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ABSTRACT: We demonstrate that applied electric fields at interfaces can control the oxidative
addition/reductive elimination equilibria of surface-attached molecular catalysts without any
synthetic modification. Density functional theory (DFT) calculations show that the oxidative
addition of HCI to a Co complex is “field switchable”, being favorable under negative fields but
unfavorable under sufficiently positive fields. Extending the analysis to different substrates (O,,
H,) and metal centers (Rh, Ir) reveals consistent trends in the magnitude of the electric field
effect: Co > Rh =& Ir and HCl > O, > H,. Our analysis indicates that these field-dependent
effects are driven by changes in the permanent dipole moment, offering key insights for the
design of field-controllable catalytic systems. This framework presents a novel strategy to
overcome the “Goldilocks problem” of balancing competing catalytic steps by leveraging applied

electric fields to dynamically tune catalytic reactivity in situ.

xidative addition and reductive elimination are two of the

most essential mechanistic steps in transition metal
catalysis, and play a role in a wide range of important reactions
including cross-coupling reactions and industrial processes for
acetic acid production.' '* Optimizing catalytic activity has
traditionally relied on extensive synthetic efforts to design
ligands of metal catalysts that facilitate both of these microscopic
processes efficiently. These efforts often involve modifying the
electron donor or acceptor character of the ligands: electron-
donating ligands increase the electron density at the metal
center, promoting oxidative addition, while electron-with-
drawing ligands decrease the electron density at the metal
center, enhancing reductive elimination. However, this creates a
“Goldilocks problem”, where both steps must be delicately
balanced against each other to sustain catalysis. For instance, the
activation of strong bonds such as C—F may require highly
electron-rich metal centers, rendering oxidative addition
effectively irreversible, "’ hindering the development of efficient
catalysts for challenging chemical reactions.

In this work, we present an alternative strategy to bypass the
Goldilocks problem by leveraging an applied interfacial electric
field (bias) to dynamically control the direction of oxidative
addition and reductive elimination reactions. Electric fields are
known to influence catalytic activity and selectivity: internal
electric fields play a key role in enzyme catalysis,'” """ and
external fields have been shown to accelerate reactions such as
the Diels—Alder cycloaddition.'®"” In the area of heterogenized
catalysis, attaching molecular complexes to electrode surfaces
enables orientation-dependent control of reactivity by the
electric field.”® For example, Heo et al. utilized fields to control
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the properties of surface-bound reactants for cross-coupling
reactions,” while Gorin et al. modulated the selectivity of a
surface-attached Rh porphyrin catalyst.”” Our previous
computational studies further demonstrated field-dependent
hydricity shifts in Cp*Ir-bipyridine and Cp*Ir-phenylpyridine
on Au surfaces.”” Building on these advances, we explore how
applied electric fields can tune catalytic behavior, offering a
dynamic and versatile solution for overcoming challenges in
catalytic design.

In this work, we use analogues of the well-studied Vaska’s
complex”*™?® attached to Au surfaces to computationally
investigate the effect of external fields on oxidative addition
and reductive elimination. Shaik and co-workers previously
studied the effect of external fields on the oxidative addition of
alkyl and aryl electrophiles to palladium catalysts.”” Here, we
explore the possibility of reversibly switching oxidative addition
and reductive elimination (Figure 1). We address the impact of
surface attachment, the effect of different metal centers, and the
potential for spectroscopic characterization.

In the following content, we will demonstrate the field
switchability for a Vaska’s complex analogue with a cobalt center
(noted as Co, see Figure 1 and Figure 2A) attached to a gold
electrode surface. This system undergoes oxidative addition of
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Figure 1. Surface-attached Co complexes (Co, on the left) undergo
oxidative addition of HCl when a negative field (blue downward arrow)
is applied. Conversely, HCI is reductively eliminated from the HCI
adduct (Co-HC], on the right) when a positive field (red upward arrow)
is applied.

HCI under negative field (bias) and reductively eliminates it
under sufficiently positive field (bias). The effect of applied
electric fields on the thermodynamics of this reaction is
compared to those on analogous oxidative addition reactions
with different metal centers (Rh, Ir, noted as Rh and Ir,
respectively) and substrates (O,, H,). This approach provides
insights into the field-dependent modulation of catalytic
reactivity across diverse systems.

