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The mechanism by which proton-coupled electron transfer (PCET) occurs is of fundamental importance and
has great consequences for applications, e.g. in catalysis. However, determination and tuning of the PCET
mechanism is often non-trivial. Here, we apply mechanistic zone diagrams to illustrate the competition
between concerted and stepwise PCET-mechanisms in the oxidation of 4-methoxyphenol by Ru(bpy)s®*-
derivatives in the presence of substituted pyridine bases. These diagrams show the dominating mechanism
as a function of driving force for electron and proton transfer (AGZr and AGS;) respectively [Tyburski et al.,
J. Am. Chem. Soc., 2021, 143, 560]. Within this framework, we demonstrate strategies for mechanistic
tuning, namely balancing of AGEr and AGY, steric hindrance of the proton-transfer coordinate, and
isotope substitution. Sterically hindered pyridine bases gave larger reorganization energy for concerted
PCET, resulting in a shift towards a step-wise electron first-mechanism in the zone diagrams. For cases
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Introduction

It is now widely accepted that proton-coupled electron transfer
(PCET) reactions are essential to numerous processes in natural
and artificial catalytic systems. It is at the heart of biological
energy conversion, such as oxygenic photosynthesis and mito-
chondrial respiration."” It also plays an important role in
catalytic systems unrelated to energy conversion, such as the
reduction of nucleoside triphosphates by ribonucleotide
reductase.® In the catalytic generation of solar fuels, PCET is at
the core of substrate conversion.*” Recently, PCET has often
come to be utilized in the activation of bonds in organic
synthesis driven by photoredox catalysis.*™**

One of the challenges in PCET-research is the determination
and characterization of the mechanism with which the reaction
occurs. PCET can occur through stepwise routes, with electron
transfer preceding proton transfer (ETPT) or proton transfer
preceding electron transfer (PTET); see Scheme 1. Alternatively,
both particles can transfer from the same transition state in
a single concerted step (CEPT). Determination and tuning of the
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starts dominating. Implications for solar fuel catalysis are discussed.

operative mechanism are essential for the rational design and
optimization of systems catalyzing processes involving PCET
(vide infra).

Determination and tuning of the PCET mechanism are often
non-trivial and experimentally challenging. Nevertheless, the
switching between mechanistic regimes has been demonstrated
in a number of systems.”™ A prominent example is the
chemical oxidation of CpW(CO);H in the presence of proton
acceptors.* Here, the mechanism could be tuned to CEPT at
low electron and proton transfer driving forces. Building on this
study, pyridine bases were linked covalently to the hydride. By
varying oxidant and base strength, a wide variety of PCET
mechanisms, including CEPT could be accessed.'>**

A subsequent study by Huang and co-workers investigated
the oxidation of CpW-(CO),(PMe;)H in extensive detail.”
Surprisingly, the authors found only small contributions from
a concerted mechanism under all experimental conditions
investigated. The authors suggested that the lack of a region
where the concerted reaction dominated could be explained by
a large reorganization energy for CEPT. Furthermore, the
authors found the rate constant associated with the minor
CEPT pathway to be less sensitive to changes in PT than in ET
driving force, which is another difference to the CpW(CO);H
system. It is important to understand the reason for the
different behavior in the seemingly very similar PCET reactions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Left: square scheme representing the different PCET-mechanisms. Right: schematic dependence of the observed PCET-rate
constants for different PCET mechanisms on ET driving force, see text. An analogous diagram showing the dependences of the rate constants on
PT driving force is shown in ref. 31. Adapted from ref. 31, copyright American Chemical Society 2021.

A theoretical framework describing CEPT reactions has been
developed.®*?* In this theory (referred to as multistate
continuum theory from hereon), both proton and electron are
treated quantum mechanically. The heavy atoms of the system
arrange to a combined transition state, at which a transfer
coefficient for both proton and electron is calculated based on
Fermi's golden rule. In the fully nonadiabatic case, rate
constants for CEPT (kcgpr) are often expressed as:

kcepr(R)

1 T 2
- 7 \/;C;;PMHET|2|S’“’(R)| exp

(ach, + /1)2

4T (1)

In eqn (1), R is the proton transfer distance, Pu is the
Boltzmann population of reactant vibronic state u,|Hgy| is the
electronic coupling, |S,,| is the overlap of the vibrational
wavefunctions of the vibronic reactant state u and product state
v, AG), is the change in standard free energy and 1 is the
reorganization energy. The product of the electronic coupling
and vibrational overlap between two contributing states,
|Her||S,(R)|?, constitutes what is referred to as the vibronic
coupling. Multistate continuum theory has been successful in
explaining many PCET-phenomena, such as unusually large
kinetic isotope effects (KIEs) and anomalous distance depen-
dences.”>?” The expression of the rate constants is analogous to
that given by Marcus theory for nonadiabatic single charge
transfer reactions (kcr for pure proton or electron transfer
reactions):***

1

kCT = % (2)
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Despite the formal similarities in eqn (1) and (2), it is in
practice often difficult to predict whether a PCET reaction will
occur via initial ET or PT, or via CEPT. While qualitative

© 2022 The Author(s). Published by the Royal Society of Chemistry

arguments suggest factors that tend to favor one or the other
mechanism,****** it would be useful to develop more quantita-
tive guidelines for rationalizing and predicting PCET reactivity.
In the stepwise PCET-mechanisms (ETPT and PTET), the
intermediate is usually short-lived, and the usual steady-state
treatment shows that the observed rate either follows pre-
equilibrium kinetics (eqn (3) and (4)) or is limited by the first
step (eqn (5) and (6)); ¢f: Scheme 1 for rate constant labels.

k

KETPT reeq = X EETT]1kPT2 = Kgrkpra (3)
k

kPTPTprc-eq = kP—PTTIIkETz = Kprker [4)

If the back reaction of the first step is slow compared to the
second step, the initial step becomes rate limiting (ETPT;y, or
PTETim):

(5)
(6)

ketpr,,, = kETI
kpreT,,, = KpTI

In concerted electron proton transfer (CEPT) reactions, both
proton and electron transfer from a single transition state. In
this way, the reaction utilizes the thermodynamic driving force
for both reactions in a single elementary step this typically
lowers the resulting activation barrier in comparison to that of
the stepwise mechanisms.

