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CONSPECTUS: Rational design of molecular catalysts requires a 2H* + 2e- H,

systematic approach to designing ligands with specific functionality and
precisely tailored electronic and steric properties. It then becomes s
possible to devise computer protocols to design catalysts by computer. In
this Account, we first review how thermodynamic properties such as
redox potentials (E°), acidity constants (pK,), and hydride donor abilities
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quantum-chemical calculations and conducive to predictions by
computer. We review how density functional theory allows the
determination and prediction of these thermodynamic properties within
an accuracy relevant to experimentalists (~0.06 eV for redox potentials, ~1 pK, unit for pK, values, and 1—2 kcal/mol for
hydricities). Computation yielded correlations among thermodynamic properties as they reflect the electron population in the d
shell of the metal center, thus substantiating empirical correlations used by experimentalists. These correlations point to the key
role of redox potentials and other properties (pK, of the parent aminium for the proton-relay-based catalysts designed in our
laboratory) that are easily accessible experimentally or computationally in reducing the parameter space for design. These
properties suffice to fully determine free energies maps and profiles associated with catalytic cycles, i.e., the relative energies of
intermediates. Their prediction puts us in a position to distinguish a priori between desirable and undesirable pathways and
mechanisms. Efficient catalysts have flat free energy profiles that avoid high activation barriers due to low- and high-energy
intermediates. The criterion of a flat energy profile can be mathematically resolved in a functional in the reduced parameter space
that can be efficaciously calculated by means of the correlation expressions. Optimization of the functional permits the prediction
by computer of design points for optimum catalysts. Specifically, the optimization yields the values of the thermodynamic
properties for efficient (high rate and low overpotential) catalysts. We are on the verge of design of molecular electrocatalysts by
computer. Future efforts must focus on identifying actual ligands that possess these properties. We believe that this can also be
achieved through computation, using Taft-like relationships linking molecular composition and structure with electron-donating
ability and steric effects. We note also that the approach adopted here of using free energy maps to decipher catalytic pathways
and mechanisms does not account for kinetic barriers associated with elementary steps along the catalytic pathway, which may
make thermodynamically accessible intermediates kinetically inaccessible. Such an extension of the approach will require further
computations that, however, can take advantage of Polanyi-like linear free energy relationships linking activation barriers and
reaction free energies.
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INTRODUCTION

It is recognized that a notable advantage of molecular catalysis
is the ability to tune ligand design to create complexes with
exquisitely tailored catalytic properties and performances.'
With design principles in hand (ligand composition and
structure), it is possible to use quantum molecular
computations to systematically assess and predict the effects
associated with changes in electronic structure (electron-
withdrawing or -donating abilities) and steric characteristics
of the ligands. To this end, it is necessary to have a carefully
benchmarked level of electronic structure theory that possesses
a useful level of accuracy, perhaps “chemical” accuracy.””*
Modern density functional theory (DFT) is often successful in
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this regard for classes of molecules for which specific
functionals of the density prove satisfactory. Examples of
successes of this type are numerous in the literature.
Computations with “chemical” accuracy across different
properties (e.g, redox potentials and acidity constants) are
even more challenging but also more powerful: they enable
viable sequences of elementary steps from reactants to products
to be ascertained. For example, production of H,, an important
process in energy science, is a “simple” two-proton, two-
electron reaction, yet it has considerable complexity introduced
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by the order of delivery of protons and electrons.
Calculations™® are able to rationalize how the sequence of
reduction and protonation steps depends on the reaction
conditions (pH and applied potential). Great insights can
already be gleaned from such analyses, as the concept and
approach are applicable to reactions that involve a greater
number of protons and electrons.

In this Account, we go a step further: we extract design points
from our computations. We leverage accurate thermodynamic
property predictions and the concept of a flat energy profile
along a catalytic cycle to predict intrinsic characteristics (ie,
turnover frequenc1es and overpotentials)” of efficient electro-
catalysts.® We are on the verge of design by computer. Realizing
this goal requires identifying by computer actual ligands that
possess these properties. Computed Taft-like relationships
linking molecular composition and structure with electron-
donating ability and steric effects’ will provide this path
forward.

