrier of 10.5 kcal/mol) and would be the rate-
determining step if the amine were not present. Hence, the
pendant amine plays an important role in the electrocatalytic

dx.doi.org/10.1021/ic4027317 | Inorg. Chem. 2014, 53, 3281-3289
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formate oxidation by [Ni(P®,N¥,),]*" complexes. The direct
hydride transfer mechanism via a Ni"'—H intermediate followed
by deprotonation with assistance of the pendant amine appears
likely.

As suggested by one reviewer, we performed further
calculations using the [Ni(P*",N",),]** complex. As shown
in Figure 3, the [Ni(P™,N™",),]*" complex N™-1 was used as a
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Figure 3. Energy profile calculated for decarboxylation and inversion

steps by the [Ni(P™,N™,),]?* complex N™-1. The relative solvation-

corrected Gibbs free energies are given in kcal/mol, and selected bond

distances are given in A.

precursor complex to calculate decarboxylation and inversion
stegs. Formate coordinates to N*-1 to form the stable species
N*2.3. Then the decarboxylation occurs via N*-TS3 with a free
energy barrier of 15.3 kcal/mol relative to N™-3 to generate
N"™int1. Since the hydride transfer needs the assistance of the
pendant amine, the inversion via N™*-TS4 will occur to put the
N atom in the pendant amine close to the hydride H atom. The
barrier of N*P-TS4 is 5.4 kcal/mol, which is much lower than
that of N"™-TS3, as expected. Clearly, the decarboxylation step
is the rate-determining step with an activation energy of 15.3
keal/mol, which is consistent with the experimental value (16.0
+ 1.7 kcal/mol).

Understanding the Role of Pendant Amine in

Complexes [Ni(P?,N®,),]** and Barriers of TS3/TS3-
depe. The calculated results show that the pendant amine in
complex 1 plays a very important role in the deprotonation
step. In experiments, [Ni(depe),]** shows very low catalytic
activity for formate oxidation.” To compare the formate
oxidation capability of the [Ni(depe),]*" complex 1-depe with
that of complex 1, we also calculated the possible intermediates
via decarboxylation followed by deprotonation of the Ni"'—H
intermediate with depe ligands. Figure 4 shows the solvation-
corrected Gibbs free energy profile calculated for the formate
oxidation by the [Ni(depe),]** complex 1-depe. After
formation of 3-depe by coordination of a formate anion to 1-
depe, the decarboxylation occurs via TS3-depe with a barrier of
18.8 kcal/mol relative to 3-depe. Since there is no pendant
amine in the depe ligand, only the direct deprotonation of the
resulting intermediate intl-depe could occur via TS7-depe
with the barrier of 20.4 kcal/mol to give the nickel(0) complex
6-depe. The difference in activation free energy for the steps
involving TS3-depe and TS7-depe is only 1.6 kcal/mol. Since
the difference is quite small, we only could conclude that these
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Figure 4. Energy profile calculated for the formate oxidation by the
[Ni(depe),]** complex 1-depe. The relative solvation-corrected Gibbs
free energies are given in kcal/mol, and selected bond distances are
given in A.

two steps are competitive and either of them could be the rate-
determining step.

Concerning the nature of TS3/TS3-depe and TS7/TS7-
depe in a solvent medium, we also carried out calculations for
TS3/TS3-depe and TS7/TS7-depe with a solvation model.
We located all these transition states in solution, which showed
structures similar to those optimized under vacuum (see the
Supporting Information for details).

From the above results, we can see that the pendant amine in

the ligand of P*,N¥), plays an important role not only in the
deprotonation step but also in the decarboxylation step. In the
deprotonation the role of the amine is clearer, since it is directly
involved, but in the decarboxylation the role seem to be an
indirect one, where it modulates the properties of the nickel
center. In the following part we attempt to analyze the
difference between these two different types of ligands, namely,

the ligand of PX,N®, with pendant amines and the ligand of
depe without pendant amine.

In the whole process, the formation of Ni''—H intermediates
intl/int1-depe is one of the crucial steps. Therefore, we want
to investigate the difference between barriers TS3/TS3-depe.
The activation strain model is a fragment-based approach to
analyze the activation energies, where the activation energy AE
is decomposed into the strain AE;, of the deformed reactants
and the interaction AE;, between these deformed reactants:
ie, AE = AE,, + AE,,. Since the CO, and nickel hydride
intermediate are generated after decarboxylation (via TS3/
TS3-depe), and the reverse reaction follows the same trend in
reactivity among these complexes, we carried out an activation
strain analysis®® for TS3/TS3-depe of the respective reverse
reactions (intl/intl-depe — 3/3-depe) barriers in order to

analyze the difference between using [Ni(PR,NR)),]** with
catalytic activity and Ni[ (depe),]** with low catalytic activity. It
is worth mentioning that the transition states (TS3/TS3-depe)
are a route of transferring an electron pair from the nickel—
hydride bond to the incoming CO,, and this electron pair goes
into an antibonding 7 orbital to form a carboxylate anion,
which is naturally bent.

