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ABSTRACT: The essential role of a well-defined hydrogen-bond
network in achieving chemically reversible multiproton translocations
triggered by one-electron electrochemical oxidation/reduction is
investigated by using pyridylbenzimidazole−phenol models. The two
molecular architectures designed for these studies differ with respect to
the position of the N atom on the pyridyl ring. In one of the structures,
a hydrogen-bond network extends uninterrupted across the molecule
from the phenol to the pyridyl group. Experimental and theoretical
evidence indicates that an overall chemically reversible two-proton-
coupled electron-transfer process (E2PT) takes place upon electro-
chemical oxidation of the phenol. This E2PT process yields the
pyridinium cation and is observed regardless of the cyclic voltammo-
gram scan rate. In contrast, when the hydrogen-bond network is
disrupted, as seen in the isomer, at high scan rates (∼1000 mV s−1) a chemically reversible process is observed with an E1/2
characteristic of a one-proton-coupled electron-transfer process (E1PT). At slow cyclic voltammetric scan rates (<1000 mV s−1)
oxidation of the phenol results in an overall chemically irreversible two-proton-coupled electron-transfer process in which the second
proton-transfer step yields the pyridinium cation detected by infrared spectroelectrochemistry. In this case, we postulate an initial
intramolecular proton-coupled electron-transfer step yielding the E1PT product followed by a slow, likely intermolecular chemical
step involving a second proton transfer to give the E2PT product. Insights into the electrochemical behavior of these systems are
provided by theoretical calculations of the electrostatic potentials and electric fields at the site of the transferring protons for the
forward and reverse processes. This work addresses a fundamental design principle for constructing molecular wires where protons
are translocated over varied distances by a Grotthuss-type mechanism.

■ INTRODUCTION

Photosynthesis powers the earth’s biosphere by converting
solar energy into chemical energy in the form of biomass. In
the early events of photosynthesis, proton-coupled electron
transfer (PCET) reactions play key functions. For example, in
water splitting by photosystem II (PSII), the involvement of
PCET in the operation of the redox relay Tyrz (Yz) is
associated with the high quantum efficiency of PSII.1−5

Bioinspired assemblies have been successful in modeling Yz
and its hydrogen-bonded partner histidine 190 (YZ-H190),

6−13

demonstrating PCET processes capable of competing
effectively with the recombination of photoinitiated charge
separation.14,15

The unsubstituted benzimidazole−phenol (BIP) (1, Chart
1) was designed as a platform for the study of PCET, where
the benzimidazole moiety models H190 and the phenol
models Yz.

16−19 In our previous work,20−23 a series of
substituted BIP derivatives were prepared to better understand
the change in Gibbs free energy required to achieve
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Chart 1. Molecular Structure of BIP (1) and BIP
Substituted with Pyridyl Moieties (2 and 3, Color-Coded as
in Figures 2, 3 and 4)
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multiproton-coupled electron transfer (MPCET), where
multiple proton transfers are coupled to a single redox event.
Structures in which chemically reversible MPCET is observed
are characterized by a continuous hydrogen-bond network and
a negative ΔG for proton translocations. It is convenient to
express ΔG for successive proton translocations to inter-
mediate basic sites ending with the terminal proton acceptor
(TPA) as occurring along sites having increasing pKa values.

21

For example, to accomplish an E2PT process, where two
proton transfers are coupled to a single redox event, different
TPAs have been evaluated, and tertiary amines (−CH2NEt2)

22

or substituted imines (Cy-imine or Ph-imine) with sufficiently
high pKa’s have been proven effective.20,21 On the other hand,
when the ΔpKa between the benzimidazole and the
presumptive TPA is unfavorable (i.e., the TPA is less basic
than the benzimidazole), the proton translocation process is
limited to one-electron, one-proton transfer (i.e., an E1PT
process), and the final PCET product detected is the
corresponding benzimidazolium ion.20

It also has been shown that protons can be translocated
through a bridge containing two benzimidazole units to a TPA
(−CH2NEt2, Cy-imine, or PhOMeimine),23 enabling an E3PT
process to take place. Indeed, a detailed study of E2PT- and
E3PT-based systems illustrates the contribution of the
electronic structure of the bridge to the negative ΔG for the
MPCET process.23 Furthermore, an E4PT process (with Cy-
imine as TPA) was observed for an assembly containing a
triple-benzimidazole-based bridge.21 The imines used as TPAs
(Cy-imine or Ph-imine) exhibit characteristic IR features for
their protonated states, which are essential for tracking the
course of proton translocations and mapping the various
PCET and MPCET products by using infrared spectroelec-
trochemistry (IRSEC).20,21

