5004 Chem. Rev. 2007, 107, 5004-5064

Proton-Coupled Electron Transfer
My Hang V. Huynh' and Thomas J. Meyer**

DE-1: High Explosive Science and Technology Group, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, and Department of

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

Received April 10, 2006

Contents 3.1. Introduction
3.2. pH-Induced Electron Transfer, Energy

1. Proton-Coupled Electron Transfer (PCET) 5005 Transfer, and Chemical Change
L1 Introduction _ 5005 3.2.1. pH-Induced Electron Transfer in
1.2. PCET in Chemistry and Biology 5007 Ligand-Bridged Complexes
1.3. Historical Footnote 5007 3.2.2. pH-Induced Energy Transfer
2. Thermodynamics of Proton-Coupled Electron 5008 3.2.3. pH-Induced Changes in Electronic
Transfer Coupling
2.1. Introduction 5008 3.2.4. Reversible O, Evolution from cis-[Os"-
2.1.1. Summary of pH-Dependent 5009 (tpy)(CD2(NS(O)-3,5-Me,CeHs)]
Thermodynamics 3.3. pH-Induced Redox Effects in Films
2.1.2. Redox Potential Diagrams. Implications 5010 3.3.1. Intra- and Interfilm Electron Transfer
for Reactivity 3.3.2. pH-‘Encapsulation”
2.1.3. Coverage _ 5010 4. Mechanistic Aspects of Proton-Coupled Electron
2.2. Metal Complexes with Oxygen as the Donor 5011 Transfer
Atom 4.1. Introduction
2.2.1. Agua/Hydroxy/Oxo Couples 5011 4.2. Electron Transfer
2.2.2. Other O-Based Couples 5011 4.2.1. Reorganization Energies
2.2.3. PCET Avrising from pH-Dependent 5012 4.2.2. Barrier Crossing
Chemical Changes . .
2.3. pH-Dependent, Metal Complex Couples 5012 42:3.  Including Quantum Modes

Based on Donor Atoms Other than Oxygen 4.2.4. Bimolecular Reactions

2.3.1. Reversible Couples Based on N Donors 5012 4.2.5. Cross Reactions ,
2.3.2. Oxidation of Coordinated Amines 5012 4.3. PCET: Energetics and Mechanisms

2.4. Organic PCET 5013 4.3.1. Stepwise Mechanisms
2.4.1. Reduction of Quinones 5013 4.4. Coupled Electron—Proton Transfer (EPT).

. Competition between Stepwise and EPT

2.4.2. Quinhydrones and Intramolecular PCET 5014 Mechanisms

2.5. Biological PCET 5014 5. Defining Electron—Proton Transfer
2.5.1." Iron—Sulfur Proteins 5014 5.1. Electron—Proton Transfer (EPT)
2.5.2. Superoxide Dismutases 5014 5.1.1. Multiple Site Electron—Proton Transfer
2.5.3. PCET in Flavodoxin 5014 (MS-EPT)
2.5.4. Membrane Effects on Redox Potentials 5014 5.2. Related Pathways

2.6. PCET on Surfaces 5015 5.2.1. H-Atom Transfer (HAT)
2.6.1. “Tethered” Surface Couples 5015 5.2.2. Hybrid Mechanisms
2.6.2. Directly Adsorbed Couples 5015 5.2.3. Energetics of HAT and “H-Atom
2.6.3. Surface Couples 5015 Abstraction”
2.6.4. Solid State PCET 5015 5.2.4. Related Pathways

2.7. PCET in Films 5016 5.3. Theory of Coupled Electron—Proton Transfer
2.7.1. Electropolymerized Films 5016 5.3.1. Introduction
2.7.2. lon-Exchanged Films 5016 5.3.2. Kinetic Isotope Effects
2.7.3. Liquid Crystal Films 5016 5.3.3. Temperature-Dependence

2.8. Excited States 5016 5.3.4. AG-Dependence
2.8.1. Excited State Superacids 5016 5.4. H-Bonding and Distance-Dependence
2.8.2. Proton Transfer Quenching of trans-[Re¥- 5017 5.4.1. Precursor H-Bonding

(PY)a(O)o] ™ 5.4.2. Distance-Dependence
2.8.3. MLCT Excited States 5017 5.5. Solvent
3. pH-Induced Redox Phenomena 5018 5.5.1. Solvent Effects on 1, and AG
5.5.2. Proton Inventory
T Los Alamos National Laboratory. 5.5.3. The Solvent as Proton Donor or
* University of North Carolina at Chapel Hill. Acceptor. Solvent-Assisted MS-EPT

10.1021/cr0500030 CCC: $65.00 © 2007 American Chemical Society
Published on Web 11/14/2007

5018
5018

5018

5018
5019

5019

5019
5019
5019
5020

5020
5020
5020
5021
5021
5022
5022
5022
5022
5023

5024
5024
5024

5024
5024
5025
5025

5026
5026
5026
5028
5028
5029
5029
5029
5029
5030
5030
5030
5030



Proton-Coupled Electron Transfer Chemical Reviews, 2007, Vol. 107, No. 11 5005

5.5.4. pH Variations and the Distinction between 5031

AG; and AG
6. Coupled Electron—Proton Transfer in Chemistry 5032
6.1. EPT in Metal Complexes 5032
6.1.1. cis-[RuM(bpy)a(py)(0)]?* and Related 5032
Complexes