B BACKGROUND

Electrocatalysts based on inexpensive and abundant metals
that rapidly and efficiently interconvert electrical energy and
fuels are envisioned to play a critical role in renewable energy
utilization systems.'>”'* A general concept for the development
of efficient catalysts is depicted in Figure 1, which represents an
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Figure 1. Typical energy profiles for a model reaction that is
uncatalyzed (black) or catalyzed (blue and red). The red (up/down)
arrows indicate improvement of the catalyst to avoid low- and high-
energy intermediates, yielding a relatively flat free energy profile. The
red profile is for the more efficient catalyst.

uncatalyzed reaction (black), a catalyzed reaction (blue), and a
more efficiently catalyzed reaction (red) that avoids high energy
barriers arising from low- or high-energy intermediates.

The realization that many reactions, such as CO, reduction,
H, oxidation and production, O, reduction, H,O oxidation, and
N, reduction, involve electrons, protons, and hydrides
prompted us to propose a thermodynamlc framework for the
systematic design of catalysts.""* In this framework, the relative
free energies of intermediates in the catalytic cycles directly
come out from thermodynamic properties such as acidity
constants (pK,), redox potentials (E°), and hydride donor
abilities (hydricities, AGy-), as illustrated for H, oxidation in
Scheme 1 and Figure 2.

These thermodynamic properties are, however, not inde-
pendent.'®™>" They are connected through elementary
thermodynamic cycles as shown in Figure 2. In any case, the
simple knowledge of the thermodynamic properties allows the
prediction of complete free energy maps and free energy
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Scheme 1. Key Intermediates in the Oxidation of H, by a

! Catalyst and the Connecting Thermodynamic
Quantities (Hydride Donor Ability, Redox Potentials, and
Acidity Constant)
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Figure 2. Possible intermediates and connecting thermodynamic
transformations for a H, production/oxidation catalyst (Scheme 1):
redox potentials (E°, blue), acidity constants (pK,, red), hydricities
(AGy-, green), and homolytic bond dissociation energies (AGy,
black). Horizontal axis = redox states; vertical axis = hydrogen atom
transfers; diagonals = proton/hydride transfers.
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profiles. The catalytic mechanism corresponds to the pathway
with the “flattest” free energy profile.

The thermodynamic diagram in Figure 2 has a significantly
more complicated appearance when functional groups (acting
as “proton relays”) in the second coordination sphere of the
metal center are present.”>%**7>% The relays may be in non-
protonated or protonated states. Examples of such more
complicated diagrams have been fully described in ref 6.

In other cases, the substrate undergoing the chemical
transformation binds a proton. It may also bind a hydrogen
atom, giving rise to a change in oxidation state. Scheme 2

Scheme 2. Key Intermediates in a Four-Proton, Four-
Electron Reduction of O, by Fe™! Porphyrin Catalysts [Fe
with the Connecting Thermodynamic Transformations
Depicted in Figure 3

III]

e, 0, H* e, H* H,0 e, H* e, H* H,0
[Fe]~—[Fe"-O0H] > [FeV=0] > _[Fe"-OH] A4 [Fe'
E°(Fe-0,"/%) E°(Fe-O0H"/0) E°(Fe=0"/0) E°(Fe-OH"/%)

- pK,(Fe-OOH") -pK,(Fe-O0H,")  -pK,(Fe-OH,") - pK,(Fe-OH,*)

depicts selected intermediates in the reduction of O, to
H,0,*% while Scheme 3 illustrates intermediates in the
reduction of CO to methanol in metal carbonyl complexes.””
They differ from Scheme 1 in that the protons bind to the

Scheme 3. Key Intermediates in the Conversion of CO to
methanol in Metal Carbonyls®” with the Connecting
Thermodynamic Transformations Depicted in Figure 4
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substrate molecules (O, and CO, respectively) coordinated to
the metal center. Nevertheless, the elementary transformations
connecting all of the reaction intermediates involve pK.’s, redox
potentials, and hydride donor abilities (Figures 3 and 4).
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Figure 3. Possible intermediates and connecting thermodynamic
transformations for an O, reduction catalyst (Scheme 2).
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Figure 4. Possible intermediates and connecting thermodynamic
transformations for the conversion of CO to HCOH (Scheme 3).

