1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Chem Rev. 2007 November ; 107(11): 5004-5064. doi:10.1021/cr0500030.

Proton-Coupled Electron Transfer

David R. Weinberg™<, Christopher J. Gagliardi', Jonathan F. HullT, Christine Fecenko
Murphy#, Caleb A. Kent', Brittany Westlake®, Amit Paul, Daniel H. Ess~, Dewey Granville
McCafferty¥, and Thomas J. Meyer'

TDepartment of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
27599-3290

*Department of Chemistry, B219 Levine Science Research Center, Box 90354, Duke University,
Durham, North Carolina 27708-0354

“Department of Physical and Environmental Sciences, Colorado Mesa University, 1100 North
Avenue, Grand Junction, CO 81501-3122

‘The American Chemical Society, 1155 Sixteenth Street, NW, Washington, DC 20036
“Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah 84602

Coverage

An initial review (PCET1) on proton-coupled electron transfer (PCET) by Huynh and Meyer
appeared in Chemical Reviews in 2007.1 This is a perennial review, a follow up on the
original. It was intended for the special Chemical Reviews edition on Proton Coupled
Electron Transfer that appeared in December, 2010 (Volume 110, Issue 12 Pages 6937—
710). The reader is referred to it with articles on electrochemical approaches to studying
PCET by Costentin and coworkers,? theory of electron proton transfer reactions by
Hammes-Schiffer and coworkers, proton-coupled electron flow in proteins and enzymes by
Gray and coworkers,* and the thermochemistry of proton-coupled electron transfer by
Mayer and coworkers.®

Coverage for the current review is intended to be broad, covering all aspects of the topic
comprehensively with literature coverage overlapping with the later references in PCET1
until late 2010. There is a growing understanding of the importance of PCET in chemistry
and biology and its implications for catalysis and energy conversion. This has led to a series
of informative reviews that have appeared since 2007. They include: “The possible role of
Proton-coupled electron Transfer (PCET) in Water oxidation by Photosystem I1”” by Meyer
and coworkers in 2007, 8 “Theoretical studies of proton-coupled electron transfer: Models
and concepts relevant to bioenergetics” by Hammes-Schiffer and coworkers in 2008,’
“Electrochemical Approach to the Mechanistic Study of Proton-Coupled Electron Transfer”
by Costentin in 2008,2 “Proton-Coupled Electron Transfer in Biology: Results from
Synergistic Studies in Natural and Model Systems” by Nocera and Reece in 2009,° and
“Integrating Proton-Coupled Electron Transfer and Excited States” by Meyer and coworkers
in 2010.10

1. Introduction

In 1981 the term proton coupled electron transfer (PCET) was introduced to describe an
elementary step, like electron transfer or proton transfer, but in which electrons and protons
transfer together. It was coined to describe the concerted e™/H* transfer process that occurs
in the comproportionation reaction between Ru'V(bpy),(py)(0)?* (Ru'V=02*) and
Ru'l(bpy),(py)(OH2)2*(Ru!'-OH, 2*) in eq 1. In this reaction an electron and proton are
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transferred simultaneously from Ru''-OH,2* to Ru'V=02"* to give 2 Ru''-OH2*,
Comproportionation is favored by 0.11 eV and occurs with transfer of a single proton with a
k(H,0)/k(D,0) Kinetic Isotope Effect (KIE) of 16.11

l's

" 2[Ru"bpy), (py)OHY* o)

Sy p
[Ru (bpy)a(py)(O) 1+ [Ru (bpy)a(py)(OH2 T+ =
3x10°M~1s~
The term PCET has come to be used more broadly to describe reactions and half reactions in
which both electrons and protons are transferred without regard to mechanism. Water
splitting into Hy and O, is a pH independent reaction having separate PCET half reactions,
one for water oxidation, eq 2a, and one for proton/water reduction, eq 2b, both of which are

pH dependent.

2H,0 - 0,+2H, (2a)
O>+4H*'+4e” — 2H,0 (2b)
2H"+2e¢” — H, (2¢)

Multi-electron, multi-proton PCET half reactions are ubiquitous in energy conversion and
storage reactions in chemistry and biology. In biology, key half reactions for energy storage
and production exploit PCET and the high-energy content in the C-H bonds of
hydrocarbons, sugars, or other oxygenates by indirect reactions with oxygen at physically
separated half reactions. Quintessential examples include carbohydrate formation by light
driven reduction of CO, by water in photosynthesis, eq 3, and the reverse, oxidation of
glucose by oxygen which releases energy in respiration. In photosynthesis, CO5 reduction,
coupled with water oxidation, occurs in a reaction that stores 29.1 eV, 1.22 eV/redox
equivalent. The stored energy is released in respiration, eq 4, with the indirect oxidation of
glucose by oxygen used to drive oxidative phosphorylation in mitrochondria which
combines inorganic phosphate, P;j, and ADP to give ATP, eq 5. ATP and the energy released
by phosphate hydrolysis to give ADP provide a key “chemical battery” used to power cells
for biosynthesis, motion, and signaling.

Photosynthesis is a spectacular example of PCET in action with the transfer of 24 e~ and 24
H* driven by at least 48 photons. It is also impressive in energy storage, with ~1011 tons of
carbon stored annually, ~1018 kjoules of energy.

6CO,+6H,0+24hy — CcH1206+60,: AG°=29.1eV 3)
CgH1206+60,+38ADP+38P; — 6CO,+6H,O+38 ATP: AG°=12eV (4)
ADP+P; — ATP: AG°=+0.31eV (5)

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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In the half reactions of photosynthesis and respiration there are significant changes in
electron content (and oxidation state) between reactants and products. These changes trigger
changes in proton affinities with charge compensation provided by proton gain or loss and
covalent bond formation.

In contrast to direct oxidation with oxygen, as it occurs in combustion (e.g., CH4 + 2 Oy —
CO, + 2 H,0), as noted above, energy conversion in biology, or in a fuel cell, occurs at
physically separated PCET half reactions. The half reactions are multi-electron/multi-proton
PCET in character that impose critical demands on mechanism and how electrons and
protons are transferred. PCET is at the heart of successful energy conversion strategies in
chemistry and biology. PCET and concerted electron-proton transfer (EPT) influence
energetics and mechanism. PCET allows for the buildup of multiple redox equivalents at
single sites or clusters. EPT provides reaction pathways in which electrons and protons are
transferred simultaneously avoiding high-energy intermediates.

In PCET half reactions, variations in pH influence driving force. For example, for the half
reactions of methane oxidation by oxygen, E° for the Oo/H,0O couple in eq 2b decreases by
0.59 mV/pH unit at 25 °C and 1 atm from 1.23 V at ay+ = 110 0.82 V at pH = 7. Similarly,
for the methane to CO, half reaction in eq 6, E° decreases from 0.17 V under standard
conditions to —-0.24 V at pH = 7.

CO,+8H*+8¢~ — CH4+2H,0 ®)

1.1. Transferring Electrons and Protons Together. Concerted Electron-Proton Transfer

(EPT)

A three step mechanism for comproportionation in eq 1 is shown in Scheme 1. It consists of:
1) hydrogen-bond pre-association of the reactants; 2) concerted electron-proton transfer
(EPT); 3) separation of the products. Pre-association with H-bonding is required because of
the short-range nature of proton transfer, Section 1.3.2. In the key EPT step, concerted e /H*
transfer occurs with electron transfer from a metal based dr orbital (tog in Op symmetry) at
Ru''-OH,2* to a dr acceptor orbital at Ru'V=02*. Proton transfer occurs from a o(O-H)
orbital at Ru(I1) to an O-based lone pair orbital at Ru'V= 02+ 11ab

The use of different orbitals for transferring the e/H* pair distinguishes EPT from H-atom
transfer (HAT). In HAT, e /H™ transfer occurs to or from the same orbital in one of the

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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reactants. An example of HAT, in the oxidation of benzaldeyde by Ru'V(bpy)2(py)(0)?*, is
shown in Scheme 2. Concerted e™/H™ transfer also occurs from benzaldehyde, but both the
transferring electron and proton come from the o(C-H) bond of the aldehyde. In this
reaction, the orbital pathway at Ru'V=02* remains the same with electron transfer occuring
to the dr electron acceptor orbital and H* to a p(O) proton acceptor orbital at Ru'V=02*,
This an example of a mixed orbital pathway.

1.1.1. Defining Concerted Electron-Proton Transfer (EPT)—As proposed in
PCETL, in a EPT elementary step: Electrons and protons transfer from different orbitals on
the donor to different orbitals on the acceptor. Both HAT and EPT are elementary steps by
which PCET reactions can occur. In H-atom transfer (HAT), both the transferring electron
and proton come from the same bond in one of the reactants. In EPT, the e"/H* donor
orbitals and e™/H* acceptor orbitals interact electronically, enabling simultaneous transfer.
Simultaneous means rapid relative to the periods for coupled vibrations (10’s of
femtoseconds) and solvent modes (~1 picosecond). In EPT there is no discrete ET or PT
intermediate equilibrated with its surroundings. If there were, the underlying
thermodynamics would be those of the intermediate and not those of the final EPT products.

Unfortunately, the nomenclature used to describe concerted electron-proton transfer has not
been standardized with different terms used to describe the same elementary step. Alternate
terms from the literature include Concerted Proton-Electron Transfer (CPET), 8 electron
transfer proton transfer (ETPT)12 and Concerted Electron-Proton Transfer (CEP).13 The use
of EPT follows straightforwardly from ET to describe electron transfer and PT to describe
proton transfer as fundamental elementary reactions. It is descriptive, consistent with
existing terminology, and, as described below, provides a systematic nomenclature for a
family of reactions which differ considerably in microscopic detail but in all of which
concerted electron-proton transfer is the defining redox event.

As discussed in PCET1 and in Section 2 in this review, the distinction between EPT and
HAT can be subtle and even equivocal especially in cases involving strong electronic
coupling between reactants and products. Nonetheless, in many cases it is important to make
the distinction since the difference between the two can be mechanistically profound.

This is illustrated by the comparison in Scheme 3 between EPT and HAT pathways for the
redox step in eq 1. EPT leads to the final, energetically stable Ru'"'-OHZ2* products and is
thermodynamically favored with AG°®” = -0.11 eV.1f For the HAT pathway, e /H* transfer
occurs from a o(O-H) orbital at Ru''-OH,2* to electron(dmg,)/proton (pg) acceptor orbitals
at Ru'V=02* giving Ru!"'-OH?2* and the high energy (~2.1 eV) charge transfer intermediate,
Rull-O°-H2*, The latter is accessible by UV excitation of Ru'!'-OH2*, Ru!!l-O-

H2+ g RulI_O'_H2+, With A«max a.t -~ 320 nm.

1.1.2. Multiple Site Electron-Proton Transfer—There are multiple redox pathways in
which the characteristic feature is concerted electron-proton transfer. A systematic
nomenclature is needed to describe them. In the EPT step in Scheme 1, concerted e /H*
transfer occurs from a single donor to a single acceptor. There is another class of EPT
reactions, Multiple Site Electron-Proton Transfer (MS-EPT), in which concerted electron-
proton transfer also occurs, but to different acceptors or electron-proton transfer occurs from
different donors to a common acceptor.

An example occurs in ET-PT oxidation of tyrosine (TyrOH) by Os!'/(bpy)33* (E°’(0s3+/*) =
0.80 V, eq 7). This reaction is relatively slow because the initial ET step gives the high
energy tyrosine radical cation (E°'(TyrOH"*/TyrOH) = 1.46 V) which is also a strong acid,
pKo(TyrOH**) = =214 and under some conditions subsequently dimerizes.

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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0s"!(bpy);>* +TyrOH — Os'(bpy), ¥ +TyrOH**:  AG® =+0.66 eV (ET) (7a)

TyrOH** - TyrO*+H*:AG” =—0.53eV (pH=7): (PT) (7b)

O

o

NH.*
HO °

Tyrosine

With added proton acceptor bases OAc™, histidine, HPO42~ and Tris, the oxidation of
tyrosine is greatly accelerated. Kinetic studies show that this is a buffer base effect and not a
pH effect.1® As illustrated by the mechanism in Scheme 4 with HPO42~ as the base, initial
adduct formation occurs with H-bond association. Pre-association between the adduct and
0s''(bpy)33* is then followed by concerted electron-proton transfer. In this EPT step,
electron transfer occurs to Os'!!(bpy)33* and proton transfer to the base and the two are
spatially separated. The first experimental examples of this kind came from studies on the
reduction of the triplet excited state of Cgg, 3Cgp, by phenols by Linschitz and coworkers.16

In MS-EPT: (1) An electron-proton donor transfers electrons and protons to spatially
separated acceptors or (2) an electron-proton acceptor accepts electrons and protons from
spatially separated donors. The number of electrons and protons that are transferred further
characterizes MS-EPT pathways. For example, in the concerted step in Scheme 4 single
electron-single proton transfer occurs, Ze/1H* MS-EPT.

MS-EPT is microscopically more complex than electron or proton transfer. It shares with
electron transfer requirements for medium and intramolecular reorganization, Section 1.3.1,
but with the additional complexity of a coupled proton transfer. At a common driving force,
electron transfer is expected to dominate because of its lower barrier.

MS-EPT pathways intervene because of favorable energetics. This can be seen for tyrosine
oxidation by electron transfer in eq 7. For initial electron transfer, AG®” = +0.66 eV. For
MS-EPT oxidation in Scheme 4, AG°” = —{(E°(Os(bpy)3 3*/*) - E°(TyrOH**/TyrOH)} +
0.059 {(pKH(TyrOH"") - pKy(HPO4 27)}= +0.12 eV.

MS-EPT and the role of energetics appear in Photosystem |1 in dramatic fashion, Section
8.4. In PSII, light absorption by an antenna apparatus sensitizes the singlet excited state of
chlorophyll Pggg (Chlp; in Figure 1), 1Pggo*. 1Pggo* undergoes oxidative quenching with
electron transfer to pheophytin and then to quinone Qa, Figure 1. Oxidation gives the
powerful oxidant Pggot with E°(Pggo*/®) ~ 1.26 V and it drives water oxidation at the CaMn,
cluster of the Oxygen Evolving Complex (OEC). Oxidative activation of the OEC occurs
through intervening Yz as an electron transfer relay. Y consists of a tyrosine and an
associated histidine base, His(190). Removal of His(190) by mutagenesis shuts down

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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photosynthesis! L oss of a single base s sufficient to disrupt an enormously complex
apparatus with multiple linked functional elements and hundreds of thousands of atoms.

The utilization of a MS-EPT pathway has been invoked to explain the histidine base effect.
As shown in Figure 1, in the sequence of reactions following formation of 1Pggg*, without
histidine electron transfer is highly unfavorable. Oxidation of tyrosine is too slow to
compete with back electron transfer from Q"™ to Pggg **.1:6:17 With His(190) in place and
MS-EPT available, the energetics are more favorable by ~0.4 eV.

MS-EPT pathways play a major role in biological PCET (Section 8). Structural motifs have
evolved which exploit the relatively long-range nature of electron transfer coupled with
intricate local proton transfer channels engineered for site-to-site hopping, sometimes over
long distances (Section 8). This type of proton-hopping mechanism has been studied by
Voth and coworkers where the role of proton transfer through two proton-uptake pathways
in Cytochrome ¢ Oxidase was explored. Their calculations were based on available XRD
data and the results of mutagenesis studies which revealed the role of the underlying
molecular architecture.1?

An example, also from Photosystem I1, is the proposed 1e7/2H* MS-EPT reaction in the
initial oxidative activation step of the OEC, the So — S; transition in the Kok cycle, Section
8.4. In this step, long range, ~6A, electron transfer occurs from the Mn(4) site in the Mn,Ca
cluster to Yz °. As illustrated in eq 8, it has been proposed that two coupled EPT events
occur in this step: i) EPT oxidation of Mn(4) OH, (or Mn'"'(4)-OH) with long range electron
transfer to TyrO® which occurs in concert with proton transfer to neighboring base Asp61. ii)
EPT at TyrO® ---*H-His190 with electron transfer from Mn(4)-OH, (or Mn!'(4)-OH) in
concert with proton transfer from *H-His(190) to TyrO®. We note that other mechanistic
proposals for this reaction exist, and they are discussed in Section 6.

° + . 1 _ (le”,2H* MS-EPT)
TyrO®*———"H-His(190), Mn" (4)- O —H-—-"0O0OCAsp(61) (OEC(Sp)) —M
\

H
TyrO—H———His(190), Mn(4)- O ———H-OOCAsp(61)
\

H
) _ (le" 2 HY Ms—@r)
TyrO®————— +H-His(190), Mn(4)— O —H————— OOCAsp(61) (OEC(Sp)) ——————
\
H
TyrO-H————— His(190), Mn(4)— O ————— H-OOCAsp(61)
\
H

The proton transferred from TyrOH to His190 with oxidation of Yz by Pggg * in Figure 1 is
transferred back in eq 8, possibly by the “proton-rocking” mechanism proposed by Renger
and co-workers.20 MSEPT is required for tyrosyl radical water oxidation, E°” = 0.88 V,
Section 8.4.3. For the TyrO*/TyrO~ couple, E°” = 0.73V, with E°” = 0.88 V required for
water oxidation. For the EPT couple, TyrO® ---*H-His190/TyrO-H---His, E°" ~ 1.0-1.2 VV vs
NHE (See section 8.4.3).2

Asp61 is the entryway to a long-range (~30 A) proton exit channel to the lumen with proton
release occurring on the lumen surface in as little as 12 psec. One proposed proton exit
channel consists of a cluster of titratable residues beginning with D1Asp61 and terminating
at the lumen surface in a series of PshO residues, Section 8.4.3.22

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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1.2. PCET. Mechanism

. ET, PT, EPT, MS-EPT, HAT, and Hydride transfer (with simultaneous transfer of 2e~/
1H™*) are all elementary steps available for carrying out PCET reactions. In general, PCET
reactions occur by more than one multi-step mechanism with a competition between
mechanisms and their relative importance dictated by reaction conditions-temperature, pH,
etc.

Three mechanisms are illustrated in Scheme 5 for the comproportionation reaction in
Scheme 1, ETPT, PT-ET, and EPT. As noted above, the extent to which each of the three
contribute depends on the conditions. At pH = 7, EPT dominates comproportionation
because it avoids high-energy intermediates. For initial electron transfer and the stepwise
ET-PT mechanism, AG°®” > 0.55 eV for the initial step: Ru'V=02* + Ru!l-OH,2* — Ru!l-
O* + Ru''-OH,3*. For initial proton transfer and PT-ET, AG°®” > 0.59 eV for the initial step:
Ru'V=02* + Ru-OH,2* — Ru'V(OH)3* + Ru!'-OH*. The minimum values of AG®’ cited
for PT or ET in Scheme 5, are also minimum free energies of activation for the initial ET or
PT steps. These values are larger than the experimental free energy of activation, AG* =
0.44 eV, ruling them out as major contributors.

Other mechanisms are available for this reaction. For example, in acidic solutions near the
pK, for Ru'vV(OH)3*, prior protonation of Ru'V=02* followed by electron transfer is a viable
mechanism (eq 9).

RuV=0>+H*=Ru"" (OH)** (9a)
Ru"Y (OH)** +Ru"-0OH,** - Ru"—0OH**+Ru""-OH,>** (9b)
Ru'-OH,**=Ru'-OH** +H* (9c)

MS-EPT: For a MS-EPT pathway in a protein, the acceptor base is dictated by local
structure and proximity to the transferring proton. In solution, MS-EPT is indiscriminate
with regard to base. For Os(bpy)33* oxidation of tyrosine in Scheme 4, OAc™, histidine,
HPO,42~, Tris and others have all been shown to act as proton acceptor bases. Their ability to
contribute depends on the initial H-bond interaction and their strength as an acceptor base as
measured by —RTpKj, Section 1.3.2.

The indiscriminate nature of MS-EPT in solution with regard to oxidant and base can lead to
significant mechanistic complexity and ambiguity as to the oxidant/base combination or
combinations that dominate reactivity. An annotated listing of MS-EPT mechanisms for
oxidation of tyrosine by M(bpy)33* with added base, B, is included in the mechanistic
summary in Scheme 6. The redox step is shown as rate limiting in all cases.

Appearance of pH dependent rate laws are generally assumed to arise from prior proton loss,
mechanism vi) in Scheme 7. However, MS-EPT with OH™ as the EPT base in mechanism
vii) is kinetically equivalent and may play a role. It appears in the M(bpy)33* oxidation of
tryptophan (TrpN-H) with pK; > 16 for the indolic N-H proton and a pathway first order in
OH™. PT-ET can be ruled out in this case since initial PT followed by oxidation of TrpN~
would have to exceed the diffusion-controlled limit for the ET step.23

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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O
\ NH3+

N
H Tryptophan

Kinetics: Kinetic complexiy follows from mechanistic diversity. In the oxidation of TyrOH
by M(bpy)33*, kinetic studies under a variety of conditions have revealed pH regions where
ET-PT (i) in Scheme 6) and PT-ET (i)) dominate. Significant rate accelerations are observed
with added proton acceptor bases acetate, histidine, HPO42~, and Tris. Over a wide range of
solution conditions in added bases and buffer ratios, the observed rate law for oxidation of
tyrosine is shown in eq 10 with M(I11) = M(bpy)s3* and B a general proton accepting base.
Eq 10 is consistent with the mechanism in Scheme 7 The rate and equilibrium constants are
defined in the Scheme.

(KA bt FHB Ry ) M a0

_dimauin] [ K, [BI[TyrOH],
de 1+K, [ B]

In the rate expression in eq 10, the initial term inverse in [B] is observed experimentally in
the appearance of saturation kinetics at high concentrations of B. The first term, keptKa,
arising from MS-EPT, Scheme 7, dominates at high buffer ratios, [fHB]/[B]. The second
term, arising from PT-ET, dominates at low buffer ratios.

1.2.1. Solvent as EPT Proton Donor or Acceptor—In a protic solvent, particularly in
water, proton transfer to or from individual water molecules or water clusters provides a
basis for solvent involvement in MS-EPT, note mechanism ii) in Scheme 6. The state of the
proton in water is complex with two different water cluster structures proposed. One is the
Zundel cation H50,* (Ho0---H*---OH5)24 and the other the Eigen cation HgO4*
(H30%3H,0)25 which undergo rapid dynamical interchange.28 There is also experimental
evidence for proton transfer through individual solvent molecules acting as bridges.2”

Use of the solvent for MS-EPT is limited by its acid-base properties. Individual water
molecules or water clusters are neither good proton donors nor good acceptors. At 25°,
pKa(H,0) = 15.7 for the equilibrium H,O = H* + OH™ and pK;, = —1.74 for H30" and the
equilibrium H30% = H,0 + H*.28 Given the weak acidity and basicity of H,O in water, ET
followed by PT is favored over MS-EPT-solvent pathways, except for the strongest acids
and bases.

Thermodynamics for ET-PT and MS-EPT-solvent pathways for oxidation of tyrosine by
Os(bpy)33* are compared in Scheme 8. In this scheme, AAGgpy is the difference in free
energy of formation between the association complex for the EPT reactants (Os(bpy)33* +
TyrOH---OH, = Os(bpy)33*, TyrOH---OH,) and products (Os(bpy)32* + TyrO® ---*H-OH
= Os(bpy)32*, TyrO® ---*H-OH,) at the configuration appropriate for EPT to occur. AG, =

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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AGgpr is the free energy change for the MS-EPT step and AG; is the free energy for
transposition. The latter is the free energy change for equilibration of the local pH with the
bulk following proton transfer in the MS-EPT event.

Driving forces for ET-PT and MS-EPT in Scheme 8 are comparable and they are kinetically
indistinguishable. Which, if either, dominates can sometimes be inferred from kinetic
isotope effects or by rate constant and activation parameter comparisons. As noted above,
ET-PT is expected to dominate for comparable AG values because of increased demands on
the reaction barrier from proton transfer in MS-EPT.

1.2.2. Free Energy Dependence and pH—The role of pH in EPT dynamics has been a
source of confusion in the PCET literature. Thermodynamic quantities-£°, AG and K-for
PCET couples are pH dependent as predicted by the Nernst equation, Section 1.4.1.
However, these quantities reflect thermodynamic differences between initial and final states
and are independent of how the interconversion between states occurs.

Barriers and rate constants for concerted electron-proton transfer are also free energy
dependent, Section 1.3.2. However, the free energy dependence for the elementary step
arises from the microscopic demands for this step and not from steps preceding or following
EPT. In an EPT reaction both electrons and protons are transferred simultaneously. Except
for generalized medium effects, there is no microscopic basis for the barrier to be influenced
by variations in external pH. The same is true for electron transfer. When pH-dependent rate
terms do appear for PCET reactions, there may be a variety of origins, most typically from
protonation or deprotonation equilibria prior to or following electron transfer in PT-ET
mechanisms.

1.2.3. Related Pathways

. Utilization of EPT, especially MS-EPT, is ubiquitous in biology to avoid high-energy
intermediates and for long-range electron transfer in membranes. Related redox pathways,
important in catalysis, have also been identified involving coupled proton transfer but in
concert with atom or hydride transfer.

Atom-Proton Transfer (APT): A family of single-site Ru metal complex catalysts for water
oxidation has been identified, an example being [Ru(Mebimpy)(bpy)(OH2)]2* (1) (Mebimpy
= 2,6-bis(1-methylbenzimidazol-2-yl)pyridine; bpy = 2,2”-bipyridine), Section 4.1.1. In
these complexes water oxidation occurs following oxidation from Ru'-OH, 2* to RuY=03*,
Subsequent O---O bond formation occurs by O-atom attack on H,O. In propylene carbonate-
water mixtures, the reaction is first order in complex and first order in H,0.2°

The O---O bond forming step is catalyzed by added bases-H,PO4~, OAc™, HPO42~. QM/
MM simulations have identified a pathway described as atom-proton transfer (APT) with O-
atom transfer occurring in concert with proton transfer to the added base B, eq 11. APT has
the advantage of avoiding the intermediate H,0, complex from the reaction, RuV=03* +
H,0 — Ru'"-O0H, 3+. %0

s _H
RuY=0%— o7

. Qr- 2+ |
%’—_,:L}ii:b \I{/-:‘B

B = Hy0, H;PO,, OAc, HPO,®

APT m -
——= Ru -00H"" + HB

[Ru(Mebimpy)(bpy)(OH,))*

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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(5]

Hydride-Proton Transfer (HPT): Reduction of the sulfulimido complex cis-[Os!V (tpy)(CI)
(NCCH3)(NSAN]* (Ar = 3,5-Me,CgH3SH) to cis-[0s!!!(tpy)(CI)(NCCHz)(NSAr)] occurs at
0.24 V vs. NHE (1:1 (V:V) HoO/MeCN-1.0 M in NH4PFg) followed by reversible, pH-
dependent, 2e~/2H* ligand-based reduction to the Os'!-imine, [0s!"!(tpy)(CI)(NH=HCCHs)
(NSAn)], eq 12. The ligand-based couple undergoes reversible redox chemistry with
alcohols and aldehydes or ketones, a reactivity shared with the enzyme Liver Alcohol
Dehydrogenase.3! As illustrated in eq 13 for reduction of formaldehyde to methanol,
quantum mechanical analysis has identified concerted Hydride-Proton Transfer (HPT) in the
key redox step.32

[0s™(tpy)(CI)(NCCH3)(NSAD)]+2e~+H* — [0s™(tpy)(CH(NH=HCCH3)(NSAD)] (12)

N Cl Me
(N—\Ols N=—Me 2H - (N——0|5—NA\H
( ! 2¢ ( /N H
N N ' N
/ /
S S
Ar (N A,
1 N = terpyridine 2
G

[Os(tpy)(CT)(NH=HCCH3)(NSAr)] = [Os(tpy)(CI)(N=HCCH3)(NS(H)Ar)] (13)

It is different from a Noyori concerted transfer hydrogenation mechanism,33 but is related to
multicomponent or bifunctional hydrogenation.34

1.3. Theory of EPT

: The EPT elementary steps for comproportionation in Scheme 1 and MS-EPT in Scheme 4
are compared in Scheme 8. They share common features that define reaction barriers and
rates.

Pre-association with H-bond formation: Because of the proton’s heavier mass, v(E-H)
wave functions fall off with distance much more rapidly than electronic wave functions, by
Ae/Ay ~ 40. The decrease in radial extension necessitates hydrogen bonding to minimize the
proton transfer distance (proton tunneling distance) in EPT.

Both hydrogen bonding and EPT require energetically accessible orbital binding sites at
both the proton donor and acceptor. The strength and symmetry of the donor-H---acceptor
H-bond play an important role. The proton tunneling distance increases as asymmetry
increases decreasing rate and increasing kinetic isotope effects. Nearly symmetric hydrogen
bonds between highly electronegative atoms (found in biological structures, for example)
minimize the proton transfer distance enhancing EPT rates.

Proton Transfer: Proton motion along the proton transfer coordinate is described by a linear
combination of the high frequency (2000-4000 cm™1) v(E-H) vibrational modes before and
after proton transfer occurs.37:3% Because of the high quantum spacings between these
vibrational levels, proton transfer occurs by quantum mechanical tunneling not classical
barrier crossing.
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Electron Transfer: As for electron transfer, see below, the electron transfer part of EPT is
induced by an electrostatic perturbation between electron donor and acceptor. The
perturbation causes the donor and acceptor electronic wave functions to mix. H-bonding can
also promote dr-dre electronic coupling along the H-bond as in Ru'V=0---H-O(H)Ru!' EPT
in Scheme 1. For MS-EPT, as in Os(bpy)33* oxidation of TyrOH---OP(O)OHZ2~ in Scheme
4, electron transfer and proton transfer are spatially isolated. There is a secondary impact of
the hydrogen bond on electronic coupling by its influence on the electron donor electronic
wave function at TyrOH.

In summarizing EPT theory, it is useful to first consider electron transfer. The two are
closely related. In the introduction below, it is assumed that electronic coupling between
electron donor and acceptor sites is relatively weak. In this limit, the resonance energy
arising from donor-acceptor wave function mixing, Hyp, see below, is small compared to the
reorganization energy (1), Hqp << A.. More general treatments incorporate the effect of
electronic delocalization.36

1.3.1 Electron Transfer

. In diffusional electron transfer, pre-association between reactants, D and A, eq 14, is
followed by electron transfer and separation of products, D* and A™. Pre-association and
close contact enhance electronic wave function mixing between the electron donor (D) and
acceptor (A) and also minimize the solvent-medium barrier.137 In eq 11, K is the
association constant for the reactants before electron transfer and K" the constant for the
products after electron transfer occurs. The free energy change for the ET step, AGgr, is
related to the overall free energy change as in eq 15. In this equation, AG°® = A{E°(D*0) - E
°(A70)} (25°C, STP).

D+A = D,AK, (14a)
D,A —» D", A"k, (14b)
D", A" =D*+A" K, (140)
AG,,=AG°-RTIn(K, /K, ) (15)

For intramolecular electron transfer, eq 16a, or electron transfer in a pre-formed structure
with electron transfer donor and acceptor spatially arrayed as in a protein, eq 16b, there is no
pre-association but changes in local orientation can influence g7 by their impact on
electronic coupling.

D-A - DT-A" kr (16a)

-D,A- —» -D", A"—k,, (16b)
In the classical limit, the rate constant for electron transfer, Az, is given by eq 17. Ineq 17,

A is the classical reorganization energy. It is the sum of solvent (A,-medium) and
intramolecular (A) reorganization energies with A = Ao + A;.
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The reorganization energies arise from the effect of changes in electron content on
intramolecular structure and from polarization changes in the medium. They can be resolved
into a collection of coupled intramolecular and medium modes, those for which there is a
change in equilibrium displacement, or frequency, between reactants and products.3”

In eq 17, vgr is the frequency factor for electron transfer. In the limit of weak electronic
coupling (10’s of cm™1-the Marcus nonadiabatic limif), vet is given by eq 18 with H,p the
electron transfer matrix element. H_ is the resonance energy arising from electronic wave
function mixing between the reactant and product electronic wave functions induced by the
perturbation between sites, Hz, = (‘YP{H[ ¥ ) with ¥ ,and ¥, the reactant and product
electronic wave functions. Hyy, is the perturbation operator.

With weak to moderate electronic coupling, the electron is always at equilibrium with the
coupled nuclear motions (Marcus adiabatic /imif). In this limit the barrier crossing frequency
is dictated by the rate at which the slowest mode or modes reaches the intersection region
between reactant and product energy-coordinate curves, eq 1-18a, ~1012 s71 for a coupled
solvent mode. In the intermediate regime, electron and nuclear motion are dynamically
coupled and vgr is given by eq 19b.

The Marcus nonadiabatic-adiabatic transition for electron transfer occurs with very weak
electronic coupling. The situation is different for EPT, see below.

k,p=v,, (4nRT 1)~ exp— % ar
2m 5

Ver =Ve:? ab (18)

Vpr=Va (192)

v;T] =v, ! +v;1 (19b)

The exponential term in eq 17 describes the classical barrier to electron transfer. It gives the
fractional population of pre-associated donor-acceptor pairs in which the coupled modes,
intramolecular and medium, are in configurations in which electron transfer can occur with
energy conservation. For a single classical mode this occurs at the intersection between the
reactant and product energy-coordinate curves. The pre-exponential term (4rRTA) Y2 is the
classical density of states. It defines the number of reaction channels available for barrier
crossing in the classical limit.

Quantum Modes: Contributions from coupled medium or high frequency modes can also be
included explicitly. With a single coupled quantum mode, and the remaining coupled
intramolecular and solvent modes treated classically, electron transfer can be treated as the
sum of vibronic transitions from initial quantum levels v to final quantum levels v’, Figure
3.

For a single coupled quantum mode with quantum spacing /v = Aw > KkgT, only level v =0
is appreciably populated and AcT is given by eq 20. This result assumes no change in
quantum spacing between reactants and products (hw” = hw). The rate constant is the sum
of individual vibronic transitions from initial level v = 0 in the reactants (D, A) to levels v’
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in the products (D*, A™). All other coupled intramolecular and medium modes are treated
classically and included in the classical barrier crossing term as in eq 17 with A = A4 + A,.

kr=7er > (o bevmo) (nRTD) ™ Pexp-

’

(20)

(AG,, +v Fiw+ )
4ART

1

The square of the vibrational overlap integral, { xv| ;(V:O)Z, gives the extent to which the
initial and final states are coincident along the normal coordinate (Q) for the coupled
quantum mode. It is the quantum analog of the intersection between energy curves in a
classical barrier crossing. Its origin is the probabilistic uncertainty in spatial coordinates for
interacting particles at the quantum level.

For a harmonic oscillator with no change in frequency between the initial and final states,
the vibrational overlap integral is given by eq 21a. S is the electron-vibrational coupling
constant or Huang-Rhys factor. It is related to the reduced mass, M, and angular frequency,
w, as shown in eq 21b. A Q. is the change in equilibrium normal coordinate for the
quantum mode between initial (reactant) and final (product) states.

’

(v b(v=0>2=eXP(—5)% (212)
s=3(5%) g (210)

The final expression for kg1 including a single coupled quantum mode is given in eq 22. In
this equation, A is the sum of solvent (medium) and reorganization energies for the
remaining coupled intramolecular modes treated classically. The result in eq 22 can be
generalized to multiple quantum modes and to include contributions from initial vibrational
levels above v = 0.

’

(AG,, +V Fiw+ )

S _
kErszTZexp(—S)WMnRT/l) Pexp— RT 22)

’

Al

1.3.2. Electron-Proton Transfer—For diffusional reactions, EPT also occurs by
preassociation. As noted above, H-bond pre-association between electron transfer donor (D-
H) and acceptor (A), eq 23, is essential to minimize the proton transfer distance. In eq 23,
the pre-association constants K and K~ include the H-bond interaction. The free energy
change for the EPT step, AGgpr, is related to the overall free energy change, AG®, as shown
in eq 24.

D-H+A = D-H-—-AK, (23a)

D-H-—-A — Dox———H-Aeqikgpr (230)
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Dox___H_Ared = Dox"'Ared:KA/ (23c)
AG,,,=AG°—RTIn(K,, /K ) @4)

In a pre-formed protein structure or molecular framework with EPT donor and acceptor at
fixed sites spatially, eq 25, pre-association is not a factor but local orientation and its effect
on hydrogen bonding play a role.

~D-H-——A— — —Doy——H-Aeg— (25)

In EPT, electrons and protons transfer in a single, concerted step. Because of the high
frequency E-H (O-H, N-H) modes involved in the proton transfer act the PT part of EPT
must be treated quantum mechanically with discrete vibrational levels characterized by
energy levels, frequencies, and equilibrium displacements. As discussed in Section 2, there
have been several contributors to EPT theory but the work of Hammes-Schiffer and her
group has been the most comprehensive. She has treated the problem in general but, of most
value in treating many chemical and biological EPT reactions, is the “adiabatic” (strong
electronic coupling) limit for proton transfer combined with the “non-adiabatic” (weak
electronic coupling) limit for electron transfer. For the results of more general treatments,
including strong electronic coupling, see Section 2.4.