Pyridyl groups have been used as bases in mimicking the
histidine residues of the YZ-H190 pair.24−26 More recently,
employing density functional theory (DFT) and time-depend-
ent density functional theory (TDDFT) calculations, a BIP
derivative with a pyridyl moiety as the TPA has been proposed
to undergo an excited-state PCET, and the transfer of two
protons in a stepwise manner was predicted.27 Nonequilibrium
first-principles molecular dynamics simulations have provided
further insights into this type of concerted but asynchronous
E2PT process and have identified the crucial vibrational modes
for proton transfer.28 Considering that the pKa of the pyridyl
group is in the same range as the benzimidazole moiety,29,30

pyridyl-BIPs are attractive candidates to evaluate whether
ground-state PCET processes can indeed occur. Both the
neutral and protonated forms of the pyridyl moiety in the
ground state have characteristic and different IR transi-
tions;31,32 thus, arrival of the proton in a PCET process can
be detected by using a variety of techniques including IRSEC.
Also, pyridines and their derivatives are robust and stable
under a broad range of conditions, providing an advantage over
previously studied BIP-imines,20,21,23 which are susceptible to
hydrolysis.33 Furthermore, the phenoxyl radical/phenol
(PhO•/PhOH) redox couple of pyridyl-substituted BIPs are
within the boundaries required for water oxidation at near-
neutral pH (∼1.00 V vs SCE), a key feature for any application
involving water splitting chemistry. This marks a significant
improvement over BIP-amines, where a decrease of ∼300 mV
in the potential of the PhO•/PhOH redox couple was
observed.22

In this work, we describe substituted BIP systems containing
pyridyl groups as TPAs (Py-BIPs), whose molecular structures
are shown in Chart 1. We have chosen to prepare and study
compounds p-OMe-2-Py-BIP (2) and o-OMe-4-Py-BIP (3),
where the only structural difference is the position of the N
atom of the pyridyl ring. This change was made to highlight
the effect on the PCET mechanism due to the disruption of
the hydrogen-bond network by preventing the internal
hydrogen bond between the 1H-benzimidazole proton and
the TPA.
Insights into the electrochemical behavior of these systems,

including the electrostatic potentials and electric fields at the
site of the transferring protons, set the stage for better
understanding fundamental design principles required to
construct molecular wires where protons are translocated
over controlled distances via a Grotthuss-type mechanism. The
ability to control the movement of electrons as well as protons
is central to developing effective electrocatalysts and artificial
photosynthetic assemblies.

■ RESULTS AND DISCUSSION
Synthesis. BIP-pyridines p-OMe-2-Py-BIP (2) and o-OMe-

4-Py-BIP (3) were obtained following the four steps synthetic
strategy depicted in Scheme S1 (see the Supporting
Information). It starts with the Miyaura borylation reaction
of 4-bromobenzo[c]1,2,5-thiadiazole (Br-BTD, A) with bis-
(pinacolato)diboron to obtain the corresponding boronate
B.34 Compound B was used as substrate for a Suzuki−Miyaura
reaction with different pyridine bromides (Br-Py)35 to achieve
the desired pyridyl-BTD derivatives (p-OMe-2-Py-BTD (C)
and o-OMe-4-Py-BTD (D), Scheme S1). Compounds C and
D were obtained in moderate yields (40−65% for the two
steps). Sulfur extrusion of C and D employing NaBH4 as
reducing agent and CoCl2·6H2O as catalyst36,37 made possible
the synthesis of the corresponding pyridine−benzene diamine
derivatives (E and F). After work-up, the diamine was directly
used in the next step due to its instability. Finally, a
condensation reaction of each diamine (E and F) with 3,5-
di-tert-butyl-2-hydroxybenzaldehyde in nitrobenzene led to the
desired Py-BIPs (2 and 3) with an overall yield for the last two
steps of ∼50%. The complete synthetic procedure and NMR
characterization are provided in sections 2 and 3 of the
Supporting Information.

Structural Characterization. Compounds 1−3 were
studied by 1H NMR to characterize the internal hydrogen
bond between the 1H-benzimidazole (NH) and the TPA (Py)
in the case of 2 as well as the hydrogen bond between the
phenolic proton OH and the nitrogen lone pair of the
benzimidazole for all three compounds. Chemical shifts of key
resonances in CDCl3 are compared and summarized in Table 1
and Figure 1. The OH chemical shift (δOH) in compounds
1−3 appears between 13 and 14 ppm, quite deshielded for a
phenol OH. This is ascribed to the strong hydrogen bond
between the OH and the proximal N atom of the
benzimidazole. In compound 2, the strength of the internal
hydrogen bond between the 1H-benzimidazole proton and the
TPA is evidenced by analyzing both the IR NH stretching
frequency (see IRSEC studies below) and the 1H NMR
chemical shift (δNH), i.e., the signal at 12.36 ppm (Table 1
and Figure 1B). This value is larger than in other BIP
derivatives previously studied (BIP-PhOMeimine,20 BIP-Cy-
imine,21 and BIP-CH2NEt2),

