Voltage-Driven Molecular Catalysis: a Promising Approach to Electrosynthesis
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ABSTRACT

The combination of electrocatalysis and molecular catalysis is an increasingly popular approach
to designing catalysts for electrosynthetic processes. We found recently that the electrostatic
potential drop across the double layer contributes to the driving force for electron transfer between
a dissolved reactant and a molecular catalyst immobilized directly on the electrode surface. The
applied electrode potential can increase the oxidizing (or reducing) ability of a surface-bound
molecular catalyst, thus, making it suitable for charge-transfer processes, which it normally would
not be able to catalyze. In this Article, we report the initial application of voltage-driven molecular
catalysis to electroorganic synthesis. The metal-free, purely organic molecular catalyst (TEMPO)
attached to a carbon electrode showed potential-dependent activity for the oxidation of toluene,
which does not occur if TEMPO is used as a homogeneous catalyst. Surface-attached TEMPO
also shows significant catalytic activity towards benzyl alcohol oxidation even at pH 7. The
products of toluene and benzyl alcohol oxidations were identified by NMR, FTIR, and UV-VIS
spectroscopies to evaluate the reaction yield and selectivity. The effect of the applied electrode

potential on these catalytic processes was elucidated by DFT calculations.
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INTRODUCTION
Most of the reported applications of electrocatalysis in synthetic chemistry make use of molecular
mediators  serving as homogeneous redox catalysts.! Such mediators facilitate
oxidation/reduction processes, offer improved selectivity, and eliminate problems caused by
passivation and contamination of heterogeneous catalyst surfaces.>* However, the applied
electrode potential cannot be used as a means to drive homogeneous catalytic reactions, which,
therefore, require potent oxidizing and reducing chemical agents.

Unlike molecular catalysis, heterogeneous electrocatalytic processes occur on active surface

sites and are driven by the applied electrode potential.’®

Recent studies focused on the advantages
of combining molecular catalysts and electrocatalysts into hybrid systems for energy-related
processes.”'2 Hybrid molecular catalysts possess key advantages of homogeneous catalysts and
heterogeneous electrocatalysts: they are typically noble-metal-free, do not suffer from passivation,
and do not require complex engineering and characterization of active sites essential for
heterogeneous electrocatalysts. Unlike a homogeneous catalyst, which is often irrecoverable or
requires significant energy for its separation from reaction products,'*!* the amount of the surface-
bound redox mediator is typically small, no separation is required, and the catalyst modified
surface can be re-used for electrosynthesis.

Direct coupling of catalysts to carbon electrodes reported by the Surendranath group
produced tunable heterogeneous catalysts with molecularly well-defined active sites.!>!” The
molecules conjugated to carbon became part of the electrode, so that no electron transfer (ET)
occurred between the electrode and a catalytic moiety whose oxidation state remained

unchanged.!” By contrast, in voltage-driven catalysis the potential drop across the electrical double

layer (EDL) is distributed on both sides of the attached molecular catalyst immobilized directly on



the electrode surface.!® A fraction of the applied potential dropping between the electrode and the
attached molecular catalyst causes its oxidation/reduction, while the other fraction of the applied
potential dropping between the surface-bound catalyst and the dissolved reactant drives the

electrocatalytic process (Fig. 1).
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Fig. 1. Voltage-driven catalysis of toluene oxidation by TEMPO molecules directly attached to
the carbon surface. Scheme of the potential drop (red dotted line) across the carbon
electrode/solution interface. A fraction of the applied potential drops between the surface-

attached TEMPO and a dissolved toluene molecule.