The different mechanisms can be distinguished by the
dependence of their observed rate constants on thermodynamic
driving force (see Scheme 1). For example, the ETPTeq pathway
is characterized by a strong dependence on electron transfer
driving force, because of the strong dependence of the pre-
equilibrium constant Kgry on —AG (eqn (3); the slope of
RTIn Kgry vs. —AGyry is = 1). In contrast, PT from the oxidized
species typically occurs with a large driving force so that
—AGpr, approaches A (see eqn (2)). Consequently, the PT2
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Scheme2 Mechanistic zone diagrams for PCET, showing the regions of different ET- and PT-driving forces (given as the difference in £° and pK,
between the PCET substrate on one hand and the oxidant and base, respectively, on the other) where a certain mechanism dominates. The three
panels demonstrate the effect of a decrease in vibronic coupling on the CEPT zone. In panels B and C, the pre-exponential factor for CEPT is
decreased by a factor of 10 and 100 relative to that of panel A, respectively. Adapted from ref. 31, copyright American Chemical Society.

reaction will have a small activation barrier, so that a further
increase in —AG3r, has a relatively small effect on kpr,. The rate
constant of ETPT, kgr1, is instead moderately dependent on ET-
driving force (eqn (2)) and completely independent on the free
energy change of the subsequent PT; the slope of RT In Kgrq vs.
—AGyr is = 0.5 around —AG2r;, = 0. The opposite dependencies
are expected for PTET reactions. Finally, the rate constant of
CEPT is moderately dependent on both ET and PT driving force,
since the free energy change of both steps is utilized (AGegpr =
AGYr + AGYr, = AGYry + AGYr,). The different PCET mecha-
nisms and their characteristic dependences on changes in reac-
tion free energy are illustrated in Scheme 1.

The considerations described have prompted the construc-
tion of mechanistic zone diagrams, which have recently been
introduced to describe PCET reactions.** These depict which
PCET-mechanism dominates under a given combination of
proton and electron transfer driving forces (see Scheme 2). The
reaction scheme is parametrized by giving each elementary step
a Marcus-type expression (eqn (1) and (2), or, in its generalized
form, eqn (7), vide infra). In this way, the operative PCET
mechanism under given experimental conditions can be
described, given the following parameters:

(1) The pre-exponential factors, which are related to the
electronic and vibronic coupling of reactant and product at the
transition state of each elementary step.

(2) The reorganization energies, related to the activation
energy of each elementary step.

(3) The proton-electron energetic coupling (defined by the
difference in pK, value for the oxidized and reduced forms of
the PCET substrate as 2.30RTApK,, or equivalently, the differ-
ence in reduction potential between the acid and base forms as
FAE®).

Mechanistic Zone Diagrams are useful for qualitative discus-
sion of the mechanistic behavior of PCET. The zones show which
mechanism has the largest rate constant, and hence dominates
reactivity, given a combination of PT and ET driving forces. At the
dividing lines between zones, the observed rate constants of two
bordering mechanisms are equal. It becomes apparent that with
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increasing ET driving force and all other factors being held
constant, the mechanism can be switched from PTET, through
CEPT to ETPT. The diagrams can also be used to illustrate how
individual mechanisms can be favored or disfavored. For
example, Scheme 2 shows zone diagrams where all parameters,
except the vibronic coupling for CEPT, are held constant. The
scheme demonstrates how the CEPT zone splits in two, and
eventually disappears completely, as the vibronic coupling for
CEPT is decreased. Zone diagrams aid in qualitative mechanistic
discussion, but until now, they have not been applied in attempts
to make quantitative predictions. However, if the above param-
eters can be obtained for each of the elementary steps, the
operative mechanism under given experimental conditions can
be predicted for specific systems.

Here, we establish the quantitative applicability of mecha-
nistic PCET zone diagrams by parametrizing diagrams for the
oxidation of 4-methoxyphenol by ruthenium-based oxidants,
coupled to deprotonation to pyridine, 4-methoxypyridine and
the sterically inhibited 2,6-lutidine and 2,4,6-collidine bases. By
analyzing the competition between ETPT and CEPT in these
systems, we parametrize zone diagrams. We thereby show that
the dividing line between ETPT and CEPT shifts depending on
which proton acceptor is used. The results indicate that differ-
ences in the CEPT rate constants are both due to a change in the
pre-exponential factor and reorganization associated with acti-
vation. Through deuteration experiments we provide, for the
first time, direct evidence that the dividing line moves
depending on the proton tunneling probability, i.e. the proton
wavefunction overlap |S,,(R)|* in eqn (1). By making use of the
competition between ETPT);,, and CEPT, this study provides
direct experimental insight into factors governing CEPT reac-
tivity. Implications for solar fuels catalysis are discussed.

