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Electrochemical regeneration of organic hydrides is often hindered
by the rapid dimerization of organic radicals produced as the first
intermediates of these electrochemical transformations. In this
work, we utilize proton-coupled electron transfer to outcompete
the undersired dimerization and achieve successful hydride
regenerations of two groups of organic hydrides — acridines and
benzimidazoles. This work provides an analysis of the critical
factors that control the regeneration pathways of organic hydrides.

Proton-coupled electron transfer (PCET) is a process where
protons and electrons are transferred either simultaneously or
concertedly. While prominent in many biological systems, PCET
is also particularly important in fuel cells and artificial
photosynthetic systems, because it enables multi-proton and
multi-electron transfer processes required for the desired
chemical transformation.! Electrochemical fuel-forming
processes, such as the hydrogen evolution reaction (HER) and
CO, reduction to methanol, involve several proton and electron
transfers. Hydrides are often used in such processes to catalyze
the transfer of electrons in pairs, thus avoiding high energy
open-shell intermediates obtained by single electron transfers.?
As such, electrochemical regeneration of catalytic hydrides with
optimal efficiency is essential to obtain a high-performing CO,
reduction and HER.3 Metal-based hydrides regenerate their
hydridic form through stepwise transfers of electrons and
protons, and the mechanism is controlled by metal-ligand
complexes and experimental conditions (such as applied
potentials, proton source, solvent, etc.).3¢ 4 PCET in the
regeneration of metal-free hydrides has not been
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electrochemically explored signficantly beyond flavins and
guinones,® despite the significance of NADH and similar hydride
donors in natural and artificial hydride transfer processes.®
While the enzymatic regeneration of NADH occurs through a
hydride transfer,®¢ the electrochemical formation of NADH
analogues is hindered by the difficulty of protonating the one-
electron reduced NAD - radical and its rapid dimerization.”

Our groups examined the thermodynamic and kinetic
hydride donor abilities of various organic NADH analogues® and
following a series of systematic studies, recently achieved a
selective CO, reduction to formate under mild conditions using
a recyclable organic benzimidazole hydride.® Here
electrochemical regeneration pathways are explored for two
groups of organic hydrides (RH) — acridines and benzimidazoles
(Table 1) — from their respective cations (R*) as an essential step
towards their potential utilization as catalysts. We achieved
quantitative hydride regeneration by improving the stability of
acridine-based radicals and by facilitating the protonation of
benzimidazole-based radicals. This work also provides guiding
principles for improving the photochemical regeneration of
organic hydrides mediated by inorganic semiconductors that
act as hole acceptors.’°

In order to investigate the regeneration pathways for metal-
free NADH-analogues and their applicability in electrochemical
reductions of protons and CO,, we calculated relevant hydricity
values (AGy_), reduction potentials (E°) and acidity constants in
DMSO as solvent (Table 1). Computational details along with
experimental procedures and conditions can be found in the
Electronic Supplementary Information (ESI). Our calculated
AGy_ values indicate that benzimidazole hydrides act as strong
hydride donors with hydricities that compete with noble-metal
hydrides,'! whereas acridine hydrides have moderate reducing
strengths, comparable to that of the NADH-cofactor.8®
However, the considerable hydride donor ability of
benzoimidazoles is accompanied by a high energy cost for its
regeneration due to the scaling relationship between E°(R*/R *)
and AGy_.8b 84 Furthermore, their second reductions E°(R - /R")
often occur at potentials ~0.5 V more negative than their first
reduction potenitals (Table 1). Here, we suggest utilizing PCETs
to circumvent the scaling relationship by avoiding these high-
energy interemediates. Another distinguishing characteristic
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Table 1. Model R-H compounds and their calculated acidities, reduction and hydride donor ability constants in DMSQ, as solvent,.
pK, E° (V cs Fc/Fc?) pK, E° (V es Fofbe'h0.1039/C9CC00928K
Hydrid . AGy- Hydrid AGy-
ydride RH** RH RY/R" R /R R/I;H H ydride pe RH RYR" R /R RH* " /RH H
NH O N _H
AH 04 358 -1.04 -1.83 0.25 73.0 B H Su 152 639 -2.56 -3.38 -0.52 47.0
1 v 1
ph !
an & b 18 342 .07 -1.79 0.28 72.8 BH e 124 482 230 -2.53 -0.44 48.6
2! N 2! N
Me,NPhN { ey
i N 40 350 11 86 020 703 | crx™ 149 517 260 -2.61 -0.47 447
3 3
O o S 13.6 538 -270 -2.81 -0.45 4.7
B 2 | 34 340 133 195 0.18 61.1 T
AH Bt Crx 154 500 -2.66 -2.55 -0.54 45.2
5
U
| X 184 544 279 -2.63 -0.54 447
: X
2 | 64 357 180 215 028 469 Bl
AH O an COEX 214 506 -2.83 -258 096 427
7!
S ¥, Phome),
17 4.0 144 221 001 615 QL™ | 163 544 270  -2.81 0.01 419
AH ~VH BgH
6! ! 3l \