22 where E2PT processes were
demonstrated. In these earlier studies, we were able to
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correlate the strength of such a hydrogen bond with the δNH;
the stronger the hydrogen bond, the larger δNH. Thus, in the
case of 2 we have a stronger hydrogen bond between the 1H-
benzimidazole proton and the TPA than in any of the examples
previously examined. The interruption of the hydrogen-bond
network in compound 3 results in a drastic change in the
benzimidazole NH resonance (δNH at 9.59 ppm, Table 1 and
Figure 1B). For this compound, the δNH is close to that
observed for 1 (9.34 ppm)22 where the absence of a TPA
precludes the formation of the alluded hydrogen bond.
Substitution at the 7-position of the benzimidazole moiety of

1, as in 2 and 3, results in the possibility of isomeric forms
arising from 1,3-tautomerism of the imidazole and rotation
around the bond between the benzimidazole and phenolic

moieties to yield BIPs with substitution at the 4-position
(Figure S9).38,39 Only one of the isomers has the internal
hydrogen-bond network required to undergo a chemically
reversible E2PT process. Compound 2 exhibits two hydrogen-
bond interactions, and only one isomer is observed by 1H
NMR (Figure 1). This observation is in full agreement with
DFT calculations where both structures associated with the
isomeric forms were optimized for compound 2. The
theoretical results indicate that the structure with two
hydrogen bonds predominates (≤99.9%) under equilibrium
at 298 K (Figure S9 and Table S1).
On the other hand, the interruption of the hydrogen-bond

network in compound 3 results in a mixture of isomers in
CDCl3, as shown in its 1H NMR spectrum (Figure 1). The
presence of isomers was also verified by their 1H NMR spectra
in other solvents. In the case of compound 3, isomeric ratios of
1:0.48 in CDCl3 and 1:0.17 in acetone-d6 were observed
(Figure S10). DFT calculations for the isomeric forms of
compound 3 at equilibrium (298 K) show a small energy
difference between the isomeric forms (<1 kcal/mol, Figure S9
and Table S1). These theoretical results agree with the
experimental 1H NMR data.

Electrochemical Studies. Figure 2 shows the cyclic
voltammograms (CVs) of compounds 1−3, and Table 2
summarizes the experimental and calculated redox potentials
along with data related to the chemical and electrochemical
reversibility of the PhO•/PhOH redox couples. The redox
potentials were computed by using 1 as the reference. Redox
potentials corresponding to 0, 1, and 2 proton transfers (e.g.,
E0PT, E1PT, and E2PT) for 2 and 3 were computed and are
given in Table S3. In Table 2, the redox potential for 2
corresponds to an E2PT mechanism, whereas the redox
potential for 3 corresponds to an E1PT mechanism as
indicated by the analysis below. Additional computational
details are given in the Supporting Information (section S8).
Compound 1 exhibits a one-electron electrochemical redox

process (Figure 2A), and the experimental midpoint potential
(E1/2, taken as the average of the anodic and cathodic peaks) of
the PhO•/PhOH redox couple is 0.95 V vs SCE. The peak-to-
peak separation (ΔEp) of 70 mV denotes quasi-reversible
electrochemistry, while the chemical reversibility is evidenced
by the high value of the cathodic to anodic peak currents ratio
(ic/ia = 0.95, Table 2). CVs at different scan rates were also
recorded (100−1000 mV s−1) and were digitally simulated. As
shown in Figure S16, there is a good match between the
experimental and simulated CVs, and the ic/ia ratio values are
around one for all scan rates, confirming the quasi-reversible
electrochemical assignment and the chemical reversibility of
the system. It was previously demonstrated that the E1/2 of this
redox couple and its chemical and electrochemical reversibility
are associated with a concerted transfer of the phenolic proton
to the benzimidazole, forming an E1PT product (benzimida-
zolium ion).18,22

Compound 2 displays a quasi-reversible one-electron redox
couple as well (Figure 2B), with an E1/2 of 0.85 V vs SCE, a
ΔEp of 70 mV, and an ic/ia ratio of 0.90 at a scan rate of 100
mV s−1 (Table 2). CVs at different scan rates were also
recorded and digitally simulated for 2 (see Figure S17)
considering a quasi-reversible electrochemical system. The
concordance between the experimental and simulated CVs
together with ic/ia ratio values close to one for all scan rates
corroborates that 2 is also chemically reversible. Similar
behavior was previously observed in related BIP derivatives

Table 1. Selected 1H NMR Chemical Shifts of Compounds
1−3

chemical shift (ppm)a

compound δNH δOH

1b 9.34 13.46
2 12.36 13.48
3 9.59 (9.48)c 13.14
BIP-Ph-OMeimined 11.84 13.30
BIP-Cy-iminee 11.87 13.30
BIP-CH2NEt2

f 11.17 13.45
aAll data were recorded in CDCl3.

bData from ref 22. cIn parentheses
δ (ppm) of the minor isomer. dData from ref 20. eData from ref 21.
fData from ref 22.