In the Hammes-Schiffer treatment, strong electronic coupling across the D-H---A hydrogen
bond leads to extensive mixing of the initial diabatic v(D-H) and final v(A-H) vibrational
states and their energy-coordinate curves. A new ground state energy-coordinate surface
results with associated vibrational wave functions for the initial (x,,) and final vibrational
states () including the hydrogen bond interaction. This strong coupling limit for proton
motion is in contrast to the quantum mode treatment for electron transfer in the previous
section where electronic coupling is weak and initial and final vibrational states are
relatively unperturbed.

In the quantum view, transfer of the proton in EPT along the D-H---A proton transfer
coordinate is described by the square of the vibrational overlap integral, { Xyl ,n)z- As noted
for quantum mode participation in electron transfer, vibrational overlap provides a
quantitative measure of the extent to which the initial and final states coexist, in this case
along the D-H---A proton transfer coordinate.

In the limit of strong electronic coupling across the hydrogen bond and weak electronic
coupling, AgpT is given by the sum over states result in eq 26. It describes a series of
vibronic transitions from initial level p = 0 in the proton transfer mode to final levels v in
the EPT product state and is analogous to the electron transfer result in eq 20. This is a sum
over states result describing transitions from initial level . to final levels v. The free energy
change for each channel is AGgp7r+ vhiw with AGgprthe overall free energy change. A is
the sum of the solvent (medium) reorganization energy and the reorganization energy for the
remaining coupled intramolecular modes treated classically. The summation over v
typically truncates rapidly with only those levels that minimize the classical exponential
barrier term playing an important role.

2nH? 2 _ (AG,,, +Viiw+1)?
kE,,TzT”Z<Xﬂ|XV> (4nRT )"/ exp— [H’:MT

v

(26)
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The solvent contribution to A is more complex than for electron transfer since it includes
contributions from both transferring electron and proton. As for electron transfer, additional
coupled medium and high frequency modes can be included and treated explicitly.

Contributions also exist from vibronic channels from vibrational levels above . = 0. Even
though populations in these levels fall off rapidly with A, there can be a considerable
compensation due to enhanced vibrational wave function overlap in levels above p = 0.
Including the fractional population above w = 0, p(w), gives the final result in eq 27. In this
equation, the first summation is over the vibrational levels in the initial state. As in eq 22,
the second summation is over all levels v.

2nH?,
kepr= P

[ (AG y+(u—v)hw+2)*
27

zﬂ]pwg(xy ) ART )" Pexp- R

2
Vepr= @ ZP(#)Z<X/1 |Xv>2 (28)
u v

The magnitude of the squared vibrational overlap integral in eq 28 is can be very small.
Vibrational overlaps for the comproportionation reaction between cis-[Ru'Y (bpy).(py)(0)]¢*
and cis-[Ru'!(bpy),(py)(OH,)]2* for the . = 0 — v = 0 vibronic transition for both the
protio and deuterio aqua complex are shown in Figure 4.112 The decrease in overlap for the
—OD, complex is the origin of the H,O/D,0 kinetic isotope effect of 12. It arises from the
effect on vibrational overlap of the decrease in zero point energy, {my(mo+mp)/
mp(mo+mp)}2, of 0.7 between H and D.

The pre-exponential term in eq 28 assumes the Condon approximation and the separation of
nuclear and electronic motion. It includes the electron transfer matrix element arising from
electronic wave function mixing, H,p, and the square of the vibrational overlap integral for
proton transfer for each EPT channel. For EPT, the barrier crossing frequency, vepr,
depends on both the electron transfer matrix element, H, and the magnitude of the
vibrational overlap integral with viger o ¥ ¢ H ¥ ;)% x4l x )% With small vibrational
overlap, the EPT equivalent of the Marcus “nonadiabatic’ limit in electron transfer is
predicted to persist even with moderate electronic coupling. The transition to adiabatic EPT,
analogous to eq 19 for electron transfer, is predicted to occur for H,p, values of considerably
higher magnitude depending on the magnitude of the vibrational overlap integral. In the sum
over states result in eq 27, the individual transitions between states could differ in the degree
of adiabatic or nonadiabatic character.

The formalism inherent in the general result in equation 27, and the underlying theory
provide a comprehensive, conceptual basis for understanding and quantifying EPT at the
microscopic level. It includes a quantitative description of temperature dependence, isotope
effects, etc. The formalism has been successfully applied to a variety of EPT reactions in
solution, at electrodes, and in the inverted region, note the summary in Section 2. In
evaluating specific reactions, additional features at the microscopic level have emerged such
as the role of coupled “promoting modes” in minimizing the proton transfer distance and
increasing the extent of vibrational overlap.38

1.4. PCET. Thermodynamics and Structure

PCET originates in the impact on acid-base properties of changes in electron content at
single sites or clusters. Oxidation enhances acidity and reduction decreases acidity. Changes
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with electron content can be dramatic. pKj values for tyrosine and tyrosine radical cation
(TyrOH*") are 10.1 and —2. Hupp and coworkers have estimated that pK; = —10 to —18 for
protonation of the oxo group in a series of frans-[ReV!(L)4(0)(OH)]3* complexes (L =
pyridine or substituted pyridine) and pKj 1 = 22-26 for the hydroxyl groups in frans-
[Re''!(L)4(OH)2]* 39

Stabilization of higher oxidation states by multiple bond formation plays a major role in
PCET couples for main group element couples, e.g., NH3 + 3 H,0 — NO3~ + 9 H" + 8 ¢™,
and for transition metal complexes. Oxidation and loss of dr electrons creates an orbital
basis for multiple bond formation by electron donation from ligands. For transition metal
complexes this is especially important for H,O as a ligand as illustrated by oxidation of
Mn!''(OH,)g 3* to MnV!'0,42 or of Crl!'(H,0)¢3 to CrV!0, 2.

PCET also appears for N and S-based ligands containing dissociable protons. Examples are
known of reversible oxidation of coordinated NH3 to N3~, eq 29.11f40 With other than O-
based ligands, there is a tendency for nucleophilic addition to occur to electron deficient N
or S atoms. This leads to water addition, proton loss, and net ligand oxidation, eq 30,41 or
S---S or N---N bond formation, eq 31.42

+—6e‘,+H20,—5H* o
Ru(bpy),(NH3)Cl = Ru(bpy),(NO)CI (29)
(N +6e~,—-H0,+5H" (N
—3e”,-3H"
trans—Os(tpy)(CD,(NH3)* ~ = trans—0s " (tpy)(C1),(N)* (30)
+3e~,4+3H"

—e,—H* e —H*
Ru (NH3)5(H»8)* 6¢H+Rum(NH3)5(SH)2+ 2, {(NH3)sRU™Y=S2*) > 1/2 [ (NHz3)sRu™(S—SpRy™ (NH3)5]
+e7,+

Reversible PCET couples based on C-H bonds are also known. An important example is the
pyridinium/dihydropyridine couple of NAD*/NADPH in biology, eq 32. Light driven
reduction of NADP* to NADPH is the reductive half reaction in Photosystem I, eq 33. Its
reductive equivalents are used to reduce CO5 to carbohydrates in the Calvin cycle.

(32
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(33)

1.4.1. pH dependence—PCET half reactions are pH dependent with variations in E°

predicted by the Nernst equation. For a 1e™ half reaction with a 1H* change in proton

content on reduction, Ox + H* + e~ — Red-H, the reduction potential for the couple, £,
varies with pH as shown in eq 34. £° is the standard potential for the couple Ox-H* + e~ —

Red-H.

E=E°+(2.303RT/F)log(aoxay +/ag,, ;,)=E°+0.059l0g(asxa, +/a, . ;) (STP,25°C) (34)

In eq 34, the a,, etc. are activities with a; = y;m;. y;is the activity coefficient of component
fand mjthe molality. In dilute solutions, aox = yox/Mox~ y/Ox]and eq 34 is given by eq

35. The formal potential (£°") is the commonly measured quantity in electrochemical
experiments. It includes both £° and the log of the activity coefficient ratio, eq 36.

E=E°+0.059102(y,, /Veus11)+0.05910g[ Ox]/[ Red—H]—0.059 pH
E=E° +0.059l0g[ Ox]/[ Red—H]—0.059 pH

EO’ =E° +0.059log(y,, /yRed—H)
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In voltammetry the quantity that characterizes the couple is the “half wave potential”, E1/».43
It is measured by potentiometry, voltammetry, cyclic voltammetry, etc. as the potential of
zero current flow for a chemically reversible reaction, the potential of zero current flow for a
chemically reversible reaction is reached when the bulk concentrations of oxidized and
reduced species are identical. For an electrochemically reversible reaction (rapid, chemically
reversible, diffusion limited), Ey; is related to E°” as shown in eq 37. In this equation
Mox-H+ and myeq are mass transfer coefficients in cm/sec.

E Eol 1 ost” Eol
g0 8 g [ et )
12 T » 37)

The Nernst equation predicts a pH dependence for PCET couples in pH ranges where there
is a change in proton content between oxidized and reduced forms. As an example, the pH
dependence of the Ru''!! couple for cis-Ru'l(bpy)2(py)(OH2)?* (pKj 1 = 0.85 for Rul'l-
OH,3*, 10.6 for Ru'l-OH,2*, and E°” = 1.04 V) from pH = 0-10 is given by eq 38. Above
pH 10.6 with pH > pK,(Ru''-OH,2*), the couple becomes cis-Ru''(bpy),(py)(OH)Z*/* and
is pH independent with E°” = 0.45V. Over the entire range of accessible pHs in water, E°” is
given by eq 39. Similarly, for the Ru'V/"!! couple, a 1e7/2H* transfer interrelates cis-
Ru'V(bpy)2(py)(0)2* and cis-Ru!'(bpy)(py)(OH,)3* at pH < 0.85 followed by a 1e7/2H*
dependence at pH > 0.85.

ERuMy=E° (RuOH,""**)~0.059(pH~pK™)

_ 1 (38)
=1.04-0.059(pH-pK™"})
E(R"I")=E* (Ru-OH3™")-0.059og(K /| + H*)—log(KI\ H{HTD}

=1 .04—0.059{log(l(£11 +[1L1+])—1og(1(;{1 +[H*])

In general, for a couple in which /7 protons and 7 electrons are transferred, Ox + mH* + e~
— Red(H)y, MM+, Evaries with pH as shown in eq 40 with pH > pK;. This dependence
results in characteristic variations of £with pH with the slopes in E vs pH plots of 59 mV/
pH unit for a 1e7/1H* couple, 118 mV/pH unit for a 1e7/2H* couple, and 29 mV/pH unit for
a 2e”/1H* couple, for example.

'+ 0.059m
+—
n

E=E° pH (40)

Eqjp ~ E°” values for the Ru'"!" and Ru'V/" couples of cis-Ru''(bpy)(py)(OH,)3* are
shown plotted vs pH in the E vs pH or Pourbaix diagram in Figure 5. The dominant half
reactions in different pH-potential regimes are indicated. The vertical lines correspond to
pK; values for Ru'''-OH,3* and Ru'l-OH,2*. The data are of interest in illustrating a number
of points about PCET couples: 1) Regions corresponding to 0 H*/1e™, 1e7/1H*, and 1e /2H*
all appear in the data. 2) There is a significant decrease in E°” for the Ru''"!! couple from
1.04 V for the Ru''-OH,3*/Ru!'-OH,2* couple to 0.45 V for the Rul'-OH2*/Ru'l-OH*
couple due, in part, to the decrease in charge, Section 1.4.2. The difference in potentials
between couples that differ by a single proton can be calculated from the corresponding pK;
values by use of eq 41.
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ERWM)=E° (Ru—OH;*"**)-0.05910g (K™ /K1)

/ < 41
ERu"™")=E° (Ru—OH**/*)=1.04-0.059(pK ", - pK'™ )=0.45V @y
For transition metal complexes with access to multiple oxidation states and stabilization of
higher oxidation states by metal oxo formation, pH dependent PCET behavior can be
complex. Oxidation of cis-Ru'l(bpy),(OH5), 2* to cis-RuV! (bpy),(0), 2* involves four
oxidation state changes and four different pAGs from pH 1-9.4°

Related pH-dependent behavior exists for organic and biological couples and even for metal
oxide semiconductors. A plot of E1» vs pH for 1e~ oxidation of tyrosine is shown in Figure
6. As for other metal oxide semiconductors, the conduction band potential for TiO,, Ecp,
displays a Nernstian pH dependence from pH = -8 to 23. Quartz crystal microgravimetric
studies have demonstrated that changes in potential are accompanied by proton uptake or
loss with ECET and protonation/deprotonation changes coupled to Ti(I\V/I11) oxidation state
changes.*

1.4.2. Redox Potential Leveling—A striking feature in the data in Figure 5 and Scheme
10 is the small (110 mV) difference in E°” values between the Ru'V/!" and Ru'"!! couples
from pH = 1-10. This is in contrast to typical metal complex couples where charge build up
occurs on oxidation or reduction. For the Ru(I\V/111)-Ru(l11/11) coupled of cis-
Ru'l'(bpy),C1,2**, and cis-Rul'(bpy),Cl,* 10 AF°" = Eq(2) — Eq2(1) = 1.7V (1= 0.1 M,
CH3CN).1'11f'47

The phenomenon of multiple oxidation states and multiple redox couples in transition metal
chemistry is a characteristic feature of early to mid-transition metal complexes. It arises
from the relatively closely spaced, sequential ionization energies for the 3d, 4d, and 5d
levels and efficient screening of the nuclear charge by the d electrons.*8 The use of PCET, to
avoid charge buildup, further decreases differences in £° values between adjacent couples.
This “redox potential leveling” effect enables the buildup of multiple redox equivalents at
single sites or clusters. This is seen in the adjacent Ru'V (bpy),(py)(0)2*/Ru'! (bpy)2(py)
(OH)Z+-RuM!(bpy)»(py)(OH)2*/Ru'! (bpy),(py)(OH5)2* couples in Figure 5 where from pH
~1-10, AEy, between the Ru'V=02*/Rul'-OH2* and Ru''-OH2*/Ru'"-OH,2* couples is
only 110 mV.

A major contributor to “redox potential leveling” is revealed in the results of a
thermochemical analysis based on a simple Born solvation model. The result is shown in eq
42 for the generalized couples Ox,("2)*/Red,(™D* and Ox;("2)*/Red;"* with associated
reduction potentials E»°” and E;°”.1 In eq 42, the ionization energy is factored into a
promotion energy required to promote the ionizing electron to the surface of a sphere
enclosing the complex (/) and a charging term, (ne)/rDs. In this expression, e is the unit
electron charge, Dgthe static dielectric constant, and ris the radius of Ox/Red assumed to be
spherical. Without PCET and an increase in charge between couples, eq 42, AE°" is
increased by the charging term 2e4/rDs. For a PCET couple, eq 43, the charge types are the
same and this term is 0. Charge effects are predicted to be especially important in media of
low polarity such as the hydrophobic thylakoid membrane of photosynthesis.

For couples Ox,(™2*/Red,(™D* (£,") and Oxy(™D*/Red, "™ (E°):

’ , , 2¢% , / 2¢% ,
AE° =E° ,—E° |= +1 -1 = +AI
2 1 ( D ) n+1 n ( D ) (42)

s S
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For couples Ox,/™/Red,™ (E5°") and Ox{"*/Red{"* (E;°"):

AE® =E° —E° | =AT (43)

The small difference in A£°” values for PCET couples is essential for multi-electron
catalysis driven by single electron transfer. It enables the sequential gain and loss of multiple
electrons and the buildup of multiple redox equivalents at single sites or clusters without
local charge build up. In Photosystem |1, Section 8.4, water oxidation occurs at the CaMny
cluster of the “Oxygen Evolving Complex”. Oxygen evolution is triggered by a series of
four sequential photon absorption events at a nearby antenna array. Each photon that is
absorbed and delivered to the reaction center results in 1e~ oxidation of the OEC. Following
buildup of four oxidative equivalents at the OEC, O, evolution occurs, Section 8.4.
Oxidation is accompanied by proton loss and release from the OEC through a proton exit
channel which avoids local charge build up.

1.4.3.”Missing” Oxidation States—From the E1/»-pH plots in Figure 5 for ci/s-
Ru'l(bpy),(py)(OH5)?*, a difference in pH dependence between the Ru!'V=02*/Rul'lOH2*
and Ru"'-OH2*/Ru'"OH* couples is triggered past pH = pKz(Rull-OH, 2+) = 10.6. (Scheme
10) This causes it to intersect with the pH independent Ru!''-OH2*/Ru'OH* couple at pH =
12.8.111b As the pH is increased further, £7(Ru'"!) > £, (RuV/y and cis-
Rulll(bpy)2(py)(OH)?*, is unstable with respect to disproportionation, eq 44.1

2Ru" (bpy), (py)(OH)** +OH™ — Ru" (bpy), (py)(0)** +Ru" (bpy), (py)(OH)* +H, O (44)

Disproportionation is driven by PCET, the difference in pH dependent behavior between
adjacent couples, and the stabilization of higher oxidation state Ru(IV) by Ru=0 multiple
bonding. Remarkable examples of “missing” oxidation states have been identified. The Ey;»
vs. pH diagram for Os(tpy)(H,0)32* is shown in Figure 7. For this complex over an
extended pH range, a single 3e7/3H* oxidation of Os(l11) to Os(V1) occurs. Intermediate
oxidation states Os(1V) and Os(V) are unstable with respect to disproportionation over this
entire pH range.

Disproportionation and instability of intermediate oxidation states is a common phenomenon
in main group chemistry as well. It is induced by electron configuration and bonding
changes. Examples are the instability of intermediate oxidation states such as Sn(l1l) and
TI(I1). An example from carbon chemistry is shown in Scheme 9 in the instability of
methanol radical which is unstable with respect to disproportionation into formaldehyde and
methanol by E° = 2.31 V. Methanol radical is both a powerful oxidant and reductant.

1.4.4. pK4-Potential Diagrams—pKj-potential diagrams provide a useful way to display
pK; and E° data at fixed pH. Diagrams for cis-Ru'!(bpy)2(py)(OH,)2* and quinone/
hydroquinone, both at pH = 7 vs NHE, are shown in Schemes 10 and 11.

In these diagrams the impact of electron content and structure on p&j values, high E values
for forming intermediates in ET-PT or PT-ET mechanisms, and the effect of PCET on redox
potential leveling in Ru(IV/I)-Ru(111/11) couples all appear. For the quinone/hydroquinone,
intermediate oxidation state semiquinone, QH?®, is stable with respect to disproportionation
into QH* and QH™ by £5° — £,° =-0.30 V but at pH = 7, where the dominant forms are Q
and H,Q, disproportionation is favored by £5° — £;,° = +0.28 V.
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1.4.5. PCET, Proton Gradients, and Energy Transduction

: As noted in Section 8.4, light absorption in Photosystem Il results in water oxidation
coupled with reduction of plastoquinone (PQ or Qg) to plastoquinol (PQH>), eq 45. Water
oxidation occurs stepwise in the Kok cycle by sequential absorption of four photons and
stepwise oxidative activation of the Oxygen Evolving Complex.

2H,O0+2PQ+4hv — 0,+2PQH, (E°=-0.74 V;AG°=2.96¢V) (45)

OH

HaC
i
HaC c” Y "
Ho
OH CHs “9
PQH,

Water oxidation, 2H,O — O, + 4H* + 4e~ (E° = -0.82 V at pH = 7), and PQ reduction, PQ
+2e” +2H"— PQH, (£’ (PQ/PQH,) ~ 0.08 V at pH = 7)1 occur at sites separated by
~50 A in the thylakoid membrane. Protons for quinone reduction enter the thylakoid
membrane from the outside, the stroma. The water oxidation half reaction occurs at the
CaMny cluster of the Oxygen Evolving Complex (OEC). It is light driven and releases
protons to the inside, the lumen. Under light saturating conditions, light-driven proton
transfer builds up a proton gradient of ~3.5 pH units across the membrane creating a trans-
membrane potential of ~0.2 eV, eq 46. The proton gradient is used to drive phosphorylation
of ADP to ATP.

AG®(eV)=-2.303RT(pH(2)—pH(1))=—0.059ApH (STP) (46)

The sequence of reactions from light absorption to trans-membrane pH gradient is a striking
example of “energy transduction”-interconversion between different forms of energy. It is
informative to map how light absorption at the antenna unit in PSII ends up creating a pH
gradient that drives trans-membrane “proton pumping”.

The driving force comes from free energy left over from photochemical water oxidation by
PQ in eq 45. The photochemical reaction is initiated by antenna light absorption and
sensitization of chlorophyll-based excited state 1Pggo* (1.8 eV), Chlpy in Figure 1. 1Pggo*
undergoes oxidative quenching and electron transfer to give Pggg * (E°” (Pego*/Psso) ~
1.26V) and Qa *~ (E°'(Qa "/Qp) ~ —-0.13 V), creating ~1.4 eV of transiently stored redox
energy (~5.6 eV for four absorbed photons). Following oxidation of water, eq 47, there is
~0.7 V of driving force left for driving the proton gradient.

4 (Pesgo™, Q,*)+2PQ+2H,0 — 4 (Pe3o,Q,)+2 PQH,+0; (E°~0.7V;AG°=-2.8eV) (47)
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H* addition from the Stroma. Reduction of PQ: Proton transfer from the stroma into the
membrane is driven by Qa °~ reduction of PQ (Qg), 2 Qa *~ + PQ + 2H" — 2 Qa + PQH,,
with E°” ~0.2 V, AG°®" = —0.4 eV. Reduction of PQ and enhanced basicity create a local
driving force for proton transfer into the membrane from the stroma with AG°” =
-0.059{(pK; 1(PQH>) — pH(stroma)) + (pK; 2(PQH,) — pH(stroma)}. As an example, for
2e” reduction of quinone to Q% atpH = 7, PKy1=9.8and pKy o = 11.4, giving AG®” =
-0.42¢eV.

Reduction of PQ to PQH, occurs in two separate reductive steps. The first electron transfer
is triggered by absorption of the first photon in the Kok cycle to give PQ*™ (Qg *7). A
coupled proton transfer occurs from the stroma but to a neighboring glutamate, Glu™ in eq
48. Absorption of a second photon, and a second electron transfer from Qa °~, coupled with
proton transfer from the stroma, gives PQH, (H2Qg): (Qg *~, Qa ™), Glu-H + H* — (Qp),
Glu™ + HoQg. PQHs> is translationally labile and diffuses through the membrane, ultimately
providing reductive equivalents for CO, reduction at PSI. After oxidation and additional
proton release, it translates back to PSII as PQ for additional PCET cycles.

(Qg-Q, ), Glu™—Pegpese YZ..,SlH+(stroma) — (Q; . Q,), Glu—H—P¢goees Y;...S1 (48)

H™ loss to the Lumen. Water Oxidation: Once formed, Pggg* oxidizes Yz, the Tyrosine-
Histidine pair in Figure 1 to, Yz* with E°"(Y2'/YZ) ~ 0.90 V. The sequence from from
excited state to Qa*"-YZ" is shown in eq 49.

Q,—Psg0™—Y, — QA_—P()so—Yz' 19
AG~1.8eV  AG® (stored)~—1.3eV (49)
Yz * subsequently delivers oxidative equivalents to the OEC for water oxidation, a reaction
which is favored by ~0.08 V, AG° =-0.32 eV, eq 50.

4Y,*+2H,0 — 4Y,+0, (E°=0.08 V,AG°=-0.32 eV at pH=7) (50)

It has been proposed that in the first step in the Kok cycle (Sqg — Sq, Section 8.4.3),
oxidation of Mn!'-OH, to Mn(l11) occurs in the CaMny cluster. Based on XRD data, the
most likely site for oxidation is Mn(4) which lies closest to tyrosine Y. It also lies near the
carboxylate proton acceptor, aspartate 61 with pKj; ~ 3.9. Asp61 is the entryway to a proton
exit channel that extends over 30 A through the membrane to the lumen.

Oxidation of Mn(4)'-OH, to Mn(4) "-OH,* is expected to greatly decrease the pKj for a
bound water; ApK; = 10.7 between Mn(OH,)g 2* and Mn(OH)g3*+.6:10.39¢.52 The increase

in acidity at Mn(4) would provide the driving force for proton release to the lumen with
proton transfer first to Asp61,

Mn(4)""-OH, *———00C-Asp61 — Mn(4)'-OH---HOOC-Asp61 (51)

with, AG®” = —0.059{(p Ka(Asp(61)COOH)-pKj 1 (Mn'"-OH,)}, followed by proton transfer
to the lumen through the proton exit channel,

Asp61-COOH — Asp61COO~+H" (lumen) (52)
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with AG°” = -0.059 {pH(lumen)-(pKz(Asp(61)COOH)}. The overall mechanism for proton
pumping for the Sy — S, transition is shown in eq 53.

(Qy. Q,), Glu™—Pggoess Y,,...So+H" (stroma)+hu — (Q,~, Q, ), Glu—H—Pesosse Y,...S1 H* (Iysapn)

2. The Theory Behind PCET and EPT

Several recent reviews have been published summarizing advances in theoretical models

used to treat PCET reactions.’~8:53 For review of fundamental equations, e.g. Marcus-type
and Fermi’s golden rule formalisms, we refer the reader to the introduction (Section 1), to
these reviews, and to our Chemical Review article, “Proton-Coupled Electron Transfer”.1

2.1. Marcus-type Modeling and Predictions

In the classical Marcus ET theory, Section 1.3, the free energy dependence of Ag1 on free
AG° AG°

energy change, AG°, is parabolic with Inkgt varying as 7 +——(1+—=-) and the maximum

rate constant occurring when —A G° = A.. A is the total reorganization energy both

intramolecular and solvent or medium. Parabolic dependences have been observed for ET

and PT,>* but more complicated behavior is predicted for concerted EPT because of the

quantum nature of the proton transfer, Section 1.3.

The Hammes-Schiffer group has analyzed the free energy dependence of the rate constant
for EPT, kgpt,2° by utilizing vibronically adiabatic or nonadiabatic electron transfer with the
coupled proton transfer treated as an adiabatic process.530:56 For a model system with
vibronically nonadiabatic ET, the rate constant reached a maximum when —AG° = A..
However, for both PT and PCET with quantum effects included for proton transfer, the
maximum rate constant did not occur at —AG® = A, but rather was significantly shifted to a
much larger —AG value and the inverted parabolic function became unsymmetric (Figure
8).54a—C Thjs was interpreted as a consequence of enhanced vibrational wave function
overlap between the initial vibronic state and higher vibronic levels in the product energy
surface where vibrational amplitudes are greater toward the energy curves.>4d It suggests
that very negative AG values may be required for experimental observation of an inverted
region for PCET and PT.

The dependence of Azpt on AG in the “normal region” was explained by the behavior of the
vibronic overlap integrals, which cause the rate constant to continue to increase because the
excited product states with higher vibrational overlap become accessible. Within this model,
the predicted difference in behaviors between ET and PT/PCET is the result of the high
frequency proton mode and a larger shift between the reactant and product proton
vibrational wave function. A plausible explanation for this discrepancy between this model
and the experimentally observed PT inverted region was given by consideration of
oscillations within the PT rate curves (Figure 9), which are predicted to become less
observable in highly polar solvents with large reorganization energies. Alternatively, the
driving force could be impacted by the proton donor-acceptor distance, which, as pointed
out by Hammes-Schiffer, is highly dependent on the pKa and bond strength. Incorporation
of an increase in intrinsic proton transfer barrier as —AG is increased into an electronic
adiabatic PT model then shows inverted region behavior (Figure 9). A similar modification
gives the same result for a PCET model curve. In these modified models, there is an initial
increase in rate with —A G despite longer proton donor-acceptor distances. When the donor-
acceptor distance becomes very large the rate constant eventually decreases. It was
speculated that an inverted region could be observed experimentally for PT and PCET
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reactions if the driving force changes in a way that also influences the properties of the
proton transfer interface.

In PCET reactions two charged particles fluctuate between reaction sites and the
microscopic details of their solvation may differ. Tully and co-workers have recently
outlined a multidimensional Marcus approach that uses 3D parabolic functions, rather than
the standard 2D functions.®’ In this treatment the intersection is an infinite line of points and
in order to identify the unique transition state, the free energy must be minimized over the
line that connects positions at the negative of the internal energies (Figure 10). The authors
also show that in the limit of linear response by the solvent, the multidimensional problem
can be reduced to 1D. For nonlinear solvent response the free energy cannot be obtained by
sampling around the minimum with extrapolation of a parabolic function.

2.2. Kinetic Isotope Effect (KIE)

Using previously derived rate constant expressions for nonadiabatic EPT reactions,
Hammes-Schiffer and co-workers recently explored model systems to understand how the
proton donor-acceptor distance, solvent reorganization energy, temperature, and driving
force affect KIE values.®® One surprising finding was that KIEs are virtually unaffected by
differences in reorganization energies in the 10-40 kcal/mol range. Their explanation for
this was that the magnitude of the KIE does not change monotonically with A because of
changes in relative contributions from higher vibrational levels. KIE values can either
increase or decrease with proton donor-acceptor distance. Temperature effects on KIE were
found to depend on the magnitude of the quantum spacing for the transfer mode relative to
kgT. In the so-called “low-frequency” regime KIE decreases with temperature as higher
vibrational levels are thermally populated in which there are higher vibrational overlaps. In
the “high-frequency” limit, EPT is dominated by transitions from the lowest v = 0 level and
the KIE is temperature independent. They also showed that both an increase and decrease in
driving force results in asymmetric parabolic functions for the transferring proton which
leads to greater contributions from excited vibrational levels leading to a maximization of
the KIE when the driving force is near zero.

Wander and co-workers have utilized Nelsen’s four-point methodology, which involves
separate calculation of reorganization energies of oxidants and reductants 9 to estimate
relative barrier heights and isotope effects for Fe2* reduction of superoxide by EPT.60

2.3. Electrochemical and Electrode-Solution Interface PCET

In a recent contribution, the Hammes-Schiffer group has derived rate constant expressions
for electrochemical proton-coupled electron transfer. They interpolate between the golden
rule, nonadiabatic (weak electronic coupling, rapid solvent relaxation) and solvent-
controlled (strong electronic coupling, rate limiting solvent relaxation) limits.61

The Hammes-Schiffer group has also recently published two theoretical analyses of PCET
reactions at metal electrode-solution interfaces. In one formulation, heterogeneous rate
constants and current densities were calculated from transition probabilities.52 The
expressions that are derived are related to similar results obtained by Savéant and co-
workers but with a significant difference in the form of the prefactor.® In the Hammes-
Schiffer treatment, current densities are obtained by integrating over the solute-electrode
separation distance, which accounts for long-range electron transfer.

In an alternate formulation, this group has extended the Anderson-Newns-Schmickler
Hamiltonian for electrochemical PCET.54 This new model Hamiltonian, which is based on
the master equations for the reduced density matrix of the electron-proton subsystem, is
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advantageous because it can describe adiabatic and nonadiabtic electrochemical PCET
reactions, potentially even including effects for breaking and forming other chemical bonds.

2.4. HAT versus PCET

Several definitions have been offered to distinguish between HAT and EPT, Section 1. The
initial suggestion was that HAT be reserved for PCET reactions in which both proton and
electron are transferred from the same bond. EPT was used to describe a PCET pathway in
which the transferring proton and electron are transferred from different orbitals. Although
this distinction is straightforward and useful in most cases, it can be ambiguous and offers
no insight into the adiabaticity or nonadiabaticity of the reaction.

Beginning with diabatic representations, it has been proposed that the extent of
nonadiabaticity be used as the diagnostic quantity for HAT versus PCET.”-8:53 Tishchenko,
Truhlar, and co-workers have recently introduced the concept of describing a HAT-PCET
continuum in terms of topographic features of the potential energy surfaces and diabatic
state coupling which give insight into the electronic adiabaticity or nonadiabaticity of the
reaction.® With strong interactions at the intersection between energy curves defining the
reaction pathway, the reaction will be largely nonadiabatic in character. These nonadiabatic
surface crossing events would occur through a small energy gap between the two lowest
energy states along the reaction pathway through a conical intersection which lies close to a
saddle point.

The saddle point serves as the lowest-energy point on the conventional hypersurface
separating reactants from products for the electronically adiabatic HAT mechanism. The
minimum-energy crossing point likewise provides a reasonable starting point for estimating
the probability of a nonadiabatic reaction. In this diabatic-state description, a large energy
difference between the saddle point and the minimum energy crossing point (conical
intersection, CI) results in HAT, while a small energy difference is more likely to occur by
PCET. Figure 11 below depicts a More O’Ferrall-Jencks-type diagram for HAT and PCET
regions mapped against the hydrogen nuclear coordinate and the nature of the electronic
wave function showing the four extreme limiting mechanisms.

2.5. Electronic Coupling in EPT Pathways

In a series of papers, DiLabio has computationally (UB3LYP-DFT calculations) examined
and described the iminoxyl/oxime self-exchange reaction.%6 Although a transoid (bottom,
Figure 12) transition state minimizes steric and dipole repulsion, the lowest energy transition
state for proton transfer occurs in a cisoid (top, Figure 12) geometry, attributed to the N-N
bonding interaction in HOMO-2 (3-electron-2-center bonding interaction). For the cisoid
transition state, the PCET mechanism is described as EPT with proton transfer between
oxygen atoms and electron transfer between nitrogen lone pairs, Figure 12. This PCET
example, with electron and proton transfer occurring in the same o-framework, is different
from the EPT mechanism for phenoxyl/phenol self-exchange. Ping et al. identified a similar
EPT pathway in the self-exchange reaction between NO and NOH.87 Similarly, a cisoid
transition state and EPT have been proposed for the reaction between sulfenic acid peroxyl
radicals.58

DiLabio has also pointed out the importance of lone pair-r and -7t interactions in PCET
transition states. For the fert-butylperoxyl/phenol reaction in Figure 14, this interaction
lowers the energy of the cisoid transition state and opens up a new pathway for ET which
involves ET from the oxygen lone pair to the phenolic rt-system. The benzyl/toluene
reaction was also re-examined. By using the UMP2/6-311++G (2d,2p) method, which is
capable of describing - interactions, DiLabio identified a lower energy C» transition state
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that is different from the Cop, structure identified by Mayer et al.59 Figure 15 shows this C,
transition state along with the HOMO and SOMO orbitals. The HOMO points to a hew
bonding overlap between rt-systems. DiLabio contends that it is possible for the hydrogen
atom to transfer between carbon atoms while ET occurs between r-rings.

For PCET involving peptide bond protons, Chen and Bu used DFT to study radical
exchange between an acylamide unit and its oxidative lesion-generated radical.’® Figure 16
shows HOMO, and SOMO orbitals for the formamide-formamide radical transition state.
The presence of 3e™-2H*-centered bonding across the oxygen-oxygen interaction points to
PCET facilitated by intramolecular charge-transfer from oxygen to nitrogen. Lewis acid-
water hydrate binding between the oxygen atoms was also shown to influence whether a
HAT or PCET mechanism is preferred. High oxidation state metal oxidants that interact
strongly promote HAT while low oxidation state oxidants that weakly bind favor EPT.

Bu and co-workers have also shown computationally that the reaction of uracil-N3-
dehydrogenated radical with uracil proceeds by an EPT mechanism.”! Here again,
complexation of bridging hydrated Lewis acid metal ions can alter the orbital that the
transferring electron occupies and change the lowest energy pathway from EPT to HAT.

O’Malley and co-workers have utilized the B3LYP DFT functional to explore transition
states for the reaction of substituted phenols with hydroperoxyl radical. Based on low atomic
volumes and high hydrogen atom charge, it was concluded that these reactions are better
described as EPT than HAT."2

2.6. Photochemical EPT

It has been proposed by de Lucas and co-workers that photochemically induced, excited-
state hydrogen transfer between isopropyl alcohol and ortho-quinones proceeds by EPT.73
To provide computational support for the suggestion, these authors also studied radical
reactions of t-butoxyl and methyl radicals with isopropanol by application of Bader’s atoms-
in-molecules theory. They found that the transferring hydrogen atom had unique properties
in EPT transition states compared to HAT transition states. For example, in HAT transition
states, the transferring hydrogen atom has a significantly larger (roughly 50%) atom volume,
significantly reduced charge, and more spherical charge distribution. Because the properties
of the reaction between tbutoxyl radical and isopropyl alcohol were related to reactions
involving ortho-quinones, it was classified as EPT.

Because photoinduced EPT reactions are nonequilibrium processes, the Hammes-Schiffer
group has recently developed a model based on the reduced density matrix formalism that
allows for studying the time evolution of electronic states after photoexcitation with the
accompanying proton vibrational dynamics.” This model has also been extended to
describe the dynamics of photoinduced EPT reactions at semiconductor interfaces.”® Their
model is designed for application to photoexcited dye molecules at semiconductor surfaces
or photoexcitation from semiconductor band defects to a molecular adsorbate overlayer.