Results
Choice of system

Construction of a zone diagram requires measurement of PCET
rate constants with a large range of driving forces, spanning

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Reactants used in this study, and relevant thermodynamic values. (a) obtained from ref. 33, (b) obtained by linear interpolation

between values for Ru(dmb)s>* and Ru(bpy)s>*, (c) obtained from ref.

multiple mechanisms. The use of a termolecular system
simplifies variation of the thermodynamic driving force by
minimizing efforts of synthesis. In hopes of being able to switch
between ETPT and CEPT mechanisms, the relatively easily
oxidizable 4-methoxyphenol (4-MeOPhenol, EP*** = 1.29 V vs.
SCE in benzonitrile)** was chosen as PCET agent. Like most
phenols, it displays a large energetic coupling between ET and
PT, as shown by e.g. the large decrease in pK, upon oxidation (by
approximately 23.8 units, see ESIt) in acetonitrile. The oxidants
were flash-quench-generated Ru(m)-bipyridines (see Experi-
mental section) with E° spanning 1.10-1.36 V vs. SCE and
a sufficiently similar structure that the ET driving force could be
varied while presumably not affecting the electronic coupling or
the reorganization energy. The proton acceptors were
substituted pyridines with pK, = 12.53-15.00, chosen to vary the
PT driving force and investigate the steric effects on the
hydrogen bond and thus the proton wavefunction overlap.
Acetonitrile was chosen as the solvent, mainly due to the
availability of thermochemical data of the reactants. The PCET
reactants are summarized in Scheme 3.

The reactants chosen for this study only explore a small
fraction of the tunability that is available through use of this
system. More combinations of ET and PT driving forces could
for example be accessed by varying the para-substituent of the
phenol. The combinations of reactants in this study were
mainly chosen for the PCET reaction to be in a region where
CEPT competes with ETPT. For less easily oxidizable phenols,
the reaction is likely to proceed exclusively through CEPT.
Furthermore, changing the para-substituent on the phenol may
have a large effect on hydrogen bonding properties and proton-
transfer distances contributing to the PCET reaction.

Mechanistic determination

4-MeOPhenol is oxidized by the ruthenium(m) oxidants even in
the absence of a proton acceptor. This reaction was followed by
laser flash photolysis, using the transient absorption changes

© 2022 The Author(s). Published by the Royal Society of Chemistry

34, (d) obtained from ref. 35.

around 450 nm as the Ru(m) oxidant is reduced to Ru(u); (see
Experimental section for details). Fig. 1 shows how the observed
rate constant for oxidation varies with the standard potential of
the ruthenium oxidant. The dependence of the rate constants
on driving force is phenomenologically described by eqn (7),
which is a generalized form of eqn (1) and (2). We expect the
reorganization energy and pre-exponential factor for this ET
reaction to be very similar to the rate-limiting ET (kgrq) in the
ETPT};,, mechanism when a base is added. This allows for
parametrization of the ETPT};,,, mechanism. The parameters
obtained from the fit are summarized in Table 1.
(AG + A)2>

(7)

ker =4 exP( T 4ART

21 -

20 —

In(ke/s )

T T T T T
1.15 1.20 1.25 1.30 1.35

E° (Ru”*/Ru*") vs SCE (V)

1.10

Fig. 1 Dependence of the rate constants for oxidation of 4-MeO-
Phenol on Ru®*/Ru®* potential in the absence of a proton acceptor.
The line shows a regression to eqn (7). Parameters are given in Table 1.
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Table 1 Kinetic and thermodynamic parameters of ET and CEPT rate
constants (obtained from egn (7) and (8))

Proton acceptor pKa In(A)(CEPT) MeV  Kyg(obs)/M™*
Pyridine 12.53 22.2 0.79 1.0
4-Methoxypyridine 14.24 22.6 0.76 1.8
2,6-Lutidine 14.1 22.5 0.90 1.3
2,4,6-Collidine 15.0 22.4 0.92 1.6
No base — 29.4 1.12 —

Due to the absence of clear curvature in the Marcus plot, it is
impossible to determine the reorganization energy, standard
potential for oxidation of 4-MeOPhenol (and hence AGYy) and
pre-exponential factor for ET independently. Furthermore, the
reduction potential of 4-MeOPhenol is difficult to obtain elec-
trochemically, due to the irreversible nature of its cyclic vol-
tammograms.*” In order to ensure a reasonable fit, the pre-
exponential factor was fixed to 6 x 10" s™' (the adiabatic

Lo ksT .
limit given by W and assuming an encounter complex

formation constant of 1 M~ ). An apparent reduction potential
for the 4-MeOPhOH"*/4-MeOPhOH couple of 1.18 vs. SCE was
then derived from the slope. This value appears realistic
considering the peak potential obtained by Biczok et al. in
benzonitrile.*> The authors acknowledge that there is large
uncertainty in the obtained reduction potential. However, this
is not expected to affect further analysis, since ET rate constants
were directly measured for all oxidants used in this study and
the parameters obtained here appear to describe the reaction
well under reaction conditions of interest.

Oxidation is likely succeeded by fast deprotonation to trace
amounts of water and radical dimerization, as is typical for
phenoxyl radicals.*® The large rate constant for oxidation can
however not be explained by a CEPT reaction with the small
amount of water as the proton acceptor. The rate is only
marginally increased (by approximately 10%) when 1% v/v is
added to the solvent (see ESI Section S27). This is too small
compared to the large increase in the activity of water, to be
consistent with CEPT with water as acceptor.