Figure 1. 1H NMR spectra of compounds 1−3 recorded in CDCl3.
(A) Resonances for the OMe and tert-butyl groups (the vertical line
separates both regions). (B) Resonances for the OH and NH groups
(the vertical line separates both regions). (∗) Highlights the minor
isomer present in solution for compound 3. The OH signal for the
minor isomer is not apparent due to the broadness of this signal.
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bearing different TPAs.20−22 On the other hand, the PhO•/
PhOH redox couple observed in the CV of 3 (Figure 2C)
presents different electrochemical and chemical behavior in
comparison to those observed for 1 and 2, collected at the
same scan rate (100 mV s−1). The ΔEp is 100 mV, and the ic/ia

ratio is 0.77 (Table 2). Nevertheless, the CVs of 3 collected at
increasingly faster scan rates shows that ic/ia increases as a
function of the scan rate, reaching >0.9 at 1000 mV s−1 (Figure
2D, inset).
The differences in electrochemical behavior of compounds

1−3 must be related to the structure of theses constructs. In 3
there is a change in the position of the N atom in the pyridyl
ring, relative to isomer 2, breaking the internal hydrogen-bond
network. The reversibility profile for 3 is consistent with an EC
mechanism,40 in which the oxidation of the phenol (an
electrochemical E step that is concerted with a proton transfer
to form an E1PT product) is followed by an irreversible
chemical reaction (a C step). However, at fast scan rates, the
rate of the electrochemical reduction can outcompete the
irreversible chemical step, resulting in a more chemically
reversible redox wave. To confirm the proposed EC
mechanism, experimental CVs of 3 at several scan rates were
digitally simulated by using the above-mentioned mechanism
(Figure S18). The experimental and simulated CVs obtained
are very similar, which supports the assumption of an EC
mechanism in 3. Further details and evidence of this proposed
mechanism are addressed below with the IRSEC of these
compounds.
The E1/2 values show that the phenol is easier to oxidize in

these compounds following the sequence 2, 1, and 3, with 2
being the easiest to oxidize. The drop in E1/2 of 2, relative to 1

Figure 2. (A−C) Cyclic voltammograms of 1−3, respectively, collected at 100 mV s−1. (D) Cyclic voltammograms of 3 collected at different scan
rates (100, 200, 300, 400, 500, 750, and 1000 mV s−1). The inset shows the cathodic to anodic peak intensity ratios (ic/ia) as a function of the scan
rate. Experimental conditions: 1 mM of the indicated compounds, 0.1 M TBAPF6 supporting electrolyte in dry DCM.

Table 2. Electrochemical Data of Compounds 1−3 in DCM

compd

Epa
(V vs
Fc+/Fc)

Epc
(V vs
Fc+/Fc)

E1/2
(V vs
Fc+/Fc)

E1/2
a

(V vs
SCE)

calcd
E1/2 (V
vs SCE)

ΔE
(mV) ic/ia

b

1 0.52 0.45 0.49 0.95 0.95c 70 0.95
2 0.42 0.35 0.39 0.85 0.72d 70 0.90
3 0.60 0.50 0.55e 1.01e 1.04f 100 0.77

aThe potential of the silver wire pseudoreference electrode was
determined by using the ferrocenium/ferrocene redox couple as an
internal standard and adjusting it to the saturated calomel electrode
(SCE) scale (with E1/2 taken to be 0.46 V vs SCE in DCM).45
bCathodic-to-anodic peak intensity ratios (ic/ia) measured at a scan
rate of 100 mV s−1. cReference potential for the calculated E1/2 for all
the compounds in this table; agrees by construction. dThe redox
potential for compound 2 was computed for the E2PT process, which
is thermodynamically favorable. eE1/2 measured at a scan rate of 1000
mV s−1. fThe redox potential for compound 3 was computed for the
E1PT process based on experimental evidence. The E2PT process is
slightly more thermodynamically favorable, with an E1/2 of 0.98 V vs
SCE, but is thought to be inaccessible at high scan rates because the
hydrogen-bond network is disrupted.
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and 3, is ascribed to a MPCET process leading to an E2PT
product. Theoretical calculations address the experimental
evidence and reinforce the assignment of the E2PT product as
the thermodynamically most stable (see Table S3). The
disruption of the hydrogen-bond network in 3 causes an
anodic shift of the E1/2 compared to its isomer 2, and the
resulting E1/2 measured at high scan rates is close to that
observed for 1, where an E1PT process was previously verified
(∼1.00 V vs SCE).
The reversibility of the PhO•/PhOH redox couple is a key