2.7. Biological Systems

Kramer and co-workers recently found that oxidation of ubiquinol by cytochrome bcl and
biomimetic models demonstrate an increase in KIE with temperature with AG¢(H) < AGi(D).
Plastoquinol oxidation does not show this novel behavior with KIE decreasing with
temperature.’® Spurred by this experimental result, Yamamoto and Kato utilized QM/MM
methodology to study the EPT reaction of an ubiquinol analog (2,3-methoxyl 5,6-methyl p-
benzoquinol) with phenoxy radical in acetonitrile.”” The V representation, with V the
solvent electrostatic potential represented as a collective solvent variable, gives the free
energy as a function of nuclear coordinates and external potential. Based on an approximate
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transition state located by estimating the minimum free-energy crossing point in reduced
coordinate and V space, the KIE was approximated by application of a transition state like
theory. They concluded that a stiffer proton potential in the transition state may be
responsible for this unque experimental KIE.

Subsequently, Hammes-Schiffer and co-workers used numerical modeling in conjunction
with approximate proton potentials generated from truncated quantum chemical calculations
on MLCT excited state oxidant [Ru(bpy)2(pbim)]2** in its reaction with 2,3-dimethoxy-5-
methyl-1,4-benzoquinol (UQH,) and 2,3,5-trimethyl-1,4-benzoquinol (PQH).”8 They
concluded that the KIE for UQH, could be explained by invoking a stiff hydrogen bond,
small inner-sphere and solvent reorganization energies, with the 0—0 reactant/product
vibronic transition occurring in the inverted region with the 0—1 transition occurring in the
normal region and rate controlling. In this model, the KIE temperature dependence was
explained as arising due to the rate being dominated by the UQH, 0—1 vibronic transition.
In the PQH> reaction, multiple vibronic transitions contributed significantly to the rate
constant.

Kumar and Kozlowski have carried out DFT (BP86 and B3LYP) calculations on model
systems of the active site of methylmalonyl CoA mutase and glutamate mutase enzymes.”®
These calculations suggest that a tyrosine residue acts as a redox center by EPT to facilitate
Co-C bond cleavage.

Yanai and Mori have utilized UB3LYP Kohn-Sham orbitals to suggest that in the
isomerization of prostaglandin H, to prostacyclin catalyzed by cytochrome P450 the
isomerization proceeds through EPT.80

By use of a 3-(5-imidazolyl)propionylhistamine ligand model for the His13His14 section of
the amyloid B peptide (AB),81 Hewitt and Rauk have proposed that EPT occurs during the
catalytic production of H,O, by a Cu(ll) complex with AB. The proposed cycle is shown in
Figure 17. In the first step, a Cu(ll) aqua complex is reduced by an external reagent, such as
ascorbate or glutathione with E° = 0.52 V followed by water displacement and reaction with
triplet oxygen to give 3B. From this intermediate, stepwise reduction and protonation require
a low reduction potential E° (3B/2B) = —0.88 V, and the more favorable EPT route occurs
with E° = 0.58 V. After EPT a second protonation step and water displacement of hydrogen
peroxide regenerate the catalytic species, 2E.

Yoshioka and co-workers have analyzed the mechanism of two-electron oxidation of
ubiquinol (UQHS,, but modeled as hydroquinone) by cytochrom bc; complex.82 DFT
modeling of an energy scan along the hydrogen-nitrogen forming bond shows that a proton
is first transferred from QH, to anionic glutamate residue 272 followed by EPT to form the
NH bond and reduce the Fe center, giving the quinone radical anion (Figure 18). After this
process, the quinone radical anion transfers an electron to the heme 4, . Evidence for EPT is
shown in the change in SOMO orbital along the reaction path scanned (Figure 19). In the
approximate transition state the SOMO is delocalized over the quinone and [2Fe-2S] motifs.

Shaik and co-workers have postulated that an EPT pathway initiates the C-C bond reaction
in the transformation of chromopyrrolic acid to staurosporine catalyzed by P450 StaP.83
They utilized DFT in a QM/MM investigation and found that electron transfer from CPA2~
occurs to the iron-oxo center of Cpd | with simultaneous water-histindine-water-bridged
shuttling of the NH proton. This step was found to have a lower barrier than the first C-C
bond formation (see Figures 20 and 21).

EPT has also been implicated in the O-O bond cleavage mechanism in formation of Cpd I,
the active form in the chloroperoxidase enzyme, a hydrogen peroxide complex, Fe!ll-
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HOOH. In addition, EPT is predicted, by QM/MM calculations, to occur in the arginine
hydroxylation pathway of nitric oxide synthase.8*

There are several other noteworthy theory-based studies of biological reactions. Turecek et
al. have carried out theoretical studies on peptide cations,®° lyengar et al. have studied EPT
reaction tunneling in enzymes,6 dos Santos et al. have also studied DPPH and TEMPOL,8’
and Young et al. have studied amide-carboxylic acid reactions.88 Lastly, Heinze and co-
workers have also used DFT to propose a concerted EPT pathway in a biomimetic
molybdenum oxotransferase analog.8?

2.8. Combined Theory and Experiment

The effects of internal hydrogen bonding on EPT rates were explored in Ru!!(bpy)-tyrosine
complexes 1a and 1b (Scheme 12). Please note that a variety of experiments related to
tyrosine oxidation will be described in Section 8.2. In these particular complexes a phenolic
proton is hydrogen-bonded to an internal carboxylate group.38 In 1a the carboxylate group
was directly attached to the aromatic ring while in 1b there was a methylene linker.
Intramolecular EPT oxidation of the tyrosine group following oxidative quenching of the
MLCT excited states was monitored by transient absorption measurements. From
temperature dependent measurements, E, was ~5 kdJ/mol higher for 1a than for 1b. The
computed hydrogen bond strengths with B3LYP/6-311++G(d) with a PCM solvation model
showed that the hydrogen bond in 1a is weaker than in 1b. Numerical modeling of the
kinetic data clearly showed the necessity of incorporating promoting vibrations (vibrational
modes that decrease the proton transfer distance) to satisfactorily fit the experimental data.
These vibrations were also responsible for significantly lowering the KIE from ~40 without
intervention of the promoting vibration to 2—3. In contrast to other proposals,140.90
Johannissen et. al. propose that a weaker hydrogen bond in 1a leads to a rate enhancement
due to softer promoting vibrations with shorter average proton-tunneling distance and strong
proton coupling. The origin of the lower rate for EPT in 1a is the lower carboxylic acid pKj;
value, which creates a smaller driving force. These authors also suggest a distinction
between short, strong, and stiff hydrogen bonds with proton tunneling facilitated by short
hydrogen bonds. Strong hydrogen bonds are, in general, also stiffer, which reduces the effect
of promoting vibrations.

The multiple pH dependent redox couples for Ru(Q)(tpy)(OH»)?* (Q = 3,5-di- tert-butyl-1,2-
benzoquinone; tpy = 2,2":6”,2” -terpyridine), which is a monomeric model complex for the
“Tanaka dimer” water oxidation catalyst, have been characterized and formal oxidation
states assigned by applying electronic structure theory. The results of a theoretically derived
Pourbaix (E1/»-pH) diagram were in good agreement with experimental data, Figure 22, and
the technique may be useful in assigning even more convoluted Pourbaix diagrams.%!

The two-electron oxidation of 2-[6-(4”amino)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid
(APF) gives fluorescein and p-benzoquinone by reaction with NO, and CO3 radicals. Wong
and co-wokers utilized MPW1K computations to show that EPT may occur in the first
oxidation step in the reaction of APF with NO, radical to give HONO.%2 Borden and co-
workers have also established the superiority of MPW1K methodology for computing
energies of PCET reactions compared to the popular B3LYP method.93

3. Organic PCET

3.1. Phenols

Interest in phenols stems from their extensive role as PCET reagents including tyrosine in
PS 11, flavonoids and their role as biological antioxidants, and as radical traps in industrial
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processes. Recent theoretical % and electrochemical 9 studies of phenols have been
appeared but this section will focus on chemical reactions.

3.1.1 Reactions of Phenols with H-atom abstractors—From the results of kinetic
and mechanistic studies on what are regarded as hydrogen atom abstraction reactions from a
variety of phenols® and flavonoids®” by 2,2-diphenyl-1-picrylhydrazyl radical (dpph' shown
in Scheme 13), three distinct and, in some cases, competitive, pathways have been invoked:
HAT, EPT, and PT-ET. Structure-acidity and structure-activity relationships for 10
flavonoids were explored and the results show that it is not possible to correlate phenol
acidity with rates without considering the solvent. Mechanism and lowest energy pathway
are governed by: i) the hydrogen-bond-accepting and anion-solvating abilities of solvents, ii)
the electron affinities and bond dissociation enthalpies of the initial radicals, and iii) by the
electronic influence of the phenol ring substituents. Changes in these parameters can alter
reaction mechanism from coupled (HAT, EPT) to sequential (PT-ET). For example,
hydrogen atom abstraction from quercetin by dpph (Schemes 13 and 14) occurs by HAT in
non-polar solvents. In polar solvents, enhanced rates are observed and attributed to
simultaneous contributions from HAT and PT-ET.

Solvent dependence is manifested in the reactivity of peroxyl radicals with phenols in
ionizable solvents, depicted below in Scheme 15. A 16-fold increase in the reactivity of
peroxyl radical with a phenol derivative was observed upon the addition of acid and
attributed to pre-protonation of peroxyl radical cation, HOOH*, which is easier to reduce.
There may be implications for this reactivity in the role of acid in increasing the efficiency
of the antioxidant properties of phenols with possible industrial applications.%

The ubiquitous bioreductant, ascorbic acid or vitamin C, functions as a redox cofactor which
is oxidized to ascorbyl radical and then to dehydroascorbate. Based on thermodynamic and
Kinetic results, ascorbate oxidation by nitrosobenzene appears to occur by EPT. From a
square scheme analysis, PT-ET or ET-PT would have minimum activation energies 68 kJ or
5 kJ higher than the experimentally determined value of 63 kJ. A relatively low KIE of
2.20-2.63 was calculated for a concerted mechanism but observed enthalpies and entropies
of activation differ from expected semiclassical values suggesting that proton transfer occurs
by tunneling. A large increase in KIE from 2.4 in water to 9.6 in a 1:1 mixture of water and
dioxane was observed.%

This same effect was observed for the oxidation of ascorbate with TEMPO radical but with
an even larger KIE. The kinetic isotope effect at 298 K is 24.2 in water and increases to 31.1
in a 1:1 mixture of water-dioxane. Temperature dependent studies were performed showing
a range of KIEs from 27.3 at 285.4 K to 19.1 at 317.4k in water and 34.3 to 24.6 at the same
temperatures in a 1:1 water dioxane mixture. Additionally an isotope effect was observed in
both the Arrhenius prefactor and the enthalpy of activation in the two solvent systems.100

Ascorbyl radicals can also be generated in EPT oxidation of ascorbate by phenoxyl or
nitroxyl radicals, as shown below in Scheme 16, and are stable for hours in anhydrous
acetonitrile. A thermodynamic analysis shows that free energy changes for PT-ET (40 kcal
mol~1) and ET-PT (35 kcal mol™1) are significantly higher than the observed value of 13
kcal mol~1,101

3.1.2 Reactions between oxidant and pendant base—Hammarstrém et al studied
the MS-ET reactions of phenols with a pendant carboxylate group, depicted below in Figure
23. This system acts as a model to understand the reaction dynamics in enzymes which
utilize hydrogen bond interactions to access low energy pathways. Oxidation was initiated
photochemically by oxidative quenching of Ru(bpy)32™* by methyl viologen giving
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Ru(bpy)33*. The Ru(l11) complex oxidizes the phenol with the proton either transferred to
the solvent or a pendant carboxylate depending on structure. The rate of the reaction is pH
dependent when water acts as the proton acceptor but in phenol derivatives with an internal
hydrogen bond there was no pH dependence. The KIE was 2.1 with water acting as a base
for sol-HB1 and sol-HB2 but for compounds with an internal hydrogen bond the KIE fell to
1.6 and 1.2 for int-HB1 and int-HB2 respectively.14

In a series of papers, Mayer et. al. examined the role of driving force and structure of
pendant amine bases on MS-EPT oxidation. The study was conducted on phenol derivatives
generated either electrochemically or with one-electron chemical oxidants, Figure 24.
Concerted electron-proton transfer was inferred based on the magnitude of primary KIEs,
which ranged from 1.6 to 2.8 for compounds HOAR-am and HOAR-py, and AG* values
less than AG°” values for formation of competing ET or PT intermediates. A claim was
made for applicability of the “Marcus equation” to EPT reactions but, given the quantum
nature of MS-EPT, a modified Marcus treatment is required with the proton transfer treated
quantum mechanically, see Section 2.902

Rate constants for oxidation of a series of substituted 4,6-di- fert-butyl-2-(4,5-
diarylimidazolyl)-phenols and related benzimidazole compounds (HOAr-imAr, HOAr-imX)
by chemical oxidants were measured. This work supports the observations of Fecenko et. al.,
showing that the driving force is the dominant factor determining the rate. It follows that in
order to reach conclusions about tunneling or intrinsic barriers based on structure or
substituent comparisions, the driving force of the reactions must be nearly the same or taken
into account, 15.102

The rate constant for EPT oxidation of the conjugated phenol pyridine derivative, HOAr-py,
in acetonitrile by chemical oxidants was about 100 times faster than the amine analog,
HOAr-am, with a similar driving force. The rate constant for oxidation of a pyridine base
with a methlyene spacer, HOAr-pyCH,, was comparable to HOAr-am, suggesting an
important role for conjugation in EPT.900

3.2.1 Amines—Oxidation of 4-X-substituted-/, A-dimethylanilines (X = OMe, OPh, CHgs,
H) by dpph- leads to N-demethlyation of the N,N dimethylaniline. Rate constants correlated
with the electron donating ability of the substituent. Based on intramolecular and
intermolecular KIE effects, ranging between 2.8-4.0 and 2.9-3.6 respectively, the reaction
likely proceeds by HAT through the N-C-H bond to dpph-.193

3.2.2 Hydroxylamines—Mader et. a/. studied the role of tunneling in pseudo self-
exchange kinetics for HAT in several hydroxylamines based on TEMPO derivatives, as
depicted in Scheme 17, in MeCN or CH,Cl, at 298 K. For dialkylhyroxylamine self-
exchange, KIEs of 21-23 + 4 are observed in marked contrast to arylhydroxylamines. The
latter have lower free energies of activation, by 9-10 kcal mol™2, and KIE values < 2 and
may involve ET-PT. The barrier for arylhydroxylamines are lower and as a result they react
more rapidly with tunneling playing a smaller role.104

3.2.3. Debromination of 8-Bromopurine—The mechanisms of debromination of 8-
bromoguanosine and 8-bromoxanthosine were studied by reduction of the corresponding 8-
bromopurine by pulse radiolysis and by hybrid meta DFT calculations. It was found that the
charge on the parent bromopurine dictates reaction pathway. As shown in Figure 25, the
neutral compounds 8BG and the protonated form of 8BA favor sequential ET-PT but
anionic 8BA undergoes a concerted EPT step to avoid a high energy dianion.105

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al. Page 31

3.3 Heterocycles as H-atom donors

Enthalpy values for electron transfer, proton transfer, HAT, and hydride transfer in
acetonitrile for a family of 47 five-membered heterocycles, shown in Scheme 18, were
tabulated with data derived from titration calorimetry, electrochemistry, and Hess’ law. The
change in enthalpy evaluated by relative thermodynamic cycles ranged from 71.8 to 91.4
kcal/mol for HAT from neutral donors and from 27.2 to 52.4 kcal/mol for the oxidized
forms. The library of heterocyclic data provides a useful thermodynamic reference for future
studies.106

4. PCET Involving Metal complexes

The essential role of PCET in important bioenergetic reactions, often involving
metalloenzymes, is well documented. Examples include hydrogen oxidation in hydrogenase,
nitrogen fixation in nitrogenase, oxygen reduction in cytochrome ¢ oxidase, and water
oxidation to oxygen in PSII that are reviewed in Section 8. Studies on biomimetic metal
complexes have been used to approximate the reactive sites in these elaborate enzymes.
Recent notable examples in the PCET literature that will not be elaborated here include a
Mo model complex used to probe the mechanism of sulfite oxidase,107 and a review on
structure/reactivity relationships in Mo and W enzymes.108

4.1. Oxidation catalysis

4.1.1 Water Oxidation—Photosystem Il is the archetype for water oxidation but synthetic
examples of water oxidation catalysts have appeared based on Ru, Mn, and Ir metal
complexes, polyoxometallates, and nanoparticle/films of Co,03, IrO5, and In,O3. A series
of recent reviews have appeared which cover this rapidly evolving area. 109

Of relevance to the Mn-based 4Mn1Ca cluster in PSII, Magnuson et al examined structure-
property relationships for several dinuclear Mn complexes (Mn-N303, Mn-N,Qy,), depicted
in figure 26, that model the dimer of dimers structure in the oxygen-evolving complex.
Structural variations in the bridge occurred with successive oxidations and in both cases -
oxo bridging occurred near 1 V vs SCE. This may be relevant to PSII since it prevents large
overpotentials from building up as multiple oxidative equivalents required for oxygen
evolution are accumulated.10 In complex Mn-N, 505 5, redox potential leveling was also
observed but the effect has a different origin. In this case the acetate ligands dissociate in
water and are replaced with aqua ligands. Subsequent deprotonation of the aqua ligands
decreases the difference between successive oxidation potentials by avoiding charge build
up. Oxidation was driven by photosensitized oxidation of the MLCT excited state of
Ru(bpy)s2*. Ligand variations were used to tune potentials and stabilize high Mn oxidation
states in the dimers while retaining the oxidative strength for water oxidation.111

Theoretical results on the mixed-valence, u-oxomanganese complex [(bpy)oMn' (-
0),Mn!V(bpy),]3*, depicted in figure 27, by B3LYP DFT correlate well with experimental
results with drastic changes in pKj occurring between oxidation states. The pKj of the
Mn(lll)-{\{lzn(IV) dimer changes from near 2 to about 12 upon reduction to Mn(I11)-
Mn(111).

The blue Ru dimer, cis, cis-[(bpy)2(H20)Ru"ORuM (H,0)(bpy),]4*, was the first designed
water oxidation catalyst. It utilizes PCET with combined electron-proton loss to avoid
charge build up to reach its highest oxidation state [(bpy),(O)Ru¥YORuY(0)(bpy)2]**. This
high-energy intermediate then undergoes rapid O-atom transfer to water to give a peroxidic
intermediate. Electronic structure and the results of theoretical calculations on the blue
dimer are discussed elsewhere.113 Continuing work on the characterization of intermediates
and deactivation pathways is being actively pursued in the Meyer and Hurst groups.114
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The Ru-Hbpp dimer shown in Figure 28, undergoes a series of oxidations from the initial
Ru(I)- Ru(ll) form to the catalytically active Ru(IV)-Ru(1V) bis-oxo form. Unlike the blue
dimer, the mechanism proceeds predominately through intramolecular oxygen-oxygen bond
formation instead of by nucleophilic water attack. This mechanism is supported by a
combination of kinetics, oxygen labeling experiments, and DFT calculations.11°

A detailed mechanistic analysis of blue dimer oxidation led to the recent development of
single-site water oxidation catalysts.116 Catalysis of Ce(IV) water oxidation by Ru(tpy)
(bpm)(H,0)2* and Ru(tpy)(bpz)(H,0)2* (ligand abbreviations are shown in figure 29) was
investigated by a detailed kinetic and mechanistic analysis including DFT calculations on
key intermediates.117:118 A systematic report of water oxidation by monomeric Ru
complexes was given by Thummel and co-workers!19 and the Berlinguette group studied the
effects of electron donating and withdrawing substituents on the rate and stability of Ru(tpy)
(bpy)(H20)%* derivatives.120

Oxidative activation of these monomeric complexes occurs by PCET with stepwise
oxidation of Ru''-OH,2* to Ru'V=02* through Ru!' ~OH2* without an increase in charge,
scheme 18. Further e~ oxidation to RuV=03* is followed by O-atom attack on solvent H,O
and O---O bond formation with additonal loss of a proton to solvent to give Ru'''-OOH?2*.
Further oxidation of the peroxidic intermediate occurs by PCET to give Ru'V(00)%* with
parallel pathways leading to oxygen evolution. In one, dioxygen is displaced by H,0 in
Ru'V(00)%* to regenerate Ru'!-OH,2*. In the other, Ru'V(00)2* is further oxidized to
RuV(00)3* which rapidly loses oxygen to give Ru''-OH?*, re-entering the catalytic cycle.

In a further electrochemical mechanistic study, a pathway for water oxidation was identified
which was first order in added proton acceptor base-H,PO,~, OAc™, HPO42~.30 The
appearance of this pathway was attributed to a concerted process with O-atom transfer to a
water molecule occurring simultaneously with proton transfer to a H-bonded base molecule,
eq 54. This pathway was termed “Atom-Proton Transfer” (APT) by analogy with EPT for
concerted electron-proton transfer.

v 3. AH APT I 2
Ru'=0"--- O\ y ——— Ru -OOH""+ HB
P
H---B

(4)

Rate enhancements of up to 1400 were observed with HPO42™ as the acceptor base. A DFT-
molecular mechanics calculation concluded that even water can act as the proton acceptor
base with B = H,0 in eq 54. KIEs from 2.3 for HPO42~ as base to 6.6 for H,O were
observed with the trend consistent with greater proton transfer distances as the base strength
decreases. The appearance of APT as the dominant pathway in water oxidation is
attributable to avoidance of a high-energy peroxide intermediate, Ru¥Y=03* + H,0 —
{Ru"-O0H,%*}.

The development of new catalysts has been rapid since this breakthrough with an extensive
series of monomeric Ru aqua complexes with one tridentate and one bidentate ligand
synthesized and characterized as catalysts. The general mechanism described above appears
to be applicable to the series with water oxidation rates varying systematically with ligand-
tuned redox potentials, in particular, with E°” values for RuV/1V, 118.117,121,121
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An alternate pathway for water oxidation has been suggested for the seven-coordinate
complex Ru'V(L)(pic),(OH)* shown in figure 30. The complex has been characterized by x-
ray diffraction. The anionic carboxylate ligands facilitate stabilization of high oxidation
states and the distorted octahedral geometry in the precursor creates a coordination at site at
Ru(1V) for nucleophilic attack of water with release of a proton. It is proposed that the
carboxylate groups can then act as proton acceptors during the oxygen-oxygen bond forming
step but mechanistic details are unclear.122

4.1.2 Organic Oxidations

: Organic PCET oxidations are typically thermodynamically favored but difficult to control
because initial oxidized products are often more reactive than the initial reactants and careful
management of protons and electrons a prerequisite. Recent reviews on C-H bond activation
by transition metal complexes'23 and metal-oxo complexes 123-124 provide examples.

Iron Complexes: High-valent Fe(IV)-oxo active complexes play an important role in
catalytic oxygen activation cycles by heme and non-heme Fe enzymes. Related reactivity
exists for synthetic metal-oxo complexes as well, including intervention of HAT and EPT
pathways. 125 The biomimetic, mononuclear nonheme Fe(1V) oxo complex in Scheme 20 is
generated by Ce(1V) oxidation and serves as a catalyst for organic oxidations with water as
the oxygen source. Up to 95 turnovers were observed in the oxidation of thioanisole to
methyl phenyl sulfoxide.126

Redox reactions of a blue dimer analog based on Fe, [(phen),(OH5)FeOFe(OH,)(phen),]**,
were studied in water with added hydroquinone and excess phenanthroline. Under these
conditions the dimer was reduced to Fe(I1) with rapid formation of Fe(phen);2*. Reaction
rates were greatly diminished in D,O pointing to EPT in the rate-determining step. 127 In a
subsequent paper it was demonstrated that the Fe dimer quantitatively oxidizes pyruvic acid
to acetic acid and CO,. 128

The pentadentate pyridyl iron complex, Fe(PY5)(H,0)%* (PY5 is depicted in figure 31), was
investigated as a mimic of lipoxygenase and suggested to react through an Fe(IV)-oxo
intermediate. Its reactivity was compared to previously studied lipoxygenase models based
on Mn(111)OH and Fe(I11)OMe complexes. Bond dissociation energies, entropies of
activation, and the enthalpic driving forces were compared to explain differences in rates of
oxidation of dihydroanthracene.129

Mn Complexes. The basicity of metal oxo ligands has been demonstrated to play an
important role in oxidation by C-H bond cleavage by lowering the redox potential required
for catalysis. The rate of oxidation of dihydroanthracene (DHA) increased by more than an
order of magnitude for the Mn(l11)oxo complex [(Mn'!'(H3buea)(0)]2~ compared to
[Mn!V(H3buea)(0)] ~, both depicted in Figure 32, even though the driving force is less by
~1 kcal/mol. The difference in rates occurs as a result of a change in mechanism from PT-
ET in the Mn(lIl)oxo form, with ApKj; < 2 for DHA, to EPT for the Mn(IV)oxo form with
ApK; ~ 15, 130

This effect has also been observed in the Mn corrolazine complex shown in Scheme 21.
With F~ or CN~ coordinated in the axial position, the basicity of [Mn'V(0)]?~ is the leading
factor in the increased reactivity of dihydroanthracene oxidation, not the oxidizing power of
MnV(o)—_131

Ru Complexes: The Ru(1V)-oxo complex, [Ru'V(tpa)(H,0)(0)](PFe)2 (depicted in figure
33), is an efficient catalyst for the oxidation of hydrocarbons with water as the solvent and
oxygen source using Ce!V as a sacrificial oxidant. For example, cyclohexene was oxidized to
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adipic acid by a series of PCET oxidation steps. The higher oxidation states Ru¥YO or RuV!
(O), are also accessible at higher pHs for oxidation of more electron deficient substrates.132

The carbene complex, cis-Ru(tpip)(CHPh)(PCys3) (tpip is depicted in figure 34), was shown
to act as a molecular mimic of known Ru oxide heterogenous catalysts in catalyzing
oxidation of alcohols and olefins with A-methylmorpholine A-oxide and iodosylbenzene,
respectively.133

The Ru acetate clusters, [RuzO(H3CCO2)g(py)2(L)]PFe (depicted in figure 35, L = methanol
or dimethyl sulfoxide), can be activated by O-atom donors toward catalytic oxidation of
cyclohexane or cyclohexene by oxygen atom transfer. These clusters are also capable of
olefin epoxidation and C-H bond cleavage similar to oxidative catalysis by metal
porphyrins.134

Cu Complexes: The permethylated-amine-guanidine bis(j.-oxo)copper dimer, shown in
Figure 36, was synthesized and found to mimic Cu based dioxygen activating enzymes by
replicating the tyrosinase enzyme reaction of hydroxylating phenolates to catecholates.135

The (u-72: n2-peroxo)dicopper(11) complex [Cua(H-L)(02)]2* (The structure of the H-L
ligand is shown in Figure 37.) is oxidatively active, oxidizing the xylyl linker of the
supporting ligand, styrene, and aliphatic C-H bonds with BDEs in the range 75-92 kcal
mol~1. Large KIEs were observed consistent with HAT/EPT mechanisms. 136

The triazamacrocyclic Cu(ll) complex, Scheme 22, can facilitate C-H activation under mild
conditions based on a three center, three electron C-H--Cu(ll) interaction. The paramagnetic
metal-hydrocarbon interaction was studied with EPR and DFT. Kinetics data obtained from
spectroscopic measurements including isotope labeling point to a concerted EPT event in the
rate-limiting step. This differs from the Ni(Il) analogue where Ni(lll) is inaccessible. When
the Cu(ll) complex is reacted with TEMPO, an aryl proton and Cu electron are removed.
The TEMPO-H bond dissociation energy is 72 kcal/mol showing that the C-H—Cu(Il)
interaction significantly alters the strength of the C-H bond.137

A study of ligand effects on heme-copper-oxygen reactivity relevant to cytochrome ¢
oxidase dioxygen reduction demonstrated that the [Fe-(0527)-Cu]* complex shown in
Scheme 23 is capable of H atom abstraction from phenols. The O-O bond is cleaved forming
a Fe(1\V)oxo complex and the resulting phenol radical subsequently dimerizes.138

V Complexes: The vanadium salt VV(O),™, shown in Scheme 24, oxidatively dehydrogenates
activated alcohols to aldehydes. In the proposed mechanism, the rate-determining step is
HAT from the C-H bond of the alcohol to V(O),~ which is reoxidized by O, to give a
peroxidic intermediate. The intermediate also oxidizes the substrate.13°

The complex, V(4,4’ - tbutylbpy),(O),*, abstracts a hydrogen atom from TEMPO,
hydroquinone, and dihydroanthracene. Rates are relatively slow which has been attributed to
a large intramolecular reorganization energy. 140

Ir Complexes: General base catalysis is observed in the oxidation of phenols by IrClg2~ at
high pH but it is unclear in acidic conditions, pH 1-3, whether the mechanism proceeds by a
step-wise or concerted mechanism. KIE values up to 3.5 suggest MS-EPT with water as the
proton acceptor.14! Oxidation of hydroxylamine is also observed from this substitutionally
inert Ir(1V) complex. Under acidic conditions the mechanism is likely a concerted event
with water functioning as the base. 142
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4.1.3 Hydrogen Oxidation and Reduction—Hydrogen oxidation and reduction are
fundamental PCET reactions of interest because they involve multi-proton, multi-electron
transfer but with involvement of only two protons and two electrons. Hydrogen is an
essential reductant in organic synthesis and ammonia production and as the fuel in PEM fuel
cells. Solar production of hydrogen is of increasing importance because of its potential for
using the sun and water as a hydrogen source. 143 Heterogenous catalysis of hydrogen
oxidation/reduction are well known and highly studied, detailed mechanistic insight is
available for a family of [Ni(diphosphine),]2* complexes that showcase the role of pendant
bases as proton relays for the oxidation of hydrogen and/or reduction of protons.144

The Hydrogenase enzymes are a remarkable example of utilization of PCET in proton
reduction to hydrogen. They also provide insight into reaction pathways for catalysis of H*/
H, interconversion in general.144.146 The symmetrical (Fe'), complex model for the enzyme
in Figure 38 can be protonated to form a terminal hydride which catalyzes proton reduction
at 200 mV below the isomeric bridging hydride. Hydrogen evolution occurs upon reduction
to the neutral hydride complex because of the enhanced hydridic character of the Fe-H.
Catalysis by a terminal hydride supports the idea that proton reduction occurs at a single Fe
site.

Rates for dihydrogen oxidation by the Ni(Il) complex NiP4-N and a previously reported
analog with two pendant bases NiP4-N, have been compared. NiP4-N functions as an
electrocatalyst for hydrogen oxidation with added bases. The mechanism proceeds through a
dihydrogen adduct, followed by H-H cleavage to give an intermediate Ni(lV) dihydride that
can be observed spectroscopically (scheme 25). The PCET reactions in this case occur by
sequential PT-ET with PT to the pendant amine base and then to an external base followed
by electron transfer oxidation. When two pendant bases are positioned to stabilize the
transition state, as in the complex NiP4-N,, the rate of H, oxidation is 20 times faster in
spite of less favorable thermodynamics.1472

The role of proton relay abilities of pendant amines in Fe and Ni functional analogs of the
Fe-S cluster in the hydrogenase enzymes have been analyzed. As for the Ni(ll) complexes
mentioned above, the model complexes contain internal bases-phosphines and amines-
arranged appropriately to act as proton shuttles from the metal center to enhance rates of
PCET.

Proton reduction by cobaloximes has been studied chemically, electrochemically, and
photochemically.1%0 The reaction mechanism proceeds either through a homolytic pathway
where two Co!!! hydrides react to form H, or by a heterolytic pathway by protonation of a
Co!' hydride (scheme 26). A thermodynamic analysis of the barriers and driving forces of
the pathways suggest that homolytic mechanism is favored largely because of the barrier for
Co''-diglyoxime formation.151

4.2 Oxygen Reduction Catalysis

The Fe complex [N4Py2RFe!(OTf)]*, depicted in Figure 40, reduces dioxygen. It has been
suggested that the mechanism proceeds by utilization of PCET and both first and second
coordination sphere involvement. The unique stability of the complex in strong acids and
bases enables characterization of Fe(l11)OH and Fe(I1)OH intermediates and PCET
reduction to Fe(I1)(OTf). Isotopic labeling experiments demonstrate involvement of inner-
sphere oxygen atoms and a role for synergistic first-and second-coordination sphere effects.
The catalyst can be regenerated with cobaltocene with added triflic acid or by PCET
reduction with ascorbic acid.153 The role of the second coordination sphere in dioxygen
activation was the subject of a recent forum article.154
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Oxygen reduction by the reduced heteropolytungstate anion a-PW1,040 4~ occurs either by
stepwise ET-PT or multisite EPT (MS-EPT), depending on pH, to give the one-electron
reduced heteropolytungstate anion a-PW1,04q 4~. At high pH the reaction proceeds through
an outer-sphere electron transfer followed by proton transfer. At low pH the process is
concerted with a deuterium KIE of 1.7, Scheme 27. The direction of proton and electron
transfer are opposite from MS-EPT oxidation of tyrosine where the metal complex acts as an
electron acceptor rather than electron donor.1%°

4.3. EPT Reactions Involving Coordinated Ligands

4.3.1. Oxidation by EPT—PCET reactions between [Fe!l(H,bip)(bpy),]¢* and
[Fe!'(Hobim)(bpy),]2* (Hobip and Hobim are depicted in figure 41) with TEMPO occur with
large negative entropies of activation, =30 +2 cal mol~1 K~1 for both. This is not accounted
for with hydrogen bonding, solvent effects, ion pairing, or spin state equilibria and primarily
arises from the vibrational entropy difference between the oxidized and reduced forms of the
complexes. This result demonstrates the limitations in using only bond dissociation energies
in explaining EPT rate phenomena without including entropy changes. In correlations
involving HAT and EPT reactions of transition metal complexes bond dissociation free
energies should be used instead of bond dissociation enthalpies.1°

Investigation of the role of entropy change in PCET was extended to related reactions
involving Co, Fe, and Ru complexes. A correlation exists with electron transfer half-reaction
entropies in aprotic solvents allowing for predictions of these effects in other reactions.104 A
review on Ru(l1)(bpy), pyridylimidazole complexes provides considerable insight into the
properties of these protic, redox active complexes.1>7

The oxidation of Ru'!(py-imH)(acac), by TEMPO, Scheme 28, occurs by EPT with
significant tunneling based on the KIE (23) and a semiclassical analysis of the energy of
activation. Application of the Marcus cross reaction relation does not explicitly include
tunneling which limits its application to reactions in which the coupled modes can be treated
classically.158

The octaaza dinucleating macrocyclic ligand, LH,4, shown in scheme 29 undergoes a self
oxidation reaction when bound to Cu(ll). In the bimolecular reaction, four Cu(ll) centers are
reduced to Cu(l) and one of the amine ligands is oxidized to give the corresponding imine
without added oxidant or base. DFT predicts a two-step mechanism with proton transfer
occurring first followed by a net HAT. The mechanism of this amine to imine oxidation
appears to be distinct from standard amine to imine oxidations by transition metal
catalysts. 159

4.3.2. Reduction by EPT—The tetraphenylporphyrin (TPP) imidazole complexes,
TPPFe!''im and TPPFe!lImH (scheme 30), function as models for the reactivity of histidine
ligated hemes with oxyl radicals and hydroxyl substrates. Reactivity was observed with an
ascorbate derivative, hydroguinone and benzoquinone, phenoxyl and nitroxyl radicals, and a
hydroxylamine. Reactions with ascorbate and TEMPO occur by EPT (HAT) and
demonstrate the possibility that EPT plays a role in histidine-ligated heme cofactors.160

Multistep PT, ET, and PCET processes were demonstrated for complexes containing the
pterin ligand (a redox active heteroaromatic coenzyme) in [Ru'l'(dmp™)(TPA)]?* and
[Rul''(dmdmp™)(TPA)]*, Figure 42. The coordinated pterin ligand can be doubly
protonated and undergo PCET oxidation to give a coordinated monohydropterin radical
intermediate. The pK; values and redox potentials were determined and N-H bond
dissociation energies estimated. The latter was invoked as the dominant factor in the rate of
PCET.
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EPT was investigated for concerted e/H* from a series of substituted phenol derivatives
with electron transfer to Ru(l11) in [Ru'''(dmp~)(TPA)]2* and [Ru!''(dmdmp™)(TPA)]%*.
Rate constants typically increased by 1-2 orders of magnitude for dmp™ as a result of the
stronger hydrogen bond association with the phenol demonstrating the importance of
preassociation and “stabilization of the transition state”. Another explanation is the decrease
in proton tunneling distance in more nearly symmetric H-bonds.162

The roles of distance and decreased electronic communication between the electron and
proton transfer sites on EPT were explored in the complexes illustrated in figure 43. With
the phenyl spacer (Ru''PhCQO) there is a 10 bond, 11.2 A separation distance between the
Ru'll electron transfer acceptor and carboxylate proton acceptor sites. Cyclic voltametry and
UV-visible absorption measurements suggest that there is almost no interaction between
sites. Reactions with TEMPOH occur by EPT in both cases with the rate constant decreasing
by a factor of 2 for the longer ligand even though the driving force for EPT is larger with the
phenyl spacer. With 2,6-di-fert-butyl-4-methoxyphenol as the H atom donor, initial ET or
PT can not be ruled out but the rate constant decreases by a factor of 1000 due to diminished
electronic communication. This demonstrates that distance and conjugation between redox
and base sites play a role in EPT.162

State PCET

Excited state PCET reactions play an important role in chemical and biological
processes.>3058.66b.163 A hetter understanding of the kinetics, dynamics, and role of driving
forces in excited state PCET reactions are important in the design of artificial photosynthetic
devices for the production of solar fuels.10.74

Changes in reactivity and reaction dynamics often appear for excited states with a significant
difference in electronic structure between ground and excited states. This is a common
observation for protic molecules with light absorption inducing significant changes in acid-
base properties which can trigger PCET. 164 PCET provides a basis for photo-protection in
many organic and biological molecules following UV absorption with excited state energy
discharged by proton transfer, releasing excitation energy preventing dissociation or other
deleterious excited state reactions.16° Investigation of excited state PCET reactions has also
given insight into how photosynthetic reactions are driven following light excitation.166

At the microscopic level, excited state PCET reactions are influenced by a number of factors
including local changes in molecular and solvent structure and changes in the local hydrogen
bonding environment. The roles that these factors play in excited state kinetics and
thermodynamics are being explored both experimentally and theoretically.530.58.65,66b,74,167
In one approach, the quantum nature of proton nuclear motion and electrostatic coupling
with surrounding polar solvent determines whether the proton motion is electronically
adiabatic or nonadiabatic.53P.65.1679 Rate constants are predicted to increase with increasing
driving force as excited vibronic product states become accessible.58

Electronic structural changes accompanying light absorption can greatly affect proton
affinity and excited state pKp values. This is common for intramolecular charge transfer
(ICT) excited states of weak organic acids such as phenols or the coumarin dyes.1673.168 Ap
estimate of excited state pKa’s is available by application of the Forster equation, eq 55, in
which hvpp is the absorption energy of the protonated acid and hva_of the corresponding
base.164b Application of DFT has allowed estimation of pAa’s for many organic acids in a
variety of solvents.163
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hu,, —hv _
PKZ=PKQ—% (55)

Distinguishing whether transfer of an electron and a proton are sequential or concerted in
excited state PCET can be difficult.53° Photochemically driven EPT (photo-EPT), with
concerted electron-proton transfer occurring during optical excitation, would appear to be
ruled out on fundamental grounds. Application of the Franck-Condon principle shows that
electronic excitation occurs rapidly on the timescale for nuclear motions, including proton
transfer. However, evidence for photo-EPT has been obtained by a combination of
femtosecond pump-probe and coherent Raman measurements following intramolecular
charge transfer (ICT) excitation of hydrogen-bonded adducts (1) and (2) in Figure 44. Based
on the ultrafast Raman measurement on v(O-H) and v(N-H) modes, proton transfer is
coincident with excitation in these adducts.