As shown in Scheme 3, the strain of the nickel hydride
complex and carbon dioxide leads to destabilization of the
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Scheme 3. Activation Strain Analysis for TS3/TS3-depe
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transition state, while the interaction of the deformed carbon
dioxides with the deformed nickel hydride complex leads to
stabilization of the transition state. Scheme 3a shows calculated
results for TS3 that AE,;, values of the Ni—H complex intl
and CO, are 0.6 and 23.9 kcal/mol, respectively, and the AE;
value between the deformed Ni—H and CO, is —15.5 kcal/mol.
Clearly, the main energy cost at transition state TS3 is the
strain of CO,. The calculated strain analysis results for TS3-
depe are shown in Scheme 3b. The strains of intl-depe and
CO, are 12.3 and 334 kcal/mol, respectively, and the
interaction energy is —25.2 kcal/mol. This shows that TS3-
depe involves more strain of both int1-depe and CO, than TS3
does. The main difference between these two types of
complexes [Ni(P*",N™¢,),]1*" and Ni[(depe),]*" is the energy
costs in strain of intl and int1-depe. Examining and comparing
the structures of intl, TS3, intl-depe, and TS3-depe, we find
that the Ni—H distance in TS3 (1.623 A) is shorter than that in
TS3-depe (1.646 A), and the C—H distance in TS3 (1.461 A)
is longer than that in TS3-depe (1.342 A). To summarize this
part, it appears that the more the transition state resembles the
Ni—H intermediate and carbon dioxide, the lower the barrier is,
for both the forward and reverse reactions.

Analysis of the molecular orbitals of intl and intl-depe (as
shown in Figure S) shows that the filled Ni—-H o orbital
HOMO of intl (—0.206638 au) is higher in energy than
HOMO-2 of int1-depe (—0.245960 au), supporting the notion
that intl is a better nucleophile to react with CO,.
Furthermore, the energy for the LUMO of intl (—0.051861
au) is lower than that of int1-depe (—0.036535 au), suggesting
that hydride in intl is also a better electrophile to accept the
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Figure S. Molecular orbitals calculated for int1/int1-depe. The orbital
energies are given in atomic units (au).

electron pair from either the formate anion or the pendant
amine in the ligand, which explains why the energy of the
barrier TS7 is lower than that of TS7-depe.

Comparison between Theoretical Results and Exper-
imental Observations. (a). Oxidation of Ni'—H Intermedi-
ate. As we mentioned in the Introduction, the peak potential
for [NiH(P™,NhOMe ) ]* was observed at —0.50 V vs Cp,Fe*/°
in experiments. We calculated the redox potential for
[NiH(P™,N™¢,),]* in order to understand the experimental
results. Here, we use ET to label the complexes or
intermediates resulting from one-electron transfer (ET). As
shown in Scheme 4, the calculated potential is —0.64 V (0.14 V

Scheme 4. Calculated Redox Potential for intl

T H Me !
N
Me/\Bh i Ph _Mel* Ph o
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(/ oh Ph -0.50 V(exptl) for P 7
N int1 A [Ni(PPh,NPhOMe ) 12+ MeN
Me Me -0.72 V (calcd)

negative shift) for the Ni"—H couple: namely, int1/ET-5. This
negative shift is caused by the model complex using a Me
substituent on N atoms in the ligands.

(b). Ni"—H Intermediate in the Presence of NEt; as an
External Base. With the presence of a stoichiometric amount of
NEt,, the peak potential for [NiH(P™,N""Me)),1* was not
changed,®® suggesting that there is no reaction between
[NlH(PPh NFPhOMe ) 1+ and NEt,. Figure 6 illustrates the free
energy profiles for the deprotonation processes with or without
assistance by the pendant amine.
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Figure 6. Energy profiles calculated for the deprotonation processes
with the external base NEt;. The schematic results in black use an
HCO,™ anion as the external base. The deprotonation process with
assistance by the pendant amine is shown in purple, and the direct
deprotonation process is shown in blue.

As shown in purple, the energy barrier of NEt;-TS6 (19.7
kcal/mol) is much higher than that of TS6 (5.9 kcal/mol),
where the external base is a formate anion. For direct
deprotonation from the Ni"—H complex intl, shown in blue,
the energy barrier of NEt;-TS7 is 29.4 kcal/mol. Both
deprotonation processes using NEt; as an external base show
barriers higher than those using HCO,™ as the base and are
significantly more endergonic. These results suggest that the
external base also plays an important role in the overall formate
oxidation reaction, especially in the deprotonation step. If the
base cannot deprotonate either the Ni"—H intermediate int1 or
the nitrogen-protonated nickel(0) intermediate S, the reaction
will be stopped by the deprotonation step, namely, intl
followed by oxidation to give ET-S, which could explain the

observation that the peak potential for [NiH(P®,NV,),]*
complexes is around —0.50 V vs szFe+/ % in experiments,
with or without NEt;. On the basis of these results we suggest
an experiment where the added base is a carboxylate, since
carboxylate bases are more basic than alkylamines in
acetonitrile.