factor to understanding the PCET and MPCET processes
involved in these BIP compounds. As mentioned above,
compounds 1 and 2 show a relatively high degree of chemical
reversibility (ic/ia close to one for all scan rates), which is
attributed to the phenolic proton translocating between the
atoms involved in its hydrogen-bond network during the
interconversion between the reduced and the oxidized
species.41 This phenomenon has also appeared in previously
reported analogous BIP derivatives where the proton trans-
location could be extended even up to ∼16 Å without affecting
the chemical or the electrochemical reversibility of the PhO•/
PhOH redox couple.21,23 In contrast, compound 3 is
chemically irreversible at low scan rates, which is frequently
observed in electrochemical oxidations of phenols in the
absence of a proximal basic site to serve as a proton
acceptor.42,43 The change in the chemical reversibility arising
from breaking a hydrogen-bond network is similar to that
observed in previously studied systems.44

Infrared Spectroelectrochemical Studies. Figure 3
shows the IRSEC spectra of compounds 2 and 3. In the

1700−1425 cm−1 frequency region of the spectrum of 2
(Figure 3A), we observed that bands located at 1564 and 1596
cm−1, attributed to ring stretching modes of the pyridyl
group,46−48 gradually decreased, and three new bands of
medium to high intensity at 1534, 1616, and 1638 cm−1

appeared upon electrochemical oxidation. These latter bands
are assigned to vibrational modes of the protonated pyridyl
group. Similar bands are observed when a solution of 2-bromo-
4-methoxypyridine (a model compound, precursor of C,
Scheme S1) was titrated with TFA (Figure S12). Previous
FTIR studies of pyridinium salts31,32,49,50 in the solid state and
in solution showed that this set of bands arises from motions
unlikely to be affected by peripheral interactions, and they are
mostly due to vibrations in the pyridyl ring affected by
protonation of the pyridyl nitrogen. The formation of the
oxidized species in 2 following MPCET can also be monitored
by the changes in the absorbance band at ∼1516 cm−1

associated with the benzimidazole NH in-plane bending
mode.22 The frequency of this band denotes the presence of
a strong internal hydrogen bond between the NH of the
benzimidazole and the pyridyl nitrogen; it is located at a lower
frequency as compared to the equivalent band observed for 1
(∼1526 cm−1) and the isomer 3 (vide inf ra). Following
electrochemical oxidation of 2, this band decreased, and a new
band at ∼1522 cm−1, assigned to the NH in-plane bending
mode of the proximal NH of the benzimidazole, appeared
(Figure 3A).22

The benzimidazole NH stretching mode frequency (νNH) in
the 3500−3100 cm−1 region (Figure 3B) is indicative of a
relatively strong hydrogen bond between the pyridyl nitrogen

Figure 3. (A, C) IRSEC spectra of 2 and 3, respectively, recorded under electro-oxidative conditions in the middle frequency region (1700−1425
cm−1). (B, D) IRSEC spectra of 2 and 3, respectively, with the same conditions in the higher frequency region (3500−3100 cm−1). Solvent: dry
DCM, 0.1 M TBAPF6. Characteristic bands displaying changes under polarization are indicated with upward and downward gray arrows.
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and the benzimidazole NH of 2. In the neutral species (black
trace), the νNH was observed at 3360 cm−1, significantly lower
than the νNH for 1 (3414 cm−1).22 A gradual shift of the νNH to
higher frequencies, combined with an increase in the intensity
and broadness of the band at lower frequencies, was observed
upon electrochemical oxidation. The absence of a band
associated with the presence of a benzimidazolium ion
(typically observed at ∼3320 cm−1)22 and the similar position
of the νNH band before and after oxidation of the phenol imply
that the hydrogen-bonded network persists in 2. In fact, this
well-defined network is a requirement for reversing the
position of both protons upon reduction of the phenoxyl
radical and re-establishing the neutral species as shown in
Figure S14. In summary, the observations discussed above,
together with the changes displayed in the IRSEC spectra
collected in the 1700−1425 cm−1 region, and the absence of a
band at ∼1556 cm−1 (indicative of the NH in-plane bending
vibration mode of the benzimidazolium ion in an E1PT
product),22 confirm the translocation of both protons and
formation of a chemically stable E2PT product (Figure 4). The
close agreement between the experimental IRSEC of 2 and
DFT normal-mode analysis supports the assignments of the
observed bands (Figure S19 and Table S4).
The IRSEC spectra of 3 collected in the 1700−1425 cm−1