These results were rationalized as follows. Immediately following excitation, the proton in
the optically prepared ICT excited state is located at the equilibrium coordinate of the A-O-
H ground state, (“A-O'—H*----:B)*. In a conventional proton transfer event, H* motion
occurs after or during excited state equilibration in the coupled vibrational and solvent
modes. Such a stepwise process is analogous to ET-PT with excitation (ET) followed by
proton transfer, and has been studied by several groups by ultrafast methods.169

However, the same configuration produced by vertical excitation could also be viewed as an
“|CT-EPT” photoproduct state. In this state the proton is transferred to the nitrogen base in
concert with formation of the ICT excited state but with a highly elongated *H-N bond, i.e.
(“A-0"-*H—B)*. The instantaneous appearance of a H*-N vibrational mode in the fsec
resonance Raman experiments was consistent with this interpretation.170

5.1. Excited State Superacids

Superacids are a class of molecules that undergo dramatic increases in pKpa upon
excitation.1640 Enhanced acidity accompanying changes in electronic structure dramatically
affect pKa’s and can significantly influence reaction dynamics for proton transfer events.
Enhanced aciditiy is common for charge transfer excited states in protic molecules. The
example of 2-naphthol is illustrated in Figure 45 in which the acidity of the phenolic proton
increases by 6.4 pKj; units in the intramolecular charge transfer (ICT) excited state.171 For
molecules with pre-formed H-bonds, proton transfer is in competition with excited state
decay.

Photoacids can be used as optical triggers to rapidly increase local acidity and induce
chemical reactions.1642 An ideal photoacid should have pKa = 8 and pKa* < 2, deprotonate
in a few nanoseconds in aqueous solutions following electronic excitation, and undergo slow
reprotonation. 164

Utilization as optically controlled proton donors requires initial hydrogen bond formation.
The importance of prior H-bonding has been demonstrated in excited state proton transfer
reactions with 8-hydroxy-1,3,6-pyrenetrisulfonic acid (HPTS), a common photoacid, with
acetate added as acceptor base. 1642 HPTS and acetate associate in the ground state creating
a hydrogen-bonding network that sets the stage for proton transfer following excitation of
the photoacid. If the network is broken by addition of bromide salts, proton transfer is
inhibited. The importance of H-bonding is due to the importance of vibronic wave function
overlap in order for proton transfer to occur. This overlap decreases exponentially with the
proton transfer distance, Section 2.1679
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HPTS and other pyrene photoacids with related structures, shown in figure 46, have been
extensively studied 1642171172 jncluding the role of changes in pKa induced by substituent
changes. For HPTS, charge redistribution is followed by proton dissociation due to
enhanced acidity in the excited state. For APTS, deprotonation occurs first, followed by
charge rearrangement, leading to a decrease in basicity of the deprotonated state relative to
the ground state.171a

Stark spectroscopy was used to probe charge transfer in the pyrene photoacids in Figure 46.
The 1L, transition dipole for the excited state of HPTS is illustrated in the figure.

5.2. Superbases

The converse of superacids, superbases, has also been observed in excited states in which
charge transfer excitation creates a basic site. Chen et. a/. found evidence for superbase
reactivity, Figure 47, following excitation of an arginine amide containing peptide.1”3 The
electronic excitation is delocalized over the amide group in the w* orbital, which leads to N-
C, bond cleavage forming C radical fragments.

MS-EPT was observed in reductive fluorescence quenching by three isomeric free-base
meso-(pyridyl)porphyrins by phenols. In these reactions, quenching occurs by electron
transfer to the porphyrin excited-state and proton transfer to the hydrogen bound pyridine,
figure 48. The distance and driving force for electron transfer were tuned and rate
enhancements greater than a factor of 10 were observed.1670

5.3. Organic Molecules

There is an extensive literature on PCET and excited state hydrogen bond dynamics in
organic molecules. Aromatic molecules can have “highly polar charge-transfer states

of Irere*, Inne*, or Imo™ character which drive proton transfer.”168 Computational studies
designed to gain an understanding of the conical intersections which couple S; and Sg
surfaces and allow for ultrafast internal conversion to the ground state were conducted on
indole H-bonded to both pyridine and ammonia.168 The results of calculations on these
molecules highlight the importance of hydrogen bonding prior to excitation. Fast proton
transfer triggered by electronic excitation is dependent on vibronic overlap between the
proton donor and acceptor as noted above.

Pyridine-pyrrole hydrogen bonded assemblies, have been widely studied as models for
guanine/cytosine (G/C) and adenine/thymine (A/T) Watson-Crick base pairs. Recent
calculations generated the intersecting energy-coordinate diagram in Figure 49. It was
discovered that two crossings, an avoided crossing and a conical intersection, are important
in understanding excited state hydrogen bond dynamics involved in photoinduced electron-
driven proton transfer in the pyridine-pyrrole system.165a.167a

Femtosecond pump-probe electron-ion coincidence spectroscopic measurements were
performed on 2-aminopyridine dimers.165¢ They display two reaction channels for proton/
hydrogen transfer, ultrafast (sub-50 fs) and slower (~75 ps) components.165¢ Similar to
related molecules, this molecule undergoes internal conversion to the charge transfer state
which corresponds to electron transfer from the proton donor to the proton acceptor and a
net hydrogen transfer reaction.165¢

There is considerable debate concerning whether excited state double proton transfer (ES
DPT) in 7-azaindole dimers (7Al,) is a concerted or stepwise process; both possibilities are
depicted in figure 50.174 Excitation-wavelength dependent fluorescent experiments
conducted by Takeuchi and Tahara show high energy transients with a bi-exponential decay
(0.2 ps and 1.1 ps) and lower energy transients with a single exponential decay (1.1 ps).174¢
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The 0.2 ps decay at higher energy is attributed to a 1Ly, (S,) — 1L, (Sy) transition, while the
1.1 ps decay is assigned to double proton transfer from the 1L, (S;) state. Thus a concerted
process takes place and the biexponential time components can be explained by electronic
relaxation.174¢

Oxidation of oligodeoxynucleotide residue, 5-methyl-2’-deoxycytidine (d™C), by
photosensitized 2-methyl-1,4-naphthoquinone (NQ) is illustrated in Figure 51. When excited
at 355 nm, NQ forms triplet 3(NQ)*. Once formed, it reacts to create a d™C radical which,
based on solution conditions, undergoes either reversible or irreversible deprotonation. The
product distribution is pH dependent; 5-formyl-2’-deoxycytidine is formed at pH 5 and
below pH = 4.5 the N3 position is protonated and one-electron oxidation hindered.1’>

5.4. Metal Complexes

The emitting metal-to-ligand charge transfer excited state of the complex Ru(bpy)2(bpz)2*
(bpz is 2,2”-bipyrazine) undergoes EPT reduction with added hydroquinone (H,Q). In the
lowest excited state, a bpz radical is formed with an increase of 6 pKj units compared to the
ground state. In the quenching mechanism, Figure 52, excited state pre-association occurs
between HoQ and the bpz ligand followed by EPT which is favored over reductive electron
transfer to give Ru'!(bpy),(bpz H----HQ")2* by 0.6 eV.176

A related mechanism was proposed in the reductive quenching of the emitting MLCT
excited state of [Ru(bpy)2(pbim)]* which oxidizes ubiquinol or plastoquinol analogues in
acetonitrile by PCET. The mechanism for this process is shown in Figure 53 for the
[Ru(bpy),(pbim)]* ubiquinol example.”® Theoretical calculations were used to investigate
the associated EPT pathway.’® These calculations predict that the kinetic isotope effect
(KIE) will increase for ubinquinol but decrease for plastiquinol.

PCET involvement has also been invoked in the photodimerization of [Ru!!(bpy),(L-L)]%*
(L-L = trans-1,2-bis(4-(4-methyl)-2,2” -bipyridyl) ethane) in solutions between pH 7 to pH
12. In the proposed mechanism, Figure 54, MLCT excitation is followed by intramolecular
oxidative quenching by the remote bipyridinium to give the bypridinium radical. The radical
induces cyclodimerization with a second complex followed by re-oxidation by the Ru(l11l)
formed by excited state quenching.1’’

As a model for sensitized electron transfer in Photosystem Il, PCET reactions were also
investigated in polypyridyl Ru(Il) and Re(l) complexes with tyrosine-like ligands, Figure 55.
Also, note Section 8.2. In these experiments, oxidation of intramolecularly bound tyrosine
was investigated by laser flash photolysis following oxidative quenching of the Ru and Re-
based MLCT excited states. 167 These experiments explored the pH dependence of the
PCET oxidation of the tyrosine-like ligands to address a literature debate concerning the
proposed role of changes in driving force induced by pH, Section 8.2. For a EPT pathway
there is no microscopic basis for changes in AG induced by pH changes to effect the EPT
barrier. Howerver, a pH dependence was observed for intramolecular oxidation in both
Rel!l(P-Y) and Ru'"'(P-Y).

In a related study, based on a series of Ru-tyrosine analogs, rates and mechanism of PCET
were varied depending on the strength of hydrogen bonding to the dissociating proton,
Figure 56. For RuY, proton loss to an external base occurred. In the case of Ru-SA and RU-
PA the ligand functioned as an internal base for proton transfer. For Ru(Y) and Ru-SA, pH
dependent rates occur in discreet steps. Each step in the rate ladder represents a different
mechanism and the rates vary by 5 orders of magnitude over the pH range 2—10.178

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al.

Page 41

In a related experiment, Freys et al investigated concerted excited state EPT in a H-bonded
molecular assembly between the iridium complex IrbiimH,* and 3,5-dinitrobenzoate anion
(dnb~) as the electron-proton acceptor as shown in fgure 57. 167 This complex forms a
hydrogen-bonded 1:1 adduct with benzoate anions and “proton delocalization can be
monitored directly by optical spectroscopy due to the close proximity of the acidic N-H
protons to the metal center.”167¢ Following photoexcitation, the spectroscopic changes in the
IrbiimH,™ complex and formation of Hdnb were used to monitor proton release to the base.

Photochemically induced PCET has been studied in metal porphyrins including temperature
and isotope dependence studies,67¢ ligand-field dependence studies, 167! and the influence of
spacers between amidinium-amidine acid-base electron transfer acceptors and the
porphyrin.167h Concerted electron-proton transfer was observed following excitation of the
porphyrin, by monitoring the transient absorption growth and decay of the porphyrin cation.
Temperature dependent studies on the zinc porphyrin dyads, figure 58, illustrate the
importance of vibrational overlap in concerted EPT reactions by highlighting the effects of
bath-induced changes in the proton coordinate.167¢

Experiments with porphyrin frameworks having spacer modifications that maintain rc-
conjugation but extend the distance between the hydrogen bonded amidinium-amidine base
and the porphyrin, demonstrate that concerted EPT occurs between the porphyrin and the
hydrogen bound ligand. The spacer between the amidine and porphyrin creates a more
significant wavelength dependence between the amidinium/amidine protonation states due
to the added rotational dimensions between the proton acceptor and donor. This makes
experimental observation of changes in electron and proton motion more spectroscopically
accessible. The added spacer introduces an additional degree of freedom along the rotational
plane of the porphyrin-amidinium pair. 167

Photochemically initiated EPT has been shown to occur from thin films of adsorbed DMF to
the oxide in WO3 and M00O3.179 Net photo-injection of hydrogen onto the metal oxide films,
Figure 59, is induced by an electronic transition which triggers net charge transfer from the
transferring H atom toward a surface M=0 site causing C-H bond rupture.179

5.5. Biological Molecules

As noted in section 8.4., excited state driven PCET plays an important role in photosynthetic
oxygen production by photosystem 11 (PSII) in the oxygen evolving complex (OEC).180 |n
order to oxidize two water molecules to produce oxygen requires absorption of four
photons.189-181 ynderstanding how the photosynthetic apparatus balances excitation energy
from multiple photons to achieve PCET oxidation of water and reduction of CO5, provides
important lessons for the design of artificial photosynthetic devices. In the photosynthetic
apparatus excited state energy is converted into transiently stored redox equivalents that
drive PCET reactions for water oxidation and NADP reduction.

Photochemically driven PCET in DNA base pairs is utilized to avoid photo-damage.182 The
mechanisms by which coupled proton transfer events assist in excited state energy
dissipation and photostabilization in DNA molecule base pairs has been explored by
ultrafast transient laser techniques.183. 182 proton transfer events in photoexcited Watson-
Crick DNA base pairs occur on extremely rapid time scales. Calculations on guanine-
cytosine (GC) base pairs predict conical intersections that connect the > excited state to
the ground state.182 The net proton transfer event is illustrated in figure 60.

These charge transfer pathways connect excited states with ground states through conical
intersections which lead to rapid decay avoiding photodamage.182-184 Similar ultrafast
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deactivation through conical intersections is observed in Watson-Crick adenine (A)-thymine
(T) base pairs.165p

Hydrogen bonding is an integral feature in most biological structures and may play a general
role in excited state dynamics and reactivity following charge transfer excitation of
peptides. 184 Green Fluorescent Proteins (GFPs) offer an example where hydrogen bonding
and proton transfer play important roles in excited state dynamics based on recent
experimental and theoretical studies.18> As noted above, prior hydrogen bonding ensures
that proton transfer events triggered by photoexcitation can occur following light absorption.
This conclusion is supported by computational studies,1850.185f

Ultrafast time-resolved fluorescence studies on GFP show that a neutral intermediate state
(1*) is formed very rapidly (< 1ps) following excitation to the initial excited state (A*).18%
The rapid (sub picosecond) time scale means the A* — |* transition occurs more rapidly
“than excess energy can be dissipated, and initial state I* is formed vibrationally hot.”185€
“Pre-existence of a low-barrier or barrierless H-bond between the phenol group of the
chromophore and a side chain of aspartate” ensures facile proton transfer.185¢ Figure 61,
shows the initial configuration of GFP, A. Following excitation and the sequence, A — A*
— I*. The intermediate state, I*, either relaxes to the ground state and returns to A, or
follows an alternate path to B* which decays to a long lived B state.1854-f This structure
facilitates proton shifts through a hydrogen bonding network by a proton wire effect. An
example of the proton wire effect is illustrated in figure 62; it is observed following
excitation in wild type GFP.185¢

6. Electrochemical PCET

Electrochemical measurements have been applied to the study of PCET reactions resulting
in useful information on kinetics, thermodynamics and mechanism. These studies have
utilized cyclic voltammetry (CV), rotating disk electrodes (RDE), electrochemical
impedance spectroscopy (EIS), spectroelectrochemistry and digital simulation (Digisim).

A major advance was made by Savéant, Evans, and coworkers in using electrochemistry to
identify concerted electron-proton transfer (EPT) pathways in reactions previously thought
to be stepwise, ET-PT or PT-ET. Their analyses of electrochemical data unambiguously
established EPT mechanisms. Significant progress has also been made in unraveling the role
of complex acid-base equilibria in PCET reactions.

6.1 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) has proven to be a powerful tool for identifying and studying
PCET. For a chemically reversible half reaction written as a reduction half reaction, the pH
dependence of a PCET couple is given by eq. 56.

E=E’+ ( (56)

RT ; [Ox]\ 2.303mRT -
n_F) ”([Red]) T aF

In this equation, [Ox] is the concentration of the oxidized form of the couple and [Red] is
the concentration of the reduced form and £° is the formal potential. The numbers of
electrons and protons transferred are represented by nand m, respectively. £ is the measured
potential, while R, 7, and Fare the gas constant, temperature and Faraday constant,
respectively. According to this expression, the slope of a plot of £vs pH should be -2.303
mRTInF. If the number of electrons transferred is known, the number of protons transferred
can be determined by use of eq 56.
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Bond and coworkers 187 used this method to determine the number of protons transferred in
the PCET reduction of highly charged lacunary anions, such as [a-SiWq7,039]8~ and [a.-
PW11030]"~. In aprotic solvents such as acetonitrile, they undergo simple 1e” reduction,
however in protic media with added buffers, such as HOAc/OAc™ (acetic acid/acetate), they
observed non-integer values for m with m# n. As an example, for [a-SiWq1039]8~, m=2.4
and n = 2. Incorporating a multi-square, multiple acid-base equilibria scheme (Scheme 31)
and utilizing experimentally determined £ and equilibrium constant (K) values in Scheme
31, simulated CVs generated by Digisim gave excellent agreement with experimentally
obtained CVs. Non-integer values of mwere explained by a multi-square, multi-acid base
equilibrium mechanism, Scheme 31. Non-integer values for /77 were obtained since the
number of protons and electrons involved are different in the interconnected square
schemes. As shown in Scheme 31, twelve protons and ten electrons are involved in the
multiple equilibria. Recently, the same authors reported on the one electron reduction of
Keggin-type polyoxometalate anions (POMs) [XVVYMj104]*", where X=P, As; M=Mo,
W).188 |n aprotic solvents, the number of proton transfers associated with one electron
reduction was found to be 2. They observed non integer values for mwith m# n.

Determination of mand nfor PCET reactions are routinely made from plots of half wave
potential (£;,) from voltammetric measurements as a function of pH, so-called Pourbaix
diagrams. 189 In these measurements £, varies with a of slope 59 mV (/7/1) per pH unit (at
25°C) according to the Nernst equation with m/n calculated from the slope.

Pourbaix diagrams have also been used to determine pKj; values. Figure 63 illustrates the
Pourbaix diagram for the -tri-Ru cluster [RuzO(Ac)g(py)2(0OH,)]".134 The value pK, = 8.7
for the equilibrium, [Ruz!!"" 1M (H,0)]*= [Rug!!! T (OH)]* + HY, illustrated in the figure
is in good agreement with the pK; value determined by spectrophotometry.

Recently, Wang et. a/19 reported a Pourbaix diagram for [Fe!YO(N4Py)]2* (N4Py=N,N-
bis(2-pyridylmethyl)-bis(2-pyridyl)methylamine). The Fe!V/!Il couple has a slope of 55 mV
per pH unit, consistent with a 1e7/1H* PCET couple. This is the first instance where a
Fe!V=0 complex displays a reversible Fe!V=0/Fe!ll-OH wave. The reactivity of the oxo
corrllplei( was promising. It oxidizes dihydroanthracene (DHA) with a rate constant of 18
M™ts™.

Cyclic voltammetry is used extensively to determine diffusion coefficients for both
irreversible (eq 57a)) and reversible reactions (eq 57b) by application of the Randles-Sevcik
equation.*3 In these experiments, the peak current (/p) is measured as a function of scan rate
(v), while the diffusion coefficient is determined from a plot of /, versus W2 In these
equations 1, Dy, C, A, and a are the number of electrons transferred, the diffusion
coefficient, the concentration of diffusional species, the area of the electrode, and the charge
transfer coefficient, respectively.

1,=(2.99 x 10%n*2a'?AD}/*Cv'/*  (Irrevesible Reaction) (57a)

1,=(2.69 x 10%n*2a'?AD}>Cv'/*  (Reversible Reaction) (57b)

This technique was used to determine the diffusion coefficient for protons in a ferrocyanide
incorporated solid electrolyte through a Nafion ion exchange membrane. A linear
relationship between /,vs W12 and application of eq 57a for irrersible reactions, yielded a
diffusion coefficient of 4.8 x 10712 cm?/s. This value is 7 orders of magnitude smaller than
the diffusion coefficient in water demonstrating slow proton transfer in the ion-exchange
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membrane.191 Utilizing this value for the diffusion coefficient, the standard rate constant
(k% was determined for the oxidation of absorbed hydrogen by eq 58 for reversible electron-
transfer.

pl2 Fonll2
0.78+In [kLO] +1n(0‘—”) (58)

CV has also been applied to the study of reaction kinetics at electrodes. For diffusion
controlled reactions which are chemically reversible, anodic (oxidative) and cathodic
(reductive) peak potentials are independent of scan rate with a peak-to-peak separation (4£,
= Epa— Ep, of 59/n mV at 25 °C.192 If the kinetics of the heterogeneous reaction,
including PCET, become comparable to the scan rate, A £ increases with increasing scan
rate and rate information can be extracted from its dependence on v. Based on an analysis
by Nicholson and Shain192 for a quasi-reversible reaction, the surface rate constant (49 is
related to a dimensionless parameter (), defined by eq 59, where Dyand D are the
diffusion constants for the oxidized and reduced forms of the couple, respectively.

RT \12 Do al2 .
) (52) ¢

yis related to the difference between the peak potential (£,) and formal potential (E‘7 )in
mV at different scan rates, (AEp’ = Ep- £ as defined by eq 60.

Iny=3.69-1.161In(AE, —59) (60)

Mayer and coworkers 992 applied this method to the determination of rate constants for the
oxidation of phenols hydrogen bonded to various bases including the primary amine
(HCPh,NH>), imidazole, and pyridine. Observed peak potentials for oxidation of these
hydrogen bonded phenols are lower than for non-hydrogen bonded phenols, and the
oxidation mechanism was deduced to be EPT as discussed in section 3.1.2. Nicholson’s
method was also applied by Evans et. a/193 for kinetic studies of N,N-Dimethyl-p-toluidine
(DMT) oxidation at room temperature in the ionic liquid N-methyl-N-butylpyrrolidinium
bis(trifluoromethylsulfonyl)imide. Similar results were obtained to those previously reported
in aprotic media.

For an irreversible PCET reaction, the peak potential shift relative to the formal potential
(Ep—EO) is given by eq 58. It allows the heterogeneous rate constant (4% to be determined
from scan rate measurements, if the diffusion coefficient is known and certain assumptions
are made about a..

As an example, Gupta et. a/194 determined irreversible heterogeneous PCET rate constants
for the reduction of 5 different Schiff bases based on 3-[5-phenylpyrazol-3-ylimino] indol-2-
ones in which the benzene ring was substituted by halogen atoms. The structure and
proposed mechanism are shown in scheme 32. Rate constants were similar (1.3-8.4x1078
cm s ~1) throughout the series. For a series of halogen substituents, Scheme 32, reduction
peak potentials (£,) decreased in the order | > Br > Cl > F > H, the order of decreasing
electron withdrawing ability of the substituent.

For an irreversible catalytic reaction followed by a reversible reaction, the catalytic rate
constant (kg4 can be determined from the slope of / 4/ /, plotted against ¢1’2 (#7418 the
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catalytic current at the catalytic peak potential; 7, is the peak current in the absence of
substrate; and ¢ = kR TInFv). Nunes et. al1340 measured k., for catalytic benzyl alcohol
oxidation by the Ru=O(IV, IV, 111)/Ru-OH(IV,111,111) couple of [RusO(Ac)s(Py)(OH,)]*. The
catalytic wave was associated with a Ruthenium oxo-[1V,IV,l11]/Ruthenium hydroxo-
[IV,1I1111] PCET couple. The oxidation of benzyl alcohol proceeded by a two-electron
transfer to generate benzaldehyde with A= 2.2x102 M~1 s71, This rate constant is
approximately 10 times higher than the previously reported rate constant for benzyl alcohol
oxidation by [Ru'V(tpy)(bpz)(0)]%* (tpy=2,2",2” -terpyridine, bpz=2,2"-bipyrazine) at pH
11,195 probably due to a greater driving force given the reduction potentials for
[Ruz'V:VO(AC)6(py)2(0)]T (£P=1.1 V at pH 6.7) and [Ru'V(tpy)(bpz)(0)]?* (£9=0.90 V
at pH 11).

CV has also been used to measure formation constants for hydrogen-bonded adducts to O,
in MeCN.1% Reduction of O, by 1e~ gives O, 1962 which forms 1:1 and 1:2 complexes
with weak acids (HA). Formation constants, K; and K, have been determined for these
complexes.

0%~ +HA=(0%") o (HA) K
(O37)(HA)+HA=(03") o (HA), K>

In this case, the observed formal potential with added HA (£7 1,14) is related to the standard
potential with no HA added (£7;), the concentration of HA (C,4), and the formation
constant as shown in eq 61. Fits of formal potential with increasing HA concentration (£
°1HA VS In(Cra)) were used to determine Kvalues for the weak acids water, isopropanol,
and methanol.

RT
EV,,=E}+—In [14K,C, +K K2C2 | (61)

1,LHA

Following formation of 1:1 or 1:2 complexes with HA, the complexed superoxide acts as a
reactant for the second step. In the second step, both a proton from HA and an electron from
the electrode are transferred to superoxide, generating HO,™ and A~, via an EPT pathway
(scheme 33, with HA = H,0). A significant KIE was observed for this step varying from 2.4
(HA = isopropanol) to 5.6 (HA = methanol) at maximum acid concentrations added. The
KIEs support the proposed EPT mechanism.

Using CV measurments, Saveéant and coworkers have unraveled the mechanisms of PCET
reactions through detailed kinetic analyses with rate constants experimentally determined by
the Nicholson method. For EPT pathways, they derived an expression for the
electrochemical rate constant (k) as a function of electrode potential 536197, This
expression is shown in eq 62, where Z;, y, A, AZPE are the collision frequency,
transmission coefficient, reorganization energy, and difference between the transferring
proton zero-point energies at the transition state and at the reactant state, respectively.

2 ( E—E0)2 AZPE

ap _ _
k" (E)=Zeixexp IRT 1 ) RT

(62)

Figure 64 is a schematic representation of an EPT pathway. In this representation four
diabatic states are mixed to generate two states that are adiabatic toward proton transfer
(Upper inset). According to the Born-Oppenheimer approximation, since both the
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transferring electron and proton are light particles compared to the other atoms, their transfer
requires reorganization of heavy atom motions, including solvent, to reach a transition state
where both reactants and products have the same configuration. According to the authors, a
second application of the Born-Oppenheimer approximation dictates that the electron
transfers at the crossing intersection of the potential energy profiles for the resulting two
states, while the proton tunnels through the barrier (figure 64).

Assuming that both collision frequencies and reorganization energies remain the same for
both proton and deuterium transfer, eq 62 can be rewritten as eq 63, giving an expression for
the kinetic isotope effect (KIE) for an EPT reaction.

~AZPE, +AZPE,,
RT

s,H

ka P 3%

s,D

(63)

ap
_AH
D

According to eq 63 a significant KIE is expected for the EPT pathway, since k%7 /K0
essentially depends on the variation in the zero-point energies (AZPE) and on the
transmission coefficient () of proton versus deuterium. For adiabatic EPT, i.e. for y =1, a
typical KIE is on the order of 1.5, with larger values expected as the degree of
nonadiabaticity increases. For example, the KIE in the case of ortho-substituted
tertiaryamine phenol oxidation was 1.6, indicating that an adiabatic EPT mechanism was
operating, 839 whereas, a KIE of 2.5 was observed for phenol oxidation in water, where
water acts as a proton acceptor. This value indicates an adiabatic or quasiadiabatic EPT
mechanism. 198

In an interesting recent report, Savéant and coworkers studied long distance EPT by
inserting a hydrogen-bond relay between the group being oxidized and the distant proton
acceptor (figure 65).199 In this case, proton movement over distances as large as 4.3 A was
possible. Moreover, a significant KIE indicated that EPT prevailed. This finding may
provide another clue to the involvement of EPT in biological EPT as a way to avoid high
energy intermediates, even at very long electron transfer distances.

Most of the recent reports by Savéant and coworkers for PCET reactions involve EPT
mechanisms. However for oxidation of [Os!!(bpy)2(py)(OH5)]?*, they found that step-wise
mechanisms (ET-PT and PT-ET) prevail.200 As shown in figure 66, the PCET rate constant
for Os!/!! oxidation decreased with increasing pH. Above pH 6, the PCET rate constant
increased with increasing pH. These results support an acidic medium ET-PT mechanism
and a basic medium PT-ET mechanism as expected from eq 64. Figure 66 also reveals that
no KIE was observed, further supporting stepwise mechanisms. The onset of an EPT
contribution was observed in only one instance. In this case, EPT was indicated by a slight
enhancement of the PCET rate when the acetate concentration was raised to 2 M (inset
Figure 66(B).

- K
kap _kET—PT [H*] +kPT—ET MIon,
ST s s/ [H*]
M oH,

(64)

Simulation of cyclic voltammetry waveforms by Digisim has been applied by Savéant and
coworkers to confirm EPT mechanisms of PCET reactions. In Scheme 34 are shown three
different mechanistic pathways for electrochemical oxidation of ortho substituted 4,6-di(zert
butyl) phenol. The ET-PT and PT-ET equilibrium constants in scheme 34 are predicted to
follow the relationship in eq 65. In the scheme, £9-p, E%45 and £24p are known and eq 65
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can be used to estimate K4c-and Kgp. Figure 67a shows that experimental voltammograms
match with simulated voltammograms generated by assuming an EPT mechanism. By
contrast, Figure 67b shows that simulated voltammograms generated by stepwise
mechanisms ET-PT and PT-ET do not match the experimental results.

RT RT
£, =0, (G ) 0K,y =0, ~ (5 ) K (65)

CV simulations of PCET reactions and PCET catalyzed reactions have mainly utilized two
commercial packages, Digisim 202 and DigiElch 203, Both are based on fast implicit finite
difference (FIFD) algorithms. The programs construct matrices for carrying out simulations
based on user defined CV physical and chemical parameters. Some parameters are measured
or estimated and some parameters are automatically computed. The simulators allow the
user to define mechanistic schemes, cyclic voltammetric parameters, concentrations of
reactant species, kinetic rate constants, thermodynamic parameters, diffusion constants,
double-layer capacitance, uncompensated cell resistance, and electrode geometry. The
simulator creates concentration profiles of reacting species and their contribution to the CV
response.

These simulations have allowed routine analysis of cyclic voltammteric responses and
elucidation of complex electrochemical mechanisms. As noted above, they have been
utilized to unravel complex PCET reaction mechanisms.53¢.902,95,196,200,204 However, there
are limitations. Frumkin Effects, arising from potential drops across the diffuse double layer
between the outer Helmholtz Plane and the bulk solution, are not included. Also, this
approach cannot simulate CVs for disk and band electrode geometries.

CV is the most widely used electrochemical technique for the kinetic study of PCET
reactions, but there are fundamental limitations to its application. CV is a stationary
technique and slow mass transport can lead to insignificant currents and poorly defined
waveforms. Because of uncompensated cell resistance, excess peak splitting equal to /R (/
is the current, Rsis uncompensated cell resistance) is included. This complication leads to
erroneous estimations of rate constants. A correction can be made by determination of
uncompensated cell resistance by using EIS spectroscopy (Section 6.3). Finally, an issue
arises because double layer charging increases linearly with increasing scan rate while peak
current (due to the diffusion of reactive species) increases with the square root of the scan
rate (eq 57). As a result, CV peak currents at high scan rates become small relative to double
layer charging, and this causes the determination of peak potentials to be difficult. Problems
arising from /Ry drop and double layer charging can be avoided by using
ultramicroelectrodes (UME). They generate smaller currents decreasing /R and double layer
charging to a significant degree.

6.2. Rotating Disk Electrode (RDE) Voltammetry

In applications using rotating disk electrodes (RDE), the working electrode is rotated at a
constant rate, while the current response is measured as the potential is varied to give a
current-voltage (/-£) curve. Hydrodynamic techniques, such as RDE, have advantages over
stationary techniques like CV. Since the electrode is rotating, the electrolyte solution at the
working electrode is continuously renewed. This allows a steady state to be reached quickly
and double layer charging is no longer important. Furthermore, rates of mass transfer are
enhanced, resulting in larger currents and making uncompensated cell resistance
insignificant.
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In RDE, the limiting current (/,) follows the Levich equation (66). The cathodic limiting
current and the subscript “O” for D means that the relevant diffusion coefficient is for the
oxidized species. If, instead, the reactant is being oxidized and the limiting current is anodic,
then the relevant diffusion coefficient is the one for the reduced species. In this equation w
and y are the rotation speed of the electrode and the kinematic viscosity of the solution,
respectively. A plot of /; vs wis used to determine the diffusion coefficient. Direct
application of the Levich equation by Guo et al. was used for the determination of diffusion
coefficients for highly charged Lacunary anions such as [a-SiW11039]%~ and [a-
PW11039]"~.187 Determination of diffusion coefficients by CV and RDE usually provides
consistent values; however if uncompensated cell resistance is high, diffusion coefficients
determined by these two techniques can differ. In that case, RDE results are more accurate
because they are unaffected by uncompensated cell resistance.

1,=0.62nFAD} w'?y~VeC (66)

Similar to CV experiments, rate constants can be determined by RDE based on Koutecky-
Levich plots. These plots are generated from eq 67.43 Although, RDE has advantages over
CV, it also has limitations. Reproducible mass transfer conditions are more difficult to
obtain. CV is more widely used due to ease of use and interpretation of results by digital
simulation.

1
0.62nFADZ  w!2y-1/6¢C

L1
- IK IL - IK (67)

~| =

6.3. Electrochemical Impedance Spectroscopy (EIS)

EIS is a stationary electrochemical technique, like CV, but the current response is monitored
with an AC potential, instead of a DC potential. Because of the AC input, the resulting
current lags by a phase angle (w) from the applied potential. Based on Ohm’s law,
resistances/impedances are calculated at different ws. The measured impedance has both
imaginary and real components, and these are plotted against each other in a “Nyquist plot”
(Figure 68). The electrochemical cell used is modeled as a Randles equivalent circuit (inset
of Figure 68). In an EIS study, the impedance usually arises from a combination of four
factors in the cell: (i) solution resistance (R), (ii) impedance due to electron transfer/PCET
(R, (iii) impedance due to mass transfer/warburg impedance (I4), and (iv) double layer
capacitance/charging (Cg). The entire current passes through R, hence Rsis inserted as a
series element. The sum of faradaic impedances (~”.and W) and double layer capacitance
(Cy are inserted in parallel in the circuit. From the intercept in the real part of impedance in
the Nyquist plot (x-axis of figure 68), R;and R, can be calculated, since w — o0
corresponds to Rsand w — 0 corresponds to the sum of R and R, At these limits
heterogeneous rate constants (k9 can be calculated by egs. 68a and 68b, where Egqis
equilibrium redox potential and Cy" is the bulk concentration of the ions.

A typical Nyquist plot is shown in Figure 68 (taken from Ref!91). Parthasarathy et al.19
applied this technique to measure charge transfer resistance across the polymer membrane
Nafion in the PCET oxidation of [Fe(CN)g]*~ anion as mentioned above. They used these
EIS results to determine heterogeneous rate constants, i.e. 5.7 x 1076 cm/s, and this value
was in good agreement with results obtained by CV.
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RT
Ry=—r

-t nFig (68a)

io=nFAK"C}jexp[ —aF (E.,~E")] (68b)

A major disadvantage of the EIS technique is the equivalent circuit modeling. Often
equivalent circuits are more complicated than simple Randles Circuits and may involve
more than the four contributing factors listed above. For example, a constant phase element
due to surface roughness may make a significant contribution to the electrochemical
response. Under those circumstances, corresponding capacitance or resistance components
have to be incorporated in the equivalent circuit. Incorporating contibutors into the
equivalent circuit can be challenging.