The transformations depicted in simple forms in Schemes
1-3 and Figures 2—4 are indicative of a general and powerful
framework. This framework has been successfully applied in the
development of Ni-based molecular electrocatalysts for H,
oxidation and production®*® and formate oxidation,'>'>?*’
thenium-based complexes for the reduction of CO, *7 and,
currently, for the development of iron porphyrin complexes for
the reduction to O, to H,0.>*® The same framework has also
formed the basis for the development of stoichiometric hydride
transfer reactions from rhodium and cobalt hydrides to boron-
containing molecules to form borohydrides®”! and from nickel
and platinum hydrides to metal carbonyl complexes to generate
formyl complexes.’” All of these catalytic and stoichiometric
reactions are potentially important for electrical energy storage
and conversion technologies.

The framework is amenable to quantum-chemical calculations™®
and conducive to predictions by computer. This is the focus of this
Account. We first review briefly the computational method-
ology that permits the accurate predictions of the thermody-
namic properties of interest.”® We then highlight how the
prediction of the properties enables differentiation between
possible catalytic pathways that differ only in the sequence of
elementary steps, eliminating those that give rise to large energy
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barriers.® We note that the approach highlighted below does
not account for kinetic barriers, which may make thermody-
namically accessible minima kinetically inaccessible. We then
show how we can make predictions about the values that these
properties must have in an efficient catalyst. We end the
Account by discussing our path forward to complete the design
of molecular catalysts by computer.

B COMPUTATIONAL METHODOLOGY

The use of computation to predict thermodynamic properties
and to establish a priori free energy maps and free energy
profiles sets upper limits on the accuracy of the calculations. On
the basis of our experience, to usefully inform experimentalists
it is necessary to determine pK,’s within 1 pK, unit, redox
potentials within S0 mV, and hydride donor abilities within 1—
2 kcal/mol. These values are consistent with so-called
“chemical” accuracy (i.e., 1 kcal/mol) put forth by theoreticians
for the development of quantum-mechanical methods™® and
with typical experimental accuracies achievable for these
quantities.

For these studies, we expounded on the work of Qi et al.****
and established a protocol yielding thermodynamic properties
with the regulred accuracy. The level of theory for the
calculations®®** included a hybrid exchange—correlation func-
tional of the density, a composite basis set, and a description of
solvation via the polarizable contmuum model. We adopted a
protocol based on isodesmic reactions® whereby one or a few
reference complexes are used, and the calculations provide
differences in energy with respect to the references (Scheme 4).
This is a well-established methodology in which the left- and
right-hand sides of the reaction conserve total charge, number
of bonds and their types, and redox states.

Scheme 4. Isodesmic Reaction Scheme Used for the
Calculation of pK, Values; Similar Reactions Were Used for
Redox Potentials and Hydricities*®

[HNiIL,J* = NiL, +H* +1.364pK,
ReNiL, +H* — — ReTHNIL,]* - 1.364pK,Ref
[HNiL,]* + Re/NiL, == NiL, + Re[HNiL,]* +A,G°

pK, = A,G°1.364 + pK_Ref

Under isodesmic conditions, calculated differences in energy
benefit from cancellatlons of systematic errors. This is borne
out by our findings®® where linear correlations (theory vs
experiment) were found for a training set of Ni(diphosphine),
complexes (hereafter denoted as [Ni(P,),]**). We note that the
intercepts of those correlations are located at the origin and
that the slopes are near unity, with mean absolute errors for the
various properties within the above limits.”

B THERMODYNAMIC DIAGRAMS BY COMPUTER

Correlations among thermodynamic properties can be
extracted from the calculations (Table 1). The findings provide
support for empirical correlations often used by experimen-
talists.'”*” For example, the pK, of Ni hydride [Ni"H'] is
directly related to the E°(Ni’°) redox potential and the
hydride-donating strength of [Ni"H*] to the E°(Ni'h)
potential. Not surprisingly, both properties depend on the
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Table 1. Correlations among Thermodynamic Properties for
a Set of [Ni(P,),]*" Catalysts™* In Acetonitrile Solution That
Allow the Construction of Full Thermodynamic Diagrams
As in Figure 2 for This Class of Catalysts®

Thermodynamic Correlations for [Ni(P,),]?* complexes
AG°4-(Ni'"H") = + 2172 E(NI") + 7927
pKL(Ni"H*) = 18.01  E°(Ni") 0.89
E°(Ni"IH2++) = + 1.02 E°Ni") + 160
pK,(NI"H2*) = 18.38  E°(Ni") 27.82
pKL(NIV(H),*") = 16.90 E°(Ni") 24.78
AG®. (Ni'"H*) = 1.34  E°(NI") + 53.27
aGh.NMHE) = L 508 EEH: ; + 1565
AG%. (NIV(H),*) = + 047 E°(NI") + 56.70

“All properties are functions of E°(Ni’®) and E°(Ni'!) only. Units are
pK, for pK.’s, €V for E°’s, and kcal/mol for hydride donor abilities.

electron density in the d shell of the Ni center as the redox
potentials do.

