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CONSPECTUS: Proton-coupled electron transfer (PCET) covers a wide range of reactions involving the transfer(s) of
electrons and protons. The best-known PCET reaction, hydrogen atom transfer (HAT), has been studied in detail for more
than a century. HAT is generally described as the concerted transfer of a hydrogen atom (H® = H' + ¢”) from one group to
another, Y + H-X — Y—H + X, but a strict definition of HAT has been difficult to establish. Distinctions are more challenging
when the transfer of “H®” involves ¢~ and H" that transfer to/from spatially distinct sites or even completely separate reagents
(multiple-site concerted proton—electron transfer, MS-CPET). MS-CPET reactivity is increasingly proposed in biological and
synthetic contexts, and some reactions typically described as HAT more resemble MS-CPET. Despite that HAT and MS-CPET
reactions “look different,” we argue here that these reactions lie on a reactivity continuum, and that they are governed by many
of the same key parameters. This Account walks the reader across this PCET reactivity continuum, using a series of studies to
show the strong similarities of reactions that move protons and electrons in seemingly different ways.

To prepare for our stroll, we describe the thermochemical and kinetic frameworks for HAT and MS-CPET. The driving force
for a solution HAT reaction is most easily discussed as the difference in the bond dissociation free energies (BDFEs) of the
reactants and products. BDFEs can be analyzed as sums of electron and proton transfer steps and can therefore be obtained
from pK, and E° values. Even though MS-CPET reactions do not make and break H—X bonds in the same way as HAT, the
same thermochemical description can be used with the introduction of an effective BDFE (BDFE;). The BDFE of a
reductant/acid pair is the free energy of that pair to form H®, which can be obtained from pK, and E° values in an analogous
fashion to a standard BDFE. When the PCET thermochemistry is known, HAT and PCET rate constants can be understood
and often predicted using linear free energy relationships (the Brensted catalysis law) and Marcus theory type approaches.
After this background, we walk the reader through a continuum of PCET reactivity. Our journey begins with a study of metal-
mediated HAT from hydrocarbon substrates to a metal-oxo complex and travels to the MS-CPET end of the reactivity
spectrum, involving the transfer of H* and e~ from the hydroxylamine TEMPOH to two completely separate molecules. These
examples, and those in between, are all analyzed within the same thermodynamic and kinetic framework. A description of the
first examples of MS-CPET with C—H bonds uses the same framework and highlights the importance of hydrogen bonding and
preorganization. The examples and analyses show that the reactions along the PCET continuum are more similar than they are
different, and that attempts to divide these reactions into subcategories can obscure much of the essential chemistry. We hope
that developing the many common features of these reactions will help experts and newcomers alike to explore exciting new
territories in PCET reactivity.

relevant redox reactions; HAT steps are critical in processes as

Any reaction which involves proton transfer (PT) and electron
transfer (ET) can be described as proton-coupled electron
transfer (PCET)." Hydrogen atom transfer (HAT) (eq 1) is
perhaps the most well-studied and fundamental PCET
mechanism. Over a century of research has highlighted the
importance of HAT in chemical synthesis and biologically
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diverse as hydrocarbon combustion, atmospheric chemistry
and enzymatic catalysis.” HAT is often one of the first
reactions taught in organic chemistry classes, as a characteristic

Received: June 30, 2018
Published: September 20, 2018

DOI: 10.1021/acs.accounts.8b00319
Acc. Chem. Res. 2018, 51, 2391-2399


http://pubs.acs.org/page/achre4/hydrogenatomtransfer
pubs.acs.org/accounts
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.8b00319
http://dx.doi.org/10.1021/acs.accounts.8b00319

Accounts of Chemical Research

Scheme 1. Illustrations of Concerted Proton-Electron Transfer (CPET) Reactions: (A) “Canonical HAT”; (B) Separated; and
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reaction of alkanes. The invaluable Landolt—Bornstein
compendia of radical reactions lists over 10,000 HAT rate
constants.3

Y + H-X - Y-H + X (1)