6.1.2. Oxidation of Phenols by trans-[RuV!(L)- 5033
(0)?* (L = 1,12-Dimethyl-3,4:9,10-
dibenzo-1,2-diaza-5,8-dioxacyclopentadecane)

6.1.3. Two-Electron—Proton Transfer (2e~/1IH* 5034
EPT) in the Oxidation of Aniline

6.1.4. “Colossal” Kinetic Isotope Effects in the 5034
Oxidation of Os(IV) Hydrazido and

Related Complexes by Quinone _
6.1.5. Metal Complex Self-Exchange 5035 MY Hang V. H ;’] o 4 her BS. i chemistv and her BA. |
; y Hang V. Huynh received her B.S. in chemistry and her B.A. in
6.16. E.PT n Me.tal Complex PCET 5035 Mathematics at the State University of New York at Geneseo. Her Ph.D.
6.2. EPT in Organic PCET 5036 work on the Stereoelectronic Ligand Effects of Mono- and Bidentate
6.2.1. Excited States 5036 Ligands in Ruthenium Chemistry was accomplished at the State University
6.2.2. Organic Radicals 5037 of New York at Buffalo. Her postdoctoral work on the Redox Chemistry
“ : » of High Oxidation State Osmium(VI) Nitrido Complexes was carried out
6.3 PCE.T thrqugh Salt Bridges 5038 at the University of North Carolina at Chapel Hill and the Los Alamos
6.4. Multiple-Site Electron—Proton Transfer 5039 National Laboratory (LANL) in New Mexico with Professor Thomas J.
(MS-EPT) Meyer. Her current energetic materials research on High-Nitrogen
6.4.1. Phenol Quenching of ¥[Ceo] 5039 Chemistry at LANL has concentrated on syntheses and applications of
new inorganic Green Primary Explosives, secondary explosives, gas
6.4.2. An Intramolecular Analogue, Internal 5039
MS-EPT ' generators, and propellants. She recently received the E. O. Lawrence
o A in Chemi MacArthur fellow i
6.4.3. Prqtonl Activation of Bound HO,~ 5039 2(\;\6&17r.d in Chemistry and was named a MacArthur fellow in September,
6.4.4. Oxidation of DNA Bases 5039
6.4.5. pH-Dependent MS-EPT with Solvent as 5041
the Proton Acceptor(?)
6.5. EPT on Surfaces 5042
6.5.1. Adsorbed Molecules 5042
6.5.2. Oxidative Activation of Carbon Electrodes 5043
6.5.3. EPT at Electrodes 5043
7. PCET in Biology 5044
7.1, Introduction 5044
7.2. PCET in Photosystem II 5044
7.2.1. Introduction 5044
7.2.2. Possible Role for MS-EPT in the 5045
Oxidation of Y, by Pegot
7.2.3. Oxidation of the OEC by Y7 5045 | H A
7.2.4. Oxidation of Yz Mechanism 5047 Thomas 1M dthf ot "L’J'!""' t)l/  North Carai
ot omas J. Meyer rejoined the faculty of the University of North Carolina
725. S State _MEChamStIC Summary 5051 at Chapel Hill as Arey Professor of Chemistry on July 1, 2005. In 2000
7.2.6. Conclusions 5052 he was named Associate Director for Strategic Research at the Los Alamos
7.3. Reduction of Qg 5052 National Laboratory in New Mexico. From 1994 to 1999, he was Vice
7.4. PCET-EPT in Other Biological Reactions 5052 Chancellor for Graduate Studies and Research and Kenan Professor of
: Chemistry at UNC. He received his undergraduate degree at Ohio
7:4.1. Cytochrome c OX|da,se (CcO) 5052 University and his graduate degree at Stanford under the direction of the
7.4.2. Cytochrome c Peroxidaxe (CcP) 5053 late Henry Taube. After a NATO postdoctoral fellowship at University
7.4.3 Dioxygen Binding to Hemerythrin 5053 College, London, in 1967, he joined the chemistry faculty at UNC in 1968.
7.4.4. H-Atom Abstraction by Lipoxygenases (LO) 5053 His research interests include inorganic photochemistry, redox mechanisms
7.45. Long-Range PCET in Class | 5054 and catalysis, and artificial photosynthesis. Meyer is a member of the

National Academy of Sciences and the American Academy of Arts and

Ribonucleotide Reductase Sciences and has been one of the most highly cited chemists in the

8. Summary 5054 world.
8.1. Addenda 5055
9. References 5055 example is photosynthesis in green plants, in which carbon

dioxide and water are converted into glucose and oxygen

by the reaction 6C&+ 6H,O — CgH1,06 + 60;, which is
1. Proton-Coupled Electron Transfer (PCET) fg(,ored byAG® = —675 eal, "