Density functional theory (DFT) calculations were per-
formed to evaluate the impact of applied electric fields on a series
of oxidative addition/reductive elimination equilibria. All
calculations were performed with the Gaussian 16, rev. C.01
package™® employing the PBE functional®” with Grimme’s D3
dispersion correction with Becke—Johnson damping.’**’
Geometry optimizations and frequency calculations were
carried out in the gas phase, utilizing the LANL2DZ basis set

and pseudopotential for Au atoms,”” the Def2SVP basis set for
Co, Rh or Ir atoms (with corresponding pseudopotential for Rh
and Ir),** and the 6-31G(d,p) basis set for nonmetal atoms.***
To reduce errors caused by low-frequency modes, thermody-
namic corrections were calculated with gluasi-harmonic
frequency analysis using the Goodvibes code,”® with entropy
corrections via the Grimme method®” and enthalpy corrections
via the Head—Gordon method.*® The frequency cutoff was set
to 100 cm™". Single point calculations of electronic energy on the
optimized geometries employed the Def2SVP basis set and
pseudopotential on Au atoms, Def2TZVP basis on Co, Rh or Ir
atom with corresponding pseudopotential on Rh or Ir,*® and the
6-311+G(2dfp) basis set on nonmetals,””** in the Polarizable
Continuum Model (PCM) implicit solvent of dichloro-
methane.*' This level of theory was chosen based on a previous
study which benchmarked DFT calculations of Gibbs free
energy for 11 diverse Ir-catalyzed reactions against experimental
data.”? Additional polarization functions were incorporated to
the selected basis sets to better account for the influence of
applied electric field on the metal center. Counterpoise
corrections were applied to calculations of adducts in the gas
phase using the same basis sets and pseudopotentials as in the
single-point calculations. The Au(111) electrode surface was
modeled as a single layer of gold atoms in the xy-plane as
described in detail in our previous work.”®> All Au atoms were
frozen during the geometry optimization. An external electric
field perpendicular to this surface (along the z-axis) was applied.
All visualizations were created using GaussView Version
6.0.16.* Snapshots of the optimized geometries are provided
in Figure 2A and Figures S1—S3. The axes are shown in Figure
2A and Figure S1.

A)
Oxidative
Addition
V4
—
Reductive
Elimination
J. ....... J ....... J J. ....... J J Au Surface JJ .......... D ....... JJ .......... D ..
Co Co-HCI
B) 6_"'|"'|"'!"'|"'|"I c) 0 T T T ] D) 8"'I"'I"'!"'I"'I"'
3 :gﬁ:gg : 4__A__‘__A-—" 1 6L a——A--—A--A-—dA-—a-_—a__a__a ]
[ = Ir+HCl 4 A__.k—-‘")_— : e e Co+H,

_ O T f afF L Rnei 3

3 af . : 3 L : Ce—-a ] 3 : w Ir+H, 3

I e £ aoaeoRerTT s | i

é 6 o~ - g r__r-—l - g g — T 3

: Sk : --s ]

2 ok ‘.—"__. J %, 12 ‘;”3’,0 %_ =
12F ‘___.:——" - 16 _ .- e Co+0, 4F : E
15F r,-r-—l* § 3 ._,4 :::h:ooz 6F .___.___l_——l——-l;——'——i——..__. E
1 1 1 1 1 1 20 1 |||||]|~|| _0Ili|I|||||xi|||l|||||||
8§77 "0s 08 12 0208 08 12 42 s 08 12

0
F [V/nm]

30 o4
F [V/nm]

4 0
F [V/nm]

Figure 2. (A) Snapshots of Co and Co-HCI complexes. The dipole moments (p) are represented as blue arrows with lengths proportional to their
magnitudes. Carbon-bound hydrogens are omitted for clarity. The color scheme is as follows: H (white), C (gray), O (red), P (orange), S (yellow), Co
(blue), Au (yellow), and Cl (green). Au surfaces (black dotted lines) lie in the xy-plane. The z-axes are indicated by black arrows. Free energy changes
(AG) for the oxidative addition of (B) HC], (C) O,, and (D) H, to Co (black circle), Rh (red triangle) and Ir (blue square) as a function of applied
field strength. Dashed lines represent linear fits. Negative free energy changes (AG < 0) indicate that oxidative addition is thermodynamically favored,
while positive free energy changes (AG > 0) indicate that the reductive elimination is favored.
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Table 1. Changes in the z-Component of the Permanent Dipole Moment (Ag,) for the Addition of HCI, O,, and H, to Co, Rh, and
Ir compared with free energy response to the applied electric field (AG/F )“

metal substrate Ay, [keal mol™!/(V nm™)] AG/F [keal mol™/(V nm™)] fitted zero-field AG [kcal mol™] R?