Given the long history and pedagogy of HAT, it is initially
surprising that its definition is not well established. With the
development of broader PCET chemistry over the last decades,
different usages and definitions of HAT have agpeared in the
literature (and will likely appear in this issue).”~® This Account
describes a range of reactions that involve the transfer of le”
and 1H" in a single kinetic step (concerted proton—electron
transfer, CPET). Some of these reactions “look like” HAT, and
some of them do not. Our goal here is not to suggest the
adoption of a specific definition for HAT within the larger area
of PCET reactivity. Instead, the examples from our work
illustrate a continuum of PCET reactivity. The examples are
“stops” along a PCET journey to demonstrate the remarkable
diversity of reactions that involve transfer of one electron and
one proton, and that these reactions are more similar than
different.

HAT and Not HAT?

HAT is generally described as the concerted transfer of a
proton and an electron from one group to another in a single
kinetic step (eq 1). Among the most widely recognized are
HAT from hydrocarbons to oxyl radicals or halogen atoms. For
example, radical-chain chlorination mechanisms include a step
with CI® abstracting H® from a C—H bond, forming a Cl-H
bond and a carbon-centered radical (Scheme 1A). These
reactions fit the most restrictive definition of HAT: that the
proton and electron transfer as a hydrogen atom (H* = H* +
¢”) from one H—X bond to form another. Although electrons
are delocalized and indistinguishable, our chemical intuition
for these reactions indicates that the electron in the C—H bond
being cleaved is the electron that is used to form the new H—
Cl or O—H bond. The removal of H* leaves a radical in
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roughly the same stereoelectronic position on the carbon as
the C—H bond occupied. For illustrative purposes in this
Account, we will call this the “canonical” definition of HAT,
but we do not advocate the use of this term to differentiate
kinds of HAT.

H atom removal from phenols, however, does not clearly fit
the canonical definition. Phenols are considered classic
hydrogen atom donors, and this is key to the antioxidant
action of vitamin E and BHT (butylated-hydroxytoluene).” Yet
the ground state of phenol is planar, so transfer of e”/H" leaves
a lone pair on oxygen where the proton was, while the electron
transfers from the aromatic z-system (Scheme 1B1). This was
first highlighted in a computational study of phenol/phenoxyl
H atom self-exchange, which showed an almost planar
transition state with PT between oxygens and ET between
the 7 systems.® A later study found a lower transition state,
with ET between n-stacked aromatic rings coupled to PT
between the oxygens.” This kind of mechanism where ¢~ and
H" appear to travel by different paths to different locations has
been found in other computational studies, and is a common
enzymatic reaction step. Most notably, H atom abstractions by
the iron-oxo “compound I” intermediate in cytochromes P450
and related enzymes (Scheme 1B2) are always described as
HAT but actually involve substantial e /H* separation.
Removal of H* from the C—H bond of the substrate does
look like canonical HAT, but the proton adds to the oxo
forming a hydroxo ligand while the electron fills a “hole” away
from the oxo, a mixture of porphyrin radical cation and thiyl
radical."’

Thus, reactions that for decades have been described as
HAT, such as those of phenols and enzymatic compound I
intermediates (Scheme 1B), do not perfectly fall under the
canonical definition of HAT in Scheme 1A. We do not bring
up these differences to argue that phenol and P450 reactions
are not HAT, but rather to point out the challenges in
categorizing even very familiar HAT reactions. A theoretical
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study by Sirjoosingh and Hammes-Schiffer suggested that
phenol-phenoxyl is not HAT because the exchange is
electronically nonadiabatic,'" but this is difficult to examine
experimentally. We favor an expanded definition of HAT that
includes essentially all reactions involving transfer of H® from a
single donor reagent to a single acceptor reagent, without
concern for the electronic molecular orbitals formally involved
in the ET component."