between these two groups of hydrides is the remarkable
difference in the acidity constants (pK,) of their radical cationic
intermediates (RH*-) that determine their regeneration
pathways. We propose two distinct pathways for the
electrochemical generation of organic hydrides: (a) sequential
transfer of two electrons followed by a proton transfer (EEP)
and (b) sequential electron-proton-electron (EPE) transfer. Our
calculated pK, values predict that all model compounds are
reduced via the EEP pathway, while only the benzimidazoles can
be reduced via EPE with a reasonable proton source. The
computed acidity constants reported in Table 1 indicate the
drastic difference in acidity values of the intermediates of both
classes. Indeed, this computational analysis corroborates our
experimental findings discussed below.

The electrochemical behaviour of a representative acridine
(A,*) in the absence of proton donors exhibits a reversible
reduction peak at —0.97 V (vs. Fc/Fc*), which we assign to R*/R
* conversion based on its calculated E%. s * potentials (Fig 1,
Inset 1). Similar reversible first-reduction properties have been
observed for the acridine derivatives As*, A;* and As* (Fig S2,
ESI), which are less susceptible to dimerization due to
functionalization at the 4-position, justifying the reversibility of
the observed reduction.”c In contrast, unsubstituted A;* and Ag*
exhibit irreversilble R*/R* conversion due to radical
dimerization (Fig S2, ESI), a behavior analogous to the natural
NAD*-cofactor.’¢ 7f Potentials associated with the second
electron reduction (R*/R7) are shifted to significantly more
negative values and exhibit quasi-reversible and irreversible
characteristics. Such irreversible behavior is associated with the
protonation of the forming anion by the solvent, as confirmed
by the appearance of the A,H oxidation peak at +0.3-0.6 V (vs.
Fc/Fc*) in the anodic scan (Fig 1a; for comparison, the CV of A,H
is shown in Fig S4, ESI). Experiments with two acids of
significantly different acidities were performed to investigate
the electrochemical regeneration of acridine-based hydrides. In
the presence of weak acids (i.e. acetic acid, pK,, cac = 12.7,
DMSO), a modest shift in the second reduction potential of +0.2
V was observed (Fig 1a). This shift and the partial loss of
reversibility displayed in the first reduction peak were assigned
to facilitated protonation of the anion to form a hydride,
indicating regeneration via EEP. This likely occurs via a stepwise
mechanism, due to a lack of a kinetic isotope effect when
deuterated acetic acid was used. (Fig S5, ESI) However, the shift
was not further improved with higher acid concentrations nor
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slightly stronger acids. In contrast, the addition of a very strong
triflic acid (pKacae = — 8.6, DMSO) resulted in a concomitant
increase in the current density at the first reduction potential
and the disappearance of the second reduction peak (Fig 1b),
suggesting that strong acids facilitate the EPE mechanism.2 The
formation of the hydride via EPE was confirmed by switching
the cathodic potential at — 1.2 V and monitoring the presence
of the hydride oxidation peak (Fig 1, Inset 2). The radical
protonation was further confirmed using UV-Vis absorption
spectra of chemically produced A, * and its reaction with HBF,4
acid. (See section 2G, ESI)