6.4. Spectroelectrochemistry

Spectroelectrochemistry is a powerful technique in which an electrochemical method such
as CV is combined with a spectroscopic technique such as UV-Vis or IR. Integration of
electrochemistry and spectroscopy has proven to be extremely useful in identification of
different oxidation states of inorganic complexes through spectral changes during
electrochemical potential sweeps and have been applied to PCET studies. Recently Baitalik
et. a0 reported spectroelectrochemical results on [(bpy),Ru(Hopzbzim)Ru(bpy),]2*
(pzbzim = Pyrazolyl-3,5-bis(benzimidazole) in which Ru''Rul! is oxidized to Ru'"'Ru'"'in
two steps through PCET and stepwise proton loss. Figure 69a shows that as Ru!'Ru'!
converts to Ru''Ru'"!, the intensity of metal to ligand charge transfer (MLCT) bands for
Ru'Ru' at 490 nm and 432 nm decreased with new bands appearing between 600 and 1100
nm. Deconvolution of spectral feature between 600 and 1100 nm (Inset figure 69a) revealed
near bands at 695 and 910 nm, respectively. The band at 695 nm arises from a ligand to
metal change transfer (LMCT) transition and the band at 910 nm from Intervalence Transfer
(IT) or intervalence change transfer (IVCT). Further oxidation to Ru'''Ru'!! causes the 695
nm band to be blue shifted, the band at 910 nm disappears, and a new band appears at 1100
nm, presumably due to a dr-dre transition.

7. Heterogeneous PCET

Since the 2007 review on PCET by Meyer and coworkers, the study of PCET in
heterogeneous systems has continued and been extended.! Table 1 highlights important
systems, covered in the current review, studied between 2006 and 2010. As can be seen
from the results obtained, surface studies have facilitated acquisition of fundamental insights
into PCET mechanisms and provided results of relevance to biology and catalysis.

7.1. Nonbiological

7.1.1. Liquid-Liquid Interfaces—Liquid-liquid interfaces can be used to control
reactions involving PCET and function as models for soft interfaces, most notably
membranes of importance to PCET in biology.2% The interface between two immiscible
electrolyte solutions (ITIES) can provide a means for separating products from reactants and
avoiding further undesired reactions. PCET can occur at these interfaces with a proton
source on the aqueous acid side and lipophilic electron donors or acceptors on the organic
side.206-207 po|arization at the interface can be used to influence interfacial proton or
electron transfer rates and can be modulated by applying an external voltage or by
controlling the distribution of a common ion between phases. The latter creates a Galvani
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potential difference across the interface. A schematic design for controlling external voltage
is shown in figure 70,206,208

Oxygen reduction by PCET has been studied at ITIES. The results obtained are applicable to
development of fuel cells and for gaining insight into related biological processes such as
respiration that occur at membrane-bound proteins.2080:209 Application of the biphasic
approach can also provide a means for isolating H,O», a product that is often unstable due to
its participation in following redox reactions,2080

Recent studies of O, reduction at ITIES have all utilized a polarized water|1,2-
dichloroethane (DCE) interface, in which protons are supplied at the aqueous acidic side and
electrons at the DCE side by decamethyl ferrocene (DMFc) or other ferrocene
derivatives.206-207.2080,2090,210 ncatalyzed reduction of O, to H,0, was shown to occur at
the ITIES with rate controlled by polarization of the interface. Interfacial polarization
provides the driving force for proton transfer to the organic phase. Based on DFT
calculations, it has been proposed that DMFc complexes with O in the organic phase to
generate superoxide anion which is protonated by water. Once produced, HO," is
subsequently reduced by a second DMFc to generate H,O» and it diffuses across the
interface into the aqueous phase.2072

Both cobalt(11) porphine (CoP) and 5,10,15,20-tetraphenylporphyrinatocobalt(11)
([Co(TPP)]) have been shown to catalyze the reduction of O, by ferrocenes at ITIES,.206.:2100
In both cases, O5 is reduced, at least in part to H,O,. Catalysis rates are dependent on both
the reduction potential of the electron transfer donor and the rate at which protons are
transported across the ITIES. The proposed mechanism is shown in Figure 71.

In the case of CoP catalysis, the major reduction product is water which could be generated
by either 2e~ or 4e™ interfacial PCET.29 Both pathways would occur by pH-dependent
voltammetry and the observed peak current for reduction shifts by ~60 mV/pH unit at ~293
K, consistent with a PCET half reaction involving equal numbers of protons and electrons
with m= nin eq 69. The observation of catalytic currents only at positive potentials relative
to Ag/AgCI suggests a two-electron pathway since a four-electron pathway should allow
catalysis at significantly more negative potentials, based on standard redox potentials;
however, neither initial 2 or 4e™ reduction could be ruled out.

AE=—

0.059 RT (@)
mpH+( )ln( LOX] ) (69)

nF ) \[Red]

Platinum particles generated at ITIES have been shown to catalyze the reduction of oxygen
by an overall 4e~ reduction.29% It has been proposed that the particles behave as bipolar
electrodes with reduction of O, on the aqueous side of the particles and oxidation of DMFC
on the organic side. The rate-limiting step in catalytic reduction appears to involve one-
electron reduction of platinum-adsorbed O, by DMFC. There is no evidence for concerted
proton transfer. The rate of O, reduction is only slightly dependent on pH in the aqueous
side below pH 9.7. Above this pH the rate of reduction decreases, perhaps due to a transition
from the normal to the activationless electron transfer limit in terms of free energy change as
predicted by a semi-phenomenological theory of electrode kinetics.

In an entirely different system, PCET has been studied at a liquid-liquid interface by
electrogenerated chemiluminescence (ECL).21 In this system, femtolitre droplets of
trioctylamine (Oc3N) were immobilized on a glassy carbon electrode and immersed in an
aqueous solution of Ru(bpy)s2*, as depicted in figure 72. Electrogeneration of Ru'(bpy)33*
occurs where the aqueous phase directly interacts with the electrode. Reduction of
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Ru'l(bpy)32* to Ru'!(bpy),(bpy ™)* occurs at the liquid-liquid interface. ECL is produced by
ET between Ru'''(bpy)33* and Ru'!(bpy)2(bpy™)* which gives the excited state,
Ru"'(bpy)s3* + Rul!(bpy)2(bpy 7)* — Ru'll(bpy)2(bpy 7)2** + Rul!(bpy)32*. The extent of
ECL was found to be dependent on the extent of Oc3N protonation at the interface. Above
the biphasic pK; (~11) outer sphere electron transfer occurs from OcgN to Ru''l(bpy)33+;
while below the biphasic pK,, PCET dominates. In the PCET reaction, OcsNH™* transfers
both a proton and an electron to the aqueous phase, with Ru'!/(bpy)33* the electron acceptor.
Consistent with possible proton tunneling and EPT, the rate of the reaction is inhibited by
increased reactant separation and a larger intrinsic barrier arising from N-H bond
dissociation and proton reorganization energies.

7.1.2. Solid-Liquid Interfaces—PCET at solid-liquid interfaces plays an important role
in electrochemistry as discussed in section 6. Closely related studies on PCET of molecules
incorporated into, attached to, or adsorbed onto a solid have also been reported. Utilization
of electrochemical monitoring in these cases can bypass complications arising from mass
transfer effects. Surface attachment of catalysts on solid supports can have important
implications for electrocatalysis and electroanalysis. This configuration also allows for flow
through operation and ready separation of products from reaction mixtures. In addition,
surface attachment immobilizes the catalyst translationally which can be important in
controlling reactivity.®

7.1.2.1. Surface Activation of Electrodes: Oxidative activation of graphitic or glassy
carbon electrodes produces surface phenolic and quinodal functional groups which can
markedly change electrochemical response to PCET couples by facilitating interfacial EPT.
Recently, it was reported that anodic pretreatment of a glassy carbon electrode appeared to
increase rates for both electron and proton transfer steps in the oxidation of tripropylamine
to N,N-dipropyl-1-propanaminium.212 Oxygen-containing surface species may be directly
involved in the deprotonation step.

Oxidative pretreatment has been extended to multi-walled carbon nanotubes (MWCNTS) for
catalyzing the oxidation of enediols.?!3 Decreased overpotentials, between 80 and 380 mV,
were observed in the oxidation of enediols at both MWCNTSs and graphite following
oxidative activation. With hydroguinone, a molecule commonly used to investigate PCET
reactions (see the previous review on PCET by Meyer and coworkers and the earlier section
on metal complex oxidations), the overpotential for oxidation decreased by about 200 mV
with activated electrodes. The mechanism of enediol oxidation appears to be the same at
both types of activated materials presumably involving initial hydrogen bonding between the
enediol and an oxygen-containing surface species, followed by EPT at the interface.1.213-214

7.1.2.2. Molecules Adsorbed or Tethered to a Solid Support

7.1.2.2.1. Polymeric Supports: As mentioned above, potentially exploitable advantages of
catalysis on solid-state supports are the physical separation of catalyst and solution reactants
and the translational immobility of surface species. The latter was exploited in a PCET
investigation of molybdenum(V1) bis-oxo complexes on polystyrene supports (figure
73).89.215 |n this system, oxygen atom transfer to trimethylphosphine from the supported
molybdenum(V1) bis-oxo complex generates a molybdenum(1V) oxo species that can either
react with the molybdenum(V1) bis-oxo complex to generate an unreactive molybdenum(V)
dimer or can undergo a series of steps to regenerate the molybdenum(V1) bis-oxo, the last
step of which is an oxidative EPT. By tethering the molybdenum complexes to polystyrene
support, dimerization is inhibited, and the molybdenum(V/1) bis-oxo complex regenerated.
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7.1.2.2.2. Metal Oxides: Ruthenium(V1I) oxide has proven capable of performing oxidations
that could be useful in organic syntheses.216 Unfortunately, its utility has been limited due to
its instability under a variety of reaction conditions.2162 In acidic, aqueous solutions,
ruthenium(V11) oxide is unstable and tends to decompose by a disproportionation.216a |n
order to achieve increased stability, Kumar and Zen synthesized composite films containing
ruthenium oxide mixed with a ruthenium Prussian blue analogue (K*/H*), Ru,JRu(CN)g] ;-
nH,0 (RuPB).216a217 The films were electrochemically grown on glassy carbon electrodes
by repetitively cycling the potential between —0.5 and 1.25 V vs. Ag/AgCl in acidic
solutions of RuCl; and [Ru(CN)g]3~. During this cycling, the increase in current of three
redox couples was associated with the generation of the composite solid. While the exact
structure of the composite solid has not yet been determined, a variety of electrochemical
and physicochemical experiments have been utilized to determine the basic species
responsible for the three redox couples. A redox couple for low spin —(Ru''"!/(CN)g)-was
observed at about 0.8 V vs. Ag/AgCI. The cyano ligands at these sites bridge via nitrogen to
high spin Ru''"! sites that display a redox couple centered at ~0.1 V. Oxo bridges link the
high spin Ru'""" sites to high valent ruthenium oxo species, which display a Ru¥!""V! wave
at 1.0 V in aqueous solutions with a pH of 2. In addition to the oxo bridges, the high valent
ruthenium species are also associated terminal oxo (=0), hydroxy (-OH), and aqua (-OH>)
functionalities. The RuV!"V! couple is highly pH dependent. While the cathodic peak for this
wave was masked by or coupled with other reductions in weakly acidic solutions, the
RuV"WI redox couple was relatively reversible, allowing the anodic peak potential (£p,) to
be used as a reference for studying pH effects. In strong acid with pH < 0, £, decreases by
~55 mV/pH unit consistent with a 1e7/1H* PCET couple. Above a pH of 0, Epa decreases by
165 mV/pH unit, consistent with a 1e"/3H* couple. The authors speculated that the reactions
shown in Figure 74 are responsible for these pH dependences. They proposed that the
monoprotonated product is stabilized at pH < 0 by hydrogen bonding with other surface
species, which are deprotonated under more basic conditions.

In the presence of glucose, the electrochemical PCET oxidation of RuV! to RuV! is coupled
to the catalytic oxidation of glucose to gluconic acid (depicted in Figure 75). The anodic
peak current, £p, shows the same pH dependence as in the absence of glucose, and this
results in increased driving force for glucose oxidation under increasingly acidic conditions.
The catalytic current is relatively small in 0.01- 1 M HCIOy, but it increases by a factor of
about 200 as the concentration of HCIO, is increased from 0.01 -5 M.

7.1.2.2.3. lonic Liquids: A role for PCET at RuO, electrodes in protic ionic liquids has been
demonstrated.2® RuO, and other metal oxide electrodes exhibit a pseudocapacitance arising
from surface PCET in protic solvents, eq 70. Surface PCET reactivity was extended to RuO,
in the protic ionic liquid 1:2 2-methylpyridine: trifluoroacetic acid. Pseudocapacitance was
demonstrated but high viscosity and slow proton transfer in the ionic liquid limit the
charging rates.

RuO>+nH*+ne™ = RuO,_,(OH), (70)

7.1.2.2.4. SAMs: Self-assembled monolayers (SAMs), note the examples in Figure 76, are
useful for studying PCET because they allow substrates to be tethered at controlled distances
from the electrode and physically separated from nearest neighbors by surface dilution. 8:219
The tether can be used to minimize double layer effects and to control the rate of electron
transfer between the surface and redox active sites.®
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The oxidation of hydroquinones tethered to gold electrodes in SAMs—such as in the ones
shown in figure 76 has been used to study PCET in SAMs.8:219-221 The first pKj of
hydroquinone increases from 9.85 to 11.4-16.4 upon incorporation into the SAMSs. The pK;
of the SAM-incorporated hydroquinones are highly dependent on the specific linker
connecting the hydroquinone to the gold electrode.(Trammell and Lebedev 2009) The SAM-
incorporated hydroquinones display a 2e™/2H* redox couple whose E°” decreases by 60
mV/pH unit up to a pH of 12.6.219-220.221b Based on surface rate constant measurements on
tethers to the gold electrode with various degrees of conjugation, it was shown that enhanced
electron tunneling can significantly increase the overall rate PCET. Above the first pKj; for
the surface hydroquinone, the tunneling effect on the overall rate is diminished. It was also
noted that at intermediate pHs, the apparent rate constants were independent of tether
length.8221b The origin of this effect is unclear but the involvement of counterion motion in
the rate-limiting step could not be ruled out.

The temperature dependence of the apparent electron transfer rate constant (k) for
oxidation of hydroquinones tethered to gold electrodes in SAMs (H,Q(CH>) ,SH; HoQ =
hydroquinone) has been investigated by application of eq 71 and 72 from Laviron’s
formalism and eq 73 and 74 from Marcus theory.?213222 (E . = potential at the peak
cathodic current; Ep, = potential at the peak anodic current; E.°” = formal potential of the
cathodic wave; E;°” = formal potential of the anodic wave; R = gas constant; T =
temperature; a = transfer coefficient; /7= the number of electrons exchanged; v = sweep
rate; dq and d, = different distances from the electrode surface; 8 = electron tunneling
constant; A = reorganization energy)

Epe=E® —(RT/anF)In[ anF v, /RTk,p] (1)
EpazEaO' —(RT/(1-@)nF)In[ (1-a)nF v, /RTkapy] (72)
kapp(da)=kypp(d1)exp[ —B(dr—d1)] (73)
A=—4.03 d(In[ [ kup /T"*1)/d[ T™"] (74)

By plotting AEp = Epa — Epc against log(v), kapp and the symmetry factors (a7and (1 -
a)n) could be determined. They were shown to be temperature independent.2212 This
indicates that the geometry at the intersection of the free energy curves for reactants and
products remains the same over the temperatures range explored.*3 Furthermore, n7is
calculated to be approximately 2 for all temperatures and lengths of alkyl chain tethers
tested. This value for naccurately reflects the total number of electrons transferred in the
hydroquinone/quinone redox reaction.

Using eq 73 and data collected with different lengths of the alkyl tether, g was shown to
have values between 1.0 and 1.1 across the range of temperatures explored.2212 This
indicates that the activation energy barrier for the elementary electron transfer step is
insensitive to temperature change and that the structure of the monolayer does not change
systematically with temperature.

The reorganization energy (A) can be determined by using eq 74, with A evaluated as the
slope of plots of IN[[ A4/ T/?] vs. T~L. In these measurements, A = 1.3 — 1.4, irrespective of
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tether length.2212 However, detailed interpretation of A is unclear because of possible
contributions from competing electron transfer and pK; effects.82212

Burgess and coworkers used monolayers of mercaptoundecylamine diluted in 1-octanethiol
to generate isolated 1,4-benzoquinone functional groups on gold surfaces as depicted in
figure 77.223 Almost Nernstian behavior (without interactions between redox centers) was
observed. This system was stable between pH 8.5 and 1, exhibiting pH dependent PCET
behavior over this range. From pH 8.5 to 4.5, the formal reduction potential of the quinone
shifted by 58 mV per pH unit, indicative of the standard 2e~/2H* redox couple for quinone
reduction to hydroquinone. However, the formal reduction potential shifted by 88 mV per
pH unit upon decreasing the pH below 4.5. This reduction was shown to involve the transfer
of 2e~ and was thus assigned to a 2e7/3H* process. The authors speculated that the third
proton transfers to the amine group.

PCET was also investigated in SAMs of the 1-aminoanthroquinone derivative shown in
Figure 78 on gold electrodes by Abhayawardhana and Sutherland.?24 In 0.1 M H,SO,, the
protonated ammonium-anthraquinone undergoes 2e~/2H* PCET reduction with kg = 7.4 s71.
Due to the disruption of an intramolecular hydrogen bond between the ammonium and
anthroguinone sites, reduction occurs with a high activation energy (69 kJ/mol) with 1 =2.7
eVv.

PCET has also been studied for metal complexes attached to gold in alkanethiol
SAMs.532.200a.225 By ysing a carbodiimide coupling reagent, the aqua complex
0s'!(bpy)2(4-AMP)(H,0)2* (4-AMP = 4-aminomethylpyridine) shown in Figure 79 was
coupled to carboxylic acids in preformed alkanethiol SAMs, which contained an
approximately 18:1 ratio of Au-S(CH5)15COOH: Au-S(CH5)10H. This resulted in low
osmium coverages with I" ~ 1 x 10711 mol/cm?.53a.200a.225a |n homogeneous solution,
oxidation of Os''(bpy),(py)(H20)%* to Os'!(bpy),(py)(OH)?* is dominated by ET-PT below
pH = 6 and by PT-ET above this pH. In contrast, the osmium complex in the SAMs
undergoes oxidation by EPT in solutions at pH > 4.9, above the pKj for the surface-bound
carboxylate, with proton transfer occurring to the carboxylate and electron transfer to the
electrode. Further evidence for EPT is provided by KIE(H,0/D,0) = 2.

From electrochemical measurements and eq 75, a transfer coefficient (apcg) of ~ 0.46 was
obtained at an overpotential (7) of 0 with an asymmetric Tafel plot (a plot of log 7vs. 7).
Theory predicts that this asymmetry should be proportional to éR, the equilibrium proton
donor-acceptor distance for the oxidized and the reduced forms of the osmium
complex.33226 Using DFT calculations on model systems, Hammes-Schiffer, et. al.
calculated a proton donor—acceptor O—O distance of 2.49 A in the reduced complex and
2.66 A in the oxidized complex, giving a 6R of ~0.17 A.

¥per =0.5—p00Rk, T [ Aoo (75)

The p-oxo-p-carboxylate bridged ruthenium(l11) dimer, [Rua(u-0)(u-CH3CO0)»(2,2” -
bipyridine)(CH3CN),]2*, was incorporated into pyridyl terminated SAMs, by displacement
of the CH3CN ligands with the terminal pyridines of the SAMs.225b.C The PCET reactivity
of the dimer and of a related ruthenium trimer were studied electrochemically. Like the
solution phase dimer, [Ru(u-O)(u-CH3CO0),(2,2” -bipyridine)(pyridine),]2*, the SAM-
tethered dimer undergoes consecutive 1le /1H* PCET reduction at moderately acidic pHs.
These reductions arise from the couples [Ru'"(x-O)Ru'"/[Ru! (u-OH)Ru'"] and [Ru"! (u-
OH)Ru"/[Ru(-OH5)Ru'"]. On increasing the pH, E°” decreases, and the two couples
shift negatively, eventually merging into a single 2e™/H*process for the couple, [Ru''!(u-
O)RuMY/[RuM(u-OH)Ru'.
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7.1.2.2.5. Electrocatalysis. PCET and single electron activation of multi electron catalysis
play critical roles in water oxidation catalysis, Section 4.4.1. The blue dimer, cis, cis-
[(bpy)2(H20)RuMORUM (H,0)(bpy)2]*t ([(H20)RuMORUM (H,0)]4%), was the first
designed molecular catalyst for water oxidation.#>2 Following 1e~/1H* oxidation to
[(HO)Ru'YORUM(H,0)]#*, further 3e™/3H™ gives the transient intermediate
[(O)RuYORUY(0)]**. It undergoes a rapid reaction with water to give the peroxidic
intermediate [(HOO)Ru'""ORUV(0)]3* which dominates at the catalytic steady state. Due to
kinetic complications arising from PCET and proton loss, this key intermediate is kinetically
inaccessible at metal oxide electrodes such as ITO (In,O3:Sn). Adsorption of [Ru((4,4’-
(HO),P(O)CH,bpy),(bpy)]?* (ITO-Ru2*) (4,4’-(HO),P(O)CH,bpy is 4,4”-bis-
(methyl)phosphonato-2,2”-bipyridine) by chemical binding to the surface of ITO electrodes
dramatically enhances the rate of water oxidation by the blue dimer in the external solution.
As shown in Scheme 35, the mechanism for surface enhanced rates is in the enhanced rate of
oxidation of [(HO)Ru'VORu'!'(H,0)]** to the high energy intermediate
[(HO)Ru'VORU'"'(OH)]#* at the electrode surface.227

In a related study, dramatic rate enhancements were reported for oxidation of tyrosine and
tyrosine methyl ester in acidic solution. As shown by the cyclic voltammograms in Figure
80, neither of the phenol derivatives is electroactive at ITO but oxidation does occur at I TO-
Ru2*. CVs with added bases-acetate (pK; 4.7); citrate (H3CgHs07/HoCgH5077, pK; 6.4);
phosphate (H,PO, /HPO42~, pK; 7.2) provide direct evidence for concerted electron-proton
transfer (EPT) pathways at these chemically modified interfaces.228

7.1.3. Solid State—The effect of dielectric confinement on proton-coupled electron
transfer was probed in an “all-solid-state” electrochemical cell for hydrogen oxidation.191 In
this cell, the working and reference electrodes were incorporated into the anionic polymer
electrolyte membrane, Nafion, with the counter electrode, a Pt wire, encircling the
membrane. Hydrogen gas was passed over the membrane, and oxidation of adsorbed
hydrogen occurs at the membrane surface. Incorporation of K4[Fe!'(CN)g] into the anionic
polymer electrolyte catalyzes the oxidation, decreasing the overpotential. In probing the
system electrochemically, it was determined that the rate of hydrogen oxidation (9.1 x 1076
cm/s) is comparable to the rate of [Fe!!(CN)g]*-oxidation to [Fe!''(CN)g]3~ (5.4 x 1076 cm/
s). It was also found that the rate of proton transport through the Nafion membrane (4.8 x
10712) closely matched the rate of [Fe!!(CN)g]*~ diffusion through the membrane (1.3 x
10712 ¢m 2/s). Proton transport in Nafion without [Fe!'(CN)g]*~ is two orders of magnitude
more rapid (8.6 x 10710 cm 2/s). These data point to hydrogen oxidation as a proton-coupled
electron transfer process, involving the [Fe!'(CN)g]*~/[Fe!''(CN)g]®~ couple with
[Fe!'(CN)g]*~ diffusion through the negatively charged, sulfonate-containing Nafion
membrane.191

The results obtained for [Fe!l(CN)g]*~/[Fe''(CN)g]3~ in Nafion are relevant to proton
exchange membrane (PEM) fuel cells which involve simultaneous electron transport and
proton transport through an internconnecting membrane or solid state proton transfer
medium. In analysis of fuel cells both experimental and theoretical studies have been used to
probe the interdependence of proton and electron transfer rates as well as their overall
effects on catalysis.229

7.1.2.4. Excited State: Heterogeneous excited state PCET is potentially important in the
development of photocatalysts and systems for solar energy conversion.109¢:230 An approach
to the latter involves Dye Sensitized Photoelectrosynthesis Cells (DSPEC) which are based
on TiO, and other high band gap semiconductors. These devices are driven by
photoexcitation and electron injection by bound chromophores or by direct band gap
excitation.
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Laser excitation of electrons in a rutile TiO, (110) surface with a methanol overlayer state
has been investigated.”>230-231 |n these experiments methanol vapor was deposited at ~ 1
monolayer thickness on TiO, at 100 K. Methanol binds to five-coordinate titanium(lV) sites
on the surface and undergoes partial deprotonation by surface oxygen atoms. Bandgap laser
excitation leads to electron injection into an unoccupied electronic state (methanol based
antibonding level) of the methanol overlayer, 2.3 = 0.2 eV above the Fermi level and mostly
associated with the hydrogen atoms of the methyl groups. This drives the motion of protons
in the methanol overlayer, while the creation of a hole in the TiO, substrate underlayer
elicits changes in Ti—O bond stretching vibrations. These motions lead to a dielectric
screening of the photogenerated electron-hole pair.

The excited electron thermalizes into the conduction band of TiO, by PCET, as evidenced
by an isotope effect on the decay time of ty/tp = 2.2. Based on emission measurements and
electronic structure theory, a methanol bound to a five-coordinate titanium site in the surface
undergoes transfer of the excited electron to an unoccupied orbital associated with a
bridging surface hydroxyl, while a proton on the same methanol molecule simultaneously
migrates to a bridging surface oxo (Figure 82). Further decay of the electron into the
conduction band of TiO,, is facilitated by the unoccupied orbital associated with the bridging
surface hydroxyls, as this orbital is strongly coupled to the conduction band.

Trapping of photogenerated holes in the valence band of TiO» also likely occurs by PCET
from adsorbed methanol.231? The HOMO of the methanol overlayer is only slightly lower in
energy than the valence band maximum, and deprotonation of adsorbed methanol to give
methoxide increases its propensity to donate an electron.

In order to model EPT involvement between P680'* and the Tyr,-His190 pair of
photosystem Il (PSII; See Sections 4.1 and 8.4), 2-(phenol)-benzimidazole was incorporated
into a porphyrin as illustrated in figure 83.232 The porphyrin derivative was adsorbed onto
TiO, nanoparticles and photoexcited to induce electron transfer from the porphyrin to the
TiO, conduction band followed by ET from the 2-(phenol)-benzimidazole functional group
to the oxidized porphyrin to give a redox-separated intermediate. Electron transfer to the
porphyrin was facilitated by intramolecular hydrogen bonding between the phenol and the
benzimidazole and demonstrated by 1H NMR and FTIR measurements. Although oxidation
of phenols is typically irreversible and coupled to deprotonation, reversible oxidation of the
2-(phenol)-benzimidazole derivative occurs at 0.95 V vs. SCE in deoxygenated, anhydrous
methylene chloride solutions containing 0.10 M tetrabutylammonium hexafluorophosphate.
Under the same conditions, oxidation of 2,4,6-tri-fert-butylphenol is irreversible and occurs
at 1.4 V. The reversibility of the 2-(phenol)-benzimidazole porphyrin was attributed to facile
proton shuttling between oxidized phenol and benzimidazole. The considerable decrease in
potential for phenol oxidation enables intramolecular oxidation of the initial porphyrin
radical cation.

Studies have been performed on the occurence of excited state PCET during the formation
of supramolecular layers of Cu complexes containing H,O and hydroquinone intercalated
between the layers, figure 84.167d The layers are composed of [CuF(tptm)], where tptm is
the tetradentate ligand, tri-(pyridylthio)methyl, and there is a Cu-C bond. While quinone was
used to form the layers, illumination during the generation of the layers leads to PCET
reduction of quinone to hydroquinone. This process involves the oxidation of Cu(ll) to
Cu(lll), while intercalated water molecules supply the protons. The strong hydrogen bonds
formed between the Cu-ligand structures and the intercalated water molecules, as well as
ability of Cu to switch between divalent and trivalent states, facilitate the PCET reaction and

has been proposed as a possible mimic of the PCET reaction taking place in photosystem
||_167d
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7.2. Biological

Protein immobilization on electrode surfaces can be beneficial both for studying PCET
reactions in proteins and for the development of devices for electrochemical biocatalysis.233
Direct electrochemical studies of proteins in solution are hindered by small diffusion
coefficients, redox centers that are buried deeply within the protein structure, and protein
denaturation due to adsorption on the electrode surface.23* Denaturation can be avoided by
immobilization on the electrode surface. This also overcomes mass transfer limitations while
facilitating electron transfer between protein redox centers and the electrode. The resulting
increases in electron transfer rates to the electrode facilitate investigation of protein redox
reactions and can increase rates of protein catalyzed electrochemical reactions. Increases in
stability open the possibility of utilizing surface-bound proteins in device applications.

The results of recent studies on a chosen collection of proteins will be discussed below.
Related results have been reported for horseradish peroxidase,2342.235.236 cytochrome ¢
peroxidase, 237 myoglobin,2332.234a.238 cytochrome P450 enzymes, 239 and xanthine
oxidase.240

7.2.1. Hemes—The role of PCET in many heme-containing proteins immobilized on
electrodes has been probed electrochemically. In the absence of a reactive substrate, these
proteins typically undergo quasi-reversible one-electron/one-proton PCET reactions,
involving reduction of a heme Fe(l11) with corresponding protonation of a #rans ligand on
the iron, an amino acid near the heme, or a water molecule coordinated to the heme.24!
Heme-containing proteins have been shown to catalyze the reduction of a variety of natural
and non-natural substrates via the delivery of both protons and electrons. Immobilization of
the proteins on electrode surfaces has been a critical element in studying heme
electrochemistry and in utilizing enzymes for catalysis in devices, including biosensors.

7.2.1.1. Hemoglobin: PCET in hemoglobin has been studied extensively by direct
voltammetry on a diverse set of substrates. Hemoglobin is of significant interest as the
ubiquitous protein oxygen carrier. When attached to electrode surfaces, hemoglobin has
been shown to catalyze the reduction of multiple substrates including hydrogen
peroxide,2340.234d,242 trichloroacetic acid,233.242¢ and nitrite anion.243 Studies of
hemoglobin are facilitated by its commercial availability and knowledge of its structure.
Each hemoglobin molecule contains four redox-active iron hemes, but solution phase
electrochemical studies on hemoglobin are hindered by its adsorption and subsequent
denaturation which causes passivation of electrode surfaces.23432429 The hemes are deeply
buried in the polypeptide structure which slows electron transfers to electrode surfaces.

To facilitate direct electron transfer, hemoglobin has been attached to electrode surfaces by
direct adsorption,2342 by adsorption or entrapment in metal oxides on electrode

surfaces, 242f.2430 or by entrapment in polymer films on electrode surfaces.2332.234b-d,242-244
Many of these films incorporate conducting or semi-conducting nanoparticles to facilitate
electron transport,234b:¢,242¢-0,2430.244¢ The method of attachment has a considerable impact
on heme redox potentials (E®') with values between 0.129 and —0.376 \V vs. SCE observed.
The pH dependence of E°” values is highly variable, ranging from -15.6 to —55.4 mV/pH
unit. This is surprising since it is generally agreed that oxidation involves 1e/1H* PCET
couples. Large deviations from the ideal of —57 to —59 mV/pH unit (depending on
temperature) have been attributed, in part, to slow electron transfer but this is not the only
factor affecting the non-ideal slopes.

There have been extensive studies on the 2e7/2H* reduction of hydrogen peroxide catalyzed
by hemoglobin. A variety of factors influence the catalytic rates including electron transfer
and affinity of the immobilized enzyme for hydrogen peroxide.2340.245 Apparent Michaelis-
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Mentin association constants (K, app) have been determined by application of the
Lineweaver-Burk equation, eq 76, and used to compare electrochemical catalytic activities
of enzymes. 246

1 1 K

155 Inax  ImaxC

In this equation, /ssis the steady-state current after the addition of substrate (e.g. H,0,), C
is the bulk concentration of substrate, and /4 is the maximum current measured when the
system is saturated in substrate. Smaller values for Kj 45, indicate increased catalytic
activity.

7.2.1.2. Catalase: A variety of electrode surfaces have explored for the direct PCET
reduction of the hemes in catalase (Cat).2410.247 |n a particularly interesting study, the effect
of hydration on PCET reduction was studied electrochemically by exposing glassy carbon
(GC) supported agarose hydrogel films containing Cat in solutions with various
concentrations of ethanol in water.241P The use of increasingly hydrophobic solvent
mixtures for enzymatic catalysis has attracted interest since it could conceivably increase
rates for hydrophobic substrates and influence the thermodynamics of hydrolytic
reactions.28 In addition, some enzymes have been shown to be more stable in water-poor
environments, 249

Agarose hydrogel is well suited for this application due to its high turbidity and elasticity.
Below 40 °C, the agarose polysaccharide coils into helices that aggregate into thick bundles
with large pores containing water.259 When a GC-supported agarose film containing Cat
was exposed to an aqueous phosphate buffered solution (PBS) at pH = 7.0, E°" = -0.412 V
vs SCE for the PCET Fe(l11/11) couple with a peak-to-peak splitting (AEp) of 85 mV ata
scan rate of 0.5 V/s.241P Upon switching to 1:1 mixture of PBS and ethanol, the peak
currents increased, and the formal potential shifted to —0.441 V with a AEp, of 57 mV. The
couple shows a pH dependence of —42 mV/pH unit in PBS and —54 mV/pH unit in the PBS/
ethanol mixture, indicative of the expected 1e /1H* PCET couple. Increased reversibility
and pH dependence in the PBS/ethanol mixture likely arises from partial dehydration of the
distal heme pocket. Disruption of hydrogen bonding networks in the heme pocket could
facilitate electron transfer through attenuation of the reorganization energy. Disruption of
hydrogen bonding networks could also affect the pK;s of the heme iron.238 Similar results
were obtained when ethanol was substituted with acetonitrile, N,N-dimethylformamide, or
dimethylsulfoxide and for myoglobin immobilized in konjac glucomannan on a glassy
carbon electrode.238° When the concentration of ethanol was increased beyond 50% for
catalyase, the peak currents began to decrease and shift to more negative potentials, possibly
due to denaturation of the enzyme.

7.2.1.3. Cytochrome c Nitrite Reductase: Differences between protein film
voltammograms taken in the presence and absence of the catalytic inhibitor, CO, were used
to determine reduction potentials for catalytic hemes in cytochrome ¢ nitrite reductase
(ccNiR) over a wide pH range.2% A single subunit of caNiR contains four six-coordinate,
low-spin hemes, that are involved in intramolecular electron transfer, and one five-
coordinate, high-spin heme, that performs the catalysis. The proteins from Desulfovibrio
desulfuricans ATCC 27774 were purified as 2:1 complexes of the active subunit and the
tetraheme, NrfH, which is the physiological electron donor for ccNiR. The number of hemes
in this complex made it difficult to interrogate with EPR or UV-Visible measurements and
comparison of protein film voltammograms, before and after exposure to inhibitor were used
to determine the reduction potential of the active site.
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Protein film voltammetry was performed by adsorbing ccNiR onto a freshly-polished
pyrolitic graphite edge (PGE) electrode. CO only binds to the two active, five-coordinate
hemes in the complex, and the difference between protein film voltammograms in the
presence and absence of CO enabled determination of the redox potential for these hemes. It
was concluded, that at pH = 7, the reduction potential occurs at =200 + 20 mV vs. SHE. This
potential varies by =58 mV/pH unit, indicative of a 1e7/1H* PCET couple. It was proposed
that Histidine 299 in the active site undergoes protonation upon reduction of the active heme
and that the proton is then delivered to the heme-substrate complex during catalytic
turnover.

7.2.2. Biomimetic Membranes—PCET in membrane proteins play an exceedingly
important role in biology given its involvement in a variety of important cellular processes.
Both photosynthesis and respiration involve membranal PCET.1:252 PCET is often utilized
in membranal proteins to couple electron transport to the transfer of protons across the
membrane. The membrane is critical to these processes, in part because it allows the build-
up of proton gradients. In addition, membranal hydrophobicity and electrostatics impact
protein conformations and redox processes. When studying PCET in membranal proteins /n
vitro, it is important that the proteins be incorporated into a structure that mimics their native
membrane. To this end, membranal proteins have commonly been incorporated into
phospholipid liposomes as depicted in figure 85.252-253 The phospholipid liposomes are
vesicles composed of phospholipid bilayers self-assembled in aqueous solutions due to the
aggregation of their hydrophobic tails. Liposomes resemble biological membranes in that
there is aqueous solution on both sides of the phospholipid bilayer. Membranal proteins can
sometimes be incorporated into liposomes in conformations similar to their native states due
to differences in hydrophobicity; however, control over the orientation of proteins within
liposomes remains a challenge.252:253¢

7.2.2.1. Nitric Oxide Reductase: Nitric oxide reductase (NOR) was incorporated into a
liposome with about 90% of the protein in the proper conformation, with the hydrophilic
portion directed toward the aqueous solution.253¢ NOR is a heme-copper oxidase that
catalyzes the reduction of NO to N,O (2 NO + 2 ¢ + 2 H" — N,0O + H,0) as a part of
overall denitrification. This particular system was used to confirm that NOR does not act as
a proton pump, that it takes up both protons and electron donors from the same side of a
membrane. To demonstrate this, the NOR-liposomes were exposed to a solution of O, (an
alternative substrate to NO), reduced cytochrome ¢ (the electron donor), and phenol red (a
pH-sensitive dye). By monitoring absorbance changes for cytochrome ¢ and phenol red, it
was determined that the uptake of protons from outside the liposomes is coupled to the
uptake of electrons from cytochrome ¢. This was confirmed by optical measurements on
single-turnover reduction of O,.