(Figure 3C) and 3500−3100 cm−1 (Figure 3D) regions do not
show the characteristic bands at ∼1556 and ∼3320 cm−1,
respectively, indicating that the corresponding benzimidazo-
lium ion is not detected under the conditions of the
experiment. In the neutral species (black trace), the NH in-
plane bending mode is located at a higher frequency relative to
2 (∼1530 cm−1 for 3 vs ∼1516 cm−1 for 2), in agreement with
the absence of the internal hydrogen bond with the nitrogen
lone pair of the pyridine, and this band only showed a minor
change in its intensity upon polarization. In addition, two new
intense bands growing in at 1617 and 1637 cm−1, typical of a
protonated pyridyl species, were recorded (Figure 3C). These
results suggest that on the time scale of the FTIR experiments
the pyridyl TPA becomes protonated, which is consistent with
the previously proposed EC mechanism for proton trans-
location in 3. In this mechanism, the E step is concerted with
proton transfer to form an intermediate benzimidazolium ion
(which is not detected on the time scale of the bulk

electrolysis) followed by a chemical step involving a second
proton transfer from a benzimidazolium ion to form a
protonated pyridyl moiety and the formation of an E2PT
product. This is the C step, labeled PT in Figure 4, which is
likely an intermolecular process.
A key difference between the spectral features associated

with 3 and 2 is noticeable in the 3500−3100 cm−1 region. As
can be seen in Figure 3D, the νNH associated with the neutral
form of 3 (black trace) displays two components with maxima
at 3410 and 3445 cm−1 that can be assigned to the presence of
two isomeric forms of 3 in the sample (Figure S9 and Table
S1). In the case of the neutral form of 2 only a single νNH band
is observed (black line in Figure 3B), indicating the dominance
of a single isomer for this molecule, featuring an extended
hydrogen-bond array. This agrees with NMR observations
(Figure 1 and Table 1) and theoretical studies (Table S1). The
νNH for 3 at 3410 cm−1 behaves like a “free” νNH (non-
hydrogen bonded), comparable to the νNH in compound 1
(3414 cm−1)22 because of the disruption in the hydrogen bond
network. As we observe in Figure 3D, the band at 3445 cm−1,
corresponding to the νNH of one of the isomers of 3 (Figure
S9), disappears, and three well-defined bands at 3392, 3283,
and 3195 cm−1 appear upon phenol oxidation. The last two
bands are associated with the protonated form of the pyridyl
ring (νPyNH

+, similar bands are observed when titrating 4-
bromo-2-methoxypyridine with TFA, Figure S13). The
complex nature of the νPyNH

+ in pyridinium salts has been
explained by the effect of Fermi resonance perturbation and
the type and field strength of the counterion in its proximity,
among other factors, and some of these νPyNH

+ are not single
bands and can be described as multicomponent bands.31,32,49,50

Many pyridinium salts have been explained as interionic
hydrogen-bonded complexes (PyNH+---A−, where A is the
anion in solution).15

The difference between the two E2PT products obtained on
the time scale of IRSEC experiments in 3 vs one E2PT product
for 2 is due to the presence of the intramolecular hydrogen
bond involving the protonated pyridyl group in 2. As remarked
before, the hydrogen-bond network in 2 persists upon phenol
oxidation, and the protonated form of the pyridyl group
remains hydrogen bonded with the benzimidazole nitrogen,
minimizing the surrounding interactions (e.g., with the

Figure 4. Proposed PCET mechanisms involved upon phenol oxidation of compounds 2 and 3. Disruption of the hydrogen-bond network in 3
would lead to a hypothetical E1PT step followed by a PT process.
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supporting electrolyte). Indeed, the maintenance of this
network upon phenol oxidation and proton translocation is
manifested in the chemical reversibility of the PhO•/PhOH
redox couple in 2 (Table 2) and corroborated by the recovery
of the starting spectrum upon reversal of the polarization in the
IRSEC experiment (Figure S14). In contrast, the protonated
pyridyl species generated in 3 by PT following the initial
formation of the E1PT product (Figure 4) is “exposed” to the
surrounding environment and would likely interact with, for
example, the anion PF6

− of the supporting electrolyte. This
interaction could be responsible for the complexity (two major
E2PT products) observed in the νPyNH

+ band.32,50 Following
the experiments performed under oxidative polarization, the
application of a reductive bias potential shows that the spectral
features associated with the neutral species for 3 can be
restored, indicating that the translocation of both protons is
reversible on the relatively longer time scale of the IRSEC
experiments as compared to the cyclic voltammetry experi-
ments (Figure S15).
Mechanistic Understanding from Combined Exper-

imental and Theoretical Data. Figure 4 summarizes the
experimental and theoretical observations and describes the
proposed PCET processes for 2 and 3, based on several
factors. First, interruption of the hydrogen-bond network in 3
results in the formation of isomeric structures in solution
(Figure 1, Table 1, Figure S9, and Table S1). Our
interpretation does not depend in detail on these structures;
it depends only on the point that in those isomers of 3 the
hydrogen-bond network connecting the phenolic proton with
the pyridyl nitrogen is interrupted between the benzimidazole
and the pyridyl group. Second, E1/2 for 3 can only be evaluated
under the chemically reversible conditions observed at the
highest sweep rates of the cyclic voltammetry; its value is
characteristic of an E1PT process (Figure 2C and Table 2).