The contribution of the electrode potential to the driving force for ET between an
immobilized molecular catalyst and a dissolved reactant in voltage-driven catalysis enabled the
use of a molecular catalyst with a standard potential lower than that normally required for water
oxidation and other processes.!® In this Article, we report the first application of voltage-driven
molecular catalysis to electrosynthesis — the oxidations of alcohols and toluene in aqueous/organic
solvents by TEMPO (2,2,6,6-tetramethyl-1-piperidine N-oxyl; a fully organic molecular catalyst
extensively employed for electrosynthesis?’?!) immobilized on a carbon electrode surface. A
schematic representation of the TEMPO-modified electrode is shown in Fig. S1. Cyclic aminoxyl

species have previously been employed to catalyze the oxidation of alcohols to the corresponding



aldehydes, ketones, and carboxylic acids.?>** Specifically, TEMPO radical has been extensively
used as a homogeneous alcohol oxidation catalyst in aqueous solutions.?*>” One problem in such
applications is the low solubility of TEMPO in polar electrolytic media.*® It was circumvented by
attaching TEMPO to the electrode surface, e.g., by covalently immobilizing it onto linear poly-
(ethylenimine) and cross-linking onto the surface of a glassy carbon electrode *! or by noncovalent
immobilization of a pyrene-TEMPO conjugate.>> A TEMPO-modified electrode exhibited higher
current density than the TEMPO-based homogeneous catalytic system.’!

TEMPO exhibits modest activity for oxidation of benzyl alcohol (BzOH) in a neutral

aqueous solution either as a homogeneous catalyst*?

or when immobilized on polymer coated
surfaces.>** A comparative study of BzZOH oxidation with several nitroxyl derivatives showed
that the catalytic activity is largely affected by the driving force, i.e., the catalyst standard
potential.>® Here we show that in voltage-driven catalysis with surface-bound TEMPO the driving
force 1s augmented by the applied anodic bias, resulting in a significant catalytic activity towards
BzOH oxidation to benzaldehyde even at pH 7. The mechanism of TEMPO-catalyzed
electrooxidation of BzOH in organic solvents involves base-promoted formation of the
TEMPO /alkoxide adduct, followed by turnover-limiting intramolecular hydrogen transfer within
this complex.*® Our density functional theory (DFT) calculations show that the applied voltage
can decrease the activation energy for this step, thereby increasing the reaction rate. Besides, we
show that further oxidation of benzaldehyde to benzoic acid is energetically not favorable, which
explains the high catalytic selectivity observed experimentally.

We also carried out electrochemical oxidation of toluene using a TEMPO-modified glassy

carbon electrode (TEMPO-GCE) as a catalyst. By contrast, homogeneous catalysis of toluene

oxidation by TEMPO does not occur, suggesting that the standard potential of TEMPO is too low



for efficient homogeneous catalysis of toluene oxidation. While the mechanism of toluene
oxidation has yet to be elucidated, previous studies suggest that C(sp*)-H bond cleavage is the rate-
determining step.>’*® Here we show that in voltage-driven catalysis this step can be facilitated by
the applied potential.
EXPERIMENTAL SECTION

Chemicals and materials. TEMPO, 4-amino-TEMPO, benzyl alcohol, 1,3,5-
trimethoxybenzene, and tetrabutylammonium hexafluorophosphate (TBAPF¢s) were purchased
from Sigma-Aldrich. 2,6-dimethyl pyridine was purchased from Fisher Scientific. Sodium
phosphate and sodium phosphate monobasic (Sigma-Aldrich) were used to make 0.1 M phosphate
buffer (pH 7.2). Toluene and acetonitrile were purchased from Merck. All aqueous solutions were
prepared using water from Milli-Q Advantage A10 system (Millipore Corp.) equipped with Q-
Gard T2 Pak, a Quantum TEX cartridge, and a VOC Pak with total organic carbon (TOC) < 1 ppb.

Instruments and procedures. Electrochemical experiments were carried out using a CHI
760E bipotentiostat (CH Instruments) inside a Faraday cage. In a three-electrode setup, a 3 mm
diameter GCE (CH Instruments) was used as a working electrode, a Pt wire was used as a counter
electrode was a Pt wire, and a commercial Ag/AgCl (1 M KCI) in aqueous solutions or Ag/AgNO3
in acetonitrile served as a reference electrode. Bulk electrolysis experiments were carried out at a
constant potential (1.1 V vs. Ag/AgNOs3) with a 3-mm-diameter, 9-mm-long TEMPO-modified
graphite rod working electrode, a bare graphite rod as a counter electrode, and Ag/AgNOs
reference in acetonitrile containing 0.1 M TBAPF¢. Anundivided cell was used for the electrolysis
in air atmosphere. The crude solution after the electrolysis was used for the detection of products.