Pendant amines in the second coordination sphere of the
metal center in [Ni(P,N,),]** catalysts (see Figure S) act as
proton relays and greatly accelerate catalysis while reducing
overpotentials. Correlations among thermodynamic properties
similar to those discussed earlier exist for catalysts bearing
pendant amines. Additional calculations indicate that, remark-
ably, pendant amines affect the thermodynamic properties by
nearly constant shifts (ie., 1 pK, unit for pK,(M"H*) and 2
kcal/mol for AG%(M"H')). We assign the shifts to the
interactions of the lone-pair electrons of the pendant amine
with the d electrons of the metal center.

The pendant amines can accept and deliver protons to the
metal center or to an exogenous base. The acidity of the
pendant amine is a key factor in the efficacy of proton relays.
The acidity of a pendant amine in a complex is closely related
to that of the parent aminium. Its pK, value in the complex is
given by a simple expression as shown in Scheme S, where we
note the contribution from E°(Ni"°) as a consequence of the
interaction with the metal/ligand core.’

Scheme $. pK, Value of the Protonated Pendant Amine in a
Ni"! Complex As a Function of the Acidity of the Parent
Aminium; It Depends on the E°(Ni"°) Redox Potential of
the Complex, Reflecting the Effects of the d Electrons of

PKa(NH*)yiy = 0.8 pK,(parent aminium) - 6.8 E°(Ni'°) - 3.0

At this point we are equipped with all of the pieces of
information obtained through calculations that are necessary to
predict the relative energies of all catalytic intermediates,
including those with proton or hydride on the Ni center and
proton on the pendant amine (with the exception of the H,
adduct). We are in a position to predict the most probable
catalytic pathway or mechanism, as we now illustrate.

B FREE ENERGY MAPS AND PROFILES BY
COMPUTER

The ability to predict free energy profiles along catalytic cycles
by computer is an extremely powerful capability. In the case of
the Ni catalysts shown in Figure S, the correlations among
properties make the free energy profiles and maps dependent
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Figure 5. Structure of [Ni(P*,N®,),] catalysts for H, oxidation and
production, where PX,N®, is the 1,5-R’-3,7-R derivative of 1,5-diaza-
3,7-diphosphacyclooctane (R, R" = aryl, alkyl). Pendant amines acting
as proton relays are included in the second coordination sphere of the
metal center. The figure illustrates an endo-protonated Ni(I)
intermediate. The E°(Ni’°) and E°(Ni!) redox potentials of Ni
and the pK, of the parent aminium R'NH;" suffice to determine
completely the thermodynamic diagram for this class of catalysts. See
refs 4 and S.

on only three parameters (two redox potentials and the pK, of
the parent aminium), given the electrode potential at which the
catalysis runs and the pK, of the exogenous acid. These three
parameters are easily determined experimentally, but in fact,
computation can alleviate the need for experimental measurements.

Consider the hydrogen production reaction catalyzed by a
Ni" catalyst (Scheme 1 in the right-to-left direction). Scheme 1
tells us that two protons and two electrons come together in a
succession of steps that end with the formation of the H-H
bond. However, it does not tell us the order of the steps, ie., it
does not reveal the mechanism and the pathway of the reaction
during catalysis. In contrast, thermodynamic-property-based
diagrams do reveal crucial insights into the mechanism and the
pathway, enabling us to draw the catalytic reaction in the form
of a cycle, as shown in Scheme 6 for [Ni(P,N,),]** complexes.
Figure 6 depicts free energy maps and profiles for this reaction.
In the top panel, pillars represent the free energies of
intermediates. The taller a pillar, the less desirable and probable
is the intermediate.