7.2.2.2. Cytochrome c Oxidase: In order to gain better control over protein orientation in
the phospholipid bilayer and to allow direct electron transfer between the protein and an
electrode, a biomimetic system was developed in which the protein cytochrome ¢ oxidase
(CcO) was tethered to an electrode and used as a starting point for the assembly of a
phospholipid bilayer around it, figure 86.252 The tethers between the protein and electrode
were of sufficient length and hydrophilicity to maintain a layer of aqueous solution between
the protein bilayer and the electrode; the generation and maintenance of this layer was aided
by the presence of a carboxylic acid terminated alkanethiol SAM, surrounding the tethers.

CcO catalyzes the four electron reduction of O, to water and couples this reduction to proton
pumping across the membrane in which it resides. Driving dioxygen reduction
electrochemically causes CcO to pump protons across the lipid bilayer into the aqueous
layer between the membrane and the electrode. These protons can be detected
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electrochemically as they are reduced to hydrogen at the electrode. The pumping of protons
across the bilayer was shown to be highly dependent on both the orientation of the proteins
and the presence of O,. No proton pumping occurred in the absence of O,. Further details
and mechanistic insight into catalysis by CcO will be presented in a later section of this
review.

7.2.3. Glucose Oxidase—Due to its ability to oxidize glucose, glucose oxidase (GOD)
has been used in biosensors for the quantitative determination of glucose in bodily fluids,
food, beverages, and fermentation liquor.254 While there has been a large amount of
research on the development of GOD based biosensors, significantly less work has been
invested in studying its direct electrochemistry. Electrochemical mechanism is of interest
because because the GOD catalyzed oxidation of glucose involves a 2e"/2H* PCET at two
identical flavin adenine dinucleotide (FAD) redox centers.2%5 PCET reactions involving
FAD are common in biology and are discussed further in section 8.5.2 of this review.

Recently, GOD was immobilized on two different substrates, and each was used to study
both direct electrochemistry and glucose oxidation catalysis by GOD.254-255 |n one study,
the enzyme was immobilized on colloidal gold nanoparticles on a glassy carbon electrode
surface within a Nafion film.254 In the other study, glassy carbon electrodes were used to
support Nafion films, containing the enzyme adsorbed to mesoporous silica (MCM-41).255
In both films, the observed reduction potential for the FAD/FADH, couple occurred at a
potential slightly positive of E°” = -0.46 V (vs. SCE) for the FAD/FADH, couple in
solution at pH 7.0 (25.8 °C). In the gold nanoparticle films, E°” = —0.434 V at pH = 7; while
in E°” =-0.417 V at pH = 6.1. The positive shift in E°” for films containing MCM-41 was
attributed to interaction of the protein with positively charged acidic SiOH groups on the
surface of MCM-41. In both films, the pH dependence of the FAD/FADH> couple at 22 °C
was that expected for a 2e7/2H* couple (-58.6 mV/pH unit). A surface electron transfer rate
constant, ;, = 1.30 s™1, was determined for the gold nanoparticle films at a scan rate of 50
mV/s with a peak-to-peak splitting, A £, = 21 mV assuming a charge transfer coefficient (a)
of 0.5. Both films demonstrated relatively high stability and the ability to catalyze the
electrochemical oxidation of glucose. Interestingly, both films showed the same degree of
activity for glucose oxidation, with apparent Ky app Values of about 5 mM.

7.2.4. Arsenite Oxidase—Arsenite oxidase from the chemolithoautotrophic bacterium,
NT-26, was immobilized on an edge-oriented graphite disc, by using the non-redox active
peptide, polymixin sulfate to promote binding.256 While adsorbed to the electrode, the
enzyme functions natively in the oxidation of arsenite to arsenate. The catalytic
electrochemical potential displayed a pH dependence of —33 mV/pH unit between pH 4.5
and 7. The authors claimed that this dependence was indicative of PCET; however, they
were unable to assign it to a particular protonation reaction.

8. PCET in Biology and Model Systems

8.1. Introduction

PCET is a common phenomenon in biology, in signaling, and especially in bioenergetics
where transfer of both electrons and protons is key.?2%7. The role of PCET in biological
reactions has been explored at the molecular level by application of X-ray crystallography, a
variety of spectroscopies, site-directed mutagenesis, and by DFT calculations.”-530.258 |n the
most recent crystallographic description of the oxygen evolving complex, Shen and
coworkers have presented the crystal structure of photosystem Il at a 1.9 angstrom
resolution.2% This section highlights the role of PCET, and especially EPT, in three
biological systems, photosystem 11 (PSlI), ribonucleotide reductase (RNR), and cytochrome
c oxidase (CcO), and in some small bio-molecules that mimic enzymes.
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8.2. Tyrosyl Radicals

PCET and EPT pathways are often essential steps in enzymatic catalytic reactions. In redox
enzymes, the phenolic side chain of tyrosine can participate in PCET with long distance
electron transfer coupled to local proton transfer. The most famous example occurs in
photosystem Il (PSII), where water oxidation is coupled to to light absorption which occurs
at a distant chlorophyll-accessory pigment antenna array.

Excitation and electron transfer quenching at the chromophore Pggg gives the Pggg * radical
cation which subsequently oxidizes Yz to Yz "., which serves as a redox relay. Yz consists
of the hydrogen bonded Tyr161---His190 pair and it has been suggested that its oxidation to
Yz "~ occurs by Multi Site-Electron Proton Transfer (MS-EPT) with electron transfer from

Tyr161 and proton transfer to His190: Pggg “++ TyrO-H---His190 — Pggq + TyrO'--- *H-
His190.1/6.260,17a,20b,261

Once formed, Y7 ' oxidizes the Mn,4Ca cluster in the Oxygen Evolving Complex (OEC). It
has been suggested that this reaction occurs in reverse at Y, with electron transfer from the
OEC occurring in concert with back proton transfer to tyrosyl radical-OEC + TyrO" ---*H-
His190 — (OEC)* + TyrO-H---His190-a mechanism described by Renger as “proton
rocking”,262 although numermous other descriptions exist. This coupling is a major area of
PSII research, and is discussed in section 8.4 below.

Structure, mechanism, kinetics and thermodynamics in PSII have all been reviewed in a
number of accounts,1:9:902,198,263

Tyrosine has been proposed to participate in catalytically essential reactions in other
biologically critical enzymes including prostaglandin H synthase,258 cytochrome ¢
oxidase264, and class | ribonucleotide reductase.®-2%8 |ts oxidation has also been investigated
electrochemically and spectroscopically in the native amino acid®265 and in model
systems.38:90a.232 Electrocatalytic oxidation of tyrosine by M!!l(bpy)33* (M = Fe, Ru, Os) is
catalyzed in buffered solutions containing a variety of proton acceptor bases (sodium
acetate, sodium succinate, histidine, sodium phosphate, and tris). Application of Digisim,
Section 6.1, to cyclic voltammograms (CVs) over a broad range of buffer concentrations and
buffer ratios has been used to establish the mechanism in Scheme 36 consistent with the rate
law in eq 77. Analogous mechanisms have been established for M!!'(bpy)33* oxidation of
guanine and guanine derivatives and cysteine.266

In the mechanism in Scheme 36, shown partly in Scheme 4 in the Introduction, the key step
is initial H-bond pre-association by the buffer base, TyrOH + B = TyrOH---B: Kp, followed
by oxidation by two competing pathways. In one pathway, a further pre-association occurs
with the oxidant followed by MS-EPT with Ayps = AepTKaKa ™. In MS-EPT, electron
transfer occurs to M!!!(bpy)33* in concert with proton transfer to the acceptor base. In the
second pathway, proton transfer occurs to the H-bonded base to give tyrosine anion, TyrO™,
followed by its oxidation by M'(bpy)33* by a PT-ET pathway, Scheme 36, with A =

Kox Tyro-Ka”Kn. Ky is the hydrolysis constant (K, tyron/Kw). 126 Kinetic studies over an
extended range of buffer concentrations and buffer acid/base ratios allowed the individual
constants in scheme 36 to be evaluated with K varying from to 12-38 M~1. The value for
HPO42~ was in agreement with K values measured directly by 31P NMR.265

kikn
ko[ Os™+k_;[ HB]

—d[0s"] _ K,[TyrOH] [HPO;

] 117 ’
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Given the extensive series of oxidants (E°” = 0.85-1.25V vs NHE) and proton acceptor
bases, (-RTInK, =-0.15 - -0.21 eV), it was possible to explore the role of free energy
change on EPT over an extended AG range under conditions where MS-EPT dominated.
These studies revealed a systematic variation in Agp with AG®” independent of whether
AG was varied by varying E° for the oxidant or pK; for the base. As shown by the plot of
—-RTInAzpt vs. ~AG°” in figure 87, the variation with AG°®” provides evidence for a
“quantum beat” effect arising from the high frequency nature of the —O-H---B stretching
modes involved in the proton transfer part of the EPT reaction. 1°

DFT calculations by Hammes-Schiffer and coworkers indicate that the proton donor-
acceptor distance is ~0.2 A shorter for HPO42~ as proton acceptor than for bulk water. The
decrease in proton transfer distance is due to the increase in base strength for HPO42~ with
pK3(HPO42") = 7.2 compared to pKz(H,0) = —1.7. The decrease in proton transfer distance
due to stronger H-bonding increases vibronic coupling between reactant and product wave
functions increasing Agpt.257

The role of pH effects and EPT has been investigated in intramolecular oxidation of the
phenol derivatives of the Ru and Re complexes shown in Figure 55, Section 5.4. In these
experiments laser flash excitation and oxidative quenching of Ru!'l(bpy ™) or Re!!(bpy™)
MLCT excited states was followed by intramolecular phenol — Ru(l11) or Re(l1) electron
transfer as monitored by transient absorption measurements. At high buffer concentrations,
MS-EPT pathways were observed analogous to bimolecular tyrosine oxidation in Scheme
36, e.g., Rul''-ArOH---B — Ru!l-ArO----*H-B. However, as shown by the data in the inset
in Figure 88, at low concentrations of buffer where MS-EPT does not play a role, an
apparent pH dependence remains.167f Although AG for the intramolecular half reaction
Ru-ArOH — Ru'l-ArO" + *H, is pH dependent, as noted in Section 5, this cannot be the
origin of the pH effect: at the microscopic level, there is no basis for coupling a local gain or
loss of protons in an elementary step to the surrounding ensemble of solvent, protons, buffer,
etc. that define the final equilibrium state including the pH.268

Even given pK, = —1.7 for H30, a role for water acting as a proton acceptor in
electrochemical phenol oxidation has been documented by Savéant and coworkers based on
a kinetic analysis and the appearance of a H,O/D,0 KIE in unbuffered solutions.9>198 At
higher pHs, the authors also identified a pH dependence arising from proton loss, TyrOH +
OH~ = TyrO~ + H,0, followed by oxidation of tyrosine anion.198 Stopped-flow
measurements on oxidation of phenols by hexachloroirridate (IrClg2™) by Stanbury and
coworkers suggested water as a proton acceptor in a EPT pathway with H,O/D,0 KIEs of
as large as 3.5+0.3 observed.14! However, the physical basis for a pH dependence observed
in these reactions was not fully resolved.>32

designed peptides and redox cofactors

8.3.1. Peptides—Radical transfer between redox active amino acids is a common reaction
in enzymes.2%8 This phenomenon has been explored extensively in synthetic peptides in
order to mimic related intramolecular phenomena in photosystem Il, RNR, and cytochrome
¢ peroxidase.269

The role of oxidatively induced PT from tyrosine and histidine was investigated in a small
B-loop 18 amino acid peptide.270 Oxidation was induced by pulse radiolysis and

investigated by using EPR and 1N And 1°N ESEEM. The results suggest that histidine acts
not only as a proton acceptor but also that the protein environment alters EPT.271 The role of
base and protonation state was further verified by studies on non-natural amino acids and
quinones in tyrosine oxidation.2619.272
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Electron transfer between tyrosine and tryptophan radical cation (TrpNH*) plays a
significant role in long-range electron transfer and, with it, signaling and enzyme function.
Examples of this type of reactivity are found in ribonucleotide reductase.?’3 Electron
transfer between tyrosine and TrpH* was investigated in a series of bridged donor-acceptor
assemblies, Tyr-(Gly),-Trp (n = 0-5) with A denoting methylamine added to mimic amino
acid side chains. The peptide reactions were studied by density functional theory (DFT) and
ab initio molecular dynamics (AIMD). The combined methods provided information on how
electrons and protons might transfer cooperatively in peptides. The most essential feature of
the cooperative mechanism for proton and electron transfer is either direct or proton-
regulated transfer.270 In assemblies with the redox sites in close proximity, n =0, 1, and 2,
an EPT mechanism with prior proton loss from TrpNH* followed by concerted EPT from —
TyrOH to TrpN" dominates, Figure 89. At longer distances, 77> 2, the mechanism shifts to
MS-EPT with an external base acting as proton acceptor, figure 89. The switch in
mechanism underlines the importance of position and availability of proton acceptors in the
utilization of EPT pathways in protein oxidation.2’ In related studies, the formation of
tyrosyl radicals with cysteine placed at intermediate distances point to water, not buffer base
as the proton acceptor.274

8.3.2 Metal Binding Heme Proteins—A role for PCET was investigated in an
electrochemical study on metal binding heme proteins in a 4 helix bundles in an attempt to
model proton pumping mechanisms. Electrochemically determined redox potentials of the
heme proteins for oxidation from Fe(ll) to Fe(I11) occurs with a pH dependent midpoint
potential as studied by redox potentiometry. Two heme maquettes were prepared based on
the structure in Figure 90. The first is heme b-[A7-His],. This shows a pH dependent
reduction potential of 120mV/pH unit consistent with a 2H*/1e™ transfer between pH 4.0
and 8.0. A second protein maquette, heme b-[H10A24], has a pH dependent reduction
potential between 4.2 and 7.0 which was fit to two distinct 1H*/1e~ transfers. One at p Kz
= 1.7 makes b-[H10A24] more resistant to changes in the protonation state of the heme in
both the oxidized and reduced states than in b-[A7-His] with pKsef; = 5.7. The relative ratios
of Fe(ll) to Fe(l11) were investigated by UV/visible spectrophotometry. Stronger binding is
correlated with less structured proteins.272¢ Tighter binding is correlated to axial histidines
and stabilization of Fe(ll). It also binds the ferric state with flexible binding allowing for
dissociation of ligands.

The two protein maquettes were used to investigate the effects on the protein scaffold of pH
modulation of reduction potential. Investigation of protein thermodynamics for these two
scaffolds reveals that the sites and mechanisms of proton coupled electron transfer are
distinct. It shows that redox kinetics in the protein are affected by porphyrin-protein
hydrophobic interactions, histidine coordination, and electrostatics. The mechanisms of
PCET are reported in Figure 91 and show that for b-[H10A24] redox kinetics are associated
with a glutamate residue that results in destabilization of the ferrous state. In the case of b-
[A7-His], the pH dependent reduction potential is attributed to histidine ligand loss from the
ferric state.

8.4. Photosystem I

8.4.1 Introduction—Oxygenic photosynthetic organisms use the Oxygen Evolving
Complex (OEC) in photosystem Il to catalyze the photo-oxidation of water to dioxygen (eq
78). Sequential and cumulative oxidation steps occur by the Kok cycle, where 4 photons
result in the accumulation of 4 oxidizing equivalents in the OEC, at which point O, is
released. An extended version of the Kok cycle (Scheme 37) was recently proposed by Dau
so that sequential proton release throughout the cycle is also accommodated (see below)
modified version of which is shown in scheme 37. PSII is one of four key functional
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elements embedded in the hydrophobic thylakoid membrane in chloroplasts. Oxygen
production is coupled to the reduction of the quinone, plastoquinone (PQ) to plastoquinol
(PQH,) by the net reaction in eq 78.21.1094.275 The overall process is energetically
demanding (0.884 V at pH 7), requiring four photons to produce a single molecule of O,. O,
production is coupled with transport of 4 protons across the thylakoid membrane from the
stroma to the lumen creating a proton gradient which is used to convert ~7 ADP molecules
to ATP. The mechanism for producing the pH gradient was discussed in Section 7.2.2. PSI|
is a spectacular example of PCET in action requiring the precise management of protons and
electrons over long distances through multiple steps.5:276

2H;0+2PQ+4hv — O,+2 PQH, (78)
OH
PQH,
X |-|
OH 9

Water oxidation is driven by light absorption by a distant chlorophyll-accessory pigment
antenna array which sensitizes formation of the lowest singlet excited state of chlorophyll
Peso (Chlpy), 1Pggo™. 1Pggo™ undergoes electron transfer quenching by adjacent
pheophytinp; to give Pggo™ Which is a powerful oxidant with E°” (Pggg™/Pggo) = 1.25 V. As
seen in Figure 92 below, this triggers a cascade of coupled electron-proton transfer
reactions.

As shown in Figure 92, taken from Ferreira, lverson et. al. 2004, electron transfer quenching
triggers a cascade of five coupled electron transfer events with time scales ranging from
psec to msec. Electron transfer is driven by spatially directed free energy gradients between
intermediate redox carriers in the membrane. Electron transfer leads to separated oxidative
and reductive equivalents, the former at the OEC and the latter at quinone Qg as
semiquinone, Qg'~, separated by ~50 A from the nearest Mn site in the OEC. The long
separation distance is essential for slowing down back electron transfer, which occurs on the
~ms time scale over the Kok cycle, allowing charge and a potential high enough for water
oxidation to accumulate in the OEC

Following a second photon-electron cycle, further PCET reduction of Qg™ occurs to give
plastoquinol (H,Qg) with its reductive equivalents ultimately transferred, via cytochrome
bef. to Photosystem | and the Calvin Cycle, where CO is reduced to glucose.2”® Protons
released by oxidative activation of the OEC during the Kok cycle are transferred through a
proton transfer channel to the lumen in ~10 psec. Protons enter the membrane from the
stroma driven by PCET reduction of PQ to PQHj, as discussed in Section 1.4.5. The protons
gained at PQ upon reduction to PQHS> are later released to the lumen when PQH, is
reoxidized to PQ.

The role of PCET in the OEC is a long standing problem of broad interest that has been
studied from the standpoint of enzymes hosting native PSII, synthesis of model complexes,
and theoreticians.8:13.1091.280 Ggjl|, no consensus has been reached about the exact
mechanism of water oxidation; this enormous body of literature briefly reviewed only as far
as it relates to emerging consensus and barriers to undestanding PCET. We anticipate that
this field to continue to grow at a fast pace, specifically in the area of joint experimental and
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theoretical studies, which are still much needed. As shown in Figure 93, EPT has been
proposed a 1le7/2H* MS-EPT step for the initial S; — S, stage in the Kok cycle with
electron transfer from the Mn(4) site in the Mn4Ca cluster to Yz'. In this step, Figure 93, it
has been proposed that two coupled EPT events occur in concert: i) EPT at Mn(4)-OH, with
electron transfer to TyrO" and proton transfer to neighboring base Asp61. ii) EPT at TyrO
---"H-His190 with electron transfer from Mn(4)-OH, and proton transfer from Mn(4)-OH,
to H-bonded Asp61. Asp61 is the entryway to a long-range proton exit channel to the lumen.

In a final stage in the Sy — Sq conversion, it has been proposed that proton transfer to the
lumen from Asp61-COOH is followed by proton equilibration at Mn(4)-OH, by
intracoordination sphere proton transfer, Figure 94. This resets the Mn(4)-OH,, position in
the coordination sphere at Mn(4)-OH, with a hydrogen bond to Asp61-COO™ for use in
further stages in the Kok cycle.

In general, PCET is currently invoked to describe thee aspects of PSII: (1) oxidation of and
proton loss in the OEC, and subsequent formation of Mn-OH,, Mn-OH (or briding species),
Mn-OOH, Mn=0 around the Mn cluster, (2) the oxidation and reduction reactions of the Yz
and Yp tyrosine residues, and to a lesser extent, reactions around the quinone species Qa
and Qg. An enormous body of literature describing the structure and mechanistic proposals
for PSII already exists.5:2760.285 e have therefore highlighted recent advances in these
three main areas.

8.4.2 Structural Updates related to Water Oxidation and PCET

8.4.2.1 Structural Background: PSII is a ca. 650 kDa homodimer embedded in the
thylalkoid membrane of oxygenic photosynthetic organisms (cyanobacteria, algae, and most
green plants). Each monomer is further made up of polypeptide units. Some are used for
light absorption and photonic energy transfer based on chlorophyll and carotenoid absorbers
located in subunits CP43 and CP47, while others are used in electron transfer (subunits D1
and D2). As discussed below, both monomers are essential for water oxidation, and utilize
PCET for proton and electron transport. The oxygen evolving complex (OEC) is a Mn,CaOg4
cluster that probably contains CI~, and interacts with all protein subunits.2! Subunit D1,
which contains P680 and Yz, undergoes photo-oxidation and drives the Kok cycle in
Scheme 37 by repeated oxidative cycling by electron transfer to P680*. Progression through
the Kok cycle occurs through a sequence of “S states” from Sy to S4 with the subscript
indicating the number of electrons lost. The “dark” resting state is S1, and oxygen evolution
occurs when the Sy state is reached.286 Long-range proton transfer from the OEC to the
lumen is thought be aided by the remaining protein subunits. Calcium is thought to play a
critical role in O-O bond forming step. Chloride is a necessary cofactor although it can be
replaced by other anions.287 288

8.4.2.2 Recent Structural Findings: A major obstacle to understanding the exact structure
of PSII and the OEC in its various S states is radiative damage to the crystalline protein
samples used in EXAFS and XRD data collection due to X-ray irradiation.289:276b,285a,b
This severely limits the resolution (ca. 3.8 — 3.0 A) of the information that is obtained by
these methods. Structural changes induced by x-ray damage have been investigated, and are
a known phenomenon.2%0

Since 2007, the end date for coverage by PCET1,! there have been several new structural
findings: a 2.9-A resolution crystal structure for cyanobacterial 7hermosynechococcus
elongatus,?%! and a 3.5-A eukaryotic structure for red algae have appeared.292 A separate
crystal structure containing bromide in place of chloride was also obtained at 4.2 A
resolution.293 The coordination sphere of the OEC is thought to be bridged by carboxylates
at Aspl170, Glul189, His332, Glu333, Asp342, Ala344, Glu354; GIn165, His337, and Asp61
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may be close enough to have electrostatic interactions with the OEC and exhibit structural
effects. The structural assignments are still debatable: results from FTIR and direct mutation
studies have shown that residues Asp342 and Glu189 do not show the expected

spectroscopic changes as the S-states progress, and appear not to be ligands in the
OEC.2859'294

New XRD data have allowed Qa, the precursor electron donor to Qg, to be modeled
completely, along with a new quinone, Qc. Based on this new data, Guskov et al. have
proposed a new mechanism for the quinone and quinol “flux” within the quinone-quinol
exchange cavity.29 The putative location of chloride is agreed, experimentally and
theoretically, to be 5-7 A from the Mn-Ca vector of the OEC. The degree of interaction
between the OEC, bound H,0, and chloride is still debated (see below).2”® The possibility
of a second chloride-binding site has also been proposed.293

The use of X-ray methods that are less-damaging to the protein have also led to new
structural insights.296.297,276b,285ab,298 Data collected using polarized EXAFS, with data
refinement to ~0.15 A, show metal-metal distances that differ slightly from the
crystallographic data.298b.2982,298 The same technique provides information on the formal
oxidation states of the manganese ions in the various S states. Both S1 and S2 are thought to
contain Mn'"" and Mn!V, in agreement with current models of the early S states (see below
for S state mechanisms).2% The Mn-Ca distance was found to be 3.4 A, and Mn-Mn
distances 2.7, 2.8, and 3.2 A.2982 Dye to differences in the angular distances of the
manganese atoms, there is still some discrepancy in their exact coordinates within the OEC.
A recent series of papers suggests that bicarbonate is not a ligand to the OEC.300

Rapid progress on structure and mechanism in the OEC has been made by using DFT and
QM/MM computational methods. A number of calculated structures of the OEC have
appeared; most emphasize the energetic stability of a particular structure for the Mn,0,4Ca
cluster and are in agreement with available structural information by XRD,264a.0.284d.301 The
preferred OEC model is a cubane Mn304Ca core tethered to a “dangler” Mn by a di-j.-0xo
bridge. 18 Lower energy structures are obtained if the metal positions are not fixed, showing
that theoretical and experimental structures do not completely agree. As an example,
calculations on the location of the chloride co-factor optimize its position 5.6 A from the
nearest Mn atom by DFT.284d |t is modeled nearly 6.5 A away in crystal structures.302 These
structural details have mechanistic implications that are discussed in the next section.

8.4.3 Mechanism, Kinetics and Thermodynamics

8.4.3.1 Background and Thermodynamics: The major function of the OEC is the transfer
of oxidizing equivalents from photo-oxidized P680 to water molecules bound to the Mn core
in the OEC. As noted above, to oxidize water to dioxygen, the OEC advances through a
series of “S states”, known collectively as the Kok cycle, Scheme 37, which involve the
sequential loss of protons and electrons following the repeated photo-excitation of
P680.280a-j,2801-n.286 Fjye S states, Sp—S,, were initially proposed,28¢ with the O-O bond
being formed in the second half of the cycle.2 Due to the limited structural information
about the detailed ligation pattern of amino acids and water molecules in the primary and
secondary coordination spheres of the OEC, a number of variations to the Kok cycle have
been proposed based on theoretical (DFT and QM/MM) and experimental evidence which
vary in oxidation states at the Mn ions.8:303 Regardless of structural considerations,
inspection of the Frost diagram in Figure 95 shows that involvement of PCET is
certain.21.276b.285 The magenta and red lines show water oxidation in the absence and
presence of PCET respectively. PCET provides the lowest AG route (smallest slope in Fig
95) for the four-electron, four-proton oxidation of water to dioxygen. The most recent
experimental findings related to PCET are reviewed below.
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Redox potentials for couples in the P680/Qg redox chain governing the thermodynamics of
water oxidation in PSII are not yet clear because of the difficulty of making direct
measurements. In recent developments, Kato et al.3%4 measured E°” = —261 + 6 mV (NHE)
for the Phe a/Phe a-couple, and Shibamoto et. a/,,3% -140 + 2 mV (NHE) for the Qa/Qa~
couple at physiological pH by application of spectroelectrochemical techniques (see Section
6.4). These values are significantly different from previously reported values, and will
undoubtedly be debated for years to come: the Qa/Qa- couple was reported in 2007 to be 84
+24 mV by Fufezan et. al.,279 which is significantly different from the previously accepted
value of —604 mV.39% These new values significantly affect the free energy difference
between the donor Phe g and the acceptor Qa (the donor to Qg), which is determined to be
-330 to —370 mV, as shown in Figure 96. Good theoretical agreement with the measured
pKj values has recently been reported by Ishikita et. al.301¢, and is discussed the next
section. The evolving thermodynamic picture remains consistent with the kinetic analysis by
Rappaport on Phe &79¢ and with charge-recombination studies by Dau on Q2760307

Only limited values for S-state energies, energy barriers and standard free energy changes
(AG"®) are available by direct measurement and can only be calculated. Differences in free
energies between S states have been calculated based on eq 79 and free energy differences
for formation of the cation radical P680*", oxidation of Yz by P680* and S;-state transitions,
respectively.

o Si+l . [ P680™* . [ P680Y. 9XS; o (Y, +S;
LAG ( )+AG (— )+A ( z *‘) 79

AG =
/ Si P680 P680*°Y,S; Y,9Xs,;

Messinger and Renger2762:309 have calculated the thermodynamic scheme for the Kok-cycle
shown in Figure 97, which draws on their interpretation of the water oxidation mechanism.
(see section 8.4.3.2 below).2762.280},309

8.4.3.2. Mechanism of catalytic water oxidation and the S state cycle: As shown in
Scheme 37, protons are lost from the OEC as the S-state increases in order to compensate
for increased charge due to the higher oxidation state at Mn or associated ligands. For
thermodynamic reasons described above, simultaneous release of protons is likely to involve
PCET and MS-EPT pathways.:276b.280c-h,280j,2801-n,285a-€,285i The key function of PSII in
the photosynthetic apparatus is water oxidation at the OEC. As discussed in Sections 1.4.5
and 8.4.1, water oxidation is coupled to an elaborate reaction scheme in which protons are
transferred from the stroma to the lumen though a proton exit channel originating at Asp61
driven by a free energy gradient.

There are continuing debates about how the individual reactions occur, the precise pathways
by which protons are released, ligation patterns around Mn, and the location of the 4
electron “holes” or oxidative equivalents for water oxidation within the OEC. There is
emerging consensus on the following points: i) protons released following for 4 consecutive
light flashes required to produce dioxygen follow a 1:0:1:2 pattern, ii) the oxidative steps
between Sy to Sz are Mn-centered (as opposed to ligand centered, see below),?1, and iii) Y,
oxidizes the OEC and uses His190 a H-bond acceptor for the phenalic Y, proton. However,
the identities of the Mn ions oxidized, the location of the final reducing equivalent for Y,
whether O-O bond formation occurs in S3 (“peroxidic mechanism™)® or S4 (“S4
Mechanism™)3012 and the exact mechanism of proton removal remain key points of
controversey. Substantial insight into the S state mechanism has been gained by calculations
on the S states, most notably by Batista, Messinger and Siegbahn and their coworkers (see
below).3012.310 Because S state semantics are somewhat confusing and may contribute to the
ongoing O-O bond formation debate, Renger recently proposed a “MWLY” (Manganese,
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Water, Ligand, Tyrosine) framework formulated to include reducing equivalents on the
ligands and water, and oxidizing equivalents at .80 The S states are only discussed here
insofar as they illustrate recent contributions to the role of PCET in water oxidation. The
reader is referred to previous reviews for the individual steps in the Kok cycle as a
reference.6.276b,285

As noted above, in the net reaction for Sy — S in eq 80, illustrated in Figure 92, absorption
of a single photon results in electron transfer over 50 A from the OEC to Qg by a sequence
of five steps. Intra-membrane H* transfer occurs from Mn-OH; to the lumen and a second
H* is transferred from the stroma to glu. The net effect of the H* transfers is proton
translocation across the membrane from the stroma to the lumen which contributes to the pH
gradient for ATP production.

Q. Q,), Glu™——Peg.. Y, So+H (stroma)+hv — (Q,~, Q,), Glu—H—Pg¢g.. Y, S +H" (luggeyp)

In a recent application of PCET theory, Batista et al.’s QM/MM maodel predicts
deprotonation of an aqua ligand bound to the dangler manganese Mn(4) by an OH™ ligand
on Mn(3) (eq 81) resulting in conformational H-bond changes that effect O-O bond
formation in the S, state.301P Sieghahn has proposed the formation of a similar oxo bridge,
but with involvement of different ligands.

Mn(3)"Y ~OH+Mn(4)™M-OH, H-Ar357+hv — Mn(3)!Y-O-Mn(4)"V-OH.. .. H-Ar357-H+(jggen)

Sy S3

In contrast, Brudvig et al. propose the formation of an OH ligand on Mn(4) via an ET-PT
pathway directly involving H* abstraction by Y2.27> Meyer et. a/. also propose the
involvement of Yz, but via a 1le-/2H* MS-EPT pathway that ultimately releases a single
proton to the Lumen.6 MS-EPT is supported by the pH dependence31! of the rate constant
for this step.

The subsequent S to S4 and S, to S transitions are the focus of two competing views for
the key O-O bond forming step. Interest and understanding this step is bolstered by the large
number of recent biomimetic “water-oxidation catalysts” that have been published; some of
which are reviewed in Section 4.109¢.121, 312, 313, 115, 314, 315,119 |py the “S, Mechanism”
interpretation, formation of a high oxidation state metal oxo intermediate is invoked in the
S3 — S, step either as low-spin MnV=0 or a high-spin oxyl, Mn!V-O", which is sufficiently
electrophilic to forge an O-O bond followed by O release.

MS-EPT is invoked in the recent QM/MM model of Batista et. a/., where the Mn'!'OH
formed in the S, — Sj transition is subsequently deprotonated by CP43-R357 to give a
transient Mn'!'-O" intermediate which is further oxidized by the tyrosyl radical Yz to Mn'V-
O, in the S3 — S, step. This is in agreement with Siegbahn and Crabtree’s proposal 316 that
Mn'V-0', not MnV=0, is the oxidant. By analogy, an “oxyl” Ir'V-O', as opposed to IrV=0,
was proposed in O-O bond formation.314

In this sequence, in the S, — Sy transition, two water molecules, or one bicarbonate
anion,2982.299 are proposed to displace dioxygen with addition of one proton to regenerate
the OEC in its resting state. O-O bond formation occurs by attack of a neighboring
hydroxyl-or aquo-ligand bound to Ca, a j.-0xo bridge, or other nearby ligand on the high
valent Mn!V-O' species. Supporting this suggestion are studies on model complexes of the
OEC. They provide evidence against attack on a bridging ligand,317. 17b. 318,112,319 gn also
against the presence of bicarbonate in the vicinity of the OEC.300a
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The other “peroxidic”117 interpretation involves an Mn-OOH intermediate, named S3’,
formed in the S3—S4 transition, so that the O-O bond formation is pre-formed before the Sy
state is reached.b: 320 |t has been suggested that fourth oxidation is ligand-centered with
Mn(4) remainng in the +3 oxidation state with reduction of Yz’ rate limiting. Evidence for
this line of reasoning is based on the slow kinetics (millisecond)2762.309 that occur after Ss is
formed. A 250 s lag time between the light pulse and the final change in oxidation state in
Mn has been attributed a proton transfer step, possibly the loss of the Mn-OOH proton, or to
a redox isomer equilibrium.3%9 Similarly, high pressures of O, were found to suppress the
reduction of Yz and O, release,32! suggesting an equilibrium between the final S states and
a precursor intermediates. The details of O-O bond formation will likely be in debate for
some time to come.

8.4.3.3 TyrosineZ and Tyrosine D: Two redox-active tyrosine residues, Y, and Yp, are
known to function in PSII. They can be distinguished spectroscopically by the half-lives of
their radicals. Once formed, Yz* decays on a sub-second timescale, while Yp* decays over a
time scale of minutes.2693.269a.322 A Ap K, of ~10-12 units is observed upon oxidation of Y
to Y* by P680* (Table 2), with a reduction potential for the couple estimated to be 1.0-1.2 V
(NHE).2! The OEC is thought to be directly oxidized by Y,*, which can accept an electron
and a proton from the OEC, and its function has become a prototypical example of PCET in
biology. The P680* + Yz — P680 + Yz" reaction also provides a spectroscopic basis for
monitoring the kinetics of the Kok cycle. The multiphasic kinetics of Y2* reduction,
characterized by slower reduction after Sy, has implications for structural assignments in the
S states as discussed above. A recent report suggests that the rate of oxidation at the OEC is
limited by an EPT step at Y.261d

Ishikita et. a/301¢ have been able to calculate the pKj’s of Yz and Yp with good accuracy,
and have proposed the PT-ET mechanism shown in Figure 98 for the oxidation of Y by
cytochrome P680*. A short-lived species, Y7~ is stabilized by a calcium-bound water
molecule following initial proton transfer from Y to His190-D2. Yz~, shown in Fig. 98, is
rapidly oxidized by reductive quenching of the P680 excited state, yielding Yz*. YZ* is
generated by a PT-ET mechanism. In the next step the protonated histidine (pKp = 2.2),
transfers a proton back to Yz*, accompanied by electron transfer from the OEC restoring the
hydroxyl functionality to Y. In agreement with some mechanistic proposals, this
mechanism shows CP43-Arg357 to be deprotonated beyond the S, state, and to be
responsible for the similar reduction potentials calculated for the Sg and S, states (+932, and
+936 mV, respectively).