-10 o
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Upon addition of a pyridine derivative as proton acceptor,
the observed oxidation rate constant increases (see Fig. 2). This
indicates that oxidation occurs through a PCET mechanism. In
this particular case, the dependence on the proton-acceptor
concentration proves that the mechanism is CEPT. Firstly, the
PTET mechanisms can be excluded. The initial PT step is
thermodynamically uphill by more than 14 pK, units (830 meV)
for the strongest proton acceptor. This is far too endergonic to
allow for a PTET}j,, or PTETpq mechanism to realistically
reproduce even the lowest observed rate constants observed in
this study. The rate of the initial ET step for an ETPT mecha-
nism can be measured in the absence of base. Making the
reasonable assumption that the ET rate constant is the same for
free 4-MeOPhenol and its hydrogen-bonded complexes with the
proton acceptors, this provides us with a direct measure of the
rate constant for an ETPT};,, mechanism. When the operative
rate constant is ETPTj;,,, the observed oxidation rate constant is
not expected to depend on proton-acceptor concentration, as
the rate constant for oxidation is the same for hydrogen-bonded
and free phenol. Finally, noting that an ETPT;c..q mechanism
can never be faster than the initial ET step, the only way to
explain the rate acceleration with increasing additions of
proton-acceptor is through contribution of a CEPT mechanism.
This assignment is further strengthened by the moderate
dependences on both PT and ET driving force (vide infra) and
the significant KIEs (>2) observed in this study (see ESI Section
$2%). The disappearance of [Ru™] follows pseudo-first order
kinetics with an observed rate constant k.. This rate constant
can be expressed as.

kobs = kox [4-MeOPhen01]

= (kET(pT) + kCEpT %) [4-MeOPhenol] (8)
Here, ko is the second-order rate constant of oxidation, kgr(pr) is
the rate constant for an initial electron-transfer step, kcgpr is the
rate constant for CEPT the hydrogen bonded complex, Kyp is
the association constant for hydrogen bonding and [B] is the
concentration of proton-acceptor. A full derivation is presented
in the ESL{

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
pyridine concentration (M)

Fig. 2 Left: Kinetic traces recorded at 450 nm, with single exponential fits, following oxidation of 4-MeOPhenol by laser flash-quench-
generated Ru(dmb)z** in upon addition of pyridine. Right: dependence of the observed rate constant on pyridine concentration. The line shows
a regression to eqn (8), from which kcepr could be obtained. For more accurate determination of Kyg, the procedure was repeated at multiple

temperatures (see ESI Section S17).
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To determine the intrinsic CEPT rate constant in the
hydrogen bonded complex it has to be separated from the
association constant for hydrogen bonding (Kyg). This is only
possible if Kyg is large enough to be measured. In the limit
where Kyp[B] < 1, kox will depend linearly on [B]. Regression to
eqn (8) will give a straight line with a slope of kpcprKus[4-
MeOPhenol], and separation of the association constant and
intrinsic rate constant will be impossible. In the present case,
the curvature in the dependence of the observed rate constant
on pyridine concentration allows for separation of the associa-
tion constant and intrinsic rate constant of PCET in the complex
(see Fig. 2b). It has been pointed out that determination of the
association constants in this way leads to large errors.*” In order
to improve the accuracy of the measured association constants,
we made use of the temperature dependence of the enthalpy
term of the association constant. Briefly, kinetic measurements
were conducted varying the temperature from 5 °C to 25 °C. Kyp
was extracted and fit to the van't Hoff equation. A value for Kyp
at 22 °C was obtained through interpolation and used for each
proton acceptor and used for all further analysis (see ESI Section
S1t).

After measurement of the CEPT rate constants, rate-driving
force correlations were established for these as well. The
kinetic parameters for these are summarized in Table 1. The
driving force for PCET with each oxidant-base combination was
calculated from the bond dissociation free energy (BDFE) of 4-
MeOPhenol and an apparent BDFE calculated from the reduc-
tion potential of the oxidant couple and pK, of the protonated
acceptor (see ESI Section S31).%%%°

As can be seen in Fig. 3, the dependence of the CEPT rate
constants on driving force cannot be put on a single Marcus
parabola. This can partially be explained by the uncertainty in
the association constants leading to errors in the rate constants
(vide supra). However, we do not expect these errors to be large

22.0
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r
o
|

4
In[kcgpr/(M s )]
7
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0
-AG peer (6V)

Fig. 3 Dependence of the CEPT rate constants on AGgCET for reac-
tions with 4-methoxypyridine (black squares), pyridine (red squares),
2,6-lutidine (blue circles) and 2,4,6-collidine (green circles). Lines
(AGScer + )

ORT (see egn (7).

represent regression to In(kcepr) = IN(4) —
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enough to explain the large difference CEPT rate constants
between reactions with 4-methoxypyridine and 2,4,6-collidine at
similar driving forces. The Marcus curve seems to be shifted
downward by 1.25 natural logarithmic steps, corresponding to
a difference in rate constants by factor of 3.5.

After parametrizing the dependence of the ETPTy, and
CEPT rate constants on driving force according to eqn (7) (Table
1), mechanistic zone diagrams could be constructed. The lines
were calculated following the procedure described in the ESI of
ref. 31, but only taking the ETPT};;, and CEPT mechanisms into
account. The diagrams are shown in Fig. 4, along with the data
points representing each combination of oxidant and base for
which the rate constant of CEPT was measured. The dividing
lines between the ETPT};,, and CEPT regions for both the
sterically hindered proton acceptors (2,6-lutidine and 2,4,6-
collidine) fall in almost the same place, and the reactions could
be adequately represented by a single zone diagram. However,
the line in the diagram for pyridine is shifted downward from
that for 4-methoxypyridine, due to a significant difference in the
pre-exponential factor of the reactions. Possible reasons for this
are discussed below. For all combinations of oxidants and bases
used in this study, CEPT is the dominant mechanism.