We analyze first the lowest-energy H, production pathway
accessible to the simpler [Ni(P,),]** catalysts (ie., with no

Scheme 6. Catalytic Cycle for H, Production
(Counterclockwise) or Hydrogen Oxidation (Clockwise) by
a [Ni"]** Catalyst with Pendant Amines for Alternating
Electron Transfer/Proton Transfer Steps (Base and HBase*
Represent the Exogenous Base and Its Conjugate Acid
Involved in Proton Delivery)
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Figure 6. Free energy map and three profiles for H, production with
the catalyst [Ni(P™",N™,),1** (E°(Ni'/') = —0.83 V, E°(Ni’?) =
—1.02 V, pK, of parent aminium = 10.6) and protonated
dimethylformamide, (DMF)H* (pK, = 6.1), in acetonitrile solution
under standard conditions (catalyst and (DMF)H' at 1 M
concentration under 1 atm H,) at an electrode potential equal to
the thermodynamic potential for the reaction 2(DMF)H' + 2¢~ 2
2DMF + H,, namely, V = E°((DMF)H'/DMEF; H,) = —0.386 V (i.e,
zero overpotential).” (top) Relative free energies of all hydridic and
endo-protonated species of the catalytic cycle. The colored arrows
correspond to three (out of 12) possible sequences of protonation
(P, where loc = Ni or N for protonation at Ni or N, respectively)—
reduction (E) steps: EEPV'PN! (yellow arrows), EPNEPN (red arrows),
and PNPNEE (blue arrows); the black arrows represent the H,
formation/release step common to all of the pathways. In the
EEPN'PN pathway, the formation of H, from the Ni"V dihydride has
been omitted for clarity. (bottom) Free energy profiles for the EPNEPN
(red) and PNPNEE (blue) sequences at the thermodynamic potential
for reduction of protons to H, (see refs 4 and S). The purple curve is
the EPNEPN profile corresponding to a potential equal to the first
reduction potential of [Ni']?*, namely, E°(Ni'/") = —0.83 V. All
potentials are with respect to the ferrocenium/ferrocene couple in
acetonitrile.

pendant amines; yellow arrows in Figure 6). The high energies
of the intermediates [Ni’]°, [Ni"H]*, and [NiVH,]** are
responsible for large overpotentials and low rates. At the pH
value of the solution, protonation of [Ni"']** or [Ni']* is highly
endergonic. The initial steps in the catalysis are two one-
electron reductions to form the Ni’ intermediate, which is
readily protonated to give [Ni"H]*. The second protonation
for H, production occurs via the high-energy species
[Ni"(H),]*". Introduction of the four pendant amines in the
[Ni(P™,N™,),]** catalysts results in many more possible
intermediates and a much more complex free energy landscape,
as clearly shown in Figure 6 by the red and blue arrows
involving all of the hydride and endo-protonated species (see
Figure 5). Here we show only two possible pathways: the red
arrows connect the intermediates in the sequence of steps
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electron—proton—electron—proton (EPEP) followed by H,
production (black arrows); the blue arrows connect the
intermediates in the proton—proton—electron—electron
(PPEE) sequence. The corresponding free energy profiles
(red for EPEP and blue for PPEE) are shown in the bottom
panel of Figure 6.

The sequence of double protonation followed by double
reduction (PPEE) is not favorable, as the doubly protonated
Ni" intermediate is very high in energy. In contrast, the EPEP
sequence is much more facile; in fact, it is the most facile of all
of the possible sequences. Alternation of the protonations and
reductions has the effect of balancing the charge buildup
resulting from the addition of too many electrons or protons.
This concept of charge balancing is widely discussed in the
literature on proton-coupled electron transfer (PCET).*>*’

A second point illustrated in Figure 6 is that at the potential
of the catalysis‘m’41 (the first reduction of [Ni']**, V =
E°(Ni'"")), the relative energies of all (six) steps add up to an
excess energy of ~19 kcal/mol that is provided to the reaction
via the electrode potential. This is the thermodynamic
overpotential (~0.4 V per electron) for the reaction under
the specific operating conditions (electrode potential and pK,
of the exogenous base).

These two points are examples of the insight provided by the free
energy map approach that is accessible by a priori computations.
We conclude this section noting the conundrum: pendant
amines significantly increase the system complexity, yet they are
directly responsible for the increase in catalytic activity! They
allow protons to be stored on the catalyst, something that is not
possible with the simpler [Ni(P,),]** catalysts. In addition,
protonation of the P,N, ligands causes shifts in redox potentials
that allow more electrons to be stored on the catalyst at a given
potential. The ability to store protons and electrons on the
catalyst is the single most important reason for the increased
activity of the [Ni(P,N,),]*" catalysts.