(c). Reaction Using [Ni(P™",NF"OMe,) .1+ Complex with the
Presence of HCO,™ as an External Base. In experiments, the
electrocatalytic formate oxidation by [Ni(P™,NFhOMe ) 12+
occurred along with the peak potential at around —0.80 V vs
Cp,Fe*/°%® As we discussed above, the whole process for the
formate oxidation using formate as an external base is facile.
First, intl will undergo deprotonation with the assistance of a
pendant amine and the external base HCO,™ to remove the
proton from intl and give the Ni(0) complex [Ni(P™,N™,),]
(6). Second, the Ni(0) complex 6 will be easily oxidized to the
Ni(I) complex ET-6. In other words, the process involves a
proton transfer to an external base, which is likely to affect the
reduction potential. The stronger base facilitates deprotonation,
giving sufficient concentration of Ni(0) for oxidation to be
observed.
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In experiments, the Ni(I/0) couple vs Cp,Fe*/° still can be
observed in the presence of HCO,™.*" The calculated Ni(1/0)
couple is —1.44 V vs Cp,Fe™’°, which has a —0.30 V shift in
comparison with the experimental value of —1.14 V wvs
CPZF e+/0.8a

Correlation between TOF and pK, vs Correlation
between TOF and Ni Redox Potential. In the original
report, DuBois et al. plotted the TOF for electrocatalytic
formate oxidation vs the pK, of the free primary ammonium

(R'NH;*) used to synthesize the P®,NV, ligands in each
nickel(II) complex.® There are two separate trend lines

observed in their plot, with [Ni(P™,N%,),]** complexes

following one line and [Ni(P<,N®,),]** complexes following
the other line. Since the basicity of nitrogen correlated with the
catalytic activity, the authors concluded that the pendant amine
must be directly involved in the rate-determining step.
However, on the basis of our calculated results, the
decarboxylation step could be the rate-determining step in
the formate oxidation reaction. Therefore, using the exper-
imental results by DuBois et al, we plotted the TOF for
electrocatalytic formate oxidation vs the Ni'/! potentials of

[Ni(PR,NF,),]>* complexes, as shown in the trend line in
Figure 7, and we found that there is also an excellent

Ph.Me g

y=-37.904x - 22.734

R?=0.8785 Ph.Bn

Cy. Bn.
Cy. Ph/Ph, Ph @ Ph. PhOMe
u

@ Ph.Ph

TOF (s)
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M Ph,PhCF3

-0.7 -0.75 -0.8 -0.85 -0.9
E,,, for Ni'™ Couple, vs Cp,Fe*°

-0.95 -1

Figure 7. Correlations of TOF for the electrocatalytic formate
oxidation with Ni! reduction potentials. Experimental data are
adapted from ref 8. The trend line shows the correlation of TOF for

the electrocatalytic formate oxidation with both [Ni(P,N¥,),]1** (in
blue) and [Ni(PP",NY,),1** (in red).

correlation. This correlation suggests that the different
substituents R and R’ on P and N atoms, respectively, will

affect the reduction potentials of [Ni(PX,N¥,),]*" complexes
and could affect the TOF of electrocatalytic formate oxidation

by modulating the electronic properties of [Ni(PRNR), >
complexes.

H CONCLUSION

In this paper we have reported a theoretical study on the
reaction mechanism of the electrocatalytic oxidation of formate
by [Ni(PthNMez)z]2+ (1).

For the previously proposed heterolytic cleavage of formate
mechanism, the activation free energy (corresponding to TS2)
was calculated to be extremely high (69.6 kcal/mol). Moreover,
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an intrinsic reaction coordinate of TS2 calculations showed that
CO is generated during this heterolytic cleavage process, which
excludes the heterolytic cleavage mechanism for formate

oxidation by a family of [Ni(P?,N¥,),]*" complexes.

Instead, we find that the direct hydride transfer mechanism
for formate oxidation is a plausible reaction mechanism. Our
results show that the formate-coordinated complex 3 undergoes
a direct hydride transfer (via TS3) to eject CO, and form the
Ni"—H intermediate int1. Then intl can undergo an inversion
step to give intl’ followed by an internal proton transfer to give
S. The external base HCO,  abstracts the proton from § to
form 6'; following an inversion, 6 will be formed. Finally
reoxidation of 6 via ET-6 gives complex 1 to complete the
electrocatalytic cycle.

For the direct hydride transfer mechanism, the decarbox-
ylation step (TS3/N"-TS3) is the rate-determining step in the

whole reaction. The pendant amine in [Ni(P¥,N®,),]**
complexes plays an very important role in the internal proton
transfer step. A comparison of the formate oxidation reaction
using catalytically inactive [Ni(depe),]** complex 1-depe
shows that the function of the pendant amine is not only to
assist the proton transfer from the nickel metal center to the
external base but also to modulate the properties of the Ni''
metal center so that all the steps are facile. In addition the
choice of external base is important for the oxidation of the
Ni"—H intermediate to Ni" (via Ni’) and a proton.

Finally, the results of activation strain analysis of the reaction
barriers (TS3/TS3-depe) suggest that the design of new
catalysts with a small strain of the catalysts could be promising
for improved catalytic conversion between formate and CO,.
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