Fig. 5 (left) shows how the dependence of k., on [B] changes
with driving force for ET (eqn (8)); the data for different oxidants
are normalized by plotting ko/kgrer). As the oxidant strength
increases, ko,x becomes less and less dependent on proton-
acceptor concentration. This can be understood, as kgrepr is
expected to be more strongly dependent on oxidant strength
than kcepr is (see Scheme 1). At sufficiently large driving force,
kgreer) Will completely outcompete kcgpr and ko is expected to
be completely independent of [B].

For the reactions with 2,6-lutidine, an interesting phenom-
enon can be observed. It can be seen, from the very weak
dependence of k., on [B] that oxidation with the strongest

0.4
Dif fusion controlled

o
w
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© ©
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Fig. 4 Left: zone diagrams for PCET reactions with 4-methoxypyr-

idine (black squares), pyridine (red squares), 2,6-lutidine (blue circles)

and 2,4,6-collidine (green circles). Points represent combinations of
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Fig. 5 Left: dependence of koyx/kerem) ON 2,6-lutidine concentration with oxidants Ru(dmb)s>* (squares, E° = 1.10 vs. SCE) Ru(bpy)s>* (triangles,
E® = 1.26 vs. SCE) Ru(bpy).(deeb)®* (circles, E° = 1.36 vs. SCE). Black, solid symbols illustrate reactions in protonated systems and red, hollow
symbols show reactions in deuterated systems; the point-to-point lines are drawn as guides for the eye. Right: mechanistic zone diagram for 2,6-
lutidine showing the dividing line between ETPT,;,, and CEPT with protonated (solid blue line) and deuterated (dashed blue line) 4-MeOPhenol.

oxidant is close to the border between the ETPT};,, and CEPT
regions (the topmost point in the right panel of Fig. 5). However,
when the transferring protons are exchanged for deuterons,
oxidation is shifted well into the ETPT);,, region, indicating
a switch in the main contributing mechanism. This is shown in
Fig. 5 (right panel) as a shift of the dashed vs. solid lines
dividing the ETPT};,, and CEPT regions. The change in contri-
butions from ETPTy;,,, and CEPT pathways upon deuteration can
be qualitatively seen in the different dependence of k,x on
proton acceptor concentration (Fig. 5, left). When protons are
exchanged for deuterons (red vs. black symbols), the observed
rate constant of oxidation becomes significantly less
concentration-dependent  and  virtually  concentration-
independent when the strongest oxidant is used. This is, to
our knowledge, the first time that a mechanistic switch is
induced by the lowering of the vibronic coupling for CEPT.

It should be noted that the absolute reorganization energies
obtained in this analysis depend on the exact driving force for
PCET. As the calculation of this driving force depends on
thermodynamic parameters for the phenol, which are hard to
determine accurately, the reorganization energy may be
underestimated by several hundred meV. However, the values of
reorganization energies relative to the PCET driving force, i.e.
(AG® + 1)

the barrier defined as AG* = o

should be reliable.

in eqn (1) and (2),

Discussion

Fig. 4 demonstrates that zone diagrams are not only valuable for
conceptual and for qualitative discussion but can also be
parametrized for real systems for quantitative analysis and
predictions. This adds a layer to the conventional mechanistic
discussion of PCET systems. Previously, the varying contribu-
tions from the different PCET mechanisms under different
conditions were rationalized by their characteristic dependence
on PCET driving force, but the competition between different

296 | Chem. Sci, 2022, 13, 290-301

mechanisms was never addressed quantitatively."*” The
reason for this is likely that such an analysis would be rather
complex, and during its course it would be difficult to maintain
intuitive understanding of the system. Attempts to favor
a concerted mechanism have previously been based on the
qualitative observation that PCET is generally favored when
both electron and proton transfer driving forces are low." In
parametrizing zone diagrams, we account for the competition
between PCET mechanisms in detail, while still being able to
illustrate the results in a comprehensible way. Thereby, the
manner in which different parameters affect the switching
points between mechanisms can be readily understood. With
this representation, the following points become immediately
apparent:

(1) The large energetic coupling between proton and electron
(i.e. the large ApK, or AE® after initial ET or initial PT, respec-
tively) in 4-MeOPhenol leads to a strong tendency for the
compound to react via CEPT. Upon one electron oxidation of the
phenol, the pK, of the phenolic proton is reduced by an esti-
mated 23.8 pK, units, corresponding to 1.4 eV increase in
—AG3r (see ESIt). The PT step following initial ET (kpr.; Scheme
1) is therefore expected to be strongly exergonic with all bases
used in this study. Since a concerted mechanism makes use of
this added driving force, the activation barrier for CEPT is ex-
pected to be substantially smaller than that for initial ET under
most conditions. A CEPT mechanism can therefore be expected
with most combinations of oxidants and bases. This can be seen
in the zone diagrams. ETPT can only be achieved with very
weakly basic pyridines, even at a large driving force for oxida-
tion (AGg,).

(2) The vibrational wavefunction overlap (S,,) affects the
position of dividing lines between ETPT pathways and CEPT.
Fig. 5 (left panel) shows the zone diagrams for oxidation of
protonated and deuterated 4-MeOPhenol with 2,6-lutidine.
Deuteration shifts the line between ETPT and CEPT downward,
making the mechanistic switch occur at lower electron transfer
driving forces. Reactions with Ru(dmb);*" and Ru(bpy);** show

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a similar KIE (2.2 and 2.3 respectively, see ESIt); these are the
weakest and strongest oxidants where the CEPT mechanism
dominates (Fig. 5, right). The closely similar KIEs at quite
different driving forces supports the interpretation that H/D
isotopic substitution has a significant effect only on the pre-
exponential factor (i.e., the proton tunneling probability).