All voltammograms were recorded with 90% Ohmic-drop compensation.



Spectroscopic techniques, including UV-Vis, FTIR, NMR were employed to
detect/characterize the products formed during electrolysis. The UV-Vis spectra were recorded
using an Agilent 8453 G1103A spectrophotometer. FTIR spectra were obtained with a Bruker
Alpha II spectrometer, and 'H-NMR spectra were obtained using a 500 kHz Bruker instrument.

Chemical modification of carbon surface. 4-amino-TEMPO was immobilized on the
carbon electrode surface through an amine linkage using the reported procedure.>® Briefly, the
GCE was biased at +0.45 V vs. Ag/AgCl for 5 mins in 0.1 M phosphate buffer (pH 7). Then, the
modified electrode was washed with deionized water several times to remove physisorbed
molecules. Characteristic oxidation-reduction waves of surface-bound TEMPO were obtained at
the modified electrode in acetonitrile containing 0.1 M TBAPFe.

Computational methods. DFT calculations were performed by using the Vienna ab initio
simulation package (VASP).***! Electron exchange-correlation was represented by the functional

).*2 The ion-

of Perdew, Burke and Ernzerhof (PBE) of generalized gradient approximation (GGA
electron interaction was described with the projector augmented wave (PAW) method.** The
organic solvent was treated with a continuum dielectric model, as implemented in the VASPsol
code.*** More computational details can be found in Supporting Information.
RESULTS & DISCUSSION

Cyclic voltammograms (CVs) were recorded at a bare GCE in acetonitrile solution
containing TEMPO (Fig. 2A) and at the same GCE after immobilizing TEMPO on its surface (Fig.
2B). The surface peaks of TEMPO in Fig. 2B are about 101 mV more positive than the mid-peak
potential measured with TEMPO dissolved in the same electrolyte solution (Fig. 2A). This shift

reflects the effect of the potential drop on the surface-bound TEMPO molecule located within the

EDL. As expected for a surface-attached reversible redox mediator, the anodic and cathodic peak



potentials in Fig. 2B are essentially independent of the scan rate (v), and the background-subtracted
peak current is directly proportional to v (Fig. S2). The surface coverage, I'tempo = 14 pmol/cm?
was obtained from CVs by integrating the area under the oxidation peak after background
subtraction. The coverage value corresponds to <10% of the full monolayer coverage. The
reported value for full monolayer coverage of TEMPO is about 2 x 107'° mol/cm?3° The
electrochemical stability of TEMPO-GCE can be seen from 10 consecutive voltammetric cycles
recorded in acetonitrile containing 0.1 M TBAPFs (Fig. S3). No significant change in peak

currents/potentials was observed in this experiment.
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Fig. 2. CVs of (A) dissolved and (B) surface-bound TEMPO at a 3 mm GCE. Acetonitrile solution
contained 0.1 M TBAPFs and either 5 mM TEMPO (A) or no TEMPO (B). v, mV/s = (A) 20; and
(B) 20 (black), 50 (red), 100 (blue), 150 (brown), and 200 (green).

Voltage-driven BzOH oxidation by TEMPO. TEMPO exhibits modest activity as a
homogeneous catalyst for electrochemical oxidation of BZOH in acetonitrile without added base
(Fig. 3A). There are only minor differences between quasi-reversible CVs of TEMPO at a GCE
obtained with no benzyl alcohol (Fig. 3A, curve 1) and with 5 mM BzOH added to the solution
(Fig. 3A, curve 2). A TEMPO-GCE shows a much higher catalytic activity towards BzOH
oxidation (Fig. 3B). The current onset at ~0.4 V corresponds to the TEMPO oxidation wave which
is supposed to be complete at £~ 0.5 V (Fig. 2B). The catalytic current continues to increase over

a wide potential range (~800 mV), which cannot be attributed to direct oxidation of BZOH on the



carbon surface because the current recorded at a bare GCE (curve 2 in Fig. 3B) is much lower than
that in curve 1. The current increase over a wide potential range is characteristic of voltage-driven

molecular catalysis!®!"