Co HCI —4.3 +4.5 -1.9 0.9957
O, -3.1 +3.3 —13.7 0.9788
H, -1.0 +1.2 -0.8 0.9519

Rh HCl -3.1 +3.3 —-1.2 0.9983
0O, —-1.5 +1.5 -3.0 0.9751
H, 0.0 nonlinear” (+6.3) (0.9663)

Ir HCI —-2.8 +3.0 —12.2 0.9986
O, —-1.2 +1.5 -9.1 0.9728
H, +0.1 nonlinear® (=5.7) (0.9786)

“The table also includes AG/F (slopes),

fitted zero-field AG (intercepts), and R* (coefficients of determination) for the best-fit lines for reaction

free energy change (AG) vs. field strength (F). For the two nonlinear cases (H, addition to Rh and Ir), AG at 0 V nm™' and R* are provided in
parentheses. "AG = —0.22F* + 0.08F + 6.34. °AG = —0.39F* + 0.11F — 5.69.
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Figure 3. Relative free energy of Co (black circle) and its corresponding HCl (red trangle), O, (blue square), and H, (green diamond) adducts as an

external field is applied. The dashed lines are the best quadratic fits.

External electric fields were applied across a range of field
strengths, approximately +1 V nm™', consistent with typical
interfacial electrode fields in the Helmholtz layer of an
electrode."***~*® Experimental characterization of such fields
at electrochemical interfaces is often performed using Stark
effect spectroscopy, where shifts in vibrational frequencies
induced by the field provide a measure of field strength. For this
technique to be effective, the vibrational mode must strongly
interact with the applied field, which occurs when the transition
dipole is parallel to the field. Geometry optimizations of the Co
(Figure 2A, left) and its HCl adduct (Co-HCl, Figure 2A, right)
at zero field on an Au(111) surface predict that the carbonyl
ligand (CO) orients toward the surface. In the case of Co, the
plane containing the metal center (as defined by the P and S
atoms) forms a 21° angle with the surface, while for for the Co-
HCl adduct, this angle is 24°. The CO group of Co is oriented at
a 46° angle relative to the z-axis, which changes to 12° upon
oxidative addition of HCI This adjustment increases the
alignment of the transition dipole with the applied field,
enhancing the Stark shift.

Due to differences in CO orientation, Co and its HCI adduct
exhibit distinct CO Stark shifts in our DFT calculations (Figure
S4). Co, along with Rh and Ir, displays a quadratic Stark shift,
while the Co-HCI adduct exhibits a linear Stark shift (—4.0
em™!'/(V nm™")), which enables direct measurement of field
strength. These differences highlight the role of molecular
geometry in dictating field-induced vibrational behavior.

Figure 2B shows that the oxidative addition of HCl to Co is
spontaneous at zero field, with a reaction free energy change of
AG = —1.9 kcal mol™". Negative fields further facilitate the
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oxidative addition (AG < 0), while positive fields promote
reductive elimination (AG > 0). Across the applied field range, a
reaction free energy span exceeding 9 kcal mol™" was accessed
over the range of applied fields. The response of AG to field
strength (F) was linear, with a field-tuning rate of 4.5 kcal mol ™'/
(V-nm™"). This tunning rate closely aligns with the calculated
zero-field dipole moment change (Ay,) associated with the
oxidative addiction reaction (Ap,(Co) = u,(Co-HCl) —
u.(Co), see Table 1). This correlation suggests that the field
switchability primarily arises from differential stabilization or
destabilization of reactants and products, driven by the
interaction between the electric field and the permanent dipole
moment of the surface-attached catalytic complex.

Vaska’s complex analogues with other metal centers (Rb, Ir)
and substrates (O,, H,) were also investigated to establish
general design rules for field-responsive catalytic systems. A clear
trend was observed in which smaller metal centers were more
affected by the applied electric field than larger metals, following
the order Co > Rh % Ir, as indicated by the slope of the AG vs
field strength curves (Figure 2 and Table 1).