A distinction can usually be drawn, however, between such
HAT processes and reactions where the particles transfer to
(or from) completely separate molecules or sites.'”"> For
instance, X—H can be oxidized to X* by proton transfer to a
nearby base and electron transfer to a nearby oxidant (Scheme
1C). We term these multiple-site concerted proton—electron
transfer (MS-CPET). MS-CPET reactions are greatly facili-
tated by the formation of a classical hydrogen bond between
the proton donor and acceptor. Thus, for instance, MS-CPET
reactions involving O—H and N—H bonds are common while
we have only recently found the first example involving a C—H
bond (see Stop #5 below). This hydrogen bonding effect can
be very useful, imparting different chemoselectivity from HAT
processes. Still, when comparing reactions of similar bonds, or
when taking hydrogen bonding into account, we argue below
that even the HAT/MS-CPET distinction does not reflect a
core difference in the chemical processes. While MS-CPET
reactions “look different” from canonical HAT reactions
(Scheme 1A vs C), these are but stops on a reactivity
continuum.

Thermochemistry and Kinetics of HAT and MS-CPET
Reactions

The disparate reactions in Scheme 1 can be treated with the
same thermochemical framework. These solution reactions
should be analyzed using free energies (AG®) instead of the
bond enthalpies more typical of HAT discussions, because
AG° is directly connected with equilibrium constants, linear
free-energy relations (LFERs), and versions of Marcus theory.”
Entropic contributions are often small but can be substantial
for transition metal complexes.” AG® for a HAT reaction is the
difference between the two bond dissociation free energies,
BDFE(X—H) — BDFE(Y—H). Solution BDFEs can be
determined from solution pK, and E° values (Scheme 2A)."”
A very similar square scheme can be drawn for the
combination of an acid and a reductant (Scheme 2B), giving
what we have defined an “effective BDFE”,'*"® even though
there is no bond that is homolytically cleaved when the proton
and electron come from different sites or different reagents. Yet
the thermochemical analysis is the same: the sum of a pK, and
an E°. This BDFE 4 can be used in the same manner to derive
the free energy of an MS-CPET reaction that transfers a
hydrogen atom equivalent. The use of BDFE therefore allows
for thermodynamic comparisons of concerted le”/1H*
reactions regardless of their form.

Similar BDFE s can be obtained from different combina-
tions of one-electron oxidant/reductant and acid/base
reagents. This provides a thermochemical tunability that can
be a powerful tool."”'* However, there are inherent reagent
incompatibilities that limit MS-CPET chemistry. Bases are
inherently electron-rich and can readily react with oxidants,
which are electron-poor. Similarly, acids can protonate
reductants or form H,. These obstacles are not insurmount-
able, but they often present significant challenges.13 Mitigating
these incompatibilities by using photoredox agents has been
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Scheme 2. Thermodynamic Cycles (Square Schemes) and
Equations for BDFEs of (A) a Single PCET Reagent and
(B) a Reductant/Acid Pair”
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Adapted with permission from ref 13. Copyright 2012 Royal Society
of Chemistry.

part of Knowles and others developing MS-CPET reactions for
synthetic organic chemistry.'*

The thermochemistry of le”/1H" CPET reactions is a
foundation for understanding their kinetics. Within a set of
related CPET reactions, we have usually but not always
observed a correlation of rate constants with equilibrium
constants, following the Bronsted catalysis law (eq 2). Using
the Eyring equation, this is equivalent to correlating AG* with
AG® (eq 3). These two equations give the same unitless slope
a. To go beyond this LFER, many CPET studies have used a
Marcus—Hush—Levitch-like treatment of rate versus driving
force (Figure 1, eq 4). Specifically, we have found that the

Free Energy

Reaction Coordinate

Figure 1. Marc theory description of reactions where the intersection
of the parabolic reactant and product free energy surfaces gives the
free energy of the transition state (AG*) in terms of AG® and the
intrinsic barrier 4, eq 4.