and not observed in conventional molecular catalysis, where the anodic
current should reach a plateau when the applied potential becomes sufficiently positive for
complete oxidation of surface-bound mediator species.*® A much higher catalytic activity was
observed for BZOH oxidation in presence of a base with TEMPO modified electrode (Fig. 3C) in
accord with the literature data.** The base facilitates the oxidation process by abstracting protons

from the intermediates (e.g., TEMPO-H) for faster regeneration of the catalyst. The catalytic

current is proportional to the concentration of BZOH (the inset in Fig. 3C).
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Fig. 3. Catalysis of benzyl alcohol oxidation by TEMPO in acetonitrile solutions containing 0.1
M TBAPFs. (A) CVs recorded at a bare GCE in solution containing 5 mM TEMPO and either 0
(1) or 10 mM (2) of BZOH. (B) CVs of 10 mM BzOH at a TEMPO-GCE (1), bare GCE (2), and
TEMPO-GCE without BzOH (3). (C) CVs of BZOH at a TEMPO-GCE in the presence of 50 mM
lutidine. cgzon, mM =25 (1), 20 (2), 15 (3), 10 (4) and 0 (5). v=20 mV/s. The inset: concentration
dependence of the current density at E=0.9 V.

The products of BzZOH oxidation were analyzed by UV-Vis spectroscopy of the crude
solution after bulk electrolysis in the absence of base (Fig. 4). 2 uL of the crude solution was
diluted by 3 mL of acetonitrile, containing 0.1 M TBAPFs, and the resulting solution was used for

UV-Vis spectroscopy to avoid oversaturation in the spectra. The UV-Vis spectra (Fig. 4A) were
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obtained after 1-hour-long electrolysis at a bare (curve 1) and TEMPO-modified (curve 2) graphite
rod electrode biased at a constant potential, £ =1.1 V vs. Ag/AgNOs;. The formation of
benzaldehyde at the TEMPO-modified electrode is evident from the characteristic absorption
peaks at 243 nm (C=C) and 285 nm (C=0). In contrast, no benzaldehyde was detected after the
BzOH electrolysis at a bare graphite electrode under the same conditions (Fig. 4A, curve 1). Only
a weak absorption peak corresponding to BZOH (~260 nm) was observed. To assess the effect of
the applied potential on BZOH oxidation catalysis, three UV-Vis spectra shown in Fig. 4B were
recorded in solutions after bulk electrolysis at 0.9 V (curve 1), 1.1 V (curve 2), and 1.3 V vs.
Ag/AgNOs (curve 3). The significant increase in benzaldehyde concentration with the applied
potential is consistent with the CV response (curve 1 in Fig. 3B), pointing to the voltage-driven

molecular catalysis by surface-bound TEMPO.
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Fig. 4. Detection of benzaldehyde by UV-Vis spectroscopy after one hour bulk electrolysis of
BzOH. The 2 puL volume of the crude solution containing 1 mmol BzOH and 0.1 M TBAPFs in
acetonitrile was electrolyzed and then diluted by 3 mL of acetonitrile containing 0.1 M TBAPFs.
The working electrode was either a bare (curve 1 in A) or a TEMPO-modified (curve 2 in A and
all curves in B) carbon rod. E, V vs. Ag/AgNO3 = (A) 1.1; and (B) 0.9 (1), 1.1 (2), and 1.3 (3).
The inset: a UV-Vis spectrum of benzaldehyde.
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The amount of benzaldehyde (0.2 mmol) formed during the bulk electrolysis of 1 mmol
benzyl alcohol without lutidine in acetonitrile containing 0.1 M TBAPF¢ was calculated from the
UV-Vis calibration curve (Fig. S18A). This amount was used for the calculation of the turnover
number (14 x 10°). The Faradaic efficiency (81%) was calculated from the i-f curve obtained
during the bulk electrolysis (Fig. S18B).

To evaluate stability/reusability of TEMPO-modified electrodes in BzZOH oxidation, the
same TEMPO-graphite rod was used in three constant-potential electrolysis experiments. UV-
VIS spectra obtained after each one-hour-long electrolysis of BZOH at £=1.1 V (Fig. S4) showed
very similar benzaldehyde peaks. This observation suggests that the TEMPO-modified graphite
electrodes are stable under electrolysis conditions and can be reused without noticeable activity
loss.