The oxidative addition/reductive elimination of HCI was
significantly more influenced by the field compared to O,, while
only minor effects were observed for H,. Notably, the field was
able to invert the reaction equilibrium for HCI addition to both
Co and Rh. In contrast, the reaction free energy for HCI
oxidative addition to Ir at zero field was so favorable that
equilibrium inversion was not achieved within the tested range
of field strength.

These results suggest that field-switchable behavior is more
pronounced for reactions near thermodynamic equilibrium in

https://doi.org/10.1021/acs.jpclett.5c00215
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Table 2. Fitted Parameters (G

rel —

aF? + bF) and Coefficients of Determination (R?) of Best Fit for Relative Free Energy (Gg,) vs

Applied Field Strength compared with half of the polarizability zz-components (%(xzz) and dipole moment z components (¢,)

complex a [keal®> mol™2/(V> nm™2)] b [kecal mol™!/(V nm™)]
Co —4.27 —-7.83
Co-HCl —4.02 —3.37
Co-0, —4.64 —4.54
Co-H, —4.07 ~6.60
Rh -3.72 —6.09
Rh-HCI —3.96 —2.80
Rh-O, —392 —4.63
Rh-H, -3.93 —6.01
Ir —3.66 —6.01
Ir-HCl —-3.84 -3.00
Ir-0, —4.12 —4.48
IrH, —4.07 -5.90

~a,, [keal® mol™2/(V? nm™2)] U, [kecal mol™'/(V nm™")] R*
3.6 7.8 0.9988
3.8 3.5 0.9979
4.1 4.7 0.9988
3.7 6.8 1.0000
34 6.0 1.0000
3.5 3.0 0.9999
4.0 4.5 0.9994
3.5 6.1 1.0000
3.3 6.0 1.0000
3.5 32 1.0000
4.0 4.8 0.9999
3.5 6.0 1.0000

the absence of an electric field. Under these conditions, small
changes in the field strength can alter the equilibrium, shifting
the favored species on the surface and enabling dynamic control
over catalytic activity.

To analyze the linear relation between the reaction free-
energy change (AG) and external electric field strength (F), we
plotted the relative free energy (G,q = Gg — Gy) for each
individual species, as shown in Figure 3. The relative free energy
follows a quadratic correlation with the field strength:

G,y = aF* + bF (1)

This behavior can be compared to the effect of a homogeneous
field (F) applied along the z-axis on the molecule potential
energy (U), described by the following equation:
1

Up= Uy~ u,F = ~a F* @
Here, U, represents the zero-field potential energy of the
molecule, y, is the z-component of the zero-field dipole
moment, and a,, is the zz-component of the polarizability
tensor. Positive fields are defined as pointing away from positive
charges. Higher-order polarizabilities, as well as field-induced
molecular reorientations and conformation changes, are
neglected for simplicity.

As summarized in Table 2, the fitted coeflicients of G, closely

and b

4

vs y1,). The quadratic term primarily arises from the interaction
between the electric field and the zz-component of the molecule
polarizability (a,,), reflecting the electron-donating (negative
field) or electron-withdrawing (positive field) effects. The

align with DFT-calculated molecule properties (a vs %a
z

L . . 1
similarity in quadratic coefficients a (and also Ja ) between the
zz

reactants (Vaska’s complex analogues Co, Ir, or Rh) and their
products (HCl/O,/H, adducts) cancels out when calculating
the reaction free-energy change (AG). This explains the linear
dependence of the reaction AG on the external electric field
strength (F). This cancellation indicates that the field-induced
electron-donating or withdrawing effects are comparable
between the reactants and products and, therefore, do not
contribute to the electric field effects observed in this study.
Instead, the linear term arises from the alignment between the
electric field and the (z-component of the) molecular permanent
dipole moment (y,). When a positive electric field aligns parallel
to the dipole moment of the complex, it stabilizes the reactants
more than the products, promoting reductive elimination.
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Conversely, when a negative field aligns antiparallel to the dipole
moment, it destabilizes the reactants more than the products,
promoting oxidative addition.

The data in Table 2 also explains the observed trend of field-
tuning rates for different metal centers (Co > Rh & Ir). Adducts
of the same substrates exhibit similar (z-components of) dipole
moments across different metal centers, while the (z-
components of) dipole moments of the reactants follow the
trend Co > Rh = Ir. A similar pattern is observed for the total
dipole moments, as listed in Table S1. These findings indicate
that the variation in tuning rates among metal centers is
determined by the differences in the dipole moments of the
reactants.