Marcus cross relation predicts the rate constants for a wide
range of inorganic and organic reactions, often within an order
of magnitude, as described elsewhere.” (The cross relation
cannot, however, be applied to MS-CPET reactions due to the
lack of a measurable CPET self-exchange rate constant for a
reductant/acid pair.) Most thermal CPET reactions have been
studied in the regime of low driving forces, IAG°l < 24, where
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a linear Bronsted plot with a = 0.5 is often observed (eq $).
This one-dimensional Marcus treatment is a great simplifica-
tion of much more complete treatments, notably the multistate
continuum theory of Hammes-Schiffer et al. that treats the
proton quantum mechanically.®

In(k) = Ocln(Keq) +p )
AG = aAG® + P/ (3)
aGH o (AGT+ 1)
) )
_OAG) 1 AGT 05 when IAGT < 20
A(AG°) 2 2
(%)

Walking through a Continuum of Reactivity: From HAT to
MS-CPET

We have approached our studies of HAT and now MS-CPET
starting from the thermodynamic and kinetic frameworks
described above. In the following sections, we will “walk” the
continuum between “canonical” HAT and MS-CPET, utilizing
examples from our lab to illustrate this reactivity landscape.
First, we explore studies where the destinations of the electron
and proton are systematically separated from one another.
Finally, we examine several systems where the electron and
proton are transferred to different reagents. The kinetics and
thermodynamics in HAT-like and MS-CPET-like reactions are
employed to draw comparisons and illustrate differences.
Stop #1: Hydrogen Atom Abstraction by a Ruthe-
nium—Oxo Complex. The oxidation of C—H bonds by
[(bpy),(py)Ru'VO]** (Ru™O*, bpy = bipyridine, py =
pyridine) was discovered in the 1980s by Thomas Meyer,
one of the founders of the field of PCET." Our later studies
showed that this reaction proceeds by rate limiting HAT
(Figure 2A)."*"7 One significant piece of evidence for
concerted e~ and H' transfer was a linear correlation of rate
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Figure 2. (A) HAT from toluene to Ru™O?*. (B) Graph showing the
dependence of rate constants (In(ky,y)) on driving force (In(K.))
for oxidations of hydrocarbons by Ru'VO?*. Data from ref 16.
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constant vs equilibrium constant (rate/driving force relation-
ship, Figure 2B). Such correlations have been frequently used
in studies of HAT reactions of C—H bonds, goin§ back at least
to the work of Evans and Polanyi in the 1930s."? Correlations
traditionally used log(k) or E, vs bond dissociation enthalpies
(BDEs), as we originally did,"® but they should use BDFEs to
determine K.'s (Figure 2B has been replotted here using
BDFEs, causing a shift by a constant amount”). The slope of
the plot of In(kysr) vs ln(KEq) is 0.49(7), close to the
predicted @ = 0.5. The rate constant for HAT from toluene to
RuVO?" was close to the value predicted by the Marcus cross
relation, using Ru'Y(0)/Ru™(OH) and PhCH,-/PhCHj self-
exchange rate constants and the known thermochemistry.

The reaction of Ru™VO>* with the hydrocarbon substrates in
Figure 2B is, in our view, an example of canonical HAT. From
the perspective of the hydrocarbon, this reaction is classic
HAT to form a carbon radical, as in Scheme 1A, above. With
toluene, for instance, removal of H* (¢”/H") leaves behind a
“hole” (the SOMO) that is mostly located in roughly the same
region of space as the original C—H bond, although there is
significant SOMO density on the aromatic ring and the formed
CH, group is now planar. From the perspective of Ru™Y O,
the proton goes to the oxygen and one could consider that
formally the electron goes to the metal center, reducing it to
Ru'™. However, the electron is transferred into a half-filled Ru—
O 7* orbital that has significant density on both Ru and O, so
the ¢~ and H' being transferred can be considered to be
involved in forming the O—H bond. This is therefore our
example of a metal-mediated canonical HAT reaction.

Stop #2: A Stroll with Increasing the Distance
between Electron and Proton. This section will show how
increasing distances between the proton and electron accepting/
donating sites challenges the HAT vs PCET distinction, using
reactions of ruthenium and iron complexes to illustrate the
progression.