We also carried out benzyl alcohol oxidation in a pH 7 aqueous buffer solution. Previous
experiments showed a higher catalytic activity of TEMPO for BzOH oxidation in basic media,
while homogeneous catalysis in acidic and neutral solutions was negligibly slow.?’ CVs of BZOH

were recorded in 0.1 M PBS at a modified GCE (Figure 5; curves 1, 2, and 3) and a bare

0.4 0.8

E, V vs. Ag/AgCI
Fig. 5. CVs of BzZOH at a TEMPO-GCE. cg,on, mM =30 (1), 20 (2), and 10 (3) in 0.1 PBS of pH
7. Curve 4 is the voltammogram of 20 mM BzOH at a bare GCE. v =20 mV/s. Inset: concentration
dependence of the current density at E=1.2 V.
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GCE (curve 4). In sharp contrast to slow homogeneous catalysis, the efficient oxidation of BZOH
at a TEMPO-GCE at pH 7 is due to the contribution of the electrostatic potential drop across the
EDL to the driving force for this process. The voltage-driven catalysis at TEMPO-GCE in the
neural aqueous buffer is faster than in acetonitrile solution without added base (c¢f- curve 2 in Fig.
3B).

Toluene oxidation at TEMPO-modified carbon electrodes. TEMPO-modified carbon
electrodes also exhibit efficient voltage-driven molecular catalysis toward toluene oxidation
reaction in sharp constant with immeasurably slow homogeneous catalysis by dissolved TEMPO.
Indistinguishable CVs obtained in the presence (red) and absence (black) of toluene in acetonitrile
solution (Fig. 6A) suggest that the standard potential of TEMPO is too low for efficient
homogeneous catalysis of toluene oxidation, whereas a TEMPO-modified electrode shows
voltage-driven catalytic oxidation of toluene and the catalytic current is proportional to the

concentration of toluene (Fig. 6B).
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Fig. 6. CVs of oxidation of toluene in acetonitrile at the (A) bare GCE and (B) TEMPO-modified
GCE. (A) ctoluene, mM = 0 (black), 20 (red); ctempo = 0.5 mM. (B) ctoluene, mM = 0 (black), 10
(red), 20 (blue), and 30 (green). All solutions contained 0.1 M TBAPFs and 50 mM 2,6-lutidiene.
v=5mVJ/s.
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We used FTIR and NMR to analyze the products of BZOH and toluene oxidations. The
analysis of the products in the crude solution was carried out after three hours of constant potential
electrolysis. FTIR spectra were obtained before and after the electrolysis (Fig. S5 and S6), and
the characteristic carbonyl stretch (~1700 cm™) was observed only after the oxidation. NMR
spectra of the crude solutions were used to detect the aldehyde formed during the electrolysis of
BzOH (either without lutidine, Fig. S7, or with lutidine added to the solution, Fig. S8) and toluene
(Fig. S9). A strong peak observed around 10 ppm corresponds to the aldehyde functional group.
The NMR vyield of aldehyde was calculated using 1,3,5-trimethoxybenzene as an internal standard.
The TEMPO-modified electrode selectively oxidized both BZOH and toluene to benzaldehyde.
Benzoic acid was not detected in solutions after the electrolysis of benzyl alcohol, probably, due
to the absence of water in the media, as reported earlier.*’** For the BzZOH oxidation, the NMR
yields were 52% (without lutidine), and 88% (with lutidine); and 42% yield was found for the
toluene oxidation.

Benzaldehyde was detected in the crude solution obtained after the electrolysis of toluene at
a TEMPO-modified electrode (Fig. S6 and S9), but no aldehyde was found after the electrolysis
at a bare carbon electrode with TEMPO dissolved in solution. The IR spectra obtained before and
after the electrolysis of toluene (S10A) and BzOH (S10B) with TEMPO dissolved in solution show
no peak for carbonyl stretching. An important implication is that the applied voltage can enable
the catalysis of an electro-organic reaction by a surface-bound redox mediator that would not be
possible without the contribution of the electrode potential to the driving force. To check the
stability of TEMPO-modified carbon electrode, CV (S11) was recorded before and after the

electrolysis of BZOH. The heights of the background-subtracted peaks of TEMPO in the CVs are
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essentially unchanged after an hour of electrolysis, suggesting that the grafted catalyst remains
attached to the electrode surface.