In contrast to Yz, Yp is not thought to be directly involved in water oxidation, although it
does help equilibrate the redox potential between the OEC and Pggg*.301¢,3220.269,322
Crystal structures reveal that Y and the nearby D2-His189 residue in the D2 subunit share
a hydrogen bond. Upon reduction, the tyrosyl radical, Yp°, is thought to accept a proton
from D2-His198, although other donors are possible. Jenson et. al.269.284a haye recently
found that PCET occurs between this pair during water oxidation and have proposed
multiple PT pathways due to the pH dependent i kinetics (Fig. 99) at pH values > 7, KIE’s
as high as 2.2 were found accompanied by a first order rate constant of < 2.8 s71; at pH
values < 7, KIE’s as low as 1.2 were observed with higher rate constants (10.3 s™1 at pH =
5.5). From these data, a PT-ET mechanism was inferred at lower pH values. A more recent
study2842 proposed that multiple PCET pathways operate at pH 8, and that at least 3 protons
are transferred. Other residues that could act as donors to Y are D2-Arg294 and CP47-
Glu364.

8.4.3.4 Proton removal from the OEC: While electrons can travel significant distances
within proteins (~50 A in PS 11,6 proton tunneling distances are far more restricted, < 1

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al.

Page 70

A).324 This is due to the higher proton mass and much less extended proton wave functions.
To overcome this limitation, proteins use hydrogen bonding networks that allow protons to
move in sequential steps over short distances driven by pH gradients or, in EPT, coupled
with the movements of electrons. There have recently been important theoretical
contributions to this area, especially for CcO and RNR.2640.284d Different types of biological
proton transfer reactions studied by quantum chemical methods.2642 In the OEC, the “proton
exit channel”, is proposed to begin at the aspartate D1 D-D61 residue and ends at the PsbO-
Asp224.301¢ The CP43-R357 residue may mediate the interaction between the OEC and the
proton exit channel, see below.621 The driving force for moving protons along hydrogen-
bonded networks through these proton transfer channels is thought to be governed by a pKj;
gradient and is triggered by oxidation of the OEC.301¢ The possible involvement of MS-EPT
and local proton movement in water oxidation at the OEC is discussed in Section 1.1.2 and
has been reviewed elsewhere 8:109d.259,276b,285,325

Several recent theoretical results are relevant to proton removal and delivery to the lumen.
Batista et. a/.3%12 have shown that arginine residue CP43-R357 aids in proton abstraction
from the OEC through hydrogen bonding interactions with two aqua ligands bound to the
dangler manganese (Mn(4)), and to calcium. There is additional evidence for hydrogen
bonding networks that link CP43-R357 to Mn(3) and Mn(4). It has been suggested that the
OH™ ligand on Mn(3) removes protons during the S, — Sz and Sz — S, transitions by
utilization of additional hydrogen bond interactions with the same arginine and alanine 344.
Proton management at this level is required for formation of the reactive MnV=0/Mn!V - O
precursor to O---O coupling and for removal of protons produced by water oxidation.

Ishikita et. al. also propose CP43-Arg357 as the beginning of a PT channel terminating at
the CP43-Asp360/D1-His92 pair on the luminal surface (Fig 100).391¢ Another proton
transfer channel involves D1-D61, D1-E65, D2-E312, D2-K317, PshO-D158, PshO-D222,
PsbO-D223, PshO-D224, PshO-His228, and PsbO-E229 with a total proton transfer distance
of ~35 A. It is important to note that neither proton exit channel involves Y, consistent with
the growing consensus that its function is an oxidizing electron transfer relay.21.301a
However, other proposals are known, and should be considered.109d:325

8.5. Proton-Coupled Electron Transfer in Enzymes

8.5.1 Class | Ribonucleotide Reductase (RNR)—Class | RNR are found in £. coli,
and consist of complexed subunits R1 and R2. They catalyze the reduction of nucleosides to
deoxynucleosides (Scheme 38). The enzyme initiates the reactions at a diiron tyrosyl radical
site (Y122) with radical transfer occurring over 35 A through a chain of amino acids with
termination at cysteine C439.258.273 (Figure 101) Radical transfer is thought to occur by a
long range EPT “shuttle” mechanism with electron transfer occurring between amino acids
coupled with a double concerted proton transfer, e.g., (TyrO" ---*H-His)....(TyrOH---His)’
— (TyrO-H---His)....( TyrO ---*H-His) . Radical transport sites have been isolated at
Y122, W48, and Y356 on the R2 unit and Y731, Y730, and C439 at the R1 unit.28 An
impressive number of techniques have been applied to the investigation of radical transport
including pulse radiolysis, EPR, and UV/Visible measurements combined with site directed
mutagenesis, X-ray crystallography, magnetic circular dichroism (MCD), DFT, and native
protein chemical ligation and dipeptide model proteins®:268.273.326 Re(bpy)(C0O)3(CN)-
derivitized peptide models of RNR B2 adducts were developed to investigate site-specific
radical transfer which are activated photochemically. In these experiments, Re(bpy)
(CO)3CN was appended next to Y356 on a 20mer peptide, YBC19, created to mimic the 2
binding domain. Stubbe and Nocera determined that emission radically increases after
peptide bonding, indicating that conformational dynamics and the protonation state of Y356
influence the enzyme’s catalytic turnover.®
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The role of Y356 is of particular interest due to its position at the interface between R1 and
R2.326N pylse radiolysis has been used to explore radical transport through the interface
between peptides modified by site-directed mutagenesis and chemical ligation.268.326h
Chemical ligation has also been used to incorporate fluorinated tyrosine derivatives (F,Y)
having potential shifts in the range —50 to 270 mV compared to Y356 and with pKjs from
5.6 t0 9.9 (Figure 102). Decreasing the reduction potential has the effect of completely
inhibiting RNR activity. Incorporating amino derivatized tyrosines (NH,Y) at Y730 and
Y731 (Figure 102) results in radical trapping due to decreases in reduction potential
supporting an EPT model.3260.¢ The results of these studies were consistent with important
roles for EPT and MS-EPT in radical transport in RNR.

8.5.2. DNA Photolyase—The indole group of tryptophan has also been demonstrated to
be involved in PCET. For example, in the mechanism of photo-activation in Escherichia
Coli DNA photolyase, reported by Aubert and coworkers, the excited state flavin adenine
dinucleotide undergoes reductive quenching by adjacent tryptophan W382 to give the semi-
quinoidal radical anion (FADH™) and TrpNH*.327 The reaction was studied by laser flash
photolysis and EPR spectroscopy. Radical formation and charge hopping were found to
occur on the picosecond time scale and isolation of intermediates was not possible. Site-
directed mutagenesis studies demonstrated the importance of tryptophan residues located at
W306, W359, and W382. Subsequent long-range electron transfer occurs by site-to-site
electron transfer hopping through tryptophan residue W359 to the terminal tryptophan W306
located 13.4 A from the flavin. Long range electron transfer is followed by loss of a proton
(Figure 103).328

The initial quenching step occurs by rapid (<10 ns) electron transfer to give FADH 7, the
catalytically active form of the cofactor (Figure 103).328¢.329 The triple tryptophan redox
relay in DNA photolyase has been explored thoroughly by spectroscopic and mutagenic
studies.327-328,329-330 Based on XRD, the indolyl N1 N atom of W306°* is directly exposed
to a shallow pocket open to solvent. Deprotonation is proposed to occur to solvent water
within 300 ns after excitation in a net, stepwise ET-PT reaction even though proton transfer
from TrpNH'* to water in water is disfavored by ~—0.3 eV.328¢ |n the XRD structure there is
no potential proton acceptor within 5 A of the indolic nitrogen atom. W382, W559 is
surrounded by hydrophobic and polar amino acids but is proposed to be hydrogen bound to a
buried water molecule.3302

8.5.3 Azurin—Recently, Gray and coworkers used nano-second laser flash photolysis with
visible transient absorption monitoring to explore the possible role of an intervening
tryptophan residue in facilitating electron transfer in a mutant Pseudomonas aeruginosa
azurin protein. The azurin derivative is illustrated in Figure 104. As shown in Figure 105, in
these experiments MLCT excitation of —[Re!(CO)3(dmp)]*, (dmp = 4,7-dimethyl-1,10
phenanthroline) bound to His124 was used to initiate long range(19 A) electron transfer
from Cu(l) through intervening Tryptophan(122).33! The two-step electron hopping
mechanism with migration of the photogenerated hole through W122'+ is ~102 times faster
than single step electron tunneling. Replacement of W122 by tyrosine (Y) and phenylalanine
(F) inhibits the initial ET event because E°” values for the Y'*/0 and F*/0 couples are > 200
mV above E°” for the excited state Re!'(CO)3(dmp~)(His)**/Re!(CO)3(dmp~)(H124)°
couple. Concerted EPT involving Y122 and Re!/(CO)3(dmp™)(His)** is thermodynamically
favored but postulated not to occur because of a significant activation barrier.331-332

8.5.4. Soybean Lipoxygenase—Soybean lipoxygenase (SLO) is a nonheme iron
metalloprotein that catalyzes the oxidation of unsaturated fatty acids. A combination of a
high-resolution crystal structure by XRD, results from a number of spectroscopic studies,
and results of quantum calculations have given considerable insight into mechanism for this
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enzyme.9333 A key step is thought to involve net hydrogen atom transfer but by EPT
(Figure 106). In the proposed pathway, the electron is thought to transfer from the r system

of the substrate to the iron cofactor while proton transfer occurs from the C11
carbon.9.333a-c,333e

With linoleic acid as substrate a number of mechanistic conclusions were reached. The
concerted process is exothermic by ~5 kcal/mol and nonadiabatic toward electron transfer
due to weak electronic coupling between the electronic donor and acceptor. Recent advances
in dynamic calculations on SLO have discerned the importance of protein motion and its
effects on substrate position and donor acceptor distance and the role it plays in hydrogen
tunneling.3330 Protein motion results in a decrease in proton transfer distance relative to the
equilibrium state resulting in more efficient proton tunneling due to better vibrational
overlap.333b

8.5.5. Superoxide Dismutase—The superoxide dismutases (SODs) are a family of
metalloenzymes that catalyze disproportionation of superoxide to molecular oxygen and
peroxide. Their main role is in defending against oxidative stress. In bacteria, the main
SODs are FeSOD and MnSOD, which contain a mononuclear active site coordinated by two
histidines and an aspartate in the equatorial plane forming a trigonal bipyramidyl; a histidine
and a solvent molecule along the trigonal bipyramidal axis.334 In the dismutation
mechanism it is thought that reduction at the metal is coupled to proton transfer with protein
structure playing a significant role in redox tuning. There are two halves of the catalytic
cycle with each half involving a O,7~ binding step with subsequent proton binding. (Scheme
39)

A recent investigation into the redox mechanisms of FeSOD and MnSOD enzymes have led
to the conclusion that reduction from M(I11) to M(I1) occurs via a PCET mechanism (the
proton donor is unclear). There was no change in 13C NMR at Tyr34 over the course of the
reaction at neutral pH. This showed that Tyr34 is not a proton donor implicating solvent
water as the probably proton source.334 Site-directed mutagenesis and DFT calculations
were used to examine second sphere amino acid effects and it was found that the protein
matrix plays a role in both tuning the redox potential of the protein and in defining proton
transfer distance between enzyme and solvent.336

8.5.6. Cytochrome ¢ Peroxidase—(CcP) is a di-iron heme protein that plays a role in
cellular detoxification and catalysis of hydrogen peroxide reduction. The overall reaction is
shown in eq 82. CcP catalyzes the oxidation of cytochrome ¢ by H,O5, which reacts with
two non-equivalent ferric heme (Fe*4=0) centers and cation radical Trp 191. The high-
potential heme acts as an electron transfer center accepting electrons and shuttling them to
the low potential heme. The main difference between the two is the amino acid residues that
ligate the iron. In the high potential heme, the axial position is filled by a methionine
(M118) whereas the low potential heme binds a histidine (H74) reversibly in the axial site
and can bind substrates for catalysis.23” The two iron centers are separated by 20 A and in
the mechanism electron transfer occurs from the Cterminal, high potential heme to the n
terminal low potential heme, Figure 107 through intervening tryptophan W97.337

CcP+H,0,+2 ferrocytochrome — CcP+2H,0+2 ferricytochrome ¢ (82)

As seen in Figure 108, the activation mechanism for CcP involves electron movement from
the high potential heme to the low potential heme and catalytic reduction of H,0,.237 In the
catalytic cycle, cleavage of an Fe!l'-O-OH peroxide bond occurs with oxidation of the Fe!ll-
heme to a Fe!Voxyl porphyrin radical cation, O=Fe!V(por™). During the O-O bond cleavage

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al.

Page 73

step, electrons are transferred from both Fe!!! and porphyrin (por) with proton transfer from
His75.

In a following step, electron transfer occurs from W191 to por*’, to give O=Fe!V(por).
Trp191 radical is formed at the high potential heme and is hydrogen bonded to D235. The
D286 group acts to stabilize the indole radical. High potential heme and W191 are reduced
in subsequent steps. Active site mutations at Asp286 point to its role as a critical proton
acceptor in this reaction suggesting a MS-EPT pathway with electron transfer to the
porphyrin cation and proton transfer to Asp286, TrpN-H---—O0C-Asp286...0=Fe!V(por*)
— TrpN'---HOOC-Asp286...0=Fe!V(por). Trp191 was further stabilized toward oxidation
by the presence of Met residues at sites 230, 231, and 172.338 Once electron transfer has
occurred at the high potential heme, electrons are shuttled to the low potential heme where
hydrogen peroxide is reduced.

Spectroscopic and mutagenesis studies have provided convincing evidence that long range
electron transfer occurs through a radical hopping mechanism through a radical amino acid
pathway and the pathway outlined in Figure 108.337 Trp97 (W97) is located at a distance of
~10 A from both hemes. Its mutagenesis with either Ala or Phe renders the enzyme inactive,
trapping the radical at the high potential heme site consistent with a role for Trp97 as an
electron transfer conduit for long-range electron transfer in CcP.337 Similarly, replacement
of Trp97 with N-benzimidazolepropionic acid inhibited electron transfer consistent with
long range electron transfer mediated by a tryptophan radical.26% Redox potentiometry
combined with UV/visible spectroscopic studies are consistent with a proposed electron
transfer mechanism.337 There is evidence that participation by Trp97 as an electron shuttle
also involves EPT along with associated proton acceptor propionate groups along the
electron transfer pathway. The results of computational studies indicate that the propionic
groups play a critical role in the electron transfer process.339

Electrochemical studies on CcP confirm a role for PCET at the heme sites with appearance
of pH dependent electrochemistry over the range pH = 6-11 (Figure 109).237:340 Protein
film voltammetry (PFV) was used to investigate the pH dependence of CcP (Figure 110).
The data in Figure 108 were fit to 60 mV/pH unit consistent with a 1H*/1e~ step that
involves two distinct pKj units.237:340b Electrochemical and single crystal absorption
spectroscopy were used to investigate solvent isotope effects in CcP.341 No variation in
reduction potential was observed due to change in solvent, however, spectroscopic studies
revealed solvent isotope effects of 1.5 for the redox process in CcP.340a

8.7 Proton Gated Electron Transfer in Cytochrome c Oxidase

Cytochrome ¢ Oxidase (CcO) is a membrane bound protein that catalyzes the 1e™ reduction
of four cytochrome ¢ units, ultimately with 4e~ reduction of oxygen, Figure 111.343 It is the
terminal member of the respiratory redox chain.344 Electron transfer through the enzyme is
linked to proton pumping from one side of the membrane to the other producing a free
energy gradient used to drive ATP synthesis.3*® Elucidation of the mechanisms of proton
pumping and oxygen reduction are deeply fundamental issues in bioenergetics and multiple
mechanisms have been proposed to account for both,344:346

CcO has four redox centers: a binuclear CuA center bound to heme a, heme a3and CuB.1 In
CcO, oxidation and reduction at heme a/CuA and heme a3/CuB are linked to proton transfer
with acid/base groups in the enzyme.348 The overall reaction is outlined in eq 83. In the
overall oxidation mechanism, 2e”/1H* reduction at CcO occurs between Cug and
Fe(ll)heme resulting in the reduction of O, in cellular respiration.34°
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4Fe* —cytochrome c+8H*+0, — 4Fe** —cytochrome c+2H,0+4H" o (83)

DFT calculations have been performed based on known distances from the XRD structure of
CcO. Molecular oxygen binds reversibily to the reduced binuclear center (BNC).2840 |n the
cleavage mechanism associated with CcO, the BNC provides 3 electrons with Fe(lll) —
Fe(IV) and Cu(ll) — Cu(l) changes occurring over the course of the reaction. The fourth
electron needed to cleave molecular oxygen is probably derived from Tyr288.264ab The 0-O
bond cleavage reaction occurs in two steps, proton transfer of the hydroxyl proton to the
distal oxygen with electron transfer to the oxygen forming FeOOH. Concerted EPT has been
proposed to occur between the resulting Fe!V=0 center and tyrosine 288 with proton transfer
from the phenolic proton to the oxo ligand and electron transfer from tyrosine to iron,
TyrOH, TyrOH---O=Fe!V(por or por*) — TyrO'---H-OFe!!!(por) (Figure 112). Tyr288 is
believed to provide both a proton and a fourth electron in the overall 4e™ catalytic reduction
of O,. Redox titrations, pH studies from electrochemical investigation, and EPR studies
point to the presence of a tyrosyl radical. Mutagenesis studies point to the importance of a
Tyr244 His 240 crosslink, which stabilizes the amino acid radical (Figure 113).
Replacement of His240 results in decreased catalytic activity.348

O, reduction by CcO is coupled to pumping of one proton across the membrane for every
electron transferred.3%0 In addition, a single substrate proton is transferred to produce a
molecule of water.347 Protons are transferred through CcO by the D channel named after the
solvent exposed Asp124 and transfers protons to Glu278 in the center of the membrane
bound protein.34” High resolution XRD, site directed mutagenesis, and application of EPR
and stopped flow studies have been applied to the investigation of the proton pumping
mechanism and the relationship between proton pumping and the redox state of the enzyme,
Figure 62,346a.351

A recent higher resolution structure has provided new insights into proton pumping and
points to the importance of a carboxylate Glu278 in the proton transfer pathway.352 The
carboxylate group prevents back electron transfer and is deprotonated upon heme oxidation.
The exact nature of the carboxylate is unclear because it is not conserved in the super family
of heme copper oxidases. Siegbahn et al have presented quantum calculations that support
Glu278s role in preventing back proton transfer due to its high pAa.284ab DFT calculations
confirm the role of a low spin heme in the proton pumping mechanism and point to an
instrumental role for Glu 278 as a redox “gate” for controlling proton transfer, Figure 114. A
proton begins to move from Glu278 to the PL site as a proton moves from the N-side to the
Glu278. The GluO™ becomes immediately reprotonated and does not permit back proton
flux.2642 Based on the modeling studies, Glu 278 has an on and off state that allows proton
transfer to occur, Initial proton transfer is thought to occur from Glu 278 to heme a which
prevents back proton transfer from the metal center,190.351a.353

Results of crystallographic and spectroscopic studies suggest a mechanism for this proton
gated electron transfer. In this mechanism Glu 278 exists in an up and down position
dictated by the amount of water present. In its resting state, Glu 278 is positioned downward
toward the D channel but an increase in water concentration causes the residue to point
upward toward a hydrophobic channel allowing proton transfer from water to heme a
(Figure 114)l346a,353b,354

Overall, Cytochrome ¢ Oxidase undergoes multiple electron and proton transfer events. The
electron transfer between Fe-O and CuB as well as between Tyr244 and Fe-O utilizes an
EPT mechanism. Electron transfer between Tyr244 and Fe-O allows CcO to join an ever-
growing group of redox enzymes that invoke amino acid radicals to mediate charge transfer
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in enzymes. 3%° Interestingly, CcO also undergoes a distinctive mechanism, proton gated
electron transfer, in which electron transfer from seme ais coupled to proton transfer from
the D channel and is regulated by Glu242.3520 Proton gated electron transfer is characterized
by a pH dependent reduction potential for heme and a small deuterium isotope effect237:356
Further investigation of this novel mechanism is needed to elucidate the specific details of
the mechanism. Further investigation of CcO will allow for better understanding of
bioenergetics and charge transfer in the respiratory chain and the generation of proton
gradients across membranes.

Biology is Everywhere

PCET plays a critical role in many enzymatic pathways that control life such as
photosynthesis, respiration, and DNA repair. There is increasing evidence its role may be far
more extensive than previously thought. Recently, pH dependent reduction potentials and
solvent kinetic isotope effects have been reported for catalase peroxidases in nitrate
reductase, 2?1 nitrite reductase,3®’ catalase peroxidase,3°8 and ATP synthase3°? indicating
that these enzyme may also use PCET to avoid formation of high energy intermediates and
transfer electrons and protons over long distances.”9:251.3282,3300,360 Thoygh the exact
mechanism(s) by which PCET operates in these enzymes is currently under investigation,
the underlying principles of PCET are no doubt, at work coupling electron-proton transfer
both thermodynamically and mechanistically to avoid high energy intermediates and enable
enzyme turnover with high rates and efficiencies.
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Professor Jonathan Scharle Owen at Columbia University, he firmly believes that all
students can be successful if they work hard and are willing to ask questions.

Christopher J. Gagliardi was born in 1984, and grew up in Hillsborough, New Jersey. He
received his B.S. in Chemistry and Biology with high honors from Roger Williams
University in Bristol, Rl in 2007. At Roger Williams, he worked in the laboratory of Prof.
CIliff Timpson where his interests in proton coupled electron transfer began. In the fall of
2007, he went to work in the laboratories of Thomas J. Meyer and H. Holden Thorp at the
University of North Carolina at Chapel Hill. His Ph.D. work has involved studying the
kinetics and thermodynamics of proton coupled electron transfer reactions of amino acids,
with a particular emphasis on the fundamental underpinnings of PCET.

Jonathan F. Hull was born in 1981 in Miami, FL and grew up in Santa Fe, NM and Geneva
Switzerland. He received a B.S. in Philosophy and Chemistry from Haverford College in
2004, a Ph.D. in Bioinorganic and Organometallic Chemistry from Yale University in 2009
under the supervision of Professors Robert H. Crabtree and Gary W. Brudvig. His and
subsequently completed postdoctoral research with Professor Thomas J. Meyer in 2010 at
the University or North Carolina at Chapel Hill. He joined Brookhaven National Lab in
Upton, NY in the fall of 2010 after receiving a Goldhaber Distinguished Fellowship to
explore strategies to electrocatalytically store renewable energy. Jonathan has worked at 3M,
Inc., and as a personal trainer, and enjoys the weight room and volunteering when he’s not
in lab.

Christine Fecenko Murphy was born in 1981 in Blackwood, NJ. She graduated with honors

from Ursinus College in 2004. She received her PhD from the University of North Carolina
at Chapel Hill in 2009. At UNC, her research advisors were H. Holden Thorp and Thomas J.
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Meyer where her research included investigation of base effects in amino acid oxidation. In
2009, she began a postdoctoral fellowship at Duke University in Durham, NC with Dewey
G. McCafferty. Her current research interests include investigation of electron transfer
mechanisms in proteins and the development of electrochemical techniques to investigate
redox active enzymes.

Caleb A. Kent attended Kalamazoo College as a Heyl Scholar and received a B.A. in
chemistry in 2007. He is currently a Ph.D. candidate under the direction of Thomas Meyer
and Wenbin Lin and a Carolina Energy Fellow. His research is focused on energy related
topics including excited-state PCET reactions of metal complexes and also energy and
electron transfer studies of metal-organic frameworks.

Brittany Westlake received a B.S. in chemistry from the University of Georgia in 2004,
where she carried out undergraduate work with Michael A. Duncan. She completed her
Ph.D. at the University of North Carolina at Chapel Hill in 2010, under the mentorship of
John M. Papanikolas and Thomas J. Meyer, studying Proton Coupled Electron Transfer
systems using ultrafast spectroscopy techniques. Currently, she is the Science Policy Fellow
for the American Chemical Society in Washington, D.C.
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Amit Paul received his B.Sc from Jadavpur University, Kolkata, India, M.Sc from IIT
Bombay, Mumbai, India and Ph.D. from Department of Chemistry, University of Pittsburgh
under the supervision of Prof. David H. Waldeck. Currently he is a postdoctoral research
associate at Department of Chemistry, University of North Carolina at Chapel Hill, working
under the supervision of Prof. Thomas J. Meyer. His research interests include electron
transfer through molecular bridges, proton-coupled electron transfer, catalysis and
hydrocarbon activation.
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Daniel H. Ess was born in California in 1981. He was raised in Southern California and
Utah. After graduation from Brigham Young University in 2000 he served as a full-time
volunteer from 2001-2003 for the Church of Jesus Christ of Latter-day Saints. From 2003—
2007 he did graduate work in computational chemistry under the direction of K. N. Houk at
the University of California, Los Angeles. Afterwards he was a post-doctoral scholar at the
California Institute of Technology with William A. Goddard 11 and at the Scripps Research
Institute in Florida with Roy A. Periana. From 2009-2010 he was a post-doctoral researcher
at the University of North Carolina at Chapel Hill at the UNC energy frontier research center
directed by Thomas J. Meyer. Currently he is an assistant professor at Brigham Young
University in Provo Utah. He is also principal investigator in the center for catalytic
hydrocarbon functionalization, a DOE energy frontier research center.
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Dewey Granville McCafferty was born in 1967 in Raleigh, North Carolina. He received his
B. S. in Chemistry from North Carolina State University in 1990. He subsequently received
his Ph.D. in Organic Chemistry from the University of North Carolina at Chapel Hill in
1995, conducting his thesis research in synthetic peptide chemistry, de novo redox protein
design and photoinitiated electron transfer with Profs. Bruce W. Erickson and Thomas J.
Meyer. He then moved to Harvard Medical School and became the National Hemophilia
Foundation Judith Graham Pool Postdoctoral Fellow, studying the enzymology of
vancomycin resistance and posttranslational carboxylation of blood coagulation proteins
with Christopher T. Walsh. In 1997, Prof. McCafferty joined the faculty of the University of
Pennsylvania in the Department of Biochemistry and Biophysics, where he held Assistant
and Associate Professor positions and studied the enzymology of bacterial cell wall protein
anchoring, mechanisms of chromatin posttranslational modification, and antibiotic synthesis,
resistance and mechanism of action. In 2005 he was awarded the Eli Lilly Award in
Biological Chemistry from the American Chemical Society Division of Biological
Chemistry. In 2006 he joined the faculty of the Department of Chemistry at Duke University
as Professor of Chemistry. His current research interests in chemical biology include
investigating the molecular mechanisms of redox-active enzymes, protein design,
epigenetics enzymology, peptidoglycan recycling, antibiotic synthesis, biosynthesis and
mechanism of action, and role of hydrolytic enzymes in staphylococcal and chlamydial
pathogenesis.

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Weinberg et al.

Page 93

Thomas J. Meyer first identified Proton Coupled Electron Transfer and designed the first
molecular water catalyst. He was an early pioneer in the field of Artificial Photosynthesis
and Solar fuels beginning with research published in the 1970’s. He has gained an
international reputation in photochemistry, mechanisms, and chemical reactivity and
catalysis. He is currently Arey Professor of Chemistry at UNC-Chapel Hill and Director of
the UNC Energy Frontier Research Center. In addition to PCET, his group is focused on
water oxidation, carbon dioxide reduction, and photochemical and photoelectrochemical
water splitting and reduction of carbon dioxide.
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Figure 1.

Structure of the Reaction Center of Photosystem Il illustrating terminal chlorophyll Pggg,
pheophytinpy, quinone acceptor Qa, Yz (Tyrz-His(190)), the Oxygen Evolving Complex
(OEC), and the sequence of electron transfer events induced by light absorption and
sensitization. The critical energetic role proposed for His(190) as EPT acceptor base is also
shown.10 Reproduced in part with permission from Ref. [18]. © 2004, American Association
for the Advancement of Science.
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Figure 2.

(a) Thermodynamics of possible two electron reduction products. (b) Transition states for
formaldehyde reduction (Os ) = [0s!!(tpy)(CI)] or [Os!!! (tpy)(C)](NSPh)]).
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D,A D", A

Figure 3.
Energy-coordinate curves, vibrational levels, and vibrational wavefunctions illustrating
electron transfer as the sum of vibronic transitions from initial level v = 0 to final levels v".
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Vibrational
Wavefunctions
[\)

Figure 4.
Illustrating reactant (1) and product (1) vibrational wave functions, H (solid curve) and D

(dashed curve), for the . = 0 — ~v = 0 vibronic channel for the cis-[Ru'V(bpy)2(py)(O)]¢*/
cis-[Ru''(bpy),(py)(OH,)]2*comproportionation reaction in Scheme 3. The plots for cis-
[Ru'Y (bpy)2(py)(0)]2*/ cis-[Ru' (bpy)2(py)(OD-)]?* illustrate the decrease in vibrational
overlap for the -OD, complex which is the origin of the H,O/D,0 KIE of 12. Reproduced
with permission from Ref. [113]. © 2002, American Chemical Society.
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E1/» vs pH diagram for the Ru'Y/!" and Ru'!! couples of cis-Ru!'(bpy)2(py)(OH2)?*, (Ru''-
OHy) at 25 °C, I = 0.1 M, vs NHE). The vertical dotted lines correspond to pKj 1 for Ru'-
OH, (pKa = 10.6) and pKj 1 for cis-[Ru'!(bpy)2(py)(H20)13*(Ru'"-OH,%*, pK; = 0.85).

The remaining abbreviations are: cis-[Ru'Y (bpy),(py)(0)]?*(Ru'V=0,") and cis-

[Ru"(bpy)2(py)(OH)]#*(Ru"'-OH,™). The half-cell reactions for the individual couples in
the various pH regions are indicated as are the sixth ligands and whether they are O,~, OH™,
or H,0. The £y»-pH curves were calculated from the Nernst equation by using the pKj;

values and £y 5(cis-[Ru'(bpy)2(py)(H20)]3**) = 1.02 V and Ey/5(cis-[Ru''(bpy)2(py)

(OH)]2**) = 0.46 V.1:11044 Reproduced with permission from Ref. [1]. © 2007, American

Chemical Society.
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Figure®6.

Calculated E°-pH diagram for the 1e™ oxidation of tyrosine at 25°C, | = 0.1 M. The structure
of tyrosine as it would occur in a peptide is also shown, where R and R’ represent the
polypeptide chain.
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Figure?7.

E1/o-pH diagram for Os(tpy)(H,0)32* (vs. SSCE; + 0.236 V vs. NHE) illustrating the 3e™

oxidation of Os(l11) to Os(VI) over a wide pH

range and the instability toward

disproportionation of intermediate oxidation states Os(IV) and Os(V). Dominant forms of
the complex in the various E-pH regions are indicated on the diagram, for example (OH)3

for Os'!!(tpy)(OH)s.
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Figure8.

Plot of free energy dependence versus In(kn/A°), with Ay° the rate constant at AG° = 0, for
ET, PT, and PCET. See Edwards et a/. for parameter details of each model. Reproduced
with permission from ref. [55], © 2009 American Chemical Society.
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Figure9.

As in Figure 8, plots of In(k4/Aq°) vs AG*® for electronically adiabatic a) PT and b) PCET
models The red curves correspond to a fixed proton transfer barrier and the blue curves from
a model based on an increase in barrier as —AG® increases.?® Reproduced with permission
from ref. [55], © 2009 American Chemical Society.
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A &gy

Generalized 2D free energy surfaces with the transition state along the dash-dotted line.
Reproduced with permission from ref. [57]. © 2008 American Chemical Society.
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Figure 11.

a—d) Show possible relationships between saddle points and Cl points involving
simultaneous electron and proton transfer. €) More O’Ferrall-Jencks type diagram for a
possible HAT-PCET continuum. Reproduced with permission from ref. [65], © 2008
American Chemical Society.
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Figure 12.

Iminoxyl/oxime self-exchange reaction. Reproduced in part with permission from ref. [66],
© 2007 American Chemical Society.
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Figure 13.
Transition-structure molecular orbitals for iminoxyl/oxime self-exchange by EPT.
Reproduced with permission from ref. [66], © 2005 American Chemical Society.
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Figure 14.
Transition state and HOMO orbital for zert-butylperoxyl/phenol hydrogen atom transfer.
Reproduced with permission from ref. [66], © 2007 American Chemical Society.
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BT X"

Figure 15.
C, transition state and orbitals for benzyl/toluene hydrogen transfer. Reproduced with
permission from ref. [66], © 2007 American Chemical Society.
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Figure 16.
Transition states and orbital interactions for formamide-formamide radical EPT and HAT
pathways. Reproduced with permission from ref. [70], © 2007 American Chemical Society.
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Figure 17.
Proposed mechanism for H,O, production from a model Cu(I1)AB and 30,. Reproduced
with permission from ref. [81], © 2009 American Chemical Society.
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Figure18.
Schematic representation of predicted mechanism of oxidation at the Q, site. Reproduced
with permission from ref. [82], © 2008 American Chemical Society.
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Figure 19.

Change in SOMO along the NH bond forming reaction path for oxidation of hydroguinone
by cytochrom b¢; complex in Complex I11. The transition state corresponds to 1.4.
Reproduced with permission from Ref. [82]. Copyright 2008, American Chemical Society.
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Figure 20.
Initial C-C bond formation in CPA catalyzed by P450 StaP (CYP245A1).
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Figure21.
QM/MM reaction profile for EPT in CPA. Reproduced with permission from ref. [83b], ©
2008 American Chemical Society.
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Experimental and th

pH

eoretical Pourbaix diagram for Ru(OH,)(Q)(tpy)2* as Ey/, values

relative to the SCE. The red dashed and solid blue lines correspond to the experimental pK;

and redox potentials.

from Ref. [°1]. © 20

The black line are theoretical predictions. Reproduced with permission
09, American Chemical Society.
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Figure 23.
Structure of the substituted phenols in their carboxylate forms.
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Figure 24.
Structure of 4,6-di-fert-butyl phenol with a variety of pre-positioned bases. 90.102
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Figure 25.
Reaction pathway for the debromination of 8-bromopurines. (8BG is 8-bromoguanosine and
8BA is 8-bromoxanthosine) Adapted from Ref. [105].
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Figure 27.

Structure of the mixed-valence u-oxo-manganese complex [(bpy)oMn!! (-

0),Mn'V(bpy),]3*.
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Figure 28.
Structure of the Ru-Hbpp dimer water oxidation catalyst.
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Figure 29.
Polypyridyl ligands
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Figure 30.
Structure of seven coordinate [Ru'V(L)(pic)2(OH)]*.
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Figure 31.
Structure of PY5.
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[IMn'VH3buea(O)1

Mn oxo monomers which participate in C-H bond cleavage. Adapted from Ref. [139].
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Figure 33.
[Ru'V(tpa)(H20)(0)2]**.
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Figure 34.
Structure of tpip ligand.
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Figure 35.
Structure of the Ru acetate cluster [RusO(H3CCO5)g(py)2(0)]*.
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Figure 36.

Structure of permethylated-amine-guanidine bis(j.-oxo)copper dimer.
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N\ / _

Figure 37.
Structure of the dinucleating ligand H-L (1,3-bis[bis(6-methyl-2-pyridylmethyl)-
aminomethyl]benzene).
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Figure 38.
Proposed mechanism of hydrogen evolution (adapted from ref 147).
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Figure 39.
Structure of Ni phosphine complexes with positioned pendant bases for dihydrogen
oxidation.
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IN4Py2RFe!(OTH)]+

Structure of [N4Py2RFe!(OTH)]*.

Figure 40.
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Structures of Hobim, Hobip, py-imH and TEMPO.
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[Ru"(dmp )(TPA)2* [Ru"l(dmdmp)(TPA)}**

Figure42.
Structures of [Ru''l(dmp™)(TPA)]?* and [Ru!''(dmdmp~)(TPA)]Z*.
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Figure 43.
Structure of Ru''COO and Ru!''PhCOO.
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(2) Hydroxy-Coumarin / Methyl Imidazole

Figure 44.

Structures of hydrogen-bonded adducts: (1) 4-hydroxy-4’-nitro-biphenyl (para-nitrophenyl-
phenol) and #butylamine (TBA) in 1,2 dicholoro-ethane (DCE). (2) 7-hydroxy-4-(tri-
fluoromethyl)-coumarin and 1-methylimidazole in toluene.
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OH OH

Y

Figure45.
INustration of charge redistribution between ground state and excited state for 2-naphthol.
Reproduced with permission from ref. [1718], © 2008 American Chemical Society.
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Structures of pyrene excited state photoacids which have been investigated by Stark
spectroscopy. The 1L, transition dipole is shown. It lies along the molecular axis for all three
molecules. Reproduced with permission from ref. [1713], © 2008 American Chemical

Society.
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Figure47.

The arginine superbase mechanism for C-N bond cleavage. Reproduced with permission
from ref. [173], © 2006 American Chemical Society.
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Figure 48.
Excited state reductive quenching by MS-EPT in free-base meso-(pyridyl)porphyrins.
Reproduced with permission from ref. [167P], © 2009 Royal Society of Chemistry.
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Figure 49.