For one of the cases, we observe a mechanistic switch
following isotopic substitution. This is for the reaction of 4-
MeOPhenol with Ru(deeb)(bpy),®" and 2,6-lutidine, which
corresponds to the highest data point (strongest oxidant) in the
zone diagram of Fig. 5b. With protonated phenol, the contri-
butions from CEPT is slightly larger than that of ETPTj,
(kCEPT(H’)

ket

dividing line between ETPT};,, and CEPT. Upon deuteration
instead, the reaction occurs predominantly through ETPT;,,
(kCEpT(D+)
ket
in that the point lies above the dashed dividing line, in the
ETPT);m, region. That CEPT is disfavored relative to ETPT, which
leads to a mechanistic switch upon isotopic substitution, is
directly observed in Fig. 5a. The rate constants for oxidation of
the deuterated systems with a given oxidant are much less
dependent on base concentration than those of their proton-
ated analogues. This shows directly the decrease of the second
term relative to the first term on the right hand side of eqn (8),
due to a decrease in kcgpr relative to kgrpr) upon deuteration.
For oxidation of the deuterated phenol with Ru(bpy),(deeb)*",
the observed rate constant for oxidation becomes essentially
independent of acceptor concentration, demonstrating the
switch of the dominating mechanism from CEPT to ETPTjjy,.
This is, to our knowledge, the first direct experimental
demonstration that changes in vibronic overlap between
homologous systems affect the switching point between PCET
mechanisms. We thereby provide direct confirmation that
tuning of the vibronic overlap can be a feasible strategy for
tuning of the operative PCET mechanism. Many other practical
strategies for switching the operative mechanism by varying the
vibronic overlap than H/D-substitution can be imagined, such
as for example varying the PT-distance through synthetic
modifications.

(3) Steric hindrance in the proton tunneling coordinate
affects the dividing lines between the ETPT mechanisms and
CEPT. As shown in the zone diagrams parameterized with 2,6-
lutidine and 2,4,6-collidine (Fig. 4), the reaction with these
sterically hindered proton acceptors switch from CEPT to ETPT
at lower ET driving forces than that with 4-methoxypyridine.
This is a consequence of steric hindrance kinetically disfavoring
a CEPT reaction, without negatively affecting ETPT pathways.
This kind of substitution may therefore be another promising
strategy for tuning the mechanism of PCET. The exact origin of
the reduction in rate constant is however less clear than in the
case of isotopic substitution. When the protons are exchanged
for deuterons, all electronic parameters can be expected to stay
constant, and only the vibronic overlap should be affected. In
the case of synthetic modification of the pyridine base, other

= 1,39> and the point in Fig. 5b lies almost on the

= 0.75) . This is seen in the zone diagram of Fig. 5b,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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parameters (e.g. A) may be affected. Below, we explore the effect
of substituents on the proton acceptor in detail.

The effect of steric hindrance and proton transfer distance

The slowing down of CEPT reactions by steric effects has been
observed previously. One example was reported by Morris and
co-workers, in the termolecular CEPT oxidation of TEMPOH
with ferrocenes and substituted pyridines.** It was observed,
that 2,6-lutidine acted as an outlier in the linear free energy
relationship describing the dependence of the PCET rate
constant on thermodynamic driving force. There was however
no implication of a switch to another mechanism. A similar
effect was seen by Huang and co-workers, in the oxidation of
[(Cp)W(CO),(PMe3)H] by ferrocenium-type oxidants in the
presence of organic bases.'” Only small contributions of a CEPT
mechanism were observed, despite the large span of PCET
driving forces investigated. This contrasts with the studies in
our group, where CEPT was observed with a wide variety of
reaction conditions."*® Huang et al. suggested that this may be
due to a larger activation energy for CEPT in their system,
caused by steric effects that increased the reorganization
energy. It was argued that proton self-exchange between [(Cp)
W(CO),(PMe;3)H] and [(Cp)W(CO),(PMe;)]” showed an unusu-
ally large reorganization energy of 1.59 eV and that similar
effects may be present in the inner-sphere reorganization of the
compound's CEPT reactions. We suggested instead that the
absence of a clear CEPT-pathway may be due to the steric
hindrance leading to weaker hydrogen bonding and reduced
overlap of the proton vibrational wavefunctions.*®

In the present study, the rate-driving force correlations for
the sterically hindered 2,6-lutidine and 2,4,6-collidine occur
with smaller rate constants at a given driving force compared to
those for pyridine and 4-methoxypyiridine (Fig. 3). Further-
more, the steeper increase of the rate constants with oxidant
strength indicates a larger reorganization energy for the steri-
cally hindered complexes compared to the unhindered ones. It
appears, that for 2,6-lutidine and 2,4,6-collidine, more inner-
sphere geometrical reorganization is necessary to reach the
transition state.