The capacity of surface-bound TEMPO to oxidize both benzylic alcohol and the methyl
group of toluene brings up an important question about selectivity of voltage-driven catalysis. The
selective oxidation with a voltage-driven TEMPO catalyst can be attained by correctly choosing
the experimental conditions. For instance, comparing the oxidations of 10 mM toluene (red curve
in Fig. 6B) and 10 mM BzOH (red curve in Fig. 3C) in acetonitrile containing 50 mM 2,6-lutidiene,
one can see that at E = 0.8 V, the current density for BZOH (~75 pA/cm?) is more than 50 times
that for toluene (~1 pA/cm? after background subtraction). An even better selectivity can be
attained with no base added to the solution. The oxidation of 10 mM BzOH at GCE-TEMPO in
acetonitrile without 2,6-lutidiene (red curve in Fig. 3B) produced the current density of ~30
nA/cm? at E =1V, while no measurable current was observed for the oxidation of toluene under
the same conditions.

DFT simulations of voltage-driven BZOH and toluene oxidations by TEMPO. Recent
DFT calculations revealed that the potential drop between surface-bound redox species and
dissolved reactant molecules in aqueous solutions can contribute to the driving force for a catalytic
outer-sphere or inner-sphere ET reaction.!®!” Here, we calculated the plane-averaged electrostatic
potentials for TEMPO-GCE in acetonitrile at different values of the electrode potential (Fig. S16
shows the xy-averaged potential as a function of distance along z-axis at the electrode potential of
0.29 V). As shown in Fig. 7B, similar to the aqueous solution, the electrostatic potential drops on
both sides of the attached TEMPO. However, the magnitude of the potential drop between surface-
bound TEMPO and solution is larger because the dielectric constant of acetonitrile is smaller than

that of water. Specifically, about 1/5 of the applied potential drops between surface-bound
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Fig. 7. TEMPO-modified carbon electrode in acetonitrile. (A) The optimized geometry of surface-
bound TEMPO. (B) Plane-averaged electrostatic potentials of the carbon electrode, surface-bound

TEMPO in acetonitrile, and solution as a function of the applied electrode potential, E (vs. Epzc).

TEMPO and solution. This agrees well with the experimental observation that the mid-peak
potential of surface-bound TEMPO is 101 mV more positive than that of TEMPO dissolved in
acetonitrile (Fig. 2). Thus, this potential drop (E: in Fig. 1) can provide additional driving force
for electrooxidations of BZOH and toluene.

The mechanism of BzOH oxidation catalyzed by TEMPO involves the formation of an
adduct between TEMPO and BzOH (Fig. 8A) followed by the rate-determining intramolecular
hydrogen transfer to produce TEMPOH and benzaldehyde (Fig. 8B).** We calculated the
activation energy of the rate-determining step for TEMPO dissolved in acetonitrile and surface-
bound TEMPO at different electrode potentials (Fig. 8C and Fig. S12, more details on activation
energy calculations and transition state searches can be found in Computational Details and Table
S1). The activation energy for TEMPO dissolved in acetonitrile is moderate (0.21 eV), which
explains the experimentally observed modest homogeneous catalysis of BzZOH oxidation (Fig. 3A),
whereas for TEMPO-GCE, the activation energy decreases as the applied potential becomes more

positive. This finding is consistent with the faster reaction rates at higher anodic potentials and
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can be explained by the changes in the orbital interactions between TEMPO and BzOH substrate
(Fig. S13).