Bulk electrolysis experiments of Bs* with acetic acid (which
favors the the EEP mechanism) and HBF, (which favors the EPE
mechanism) both resulted in successful hydride regeneration of
BsH (Fig S9 and S10). B3H regeneration using HBF; occurred at
an applied potential of —1.2 V (vs. Fc/Fc*), while hydride
formation using acetic acidrequired a more negative applied
potential (-2.0 V vs. Fc/Fc*). Nevertheless, both routes yielded a
quantitative hydride recovery due to the successful protonation
of the radical (EPE route) and its high stability under anaerobic
conditions (EEP route; section 2G, ESI).

Cyclic voltammograms of benzimidazole-based derivatives
Bs* and B,* (Figs 1c and 1d) display irreversible peaks at the
potentials predicted for the first electron reduction R*/R ", as
indicated in Table 1. The irreversibility of the first reduction
peaks is caused by the tendency of unstable benzimidazole
radicals to dimerize, as confirmed by the appearance of
oxidation peaks in the reverse scan at potentials that match the
calculated potentials of dimers (— 0.84 V vs. Fc/Fc* for Bs*, ESI
section 2A). The addition of acetic acid to Bs* prevents
undesired dimerization, as indicated by the disappearance of
the dimer oxidation peak at —0.84 V vs. Fc/Fc*. Instead,
formation of the hydride BsH is now indicated by the new peak
at —0.34 V vs. Fc/Fc* (Inset 3). Hydride formation was further
confirmed with controlled-potential electrolysis, where BsH was
observed by NMR as the sole product (Fig S11, ESI). The
protonation of B, ", (and further hydride regeneration) was
achieved only in the presence of a large excess of the acid which
is consistent with the lower calculated acidity for for B,H* - .

The mechanism of hydride regeneration in benzimidazoles
was investigated using compounds B4;H and BgH with bulky
substituents to impede radical dimerization. In the absence of a
proton source, the cyclic voltammogram of Bg* exhibits
electrochemical properties similar to those of the stable acridi-
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Figure 1
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Cyclic voltammograms of: a) 2 mM A,* in the presence of 0-60 eq AcOH in DMSO; b) 5 mM A,* in the presence of 0-1 eq

TfOH in MeCN; c) 2 mM Bs* in the presence of 0-60 eq AcOH in DMSO; d) 2 mM B,* in the presence of 0-60 eq AcOH in DMSO.
Arrows indicate the direction of peak changes with the addition of acid, while black dashed curves represent baseline scans.

nes with two well-separated reduction peaks (Fig S2). In
contrast, upon addition of acetic acid the current density at the
first reduction potential increases and the current density at the
second reduction potential decreases, indicating a shift from
the EEP to the EPE route. The EPE process presumably occurs
via a stepwise mechanism consistent with the absence of a
kinetic isotope effect when deuterated acetic acid is used (Fig
S13b). The stepwise mechanism likely results from the low
tendency of carbon-based radicals to form hydrogen bonds.
This behavior is unlike that observed in nitrogen- and oxygen-
based radicals, where hydrogen bonding occurs to pre-
associate proton donors and acceptors and to facilitate the
concerted reduction of flavins and quinones/phenols.5b-5e, 13

Lastly, we address why benzimidazole radicals are
drastically more reactive towards protons than acridines,
although they are seemingly structurally similar (i.e. both are N-
heterocyclic species). Electron-donating substituents decrease
the acidity of radical cations,® as Table 1 indicates. However,
the sensitivity of acidity to functionalization for both classes is
limited to a few pK, units. Various acridine-based radicals were
only protonated by very strong acids, indicating that the radical
cation remains extremely acidic regardless of functionalization.
The large difference in the acidities of radical cations can be
attributed to the stability of the radicals (Fig 2), where cyclopentyl
radicals (benzimidazoles) are more destabilized by ring strain relative
to cyclohexyl radicals (acridines).'* This is further supported by our
calculated ‘strain energies’ of two representative derivatives.'®
Protonation of the singly-reduced radical intermediates R of
both classes requires reorganization of the molecular structure,
as indicated by the angular differences between R* and RH* -
(see Fig 2). Acridine-based compounds undergo a more
pronounced structural relaxation upon protonation, whereas
the reorganization associated with protonating benzimidazole
radicals is minimal; The energy penalty of straining the
geometry of the radical species is ~17 kcal/mol for the acridine
derivative As* but only ~8 kcal/mol for the benzimidazole
intermediate Bs*, indicating that protonation of acridine
derivatives requires a larger driving force.