Third, in both 2 and 3 the IRSEC indicates that the pyridinium
cation is reversibly formed (Figure 3 and Figures S14 and
S15). Unfortunately, the IRSEC measurements require the
system to be in near electrochemical steady-state conditions in
which the redox reaction and diffusion compensate each other
under the constant applied potential of this experiment,
whereas E1/2 measurements require, in the case of 3, rapid
sweep rates. In other words, using IRSEC, it is not possible to
record the spectra of the intermediate E1PT product that is
associated with the E1/2 measured for 3 when using the rapid
electrochemical sweep rates required for chemical reversibility.
Therefore, the conclusion that at fast sweep rates 3

undergoes only an E1PT process is based solely on the E1/2
value and not on the observation of a benzimidazolium ion in
the IRSEC. It is clear that 3 has a different reversibility profile
from 2 and from previous examples ranging up to E4PT
products.21

The contrast in behavior between 2 and 3 is consistent with
the mechanism shown in Figure 4, where upon oxidation of 2
an overall reversible (chemically and spectroscopically as
determined by IRSEC) E2PT process is observed. Upon
oxidation of 3, an overall chemically irreversible PCET process
is proposed where an intramolecular E1PT step is followed by
a separate PT step, which most likely involves a nonconcerted
two-step process. Alternatively, when the time scale of the
cyclic voltammetry experiment is short (i.e., at high scan rates),
only the E1PT step occurs, and the construct features chemical
reversibility but does not involve the translocation of two
protons; that is, an overall E2PT process does not take place.
Further insight into the remarkably different electrochemical

behavior of 2 and 3 leading to the scheme proposed in Figure
4 can be provided by computing the electrostatic forces that
would act on the protons at their original positions upon
electron transfer to or from the electrode. This modeling

Figure 5. Contour plots of the electrostatic potential differences (au) in the plane of the aromatic system with the black arrows and numbers
indicating the direction and magnitude (V/nm) of the electric field at the transferring protons. (A) Compound 2 in the oxidized state (e−

removed) at the neutral reactant geometry (left) and the neutral state (e− added) at the oxidized E2PT product geometry (right). (B) Compound
3 in the oxidized state (e− removed) at the neutral reactant geometry (left) and neutral state (e− added) at the oxidized E1PT product (middle)
and E2PT product (right) geometry. The blue (red) plots correspond to the difference between the electrostatic potentials of the oxidized
(neutral) and neutral (oxidized) states. The direction of the arrows is along the steepest field gradient.
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highlights the physical basis for the concerted mechanism,
namely, the avoidance of potential high-energy intermediates.
Figure 5 illustrates that these electrostatic properties are
qualitatively different for 2 and 3. Upon oxidation of 2 (left
panel of Figure 5A), the electrostatic potential at the phenol
becomes more positive, and the electric field at the two
transferring protons facilitates forward proton transfer.
Similarly, upon reduction of the E2PT product of 2 (right
panel of Figure 5A), the electrostatic potential at the phenoxyl
radical becomes more negative, and the electric fields at the
two transferring protons facilitate reverse proton transfer. The
magnitudes of the electric fields for both protons in the
forward and reverse direction are similar. In contrast, upon
oxidation of 3 (left panel of Figure 5B), the electrostatic
potential at the phenol becomes more positive, and the electric
field at the phenol proton facilitates forward proton transfer,
but the field at the NH proton of the benzimidazole is
significantly smaller. Moreover, upon reduction of the E1PT
and E2PT products of 3 (middle and right panels of Figure
5B), the electrostatic potential at the phenoxyl radical becomes
more negative; the electric field at the proton pointing toward
the phenoxyl radical facilitates reverse proton transfer, but the
electric field at the other proton (distal NH of the
benzimidazolium ion in the E1PT product and NH of the
pyridinium ion in the E2PT product) is significantly smaller
and is not optimally directed.
These calculations support the hypothesis that the electric