There are differences in the data also between the sterically
unhindered bases. When fit to the Marcus eqn (7), the rate
constant for the reaction with unsubstituted pyridine shows
a dependence on driving force similar to that for the reaction
with 4-methoxypyridine. The curve is however shifted down-
ward, toward smaller rate constants for the same value of
AG9crr. This indicates that the two reactions have similar
reorganization energies, but that the reaction with pyridine has
a smaller pre-exponential factor. A smaller pre-exponential
factor indicates a smaller vibronic coupling (see eqn (1)). This
can be explained considering the difference in formation
constants of the hydrogen bonded complexes with pyridine
(Kys = 1.0 M ") and 4-methoxypyridine (Kyz = 1.8 M%),
respectively. The hydrogen bond length can be expected to
correlate with the hydrogen bonding strength. This, in turn, will
affect the proton tunneling distance. Due to the expectedly
sharp decrease in the vibronic coupling with increasing proton-
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transfer distance, a smaller observed pre-exponential factor is
perhaps unsurprising. We note that Motris et al. did not observe
a similar effect when studying the termolecular CEPT-oxidation
of TEMPOH with proton transfer to substituted pyridines and
ferrocenium-based oxidants.* However, in their study, they
report similar hydrogen bond association constants for
complexes of TEMPOH with pyridine (1.08 M™') and TEMPOH
with 4-methoxypyridine (1.04 M™") in CH,Cl,. This suggests
that in their study, the proton transfer distances within the
hydrogen bonded complexes with the respective proton-
acceptors are similar.

The study by Morris et al. also observed the reaction with 2,6-
lutidine to be an outlier in the linear free energy relationship, as
mentioned above. However, in their case, complexation of
TEMPOH with 2,6-lutidine was found to be weaker (Kyp = 0.46
M) than complexation with pyridine (Kgg = 1.08 M~ "). They
therefore rationalized their findings by suggesting that the
proton transfer distance in the complex with 2,6-lutidine is
longer. The situation appears to be different for complexes
between 4-methoxyphenol and 2,6-lutidine in acetonitrile in the
present study. Rather than a decrease, we observe a small
increase in the hydrogen bond association constant with 2,6-
lutidine compared to that with unsubstituted pyridine. This
strengthens our assignment that in the present case, the
difference is mainly due to an increased inner-sphere reorga-
nization energy for CEPT in 2,6-lutidine and 2,4,6-collidine
compared to pyridine, consistent with the observed trends in
oxidant strength dependence (vide supra).

Asynchronicity in PCET

That the reactions with pyridine and 4-methoxypyridine are not
falling on the same Marcus curve is perhaps initially surprising.
Several groups have reported a seemingly related phenomenon,
in which rate constants for CEPT reactions do not follow simple
linear free energy relationships.'”**** For example, an unusu-
ally weak dependence on ET driving force in the oxidation of
fluorenyl benzoates was observed by Markle et al.** In a subse-
quent study, Darcy and Kolmar et al. observed, that the rate
constant for oxidation of substituted fluorenyl-benzoates is
more dependent on the basicity of the intramolecular proton-
accepting group than on the strength of the oxidant.** The
authors rationalized this by an imbalance of proton and elec-
tron redistribution at the transition state, invoking Bernasconi's
principle of Nonperfect Synchronization.*®*

Following a similar approach, Bim and co-workers con-
structed a model, in which they defined an asynchronicity factor
7, describing an effect on the reorganization energy leading to
asynchronous driving force dependence.*® Later, this was linked
to the kinetic energy distribution in the reactive mode.*
However, these theories appear to, in some cases, conflict with
prevailing theoretical descriptions of non-adiabatic CEPT reac-
tions as formulated by Hammes-Schiffer and co-workers.*»**

In the multistate continuum formalism by Hammes-
Schiffer, both proton and electron are treated quantum
mechanically. The heavy atoms in the system arrange to
a common transition state, from which both electron and
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proton tunnel.”>** This differs from traditional adiabatic tran-
sition state theory, in which proton transfer would be explained
by the classical stretching motion of the proton. In the multi-
state continuum theory, the proton-stretching motion is not
part of the reaction coordinate. The models constructed by Bim
et al., while suitable for cases where PT is fully adiabatic (such
as hydrogen atom transfer), appear less applicable for the
multisite-CEPT reactions studied in this work and many other
PCET studies, due to the fundamentally different nature of the
reaction coordinate.

The present study shows that asynchronous dependence on
PT and ET driving forces can (at least partially) be explained by
pK, dependent variations in PT-distances. This appears to be
the case for the differences between the rate constant/free
energy relationships of CEPT reactions with pyridine and 4-
methoxypyridine observed here. A recent computational study
suggests that similar effects account for the asynchronous
driving force dependence of fluorenyl-benzoate oxidation (vide
supra).”>** The results of the present study thus confirm that
establishing simple free energy relationships for CEPT reac-
tions is not always possible. Many factors, such as variations in
the equilibrium hydrogen bonding distance and internal reor-
ganization within the different complexes can significantly
complicate the analysis. However, the present study clearly
shows, that the net effect of the steric hindrance is to lower the
rate constant for CEPT relative to that of ETPT};,,. The results
confirm the intuitive prediction, that steric effects can be
a viable strategy for switching the reaction mechanism in
catalytic PCET systems.

Marcusian dependence on free energy for CEPT

Due to the large energetic coupling of proton and electron in the
phenol, CEPT occurs under a wide range of oxidant and base
strengths. This makes it possible for us to investigate CEPT with
large driving forces. With the strongest oxidants, the driving
force is comparable to the reorganization energy and the reac-
tion approaches the inverted region. This appears to be the case
when collidine is used as base. The observed rate constant is
smaller when Ru(bpy),(deeb)** is used as oxidant instead of
Ru(bpy);**, despite the additional 100 meV of thermodynamic
driving force.

Marcus plots of the CEPT rate constants show clear curva-
ture, leveling off at higher PCET driving forces (see Fig. 3).
Surprisingly, such curvature is only rarely observed for PCET
systems.”*>* For example, the Marcus plot for oxidation of
fluorenyl-benzoates showed a linear dependence on oxidant
strength for a span almost 1 eV.** Costentin et al. proposed that
this is due to a switch in mechanism between PTET and CEPT
pathways.>® This might provide a possible explanation of the
lack of curvature over such large span of ET driving force.