B CATALYST DESIGN BY COMPUTER

For optimal catalysis, we need to avoid intermediates with high
or low free energies. So far we have shown how computation
yields the free energy differences associated with individual
steps along a cycle. As a set, these energies are solely dependent
on E°(Ni'") and E°(Ni"°) of the catalyst and the pK, of the
parent aminium. From here, we can go a step further: we can
predict the values of these three parameters for what we say are
“optimum” catalysts.

Mathematically, we can enforce the requirement of small free
energy changes in consecutive steps by minimizing the
objective function given in eq 1:

Msteps
1

IAG,I?
zk: ¢ (1)

where AG, is the free energy associated with reaction step k
and g, is the number of steps in the catalytic cycle. The
minimization must be done for specific “operating conditions”
(pK, of the exogenous acid and applied electrode potential).
An ideal catalyst should operate at the thermodynamic
potential dictated by the acidity of the medium, namely, V =
E°(HBase*/Base; H,). Thus, we minimize y* at this
thermodynamic potential. As already said, the AG; values are
all linear functions of the three parameters E°(Ni'!), E°(Ni"?),
and pK,(R'NH;"). Minimization of y* yields the “optimum”
catalyst under specific conditions. However, it should be noted

2 _
){ =
nsteps

DOI: 10.1021/ar500342g
Acc. Chem. Res. 2015, 48, 248—255


http://dx.doi.org/10.1021/ar500342g

Accounts of Chemical Research

that underlying the optimization are all of the steps included in
the objective function, so verification is required in order to
ensure that connected pathways that might act as thermody-
namic sinks do not arise.

The outcome of the optimization is vividly illustrated in
Figure 7, where the energy profiles for an existing catalyst (red)

15~ [N NI [N(NH)2* [NIF)(NH)* [Ni"H]* [NiPHJ(NH)2* [Ni)2*

L H* 4
10~ e
L : H*
sk o H,
[ .
L ;.e' H e ”
O —.

Figure 7. Free energy profiles for the EPNEPY pathway (see Figure 6)
for H, production from (DMF)H" (pK, = 6.1) as the exogenous acid
in acetonitrile solution with the catalyst [Ni(P™",N™,),]2* (red) or the
“optimum” catalyst based on eq 1 (blue). Free energies are given
under standard conditions at 1 atm H, and the thermodynamic
potential V = E°((DMF)H*/DMF; H,).

Free energy (kcal/mol)

and the “optimum” catalyst (blue) are displayed for
comparison. We observe that for the “optimum” catalyst, the
overpotential is close to zero by construction and the average
free energy change per catalytic step is about 1.7 kcal/mol.

More generally, the result of the optimization is depicted in
Figure 8: the top panel gives the “optimal” E°(Ni'"") (blue line)
and E°(Ni"?) (red line) redox potentials as functions of the pK,
of the external acid; the bottom panel gives the “optimal” pK,
of the parent aminium. The optimal separation between
E°(Ni'"") and E°(Ni"°) depends slightly on the strength of the
external acid in the range of acidities of reaction media
achievable in the laboratory, with a separation of ~0.51 V when
pK,(HBase*) = 0 and ~0.35 V when pK,(HBase*) = 20. The
values for catalysts synthesized to date are also displayed in
Figure 8. It can be seen that the redox potentials for all of the
existing H, production catalysts are too negative and that those
for H, oxidation catalysts are too positive.