The ruthenium(II)-imidazole complex Ru"(acac),(py-imH)
in Figure 3A acts as a net hydrogen-atom donor to the
TEMPO nitroxyl radical, forming the TEMPO—H bond."”
The reaction reaches completion in minutes under typical
room-temperature conditions. The electron can be considered
to transfer from a d, (tzg) orbital of the d° Ru reactant (to
form the d° t2g6 Ru'™ product) and the proton comes from the
imidazole N—H bond, leaving behind a nitrogen lone pair.
Thus, formally, the electron and proton “come from” different
places within the ruthenium complex. While the Ru d,, electron
back-bonds and delocalizes into the 7 orbitals of the imidazole
ligand, this 7 orbital is orthogonal to the reactant N—H bond.
Thus, as a first approximation, we can say that the Ru center
provides an electron that is ~4.2 A away from the imidazole
N—H bond that provides the proton. Despite this separation,
there is a significant “thermodynamic coupling”'” between the
Ru center E;/, and the imidazole N—H pK_: the E,,, shifts
significantly with deprotonation, and the pK, shifts significantly
with oxidation. A related iron-porphyrin-imidazolate reacts
similarly, in the opposite direction: oxidizing TEMPOH to
TEMPO with proton addition to the N-lone pair of the
imidazolate coupled to reduction of the Fe center.”’

In these and the other reactions in this section, we chose as
one reaction partner the le”/1H" redox couple of neutral
radical TEMPO and the reduced hydroxylamine TEMPOH.
TEMPO/TEMPOH is a very convenient reagent pair because
under many conditions it only undergoes concerted le”/1H"
transfer (CPET/HAT). TEMPOH has a weak O—H bond

DOI: 10.1021/acs.accounts.8b00319
Acc. Chem. Res. 2018, 51, 2391-2399


http://dx.doi.org/10.1021/acs.accounts.8b00319

Accounts of Chemical Research

(A)

©

(0]
o
6.9A

RuN” N (o
= (o]

11.2A

Figure 3. CPET reactions with acid/base sites distant from the metal center. Estimated metal-to-basic atom distances are given in the boxes at
right. (A) Transfer of le”/1H* from Ru"(acac),(py-imH) to TEMPO. (B) Transfer of l¢”/1H* from TEMPOH to Ru-pyCO,” (n = 0) and Ru-
pyPhCO,™ (n = 1) yields the reduced Ru"/carboxylic acid complex. (C) Transfer of 1le”/1H" from TEMPOH to iron porphyrin complexes with

carboxylate oxygen atoms distant from the iron center.

(66.5 kcal/mol in MeCN), and the possible stepwise
intermediates TEMPOH®" and TEMPO™ are very high in
energy.'” Analyses using this thermochemical bias show that all
of the reactions in this section (and throughout this Account)
follow the CPET pathway.

The ruthenium terpyridine—carboxylate complexes in Figure
3B readily abstract H* from TEMPOH, to give TEMPO and
the reduced and protonated Ru" product. The distance
between the carboxylate oxygens and the Ru center are 6.9
A for the n = 0 compound and 11.2 A for the n = 1 compound,
with an additional phenyl spacer. Unlike the ruthenium
imidazole complexes described above, there is very little
thermodynamic coupling'” between the carboxylic acid and
the Ru center. Still, PT to the carboxylate is concerted with ET
to the ruthenium (CPET), because of the preferences of the
TEMPOH reagent.m’22

The iron porphyrin-benzoate and -biphenyl carboxylate
systems in Figure 3C have ~10 and 14 A separations between
the iron and the carboxylate.””** Yet reactions with TEMPOH
or ascorbate occur within minutes or seconds, respectively.
While computational studies of these two reactions show that a
full description is complex,* the qualitative conclusion is clear:
concerted le”/1H" transfers occur readily even at large
separations. This conclusion was previously suggested by
studies of enzymes such as ribonucleotide reductase (though it
is more challenging to demonstrate concerted mechanisms in
enzymatic systems).z’24
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The series of reactions in Figures 2 and 3 thus vary the
distance between the atom that holds the proton and the
redox-active metal center from 1.8 to14 A. At the short end, it
is easy to describe the reactions as HAT. At the larger distances
between the H' and e  accepting sites, however, these
reactions do not “look like” HAT. They are short-range
proton transfers concerted with long-range electron transfers.
Of this set, rate/driving force correlations were examined only
for Ru-pyCO,". These reactions show little dependence of
kcpgr on the BDFE of the H atom donor,> and it is not clear
why they differ from the other studies presented here.