Relevance for solar fuels and photoredox catalysis

Mechanistic knowledge of PCET reactions is important for
catalysis of energy conversion reactions. In this context, CEPT is
often thought of as the most energy-efficient pathway. Cir-
cumventing the stepwise pathways leads to a lowering of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activation barrier of the reaction. In, for example, electro-
catalytic proton reduction, this can be expected to lead to
a higher turnover frequency for hydrogen evolution at lower
applied potentials.

Mechanistic knowledge is important also when a high
turnover frequency is not the primary concern. Complex
reduction reactions, such as reduction of CO, or N, to yield
more energetic and value-added product molecules often suffer
from low yields and faradaic efficiencies. Generally, they
compete directly with the proton reduction reaction. For
example, designing the system in a way that ensures the rate
limiting step for proton reduction is in the ETPT zone may in
this case be beneficial. Proton reduction will in this case be
either weakly dependent or completely independent on the
presence of proton sources. An increase in acid strength or pH
could in this case favor the desired reaction, while leaving
proton reduction unaffected, thereby increasing yield and
faradaic efficiency. For photoredox catalysis, similar strategies
may be employed to the increase efficiency and selectivity of the
reactions.

Such mechanistic tuning is always possible when the
mechanisms, and hence the relative dependences on reaction
driving force, of the reactions of interest are known. Wang and
co-workers recently demonstrated how to take advantage of
similar rate-driving force relationships to tune the selectivity of
O,-reduction with a molecular catalyst to yield either H,0, or
H,0.%® A similar approach to the one presented in the present
study was also recently employed by Dempsey and co-
workers.’”*® The authors constructed non-aqueous potential-
pK, diagrams for the ligand and metal centered protonation
states of a Ni-based proton reduction catalyst, drawing conclu-
sions about the operative mechanism.*®

Conclusion

Mechanistic zone diagrams, which were introduced in
a previous paper,*' have here proven to be a valuable tool for
analyzing PCET reactions. While the relationships between the
observed rate constants of PCET reactions are by now well
understood, quantitative predictions of when mechanistic
switching should occur have to the authors' knowledge not been
attempted previously. Here, we have analyzed the competition
between ETPT and CEPT directly. The dividing line between the
mechanisms can then easily be illustrated in mechanistic zone
diagrams. With this as a starting point, we were able to
demonstrate the effect of multiple strategies for synthetic
tuning of the PCET mechanism. Substitution of the transferring
protons for deuterons leads to a lowering of the vibronic
coupling and pre-exponential factor of the CEPT reaction. Steric
hindrance of the hydrogen bond leads, in the present case, to an
increased internal reorganization energy associated with CEPT.
The net effect of both modifications is to lower the rate constant
for CEPT relative to that of ETPT;y,, shifting the dividing line in
the zone diagram and allowing for switching of the mechanism.
These modifications thus present two strategies for enlarging or
diminishing the CEPT-zone in the mechanistic zone diagram,
and thereby tuning CEPT reactivity. Many more strategies can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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be envisioned, such as modification of the PT-distance or
modifying the energetic coupling between proton and electron
transfer. We believe that discussion of PCET-mechanisms in
terms of zone diagrams significantly simplifies a rather complex
topic and hope that this methodology will be adopted by others.

Experimental

Rate constants obtained in this study were measured with laser
flash photolysis, utilizing the flash quench technique as
described previously. In brief, a sample -containing
ruthenium-sensitizer, methyl viologen, 4-methoxyphenol and
pyridine base was excited by a 10 ns laser pulse originating from
a 1064 nm Q-switched Nd:YAG laser, modified by sum-
frequency generation to 532 nm or 355 nm, and in some
cases tuned with an optical parametric oscillator to 460 nm.
After excitation, changes in absorption were monitored at
450 nm and rate constants were obtained by linear regression to
a single exponential decay. A typical sample contained 40-80
puM ruthenium(u) sensitizer with hexafluorophosphate as the
counterion, 30 mM methyl-viologen hexafluorophosphate, 80
UM to 10 mM 4-methoxyphenol and concentrations ranging
from 0-1 M of the proton-accepting base. In cases where the
observed PCET rate constants approached the rate constant of
excited state quenching of the sensitizer, the excited state decay
was measured separately by monitoring the decay of emission at
620-680 nm, and PCET rate constants were obtained by a bi-
exponential fit, keeping the rate constant corresponding to
excited state decay fixed. The charge recombination between
Ru(m) and viologen radical was always sufficiently slow
compared to the oxidation of phenol that it could be neglected.

4-Methoxyphenol, 4-methoxypyridine, pyridine, 2,6-lutidine,
2,4,6-collidine, methyl viologen dichloride hexahydrate, deute-
rium oxide and spectroscopic grade acetonitrile were purchased
from Sigma-Aldrich. All chemicals were used without further
purification.

Ru(bpy)s;(PFs), and Ru(dmb)3(PFs), were available from
previous studies.’®** Ru(bpy),(deeb)(PF¢),, Ru(bpy),(dmb);Cl,
and Ru(dmb),(bpy)Cl, were gifted by colleagues. Counterion
exchange from Cl™ to PFs  was done by solubilization of the
chloride compound in a small volume of water, and subsequent
addition of near-saturated KPF, solution (obtained from Lan-
caster) in large excess. The product was filtered, washed with
deionized water and dried.

Data availability

The kinetic traces on which this study is based are shown in the
ESLt
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