The computed energy profiles for the regeneration of two
representative hydrides with similar hydricities (AsH and BsH,
AGy_= ~45-47 kcal/mol, Table 1) reveals several key principles
for their electrochemical conversions (Fig 2). First, as evident
from Fig 2 and supported by our experimental findings,
acridines prefer the EEP route unless coupled with very strong
acids (pK, << 0, DMSO). In contrast, benzimidazoles proceed
facilely via the EPE path even with relatively weak acids. Second,
the regeneration of both classes of hydrides necessitates an

This journal is © The Royal Society of Chemistry 20xx
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overpotential for their successful transformation. The “idea
system would operate at the thermodynamic potential (— 1.3
V vs. Fc/Fc*),1817 while the required applied potential (E,pp) for
generation of both representatives is slightly more negative.
Specifically, the generation of AsH is determined by E% * ;- due
to the difficult radical protonation (E,,, =—2.4 V vs Fc/Fc?),
whereas B;H is generated at E%, g * with an appropriate proton
donor (Egpp — 2.3 V vs Fc/Fc*). We emphasize that the
overpotential is not affected by the basicity of the radical
species. Instead, it only depends on the first reduction potential
(Eapp = E% + /r.) for benzimidazoles because they follow the
EPE route, and the second reduction potential (Eapp = Eg-/R—
) for acridines, as they favour the EEP route. This outcome
indicates that the structural factors that facilitate the radical
protonation of benzimidazoles — as defined by pK,(RH* - ) —also
impede the first reduction process, as defined by E%.&",
leading to an overall compensating effect on the

thermodynamics of hydride generation (Fig S14).
131

]
N K . B3H
[ NMe, ) ~
N . N ASH

\ sght = 107° L, 104 N

Free Energy (kcal/mol)

Reaction Coordinate

Figure 2 EEP and EPE reaction coordinate diagram for BsH
(blue, benzimidazole) and AsH (green, acridine). B3 * /H* and As *
/M structures with angles below to show geometric changes.
(See ESI for calculation details).

While the mechanisms have no effect on the overall
reaction free energy to generate the hydrides, we suggest that
the EEP and EPE routes likely exhibit different kinetics. This is
also true for the kinetics of undesirable side reactions,
especially for those that involve the intermediates produced by
the two mechanisms. Exploiting the differences in the kinetics
of the two mechanisms can be highly advantageous. For
example, the dimerization of open-shell radicals R - formed by
the first electron transfer significantly lowers the efficiency of
hydride regeneration via EEP mechanisms. However, rapid
protonation of R- lowers its concentration and consequently
the rate of the bimolecular dimerization reaction with Tdim <
[R-12. Indeed, our experiments clearly demonstrate that the
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EPE mechanism where protonation of the radical successfully
outcompetes dimerization enables quantitative hydride
recovery. Thus, the EPE mechanism is likely more suitable for
catalytic systems that involve reductions by organic hydrides.

To conclude, the experiments and calculations in this work
support our hypothesis that the acidity of the radical cation (RH*
*) of organic hydrides is critical for determining the pathway of
electrochemical hydride generation. A detailed analysis of the
factors that determine radical stability (and correspondingly its
basicity) demonstrates how structural modification can tune
the hydride regeneration mechanism. In contrast, the different
hydride generation pathways (EEP vs. EPE) do not affect the
overall potential required for the complete regeneration, due
to the opposing effects that radical stability plays on
electrochemical potentials and pK, values. Thus, despite its
identical thermodynamic requirements, the EPE mechanism
observed in benzimidazoles is likely more efficient due to the
suppression of undesired radical dimerization. This work
provides the groundwork for a more effective use of organic
hydrides as catalyts.
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