The differences in dipole moments for the Vaska’s complex
analogues can be interpreted using the Hard and Soft Acids and
Bases (HSAB) theory. Co, as a harder acid compared to Rh and
Ir, interacts with the soft bases S (from the benzene-1,4-
dithiolate ligand) and P (from the triphenylphosphine ligands)
in a more jonic and less covalent manner. This results in Co
being more positively charged than Rh and Ir. Additionally, due
to the position of the metal center in the complex (higher along
the positive z-axis than other atoms in the complex), this
increased positive charge leads to stronger charge separation and
a larger (z-component of the) dipole moment for Co compared
to Rh and Ir.

The trend in field-tuning rates by for substrates (HCI > O, >
H,) can be explained by two primary factors: (a) the internal
dipole moments of the substrate moieties, and (b) charge
redistribution during oxidative addition and bond formation
with the metal center:

(a) Substrate Dipole Moments: The heteronuclear diatomic
molecule HCI possesses a significant permanent dipole
moment (1.8 kcal mol™/(V nm™), as computed in
dichloromethane. In the Co-HCI adduct, the H and Cl
moiety aligns approximately 9° oft the z-axis, nearly
antiparallel to the dipole moment of Co and the Co-HCl
adduct. Upon oxidative addition of HCI, the dipole
moment of HCl is effectively added to the dipole moment
of the adduct. This results in a larger decrease of (the z-
component of) the dipole moment and leads to a higher
tunning rate for HCI compared to O, and H,.

(b) Charge Redistribution: Oxidative addition redistributes

charge by decreasing the electron density on the metal

center (oxidation) and increasing the charge density on
the substrate moieties (reduction). The added negative

https://doi.org/10.1021/acs.jpclett.5c00215
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charge centers (Cl, O, or H) are positioned along the
positive z-axis relative to the metal center, reducing the z-
component of the dipole moments in all adducts. Cl and
O, being more electronegativity than H, induce greater
charge redistribution. Additionally, Cl and O have longer
bond distances with the metal center, amplifying the
reduction in the z-component of the dipole moment
during oxidative addition. Consequently, substrates with
more electronegative atoms and longer bond distances,
such as HCl and O,, exhibit higher field-tuning rates
compared to H,.

In summary, we have demonstrated that external electric fields
can effectively control oxidative addition/reductive elimination
equilibria, using the model reaction of HCI addition to Vaska’s
complex analogues Co and Rh. This novel approach allows for
the manipulating of slow catalytic steps through the application
of an electric field in situ, without requiring chemical
modifications. Furthermore, it opens the intriguing possibility
of employing alternating fields to dynamically lower the barriers
of key catalytic steps, thereby driving the system through the
catalytic cycle. This strategy shifts the focus of catalyst design
toward optimizing factors such as selectivity, rather than
balancing competing reverse steps.

Importantly, this approach offers a non-Faradaic mechanism
for introducing electric energy into chemical reactions, where
the catalyst acts as a device that converts electric energy into
chemical energy. Our findings reveal that changes in the
permanent dipole moment of catalytic complexes are the
dominating factor behind this field-switchability. A critical
design criterion for new systems is ensuring that the oxidative
addition/reductive elimination equilibrium is close to thermo-
dynamic balance (AG ~ 0) so that the reaction direction can be
reversibly switched within an accessible range of field strength.

We also found that smaller metal centers are more susceptible
to control by electric fields. Their bonds with ligands are more
ionic in nature, and therefore, these complexes exhibit greater
charge separation, making them more susceptibility to dipole-
induced changes. Reactions involving polar substrates or target
bonds containing high electronegative elements show higher
field-tuning rates that those with nonpolar substrates containing
only C and H. These insights provide useful guidelines for
designing catalysts for practical applications.

Beyond providing a potential method for addressing the
“Goldilocks” problem of balancing the reactivity of two
competing microscopic reverse steps in a catalytic cycle, this
approach also enables precise in situ control of reaction progress.
For example, stopping at intermediate stages of catalytic cycles
could aid in isolating intermediates for mechanistic studies or
enable the design of stepwise catalytic processes via temporal or
spatial separation of catalytic steps. Moreover, this method has
the potential to improve selectivity by stabilizing or destabilizing
specific transition states or intermediates with significantly
different dipole moments, enhancing control over reaction
pathways.
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