We further investigated benzaldehyde oxidation to benzoic acid. The oxidation of
aldehyde is deemed to involve its hydration and dissociation of the hydroxy group, followed by
analogous adduct formation and intramolecular hydrogen transfer.*” The high activation energy,
1.63 eV, found for the first step (i.e., the hydration) suggests that the oxidation of BZOH to benzoic
acid is not favorable. This result agrees with the experimental finding of high catalytic selectivity

of BzOH oxidation to benzaldehyde.
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Fig. 8. BzOH oxidation catalysis by surface-bound TEMPO in acetonitrile. (A) The optimized
geometry of the TEMPO-OCHCsHs intermediate. (B) Formation of benzaldehyde and TEMPOH
after the intramolecular hydrogen transfer. (C) Activation energy of the rate-determining step at
different electrode potentials. The activation energy for TEMPO dissolved in acetonitrile is shown

for comparison.

Direct electrochemical oxidation of toluene is generally initiated by outer-sphere ET
followed by the rapid proton transfer and the second ET to generate a benzylic cation, which
requires a high electrode potential. Recent experimental studies showed that mediated oxidation
of toluene involves hydrogen atom transfer from the benzylic C—H bond to form a benzylic radical
intermediate.”® We calculated the activation energy of the hydrogen transfer step for toluene

oxidation catalyzed by surface-bound TEMPO. The optimized geometries of the initial and final
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states are shown in Fig. 9. The increase in applied potential from 0 V to 0.84 V results in about
50% lower activation energy, which in turn leads to much higher catalytic currents at more positive
electrode potentials. By contrast, the activation energy for TEMPO dissolved in acetonitrile is as
high as 0.90 eV (Fig. S14), and no measurable homogeneous catalysis of toluene oxidation by

TEMPO was observed (Fig. 6A).
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Fig. 9. Toluene oxidation electrocatalysis by surface-bound TEMPO in acetonitrile. The
optimized geometries of the initial (A) and final (B) states for the sp® C-H bond cleavage. (C)
Activation energy of this step at different electrode potentials. The activation energy for TEMPO

dissolved in acetonitrile is shown for comparison.

Further electronic structure analysis reveals a correlation between the activation energy
and Bader charge on oxygen of TEMPO (Fig. S15). This suggests that the sp* C-H bond cleavage
of toluene is driven by the stronger oxidizing power of TEMPO at a higher electrode potential
rather than the electrostatic potential gradient, since hydrogen atom is not charged. To better
understand the electron density effect, we plotted the plane-averaged electron density difference
between 0 V and 0.29 V (vs. Epzc). As shown in Figure S17, there is an electron density gradient
from the carbon substrate to the immobilized TEMPO, similar to the double layer potential
gradient. This is analogous to adding an electron withdrawing group to the molecular catalyst.

Taken together, we believe the electron density gradient could be more important for reactions
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with H-abstraction as the rate-limiting steps (e.g., the toluene oxidation discussed in this work),
while the electrostatic potential gradient is more important to reactions involving transfer of
charged species across the double layer. Our calculations show that the rate of the molecular
catalysis of toluene oxidation by surface-bound TEMPO is increased by the applied bias through

reducing the activation energy for the rate-determining hydrogen-transfer step.

CONCLUSIONS

We demonstrate the first application of the recently developed concept of voltage-driven
molecular catalysis to electrosynthesis. The electrode potential contribution to the catalytic driving
force enabled efficient oxidation of toluene in acetonitrile and benzyl alcohol in neutral aqueous
solution by purely organic TEMPO radical covalently attached to the carbon electrode surface.
Our DFT calculations suggest that the applied bias causes the decrease in activation energy of the
rate-determining step for TEMPO catalyzed oxidations of BZOH and toluene, thus contributing to
the enhanced catalysis. Without electrostatic contribution, the homogenous catalysis of both
oxidation processes by TEMPO is slow. The analysis of the products confirmed the formation of
benzaldehyde and showed no detectable concentration of benzoic acid, pointing to selectivity of
both catalytic processes. A very low load and ease of recycling further distinguish this approach
from homogeneous molecular catalysis. These results suggest a new route for designing next-

generation hybrid molecular/electrocatalysts for organic synthesis.

Supporting Information. Supplementary electrochemical data, CVs, UV-Vis, FTIR and 'H
NMR spectra, projected density of states for the TEMPO-OCH2C¢Hs adduct, energy profiles for
the hydrogen transfer step, and computational details. This material is available free of charge

via the Internet at http://pubs.acs.org.
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