We can use Figure 8 to predict new synthetic targets. As an
example, Figure 8 shows that with (DMF)H" as the external
acid (pK, = 6.1), the optimum catalyst should have E°(Ni"/") =
—0.42 V, E°(Ni"?) = —0.88 V, and pK,(R'NH;*) = 11.6 (that
of 4-methoxyaniline, i.e., p-anisidine, pK,(p-anisidium) = 11.9).
Accordingly, the optimum catalyst would have 4-methox-
yphenyl groups as substituents on the pendant amines.
E°(Ni"°) is controlled by the electronic properties of the
substituents on P. The difference between the E°(Ni'!) and
E°(Ni"?) redox potentials is controlled by the dihedral angle
between the two diphosphine ligands in the four-coordinate
[Ni(PR,NR,),]* complexes, which in turn is affected by steric
interactions between the R substituents on these ligands.'>'”*”
The “optimal” E°(Ni"°) potential (—0.88 V) suggests that the
catalyst should have substituents on the P atoms that are
significantly more electron-withdrawing than a phenyl group.
For [Ni(P™,N™,),]*, this potential is —1.02 V. In addition,
the optimal difference in potentials between E°(Ni"') and
E°(Ni/?) ought to be ~0.46 V. This observation suggests that
steric effects from R should be comparable to those from a
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Figure 8. Optimal redox potentials E°(Ni"/") and E°(Ni"°) (top) and
pK, value of the parent aminium pK,(R'NH;") (bottom) as functions
of the pK, of the external acid HBase" used for catalysis. Optimization
was carried out at the thermodynamic potential V = E°(HBase"/Base;
H,). The ranges of values spanned by catalysts synthesized to date are
displayed with solid bars (H, production) and shadowed bars (H,
oxidation). Circles highlight specific values for the H, production
catalyst [Ni(P™,N™,),1%* (E°(Ni'!) = —0.83 V, E°(Ni"?) = —1.02V,
pK,(PhNH;") = 10.6) with (DMF)H" (pK, = 6.1) as the external acid
(the example in Figure 6). Triangles highlight specific values for the H,
oxidation catalyst [Ni(P“,N®",),1%* (E°(Ni'!) = —0.45 V, E°(Ni"?)
= —1.45 V, pK,(BnNH;") = 18.4) with triethylamine as the external
base (pK,(Et;NH*) = 18.8) in acetonitrile solution. Redox potentials
are relative to the ferrocenium/ferrocene couple in acetonitrile.

cyclohexyl group, which leads to differences of ~0.5 V between
E°(Ni"") and E°("°). We can rationalize this difference by
considering the correlation between the E°(Ni"°) redox
potential for a singly protonated (endo) complex and the
E°(Ni'") potential for the unprotonated complex shown in
Scheme 7. The potentials for the two reduction steps in the
catalytic cycle are now nearly the same.

The data reported in Figure 8 also show that it is not likely
that efficient [Ni(P®,N®,),]*" electrocatalysts operating with
acids having a pK, greater than 15 in acetonitrile can be
designed. Indeed, Figure 8 indicates that beyond this acidity
threshold of the reaction medium, the optimal catalyst would

Scheme 7. Expression for the E°(Ni"°) Redox Potential of a
Singly-Protonated (Endo) Species; Compared with E°(Ni'/°)
of the Unprotonated Species, It Shows a Shift by a Constant
Potential of 0.45 V and a Small Dependence on the Acidity
of the Parent Aminium

E°(Ni*0)ende = 0,006 pK,(parent aminium) + 0.91 E°(Ni*°) + 0.45
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originate from a parent aminium with pK, > 19. To the best of
our knowledge, primary amines with basicities that large are not
available. Consequently, it is improbable to have eficient
catalysts for H, oxidation operating with bases such as
alkylamines. This consideration is clearly illustrated in Figure
8, which reports data points corresponding to [Ni-
(P“,NP™,),1** (Cy = cyclohexyl, Bn = benzyl), a Ni-based
H, oxidation catalyst developed in our laboratory, with
triethylamine as the external base (pK, of the conjugated
aminium = 18.8).

Bl CONCLUSIONS AND PERSPECTIVE

The optimization analysis just described has its foundation on
computation-driven linear free energy correlations. It is very
powerful. We are in a position to suggest new synthetic targets
with potentially enhanced efficiency. We must remark, however,
that the objective function does not account for kinetic effects
(activation barriers associated with individual steps along the
catalytic pathway). Extension to account for kinetics will
require further computations, possibly making use of Polanyi-
like linear free energy relationships for activation barriers based
on computed reaction free energies.

We have demonstrated to date that we know how to predict
the “optimal” thermodynamic properties (E°(Ni'"), E°(Ni"?),
and pK, of the pendant amine) of efficient catalysts. At this
point we are missing the knowledge to map these properties to
actual first- and second-coordination-sphere substituents. What
we know is that these thermodynamic properties depend on the
electron-donating/withdrawing characteristics of the substitu-
ents and their steric effects on the catalyst structure (bite and
twist angles that affect the redox potentials). This mapping
should be achievable through computed Taft-like relations’
linking chemical composition and electronic and steric effects.
Such an analysis is in progress.
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