Stop #3: MS-CPET with Intramolecular Proton Trans-
fer Across a Hydrogen Bond: Phenol Oxidation. Our
journey now takes a turn to reactions in which an intramolecular
proton transfer is coupled to electron transfer to the reaction
partner. Because the proton and electron transfer to separate
reagents, these reactions are MS-CPET and cannot be described as
HAT.

Oxidations of phenols with an intramolecular, hydrogen-
bonded base (Figure 4A) have been studied by many

%7 in part to understand the behavior of the redox
active tyrosine-histidine pair in photosystem II. We have used
phenol-pyridines,”® -imidazoles,”” and -amines’ to investigate
the effects of oxidant strength, base strength, proton transfer
distance and structure on reaction rates and intrinsic barriers.
In this Account, we discuss only the effects of modulating the
driving force for oxidation of phenol-pyridines with a
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Figure 4. (A) MS-CPET oxidation of phenol-base compounds. (B)
Phenol-pyridines HOArCH,pyX. (C) Plot of log(k) vs log(K.,) for
the reaction of different HOArCH,pyX with various [N(C6H4YE5
Parts (B) and (C) reproduced with permission from ref 28. Copynght
2012 American Chemical Society.

methylene spacer, HOArCH,pyX (Figure 4B). Changing the
substituent on the base (X = 4-NMe,, 4-CH;, H, and 5-CF;)
varied the PT portion of the MS-CPET energetics, and using
differently substituted triarylaminium oxidants [N(C¢H,Y),]**
varied the ET portion. The E,/, for MS-CPET oxidation of
HOArCH,pyX varied with the pyridine substituent roughly as
much as expected from just the change in the pyX basicity.”®
Thus, the phenol portion of HOArCH,pyX is not significantly
affected by the pyridine substituent, due to the methylene
spacer keeping the two fragments electronically separated.
The MS-CPET rate constants for oxidation of
HOArCH,pyX varied simply with the overall driving force,
AG°ys cppry determined from the E,,, values of the oxidant

and the phenol (Figure 4C). The Bronsted slope for this
homologous series was found to be a = 0.54(5). This is typical
of our studies of phenol-base oxidations, which usually have
linear Bronsted plots with @ values that are close to the 0.5
predicted by Marcus theory for reactions with IAG°l < 4 (eq 4
above).”*7*° The one exception was a study with photoexcited
oxidants, in which AG®ys cppr approached —4 (eq 4).*'

In the HOArCH,pyX system, it is notable that log(k) varies
by roughly the same magnitude with AG°y cpgr whether the
driving force is changed through the proton transfer
component (pyX, a = 0.57(6)) or the electron transfer
[N(CeH,Y);*, a = 0.48(5)] portions of the process (Figure
4C). The implications of the similarity of these slopes are
discussed in the next stop of our journey.

Stop #4: Three-Component MS-CPET Reactions. Our
PCET journey in this direction ends with a termolecular reaction,
the oxidation of TEMPOH to TEMPO by synchronous transfer of
an electron to an external oxidant and a proton to an external
base. The transfer of e- and H' intermolecularly to different
reagents is the logical extension of the bimolecular reactions in
Stops 2—4, with separated e~ and H".

Oxidation of the hydroxylamine TEMPOH to its neutral
radical TEMPO by pyridine bases and ferrocenium oxidants
(Figure SA) typically occurs within seconds at room
temperature.”” The formally termolecular reaction occurs via
a rapidly formed TEMPO-H--py hydrogen-bonded adduct,
which was quantified by IR spectroscopy. The rate-
determining step is then PT across the hydrogen bond to
the pyridine concerted with ET to the ferrocenium (Fc"). Rate
constants were determined by optical monitoring of the decay
of the Fc*. The H" and e~ that originate from the same O—H
bond in TEMPOH are transferred to two separate molecules.
As discussed in Stop 2, the properties of TEMPOH direct the
reaction to an MS-CPET mechanism."”