Potential energy surface diagrams (S,, S, Sp) involved in radiationless deactivation of the
lowest Lrere* excited state of the H-bonded pyrrole-pyridine adduct. llustrative classical
paths (in yellow) illustrate Franck-Condon excitation (arrow), and relaxation on the S; and
So surfaces, restoring the initial ground-state configuration. Reproduced with permission
from ref, [1653], © 2007 American Chemical Society
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Figure 50.
Illustration of concerted and stepwise Excited State Double Proton transfer in 7-azaindole
dimers. Reproduced with permission from ref. [174], © 2008 Elsevier.
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Figure 51.
Proposed reaction mechanism for photosensitized 2-methyl-1,4-naphthoquinone oxidation to
d™C. Reproduced with permission from ref. [17%], © 2008 Wiley.
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Mechanism for EPT reductive quenching of [(bpy),Ru'"'(bpz~)]?* by H,Q. Reproduced
with permission from ref. [1763], © 2007 American Chemical Society.
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Figure 53.

Iustration of reductive EPT quenching of the emitting MLCT excited state of
[Ru(bpy),(pbim)]* by ubiquinol. Reproduced with permission from ref. [78], © 2009
American Chemical Society.
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Figure54.

Photodimerization of [Ru''(bpy)o(L-L)]%* (L-L = trans-1,2-bis(4-(4"-methyl)-2,2"-bipyridyl)
ethane) in aqueous solution. Reproduced with permission from ref. [177], © 2008 American
Chemical Society.

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Weinberg et al.

OH | 2*
o
~ Et00C COOEt
= /) \ /) \
NN\ W\
RuY RuesterY
oH|*
O
1 EOH d— ?j
Ph N N/_\N = P A\
Ph\}/@)\ H o \ N N=
N, | «CO
( /""ie\ Re(P-Y)
N (l: co
0

Figure55.

Page 148

Structures of RUY, RuesterY, and Re(P-Y) complexes with appended tyrosinyl groups.

Reproduced with permission from ref. [167f], © 2007 American Chemical Society.
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Figure 56.

Structures of Ru(bpy),(bpy-C(O)NH-ArOH)2* (RuY), a salicylic acid derivate (Ru-SA), and
a 2-hydroxyphenylacetic acid derivate (Ru-PA). Reproduced with permission from ref. [178],
© 2008 American Chemical Society.
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Figure57.

Illustrating the excited state EPT quenching mechanism in the H-bonded adduct between
IrbiimH,* and the benzoate anion, dnb™. Reproduced with permission from ref. [167¢], ©
2008 Royal Society of Chemistry.
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Figure 58.

Illustrating the H-bonded amidinium-carboxylate salt-bridge assembly (1-H:2) between a
Zn(I1) porphyrin photoreductant (1-H) and a naphthalene diimide electron transfer acceptor
(2). Reproduced with permission from Ref. [167€]. © 2006, American Chemical Society.

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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Photochemically induced net H-atom transfer from DMF to a surface M=0 site at MO3 (M
= Mo, W)( o-bonds are shown as solid lines and rt-bonds by dotted lines). Adapted from

Ref. [179].
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Figure 60.
Watson-Crick ground state guanine-cytosine base pair illustrating the direction of proton
transfer following excitation (vertical arrow). Adapted from Ref. [182]

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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Figure61.

INustration of interconversion between A and B forms of the green fluorescent protein
(GFP) chromophore through intermediate state I*. Figure from Stoner-Ma, 2008 (adapted
from Brejc et. al). Figure adapted from Ref. [186] and reproduced with permission from Ref.
[185€], © 2008, American Chemical Society
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Figure 62.

Proton wire effect leading to excted state proton transfer (ESPT) following excitation in
wild-type GFP. Excitation at 370-400 nm, leads to stepwise proton transfer through the H-
bonded network to Glu222. Reproduced with permission from Ref. [185¢]. © 2006, Elsevier.
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Figure 63.

Pourbaix diagram for [RuzO(Ac)s(py)2(OH,)]17 in aqueous solution; p K, values (vertical
dotted lines) and slopes (in mV) are also noted in the Figure. Reproduced with permission
from Ref. [1340]. © 2006, Wiley.
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Schematic representation of the potential energy profiles for an EPT mechanism. Please note
CPET in figure is described as EPT in the text. Reproduced with permission from Ref. [197].

© 2010, American Chemical Society
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Figure 65.
Long distance proton coupled electron transfer achieved by inserting a hydrogen-bonded
relay. Reproduced with permission from Ref. [199]. Copyright 2010, Wiley.

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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Figure 66.

Variation of the apparent standard rate constant for the Os!!'(bpy)2(py)(OH,)3*/

10 12

0s'!(bpy)2(py)(OH>)2* couple with pH. (A and B) Blue dots are experimental rate constants
in 0.1 M Britton—Robinson buffers in water and solid lines represent predicted variation of
rate constants based on the stepwise ET-PT and PT-ET mechanisms. (B) Red dots: 0.1 M
Britton— Robinson buffers in D,0. /nset shows the dependence of the apparent standard rate
constant with increasing buffer base concentration in an acetate buffer of pH 5 in water.
Reproduced with permission from Ref. [200P]. © 2009, National Acadamy of the Sciences

(USA).
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Figure 67.
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(a) CVs for an ortho substituted phenol, structure shown in (c), at a scan rate 0.2 V/sina 0.1
M n-NBu4PFg acetonitrile solution, 20°C. Dotted line is experimental and solid line is the
simulated CV assuming an EPT pathway. (b) Red line is the experimental CV for c; the blue
and green lines are simulations based on the square scheme mechanism (scheme 34), with
E%45=1.59, 1.39 V and £%-p=0.23, 0.43 V vs SCE respectively, 1 = 0.7 eV, K4 = 3.5 x
1077,9.8 x 1074, Kgp =9 x 1016, 3.2 x 103 for both cases. A is the reorganization energy.
Note that PCET rate constant determinations for individual steps requires assumption of a A
value (e.g. eq 62) Reproduced with permission from Ref. [201]. © 2006, American Chemical

Society.
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Figure 68.

Impedance measurements in a Nafion membrane containing equal amounts of K3[Fe(CN)g]
and K4[Fe(CN)g] (3.4 x1073 M) obtained by applying a 10 mV rms AC signal in the
frequency range 10 mHz to 100 kHz. (inset bottom right: equivalent circuit corresponding to
the semicircle fitted with the high frequency part of the response). Reproduced with
permission from Ref. [1°1]. © 2006, American Chemical Society.
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Figure 69.

Spectroelectrochemical changes in acetonitrile during the oxidation of
[(bpy)2Ru(Hopzbzim)Ru(bpy)2]3*: Rul'Ru! — Ru'RuM'! (a) and Ru!'Ru'" — Ru'"'Ru'"! (b)
with loss of a proton at each stage. Inset shows the intervalence charge transfer (IVCT) band
obtained by spectral deconvolution Reproduced with permission from Ref. [29%]. © 2010,
Wiley.
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Figure 70.

Experimental designs for polarizing liquid-liquid interfaces: A) by applying an external
voltage, and B) by using a common ion to generate a Galvani potential difference. CEx =
aqueous counter electrode; REg = reference electrode for the organic phase; BA* =
bis(triphenylphospharanylidene)ammonium cation; TB™ = tetrakis(pentafluorophenyl)borate
anion.206
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Figure 71.
Proposed ITIES mechanism for O, reduction by a cobalt porphyrin catalyst.206.2100
Reproduced with permission from ref. [206], © 2009, American Chemical Society.
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ECL at the liquid-liquid interface between the [Ru(bpy)3]3*/2* couple in an aqueous layer
and droplets of trioctylamine in methylene chloride. A) In aqueous solutions with pH > 11
with ET occurring at the liquid-liquid interface. B) Below the biphasic pK; (~11), PCET

occurs at the liquid-liquid interface.211
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Figure73.
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A polystyrene supported molybdenum(V1) bis-oxo catalyst for oxidation of
trimethylphosphine. The proposed catalytic mechanism, involving EPT, is shown on the
right. Diacetyl ferrocenium is the stoichiometric oxidant in this system. Adapted from Refs.

[89,215]
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pH > 0: E,, changes by ~55 mV/pH unit

[RuPB}(-O-);Ru"'O(OH); + H* ——= RuPB-(-0-),Ru""(=0)(0")(OH), + H0 + 1¢&

pH <0: E, changes by ~165 mV/pH unit

[RUPB}(-O-),RUV'O(OH)3 + 3H* — = RuPB-(-0-),Ru(=0)(OH,), + H,0 + 1 e

Figure 74.
pH-dependent PCET oxidation of ruthenium(\/I) oxide species in a composite ruthenium
oxide/ruthenium Prussian blue (RuPB) surface.
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Figure 75.
Electrochemical oxidation of glucose to gluconic acid.

Chem Rev. Author manuscript; available in PMC 2012 September 24.

Page 168



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Weinberg et al. Page 169

A)

Figure 76.

Two SAM structures on gold electrodes, that undergo PCET. The hydroquinones involved
in PCET are separated from each other by dilution with octane-1-thiol. The increased
conjugation of the tether to the hydroquinone in B) increases the rate of electron transfer to
the surface, increasing the rate of 2e7/2H* oxidation to the quinone.220
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HN O

Figure77.
An isolated 1,4-benzoquinone site tethered to an alkanethiol monolayer on a gold surface
studied by Burgess and coworkers.223
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Figure 78.
Surface-bound (Au) 1-aminoanthroquinone monomer SAM used to study PCET by
Abhayawardhana and Sutherland.224
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Figure79.
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Structure of the Os'!(bpy)2(4-AMP)(H,0)]2* derivative imbedded in SAMs of ~18 Au-

S(CH,)15COOH: 1 Au-S(CHy);60H.225a
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“HaN”
Tyrosine Methyl Ester
1.6 1.4 1.2 1 0.8 0.6 0.4

Potential (V) vs NHE

Cyclic voltammograms (CV) of TyrOH (0.1 mM) in 0.1 M HCIO4/0.8M in LiCIO4 at 300
mV/s, at ITO (red), at I TO-Ru!/(T" = 1.2x10710 mol/cm?) and at I TO-Ru'! + TyrOH at
25+2°C (blue). Reproduced with permission from Ref. [228]. © 2011, American Chemical

Society.
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Figure 81.

lllustrating surface MS-EPT with electron transfer to ITO-Ru3* and proton transfer to an
added buffer base, B, as proton acceptor. Reproduced with permission from ref. [228], ©
2011 American Chemical Society.
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Figure 82.

Band gap injection of holes into a methanol overlayer on TiO». (A and B) Top and side
views, respectively, of the ground state and the associated lowest energy unoccupied orbital
of the methanol overlayer. (C and D) The top and side views, respectively, of the structure
and electron density, following electronic excitation and the resulting PCET. Ti is blue; O is
red; C is orange; and H is white. Reproduced with permission from ref. [2303], © 2006
American Association for the Advancement of Science.
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F

Figure 83.
Iustration of intramolecular hydrogen bonding in a 2-(phenol)-benzimidazole
porphyrin, 232
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Figure 84.
Illustrating the intercalated array of hydroquinone molecules between layers in in
[CuF(tptm)]. Reproduce with permission from ref. [1674], © 2008 Springer.
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Figure 85.

Schematic diagram of a system in which nitric oxide reductase (NOR) was incorporated into
a liposome with the dye phenol red used to monitor pH changes outside the liposome during
NOR-catalyzed oxygen reduction catalysis. Reprinted with permission from ref. [223¢], ©
2007 Elsevier.
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Figure 86.
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Page 179

Ilustration of CcO tethered to a gold electrode and embedded in a lipid bilayer membrane.
Reproduced with permission from ref. [252], © 2008 Biophysical Society.
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Figure87.

Variation of RTIN(Areq) Vs —AG®” in eV by varying both E°” for the oxidant and pK for the
acceptor base, see text. The dashed line is a plot of RTIn keq = RTINk(0) + AG°’/2 (1 + AG
°’J2\) with k(0) = 8.9x102 s™1 A = 0.90 eV.1° Reproduced with permission from ref. 15, ©
2007 American Chemical Society.
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Figure 88.

pH dependence of kyps for intramolecular oxidation of Ru-Y, Ru''-TyrOH — Ru!'-TyrO" +
H*, illustrating the appearance of a pH dependence below 0.5 mM added buffers, HoPO4~/
HPO42~. The inset shows the pH dependence of k,ps over an extended pH range. Similar
effects were observed for the complexes Rugster Y and Re(P-Y). Reproduced with permission
from ref. [167]. © 2007 American Chemical Society.
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Figure 89.

Proposed mechanisms for electron transfer from tyrosine to tryptophan radical cation
(TrpNH*) in a series of synthetic peptides. With n < 2, the mechanism involves prior proton
loss from TrpNH'* followed by concerted EPT from TyrOH to TrpN'. With n > 2, the
mechanism involves an external base and MS-EPT with electron transfer to TrpNH* and
proton transfer to the base. Reproduced with permission from ref. [279], © 2009 American
Chemical Society.
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Figure 90.

Proton coupled electron transfer (PCET) mechanisms proposed for heme protein maquettes.
The structure of the protein maquette is reported in the figure on the right and consists of
both beta sheets and an alpha helix. Reproduced with permission from ref. [272¢], © 2007
American Chemical Society.
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Figure 91.

Mechanism of proton coupled electron transfer for two related protein maquettes. A)
Mechanism for redox kinetics at the iron heme center for b-[H10A24] where PCET
reactivity is associated with the glutamate residue. B) Mechanism for redox kinetics for b-
[A7-His] where PCET is associated with a histidine. Reproduced with permission from ref.
[272¢], © 2007, American Chemical Society.
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Figure 92.

Structure of the Reaction Center in PSII illustrating the sequence of e /H* events that occur
in the Sy — S, transition following single photon absorption. Reproduced in part with
permission from Ref. [18]. © 2004, American Association for the Advancement of Science.
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Figure 93.
Illustrating the proposed 2e~/2H* EPT oxidation of Mn(4)-OH, to Mn-OH in the first stage
of the Kok cycle.
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Figure 94.
An illustration of the proposed intra-coordination sphere proton transfer step in the first step
of the Kok cycle.
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relative oxidation number

Figure 95.

Frost diagram (n£ vs relative oxidation number) showing the cumulative reduction
potentials of four species: the OEC in red (pH = 6, referenced to Sg); a single manganese ion
in green (pH = 6, referenced to Mn0); a hypothetical manganese tetramer, without PCET, in
magenta (see text for details, referenced to Mn!!' 3Mn!V); oxygen in blue (pH) 6, referenced
to 2H,0; the species shown on the solid blue line are 2H,0 (0), H,O + OH* (1), H205 (2),
05" (3), and O3 (4)). The blue long-dashed line represents the four-electron S,/Sg couple.
The two blue short-dashed lines represent the two two-electron couples, S4/S, and Sy/Sy.
The green dashed line represents the MnV!"/Mn!!! couple. All reduction potentials are given
versus the standard hydrogen electrode (SHE). Reproduced with permission from ref. [21],
© 2006 American Chemical Society.
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Energetics in PS 11 based on midpoint redox potentials, Ey(Qa/Qa~) and E(Phe a/Phe a7),
together with free energy differences estimated in the literature. The value of E,(Phe a/Phe
a") is from Ref.394; for the values of E(Psso 7/ Peso™), Em(Peso /Pesa), AGcs and AGs,
and the gray boxes indicating uncertainties, see Discussion in Ref.3%4; the value of E,,,(P680/
P680*) was calculated from a kinetic analysis (Ref.3%7) on the basis of the Ep(Qa/Qa”)
value determined by Shibamoto and coworkers3%; the value of AGgaqg is from the
literature396:398_ The solid arrows denote the forward electron transfer in oxygen-evolving
PS Il complexes, while the broken arrows denote reverse (charge recombination) electron
transfer for photo-protection of inactivated PS Il. Reproduced with permission from ref.
[395]. © 2009 American Chemical Society.
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Generalized reaction coordinate for four-step oxidative water cleavage in the photosynthetic
apparatus. Reproduced with permission from Ref. [39%], © 2007, Elsevier.
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Figure 98.
Scheme for ET from Y to Pggg*. Yand Bare Yz and D1-His'9, respectively, and the

calculated pK, values of Yand B for these residues at each step are listed in the scheme.
Reproduced with permission from ref. 301°© 2007, Elsevier.
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Figure 99.

Two possible proton-donor pathways for Y. The straight arrows indicate electron transfer.
The curved arrows indicate proton transfer. In (A), His189D2 (reaction ki, blue) is involved
in a multiple proton pathway which must include three or more protons of which two are
shown. An internal water molecule (reaction ky, red) acts as a single-proton donor.
Alternatively, in (B), His189D2 (reaction &1, blue) acts as a single-proton donor, and a chain
of internal water molecules (reaction 4>, red), of which two are shown, is involved in a
multiple-proton pathway. Reproduced with permission from ref. [2843], © 2009 American
Chemical Society.
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Figure 100.
The proposed proton exit channel beginning at aspartate D1-61. See also references by Voth
et al1® Reproduced with permission from ref. [22b], © 2006 American Chemical Society
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Figure 101.

A schematic diagram of amino acid residues along the catalytic chain of class | RNR. The
crystal structure suggests that the protein exists as a homodimer with radical transport from
subunit R2 to subunit R1 Electron transfers occurs over a 35 A distance originating at Y122
on the R2 subunit of RNR and terminating at C439 on the R1 subunit. Reproduced with
permission from ref. [273], © 2006 American Chemical Society.
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Figure 102.
Structure of non-natural amino acids incorporated into ribonucleotide reductase.
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Figure 103.

Structural arrangement of the FADH-W382-W359-W306 chain in DNA photolyase
following laser flash photolysis at 500 nm with timescales for subsequent electron transfer
hopping indicated on the figure. The axes in the figure highlight the different orientations of
the ring systems. Reproduced with permission from ref. [328¢], © 2008 American Chemical
Society.
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Figure 104.

Structure of the Re-W122-Cu(ll) Azurin derivative from a 1.5 A resolution XRD-structure.
The Re complex is Re!(CO)3(dmp)(His124)*. Distances: Cu to W122 (aromatic
centroid)-11.1A, W122 to Re-8.9 A, Cu to Re-19.4 A. Reproduced with permission from
Ref. [331], © 2008 American Association for the Advancement of Scicence.
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Figure 105.

Kinetic events following laser flash excitation of the MLCT excited state of the Re!(dmp)
chromophore (Re'l(dmp™)) in Re!(CO)3(dmp)(His124)*|(W122)|AzCu'. The excited
electron (red)-hole (blue) pair in the MLCT excited state is illustrated. MLCT excitation is
followed by W122 reductive quenching to give the Redox Separated state Re!(dmp™)-
TrpNH* in < 50ns. Back electron transfer occurs on the microsecond timescale. Reproduced
with permission from ref. [331], © 2008 American Association for the Advancement of
Scicence.
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Figure 106.
Chemical reaction of soybean lipoxygenase catalyzed oxidation of linoleic acid. Reproduced
with permission from ref. [333¢], © 2002 American Chemical Society.
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Figure 107.

XRD structure of cytochrome c peroxidase. In the enzyme, electron transfer originates at
high potential (HP) heme and terminates 20 A away at a low potential heme (LP) with
tryptophan W97 as an electron transfer mediator located 20 A from both iron hemes.
Reproduced with permission from ref. [337], © 2006 American Society for Biochemistry and
Molecular Biology.
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Proposed mechanism of activation for CcP for the reduction of H,O,. Reproduced with
permission from ref. [237]237, © 2009 American Chemical Society.
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Figure 1009.

pH dependence of E4 determined for voltammograms of NeCcP in the presence of 100uM
substrate. Reproduced with permission from ref. [342], © 2004 American Society for
Biochemistry and Molecular Biology.
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Cyclic voltammogram on a pyrolytic graphite edge electrode derivitized with CcP at A)
2mV/s and B) 100mV/s. Reproduced with permission from ref. [237]237, © 2009 American

Chemical Society.
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Figure 111.
XRD structure of cytochrome ¢ oxidase showing the net movement of electrons and protons

during enzyme turnover. Reproduced with permission from ref. [347], © 2006 Nature
Publishing Group.
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Proposed reaction cycle for CcO. The cycle begins by cleavage of the O-O bond. One proton
is transferred from E242 to the proton-loading site while an electron is transferred to the
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binuclear site. Reproduced with permission from ref. [348], © 2009 Elsevier.
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N— O/H

Figure 113.
The structure of the tyrosine histidine adduct formed in cytochrome c oxidase (CcO). The
histidine acts to support radical formation at the tyrosine hydroxyl group.
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Cytochrome c oxidase has a network of hydrogen bonded water molecules and structurally
positioned basic amino acid groups. There is evidence that water based equilibria aid in
determining the position and availability of proton acceptors associated with the catalytic
core of CcO. Reproduced with permission from ref. [348] © 2009 Elsevier.
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cis-[(bpy)z(py)Ru"V=0J** +  [H-O-Ru'(py)(bpy)o]**
R cis-[(bpy)y(py)Ru""-0-H~ O-Ru'(py)(bpy)l**
H
=
cis-[(bpy)z(ps&Rg')V=0--- H—g-Ru;'(pyxbpy)z]“*
T T
e cis-{(bpy)a(py)Rul"-O-H - Q-Ru"(py)(bpy)2]**
(dn®) H(dr)

cis-{(bpy)z(py)Ru"'-O-H---Q-Ru'(py)(bpy)]* ——
H 2 cis-{(bpy),(py)Ru'"-O-H[*

Scheme 1.
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Ru'Y (bpy),(py)(0)** + PhCHO = {Ru'" (bpy),(py)(0),H-C(O)Ph}**

(5]

{Rulv(bPY)z@Y)((@C(O)Ph}2+—> {Ru'"'(bpy),(py)(OH), C(O)Ph}**
H +

{Ru'"(bpy),(py)(OH), C(O)Ph}*" ——= Ru'(bpy),(py)(OH)** + ‘C(O)Ph

Scheme 2.
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=
cis-[(bpy)a(py)Ru'V=0"++ H-Q-Ru'(py)(bpy).]** EPT
o : cis-[(bpy),(py)Ru''-O-H - O-Ru"'(py)(bpy),1**
H

e
cis-{(bpy)2(py)Ru''=0" H-Q-Ru'l(py)(bpy),]*" ——— HAT

et : cis=[(bpy)a(py)Ru''-O-H --"O-Ru' (py)(bpy),1**
H

Scheme 3.
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. K
TyrO-H + OPO,H? A = TyrO-H-— OPO,H>

Kp'
TyrO-H--- OPO3H? + Os(bpy);>™": Os(bpy);>*, TyrO-H---OPO;H*
e |
SN A L e . ) ]
Os(bpy);> ", TyrO-H-—-OPO;H> ——— Os(bpy);~ + TyrO + HOPO3;H

Scheme 4.
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b,pRu''-0* + b,pRu'-OH,** ET-PT

Page 212

A

AG®' > 0.55 eV

EPT
AG* =+ 0.44 eV

b,pRu'V=0%* + b,pRu'-OH,%*
2 2 2 AG”=-0.11eV

AG®' > 0.59 eV

y

PT-ET
b,pRu'V=0H*" + b,pRu'-OH*

2 bpRu'l-OH?*

b,p = (bpy)2(pY)

Scheme5.
(atpH=7)
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i) ET-PT

M(bpy)s>* + TyrOH == M(bpy);*', TyrOH

M(bpy)s>, TyrOH —— M(bpy)s>*, TyrOH®* (ET)

M(bpy)s>, TyrOH®™* ———  M(bpy)s** + %(Tyr0), + H*

e Microscopically, this is the simplest redox pathway with pre-association
followed by electron transfer. Medium and intramolecular reorganization
modes and energies dictate the barrier. There is weak electronic coupling
between reactants, Section 1.3.1.

ii) MS-EPT-solvent
M(bpy)s> + TyrO-H---OH, === M(bpy)s>",TyrO-H---OH,
M(bpy)s*", TyrO-H---OH, —— M(bpy);>*, TyrO® ---H-OH," (MS-EPT-solvent)

M(bpy)s**, TyrO® ---H-OH," — M(bpy);>* + %(Tyr0), + H;0"

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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e This pathway avoids TyrOH®* by using solvent as the proton acceptor. It is not
expected to compete with ET except for very strong acids because water is a
weak base with pK, = -1.74 for H;0", Section 1.2.1.
iii) MS-EPT-base

TyrOH + B = TyrOH---B

M(bpy)s** + TyrO-H---B —— M(bpy)s**, TyrO-H---B

M(bpy)s**, TyrO-H---B — M(bpy);>*, TyrO®*---*H-B (MS-EPT-base)

M(bpy)s™, TyrO®---*H-B—— M(bpy)5>* + %(TyrO), + HB"
e Can dominate reactivity at high added base concentrations by avoiding high

energy intermediates like TyrOH®*". Importance depends on basicity of B.

iv) PT-ET with water as base

TyrOH + H,0 == TyrO + H;0"

M(bpy)s> + TyrO" —— M(bpy)s** + TyrO® (ET)

TyrO® —— %(TyrO),

e Unimportant for TyrOH with pK, > 10 and pK,(H;0") =-1.74.
v) PT-ET with B as base

TyrOH + B<==—=" TyrO + "H-B

M(bpy)s>"+ TyrO" — M(bpy)s>* + TyrO® (ET)

TyrO® —— %(TyrO),

e Plays a role in TyrOH oxidation as shown by kinetic studies.
vi) PT-ET with OH" as base

TyrOH + OH = TyrO + H,0: K =K,/K,

M(bpy)s>* + TyrO'— M(bpy)s>* + TyrO® (ET)

Chem Rev. Author manuscript; available in PMC 2012 September 24.
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M(bpy)s>* + TyrO*——=M(bpy)s>* + %(Tyr0),
e Dominates reactivity at higher pHs because of rapid TyrO™ oxidation.
vii) MS-EPT with OH as base
TyrOH + OH" = TyrOH---OH’
M(bpy)s*"+ TyrOH---OH" === M(bpy);**, TyrOH---OH"
M(bpy)s**, TyrOH---OH ——M(bpy);>, TyrO*---H-OH (MS-EPT)
M(bpy)s>, TyrO®---H-OH—>M(bpy);** + %(Tyr0), + H,0
e Kinetically indistinguishable from PT-ET with OH" as base unless oxidation of

TyrOH by M(bpy)s** exceeds the diffusion-controlled limit.

Scheme 6.
PCET pathways for the oxidation of tyrosine by M(bpy)3®* in water with added
buffer, "HB/B.
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Ka
TyrO-H + B ==——=  TyrO-H--B

(MS-EPT) Ka . ki (PT-ET)
M(bpy)s k.1

e
H TyrO" + HB™"
—\
M(bpy)s%*, TyrO-H--B

K ka2 | M(bpy)s>*
EPT

TyrO"+ HB* + M(bpy)s2* TyrO + M(bpy);2*

TyrQ® —— 1/2(TyrO),

Scheme7.
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MS-EPT:  Os(bpy)s”, TyrOH--OH, ——> Os(bpy);",Tyr0*---"H-OH,
DG (eV) = AGepr(eV) = -F{[E°(Os(bpy)s**"*") -
E°(TyrOH™) - 0.059[pK,(H50") — pKa(TyrOH")]} +AAGsp,

DG (eV) - AAG,,, = +0.65 eV

Dilution or Transposition: TyrO°®---"H-OH, — TyrO® + H;0"

AG(eV) = 0.059[pK,(H;0") — pH]

ET: Os(bpy);**, TyrOH —— Os(bpy);**, TyrOH**
AG (eV) = -F{[E°(Os(bpy)s>”**) - E(TyrOH**)} + AAG,,
AG.(€V) - ADG,, = +0.66 V
PT (at the prevailing pH): TyrOH*" + H,0 — TyrO® + H;0"(pH)
AG(eV) = 0.059[pK,(TyrOH**) — pH]

Scheme 8.
MS-EPT with H,O as the H* acceptor compared to ET-PT (25°C, STP).
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Scheme 9.
E° values vs NHE for the 1e~ couples interrelating formaldehyde and methanol.4®
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<04
Cis-[RuY (bpy),(py)(0)]** /=—==Cis-[Ru!l(bpy),(py)(O)]*

A
0
(pK, <-6) H+N+H+ M |+ (K, >13)
J 0.46V

Cis-[RuY (bpy),(py)(OH)]>* === Cis-[Ru(bpy),(py)(OH)]** =———= Cis-[Ru(bpy),(py)(OH)]*

>1.6V
! 0
(pK,=0.85) -H*|| +H* Sy -H*||+H* (pK,=10.6)
/
Cis-[Rull(bpy),(py)(OH,)]>* ‘T#‘ Cis-[Rul(bpy),(py)(OH,)]?*
dn4 dns dn6

Scheme 10.

Acid-base redox potential (pKa-E°”) diagram for the Ru(I\V/111) and Ru(l11/11) redox couples
of cis-Ru''(bpy)2(py)(OH,)2* with values taken from Figure 5, showing the dr electron
configurations at the metal. Potentials are vs NHE at 25 °C, | = 0.1 M. The vertical lines
give pKabvaIues and the slanted lines give the E°” values for the pH dependent couples at
pH 7.111
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Scheme 11.
As in Scheme 10 with potentials in VV vs NHE, pH 7 at 25 °C, | = 0.1 for the quinone/
semiquinone/hydroquinone (Q/HQ*/H,Q) couples.1:0
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Scheme 12.
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non-polar | HAT
solvents

HO

Scheme 13.
Possible mechanisms for quercitin oxidation by dpph radicals. Adapted from Ref. [97].
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NO, + PhO

O,N

oA E1 WA
S o

dpph *

Scheme 14.
HAT oxidation of a phenol by dpph'. Adapted from Ref. [97].
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H OH H OH
. -AcO- +: / s
0-0 +HOAc = 00O s 00" 4 @
R R R
OH + AcO" 0
= ©/ + HOAc
Scheme 15.

Proposed mechanism for acid-catalyzed oxidation of phenols by peroxyl radicals. Rds is
rate-determining step. Adapted from Ref. [98].
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Page 226

O iascH  TEMPO o7<) iAsc  TEMPOH

Scheme 16.

Mechanism of oxidation of an ascorbic acid derivative to ascorbyl radical by the nitroxyl
radical TEMPO. (/AscH; is a organic soluble analog of ascorbic acid) Adapted from Ref.
[101].
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IS ieaes

TEMPOH TEMPO
4—oxo-TEM PO 4-oxo-TEMPOH

Scheme 17.
Pseudo self-exchange reaction based on TEMPO derivatives. Adapted from Ref. [104].
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CHa CHa CHa CHs
/ G / / /
N , Om N 4 N N
XH ph N Gim
N G N N e N
\ P \ \ \
CH, CHy CHy A CHj Gp
1H 2H 3H 4H
CHy CHs CH
N N N
H H H
e UL, L
N s e Jd 7 e
CHy OCHj 7 7

OCH
5H 8 6H 7H

2H: G, = OMe, Me, H, CI, CF3; Gy, = H, Me. 3H: G = p-NMe,, p-OH, p-MeO, p-Me, p-H,
p-Cl, p-Br, p-CF3, p-CN, p-NO,, m-MeO, m-Me, m-Cl, m-Br, m-NO,, o-Me, o-Cl, 0-OH.
4H: G, = MeO, NO,, Me, F, Br, Cl; G, = MeO, Me, F, Cl. 6H: G = p-MeO, p-Me, p-H, p-
F, p-Cl, p-Br, m-MeO, m-Me, m-Cl. 7H: G = p-MeO, p-Me, p-H, p-Cl, p-Br.

Scheme 18.
Structures of the heterocycles. Reproduced with permission from Ref. [196]. Copyright 2008,
American Chemical Society.
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Page 229

Proposed single-site water oxidation mechanism. Reproduced with permission from ref.

[29], © 2010 American Chemical Society.

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al. Page 230

V \ ceV  cell / \ _—
NS g ><‘ S
\\S—E)N/ ‘>< \ —EE)N/
\ //sub{0] Sub \ /

Scheme 20.
Catalytic oxygenation of organic substrates with a mononuclear nonheme iron(1V) oxo

complex. Adapted from Ref. [126].
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Scheme 21.
Reactivity of [(Cz)MnVY(O)(L)]~ with dihydroanthracene with L = F~ or CN~. Adapted from
Ref. [131].

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al. Page 232

Bk 1
CH3CN, 273 K
minutes @

HN_£(|3U||_NH — 12 HN—-—(|3u'" NH + 1/2[Cu(CHCN)I" + 12 ZHN  Z HN
Y N N e
b H H

Z=HorD S ]2+
z
U (')

N—Cu'” NH +

CH3CN, 273 K N
seconds !

Scheme 22.
C-H activation by a triazamacrocyclic Cu(ll) complex. Adapted from Ref. [137]
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Scheme 23.
[Fe-(0427)-Cu]* H-atom abstraction from a phenol derivative. Adapted from Ref. [138]
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Scheme 24.
Oxidative dehydrogenation of alcohols by V(O),™. Adapted from Ref [139].
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Scheme 25.
Proposed mechanism for electrocatalytic oxidation of hydrogen. Relative free energies are

shown in the squares in kcal/mol (1.0 atm of Hy’ pH 8.5). Reproduced with permission from

ref. [147a], © 2009 American Chemical Society.
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Scheme 26.
Hydrogen Evolution Pathways (adapted from ref. 150).
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H30+ + o~ PW1 20403_ + 02.

ET / \ PT
EPT s
H3gO* + a-PW15040* + O —— H20 + 0-PW1204™ + HOZ'

Scheme 27.
pH dependent reduction of O, by a-PW;,04*" by stepwise or concerted pathways.
Adapted from ref. [159]
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Ru'(py-im)(acac), TEMPOH

Scheme 28.
Oxidation of Ru'!(py-imH)(acac), by TEMPO. Adapted from Ref. [1%9].
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Scheme 29.

Self-oxidation of the octaaza ligand LH,4. Adapted from Ref. [159].
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Scheme 30.
HAT interconversion of TPPFe!!'im and TPPFe!'ImH. Adapted from Ref. [160].
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Scheme 31.

Illustrating the multi-square, multiple acid-base equilibria scheme for [a.-SiW;1039]%~; m =
2.4, n= 2. Reproduced with permission from Ref. [187]. © 2006, American Chemical
Society.
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Scheme 32.
Adapted from Ref. [194]
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Scheme 33.
Electrochemical EPT with proton transfer to added water. 1962
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Scheme 34.

Reproduced with permission from Ref. [201]. © 2006, American Chemical Society.
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ITO-Ru* —<“—» ITO-Ru**

ITO-RU* + [(H,0)Ru"ORU"(OH)]** —— ITO-RU* + [(HO)RU"VORU"(OH)]* + H*

+H,0,-2¢" ,—-3H*

[(HO)Ru"ORuU"(OH)1* > [(HOO)RuU"ORU'(0)]** (rapid)

Scheme 35.
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Scheme 36.

Parallel pathways for the base-catalyzed oxidation of tyrosine with prior association of
tyrosine (TyrOH) with HPO,2~ as the proton acceptor base. Pre-association with the base
form of the buffer (Kp) is followed by competitive multiple site-electron proton transfer
(MS-EPT) and deprotonation to TyrO~ followed by electron transfer oxidation (PT-
ET).15265 Adapted from Refs. [15, 255]
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Scheme 37.

Modified version of the Kok Cycle for oxidative activation and O, evolution at the oxygen-
evolving complex (OEC) of photosystem Il. In the cycle, light absorption and excited state
electron transfer result in stepwise oxidation of the OEC (So — Sy, etc.) with trans-
membrane proton transfer occurring from the stroma to the lumen. Qg is plastoquinone and
H,Qg is plastoquinol. Reproduced from ref. [277]. © 2011 The American Society for
Biochemistry and Molecular Biology.
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Scheme 38.
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Y34H

Scheme 39.
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Y34H

Possible schemes for proton uptake upon reduction of the SOD active site. In (A), the redox
coupled H* acceptor would be coordinated solvent whereas in (B), the redox coupled H*
acceptor would be nearby Tyr34 ('Y34). The upper end of each equilibrium includes short-
hand notation for the four amino acid ligands to the metal ion (M). These are still present in
the reduced state of SOD but are omitted for implicity.33> Reproduced with permission from

ref. [33%], © 2003 Elsevier.

Chem Rev. Author manuscript; available in PMC 2012 September 24.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Weinberg et al.

Table 1
The Study of PCET in Heter ogeneous Systems (2006—2010)

Summary of types of heterogeneous PCET investigations between 2006 and 2010 including potential
applications. See below for details.

Solid State

| solia-Liquid 1nterfaces

| Liquid-Liquid Interfaces

Examples

Metal Complexes in Polymers

Activated Electrode Surfaces
Absorbed Species

Metal Oxides

lonic Liquids
Surface Functionalized Electrodes

Excited State Semiconductor Interfaces

Aqueous-organic Interfaces

Applications
Fuel Cells
Solar Cells

Electrocatalysis

Photocatalysis

Protein Film Voltammetry

Isolation of Reactive Products Mimicing Membranes
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Table 2

Redox potentials for tyrosine couples and associated pKgs.

Reaction Couple | Em (MV vsNHE) | Estimated pK,2
Y > Y +e Y'Y~ +680 -
YH— Y +H* +e (pHT7) | YzIYH +970 9.6-12
YH — YH™ + ¢~ Yz*/YH +1380 -2

a . . . o .
Based on measurments on a model tyrosine compound in aqueous solution. See ref. [323], Babcock 2000 Biochim. Biophys Acta for a

review.320
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