fields associated with an intact hydrogen-bond network
facilitate proton transfer from the phenol through the
benzimidazole to the pyridine in 2. During the oxidation of
2 to 2•+, these electric fields couple the phenol via the
benzimidazole to the pyridyl-based TPA so that oxidation is
coupled to double proton transfer and occurs 100 mV lower
than in the case of 1, where the less basic benzimidazole is the
TPA. During the reduction of 2•+, the intact hydrogen-bond
network and associated electric fields couple the proton on the
protonated pyridyl-based TPA via the benzimidazole to the
phenol. Therefore, reduction is coupled to reverse double
proton transfer and occurs at a potential commensurate with
the potential at which the phenol was oxidized (∼0.85 V vs
SCE). Conversely, in 3 the hydrogen-bond network is
interrupted because there is no hydrogen bond between the
benzimidazole and the pyridyl-based TPA. The only basic site
hydrogen bonded to the phenol is the benzimidazole, and the
pyridyl-based TPA is not close enough to accept a proton from
the benzimidazolium ion via an intramolecular process.
Therefore, oxidation of 3 to 3•+ leads to transfer of the
phenolic proton to the benzimidazole and yields either the
reversible E1/2 of an E1PT process (1.01 V vs SCE) at high
scan rates, or at low scan rates, to a chemically irreversible
redox couple where the concept of E1/2 does not apply. To
observe the reversible E1PT process of 3•+, a high scan rate is
required so that the reduction occurs before the benzimida-
zolium can deprotonate to a base. In contrast to restoration by
IRSEC of the oxidized species described above, attempting to
reverse the system in 3 after the PT step by a cathodic scan of
the CV is not productive, possibly because the only proton
available for the necessary intramolecular PCET process is the
covalently bonded one on the benzimidazole, and its pKa is
extremely high.51

■ CONCLUSION
In summary, the bioinspired pyridyl-substituted BIP isomers 2
and 3 illustrate the essential role of an intact hydrogen-bond
network in controlling proton activity and overall chemical
reversibility during MPCET. Because the π-electronic structure
supporting the hydrogen-bond network is essentially the same
in 2 and 3, the different electrochemical behavior of 2 and 3
must be due to the different connectivity of the hydrogen
bonds and associated electric fields. On the basis of the quasi-
reversible electrochemistry of 1, 2, and 3 (CV at 1000 mV s−1)
and our interpretations, we conclude that the basicities of
proton acceptors downstream of an interruption in an intact
hydrogen-bond network have little effect on the redox
potential of the phenol. This suggests that the thermodynamic
coupling provided by an intact hydrogen-bond network is
important in bioenergetics, where the redox process associated
with PCET-based proton transport responds to the trans-
membrane proton-motive force and adjusts appropriately.
Indeed, reversibility in PCET processes wherein the proton-
motive force is converted to redox potential, and vice versa, is a
hallmark of bioenergetic systems. Uncovering the design
principles for the construction of such networks and associated
proton wires featuring MPCET processes advances our
capability to develop efficient artificial photosynthetic systems.
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Study of Acid-Base Equilibria of Substituted Pyridines in Acetonitrile.
Anal. Chim. Acta 1999, 381 (2−3), 215−220.
(31) Odinokov, S. E.; Mashkovsky, A. A.; Nabiullin, A. A. Infrared
Spectra of Pyridinium Salts in SolutionIII. Associations of
Pyridinium Salts with Bases. Spectrochim. Acta Part A Mol. Spectrosc.
1983, 39 (12), 1065−1071.
(32) Glazunov, V. P.; Odinokov, S. E. Infrared Spectra of Pyridinium
Salts in Solution-II. Fermi Resonance and Structure of NNH Bands.
Spectrochim. Acta Part A Mol. Spectrosc. 1982, 38 (4), 409−415.
(33) Wuts, P. G. M.; Greene, T. W. Chapter 7: Protection for the
Amino Group. In Greene’s Protective Groups in Organic Synthesis, 4th
ed.; Wiley Online Books: Hoboken, NJ, 2006; pp 696−926.
(34) Liu, S.; Zhang, H.; Li, Y.; Liu, J.; Du, L.; Chen, M.; Kwok, R. T.
K.; Lam, J. W. Y.; Phillips, D. L.; Tang, B. Z. Strategies to Enhance the
Photosensitization: Polymerization and the Donor−Acceptor Even−
Odd Effect. Angew. Chem., Int. Ed. 2018, 57 (46), 15189−15193.
(35) Pochorovski, I.; Milic,́ J.; Kolarski, D.; Gropp, C.; Schweizer, W.
B.; Diederich, F. Evaluation of Hydrogen-Bond Acceptors for Redox-
Switchable Resorcin[4]Arene Cavitands. J. Am. Chem. Soc. 2014, 136
(10), 3852−3858.
(36) Aslan, J. M.; Boston, D. J.; MacDonnell, F. M. Photodriven
Multi-Electron Storage in Disubstituted RuII Dppz Analogues. Chem.
- Eur. J. 2015, 21 (48), 17314−17323.
(37) Komin, A. P.; Street, R. W.; Carmack, M. Chemistry of 1,2,5-
Thiadiazoles. III. [1,2,5]Thiadiazolo[3,4-c][1,2,5]Thiadiazole. J. Org.
Chem. 1975, 40 (19), 2749−2752.
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