The free energies of the H" and e~ transfer components of
AG°ys.cpgr were independently tuned using substituted
pyridines and ferroceniums.*” Each pyridine/ferrocenium pair
has an effective BDFE, following the thermochemical frame-
work described above (Scheme 2). This BDFE, then gives the
driving force for the overall reaction for each oxidant/base
combination (AG°ys.cper) Keg): The In(kys cper) values
varied linearly with In(K, ), vnth an a of 0.46(2) (Figure
SB). This analysis showed that the rate constant varied with
AG°ys cppr in essentially the same way regardless of whether
the driving force was changed through the H* or ¢~ transfer
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Figure S. (A) MS-CPET from TEMPOH to pyridine bases and ferrocenium (Fc*) oxidants. (B) Plot of In(kys cprr) vs In(K,,). Part (B)
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2396

DOI: 10.1021/acs.accounts.8b00319
Acc. Chem. Res. 2018, 51, 2391-2399


http://dx.doi.org/10.1021/acs.accounts.8b00319

Accounts of Chemical Research

(A)
_ oxidative O 0. °
MS CPET '
E, (V vs. FeCp,")
0.4 0.2 0.0 0.2 0.4 0.6
(B) . : | : | y L : L : L : L .
4o
N@Br)
6 @ log(ky) NAry™* P
© log(ky) Fc*
5 + log(kp)
=
g
3 —
2 —
1 -

10

20

Alog(Kys.cpet)

Figure 6. (A) MS-CPET oxidation of the fluorenyl-benzoate 17. (B) Plot of log(kys.cprr) vs log(

K.,g). Part (A) reproduced and part (B) adapted

with permission from ref 35. Copyright The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
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energetics. A similar result was recently described for a metal
hydride system.”

The equal effects of the ¢~ and H' energetics on the rate
constant, with a slope of roughly 0.5, implies that the rate-
determining step involves the concerted transfer of the two
particles, and that this transfer is synchronous. The position of
the transition state along the reaction coordinate must be such
that the reorganizations to facilitate the proton and electron
transfers are comparable. Following the more general
discussion of Grunwald,”* we feel that this similar effect of
free energy changes on the MS-CPET rate constant is a good
experimental definition of a synchronous process.

Thus, the TEMPOH/TEMPO termolecular system, which
has the most separated character of the systems described in
this Account, shows the same kinetic and thermodynamic
behavior as observed along the continuum from HAT to
separated CPET reactions. The predictive framework
developed for HAT-like reactivity can be applied to these
very different-looking MS-CPET reactions.

Stop #5: MS-CPET Involving C—H bonds: Circum-
venting the Requirement for a Hydrogen Bond. We have
recently reported the first examples of MS-CPET for the activation
and formation of C—H bonds, a previously undescribed reaction
class.”® At the outset of this Account, we showed examples of
PCET at C—H bonds that generally fell into definitions for HAT.
However, all of the examples of MS-CPET given above, and all
prior reports of MS-CPET reactions, require the initial formation
of a hydrogen bond. Our recent report demonstrates that the
appropriate positioning of a proton donor/acceptor moiety can
serve to prealign the proton transfer coordinate in the absence of a
strong hydrogen bond, thereby facilitating both oxidative cleavage
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and reductive formation of C—H bonds via MS-CPET.”> We
believe that our development of the first MS-CPET reactions of
C—H bonds will prove to be a path into an unexplored region of
the PCET landscape.

The C—H bond in the fluorenyl-benzoate (17) is rapidly
cleaved upon addition of outersphere oxidants, with formation
of the related lactone, as shown in Figure 6A.>° Mechanistic
studies indicated that the rate-determining step is MS-CPET to
form a reactive carbon-centered radical, by PT to the
carboxylate base concerted with ET to the oxidant. The
fluorenyl radical then rapidly undergoes oxidative deprotona-
tion and cyclization to form the lactone. Kinetic studies
showed clean second-order behavior for a range of oxidants,
from the very strong [N(C¢H,Br);]** to the very weak
Fe[C(CH;);],". The rate constants show the linear depend-
ence on driving force that is now familiar to the reader (Figure
6B). However, the Bronsted slope of this dependence is very
small, @ = 0.21, much lower than the @ ~ 0.5 in other systems
discussed here. Thus, while the reactions studied had
equilibrium constants ranging over ~10%°, the rate constants
vary by little more than 10* The origin of this unusual shallow
dependence is currently under investigation.

To our knowledge, all prior examples of MS-CPET (from
our group and others) involve the initial formation of a
classical hydrogen bond."* The oxidation of 1~ by MS-CPET is
an exception to this rule. We believe that 1~ can be oxidized by
MS-CPET due to the carboxylate base being sterically
positioned to be close to the transferring proton. Similarly,
our related reductive MS-CPET reactions that form C—H
bonds™ involve acids that are positioned close to the carbon
that accepts the proton. In all of these cases, we propose that
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the role of the structural positioning is to align the proton
transfer coordinate. In MS-CPET reactions of O—H or N—H
bonds, this alignment is accomplished automatically by the
hydrogen bond. We also previously suggested that a hydrogen
bond in general accelerates CPET processes, by facilitating the
proton transfer portion. One example is the faster HAT
reactions of oxyl radicals with O—H vs C—H bonds at similar
driving force (very roughly 10* faster).” This double effect of
the hydrogen bond, alignment and facilitating PT, appears to
be common across the HAT to MS-CPET landscape. While
the proposed positioning requirement for C—H bond MS-
CPET could limit its scope in synthetic systems, biological
active sites often have precisely positioned acid/base cofactors.
It is therefore likely that enzymatic systems utilize MS-CPET
mechanisms to make and break C—H bonds, and we have
suggested a specific example, the hydrogenation of a porphyrin
C=C bond in the biosynthesis of chlorophyll.>”

B CONCLUSIONS

In this Account, we have taken the reader on a journey
from “canonical” hydrogen atom transfer (HAT) reactions to
processes in which the proton and electron transfer to or from
different parts of a molecule, or even to/from different
molecules (multiple site-concerted proton—electron transfer,
MS-CPET). Our stops on this journey are exemplars along a
continuum of reactivity for PCET, and they indicate that these
reactions have a great deal in common. Attempts to designate
subclasses of concerted le”/1H" transfer reactions are often
problematic, and they can obscure the essential chemistry
rather than illuminate it. MS-CPET reactions may “look” very
different from HAT but many of the same thermodynamic and
kinetic parameters hold across the whole range of these le”/
1H" reactions.

Emphasizing the similarities of HAT, MS-CPET and other
concerted le”/1H" transfers will facilitate the development of
a unifying, predictive framework. For instance, the work
developed here shows that H—X bond dissociation free
energies (BDFEs) and effective BDFEs for reductant/acid
pairs can be utilized in a similar fashion. Most of these
reactions follow the rate/driving force relationships derived
from a simple Marcus theory treatment, allowing quantitative
predictions to be made, especially within a group of similar
reactions.

PCET reactions span disciplines from synthetic chemistry to
biology to materials chemistry. We hope that identifying the
HAT to MS-CPET reactivity spectrum will open new vistas of
fundamental, impactful PCET research on important pro-
cesses. One example is our very recent discovery of MS-CPET
reactivity of C—H bonds (Stop 5), which challenges the
generalizations that MS-CPET occurs only at a strong
hydrogen-bonded interface, and that inert C—H bonds can
only undergo HAT. Fundamental advances in PCET have
applications from organic synthesis'* to enzymology'® to
electrocatalysis.”® Our wanderings in the diverse PCET
landscape have even led us and others to apply PCET
concepts to interfacial reactions at nanoscale materials.”” We
hope that readers who have now made this journey with us will
be similarly inspired to explore new PCET territory.
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