: The details of how electrons and protons are transferred
1.1. Introduction in these reactions lie at the heart of successful energy
At the core of many important energy conversion processesconversion strategies in chemistry and biology. The coupling

in chemistry and biology are oxidatiemeduction reactions  of electron and proton transfer influences both energetics
in which both electrons and protons are transferred. An and mechanism. It allows for the buildup of multiple redox
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equivalents needed to carry out multielectron reactions. It proton is transferred in the net reaction, the Os complex is
also provides reaction pathways in which electrons and substitutionally inert, and there is no orbital basis for more
protons are transferred simultaneously, thus avoiding high- complex, low-energy pathways in which electrons and

energy intermediates. Gaining knowledge of these processegrotons are transferred simultaneously.

is critical in developing our understanding of important
biological reactions such as respiration, nitrogen fixation, and
photosynthesis as well as energy conversion in artifical
photosynthesis or fuel cells.

Oxidation—reduction (redox) reactions occur by a variety
of mechanisms. The simplestaater-spherelecton transfer,
in which only an electron is transferred in the elementary
step. An example is the ferrocene/ferricenium ion self-
exchange reaction in eqtdn other reactions, more complex

{[Fe(C3Hs)) + [Fe(CsH),J" ~ “[Fe(CsHg)]" + [Fe(CsHs),) M

pathways or elementary steps are used which take advantag
of decreased reaction barriers and/or avoid high-energy

intermediates.

An example is reduction of [G(NH3)s(Cl)]?" by [Cr'-
(H20)s)?", which occurs byinner-sphereelectron transfer
through Ct as a bridge. Compared to reduction by [Co-
(NH3)g]®", this pathway offers a rate enhancement of
,.\,1011.273

A second example is oxidation of formate anion by the
RuV-oxo complexcis-[RuY (bpy):(py)(O)** (bpy is 2,2-
bipyridine, py is pyridine),cis-[Ru" (bpy)(py)(O)P+ +
HCOO + Ht — cis[Ru"(bpy)(py)(H0)]** + CO..

Electron transfer in eq 2 has an associated energy penalty

Cis-[Ru"" (bpy o pyO)** + HCO; ——  eis-[Ru'" (bpy ha(py)(0)]" + *HCO, (2)

Cis-[Ru' (bpy)a(pyHO)P** + HCOy ——  cis-[Ru' (bpy)a(py (OH)J** + *CO, (3)
Cis-[Ru" (bpy ho(pyNO)J** + HCO,

N
L

= cis-[Ru''(bpyhipy(OH)]* + CO, (4)

DpY

of AG® > 1.9 eV (>44 kcal/mol) compared to hydride
transfer in eq 4. Similarly, the energy penalty for H-atom
transfer in eq 3 is 1.21 eV (27.9 kcal/mol) compared to
hydride transfer. Hydride transfer avoids-liatermediates
and dominates reactivity at room temperature in solution.
Significant energy penalties can also exist for reactions
in which both electrons and protons are transferre@.for
electron transfer betweais-[Ru" (bpy):(py)(O)+ and [O$-
(bpy)]?* in eq 5 is pH-dependent. Below pH 6.2, the

Cis-[Ru" (bpy)olpy (ON* + HT + [0s' (bpy); P

pH=6.2
cis-[Ru'"(bpy)o(py WOH)* + [0s" (bpy)s P (5)

. =24x10° M 5!
Cis-[Ru" (bpy)a(py WO + [0s" (bpy)s** w‘-

cis-[Ru""{bpy)(pyHONF + [0s (bpy)sP* (AG® > 033 eV) (6)

(rapid)

Cis-[Ru"'(bpy)y(py)O)]" + HY ———  cis-[Ru""(bpy)a(py)(OH))* (7

reaction occurs to the right, and above pt6.2, it occurs

The electron transfer step in eq 6 is slow because the initial
Ru product icis-[Ru" (bpy)x(py)(O)]" andAG*' > 0.33 eV.
AG®' is the standard free energy change in the prevailing
medium. The proton transfer that follows is highly favored
with AG® = —0.059 (K4([Ru"—OH]?**) — pH) < —0.40
eV (< —9.2 kcal/mol) at pH= 6.2 at 25°C 8

Another possible mechanism is PT followed by ET in egs
8—9, butcis[Ru" (bpyk(py)(OH)F" is also a high-energy

Cis-[Ru"™(bpy)s(py)O)*" + H

cis-[Rul(bpy h{py NOH)] (8)
Cis-[Ru"" (bpy ) (py(OH)F* + [0 (bpy)s ¥ ——

cis-[Ru""'(bpy)a(py XOH)* + [0s" ' (bpy 3" (9)

intermediate under the prevailing conditions witiG®' >
0.72 eV (17 kcal/mol) for its formation at pH 6.25¢
By contrast, in the comproportionation reaction in eq 10,

Cis=[Ru" (bpy ba{py O™ + cis-[Ru"'(bpy)a(py)(HL0)]F ——=

2 cis-[Ru"" {bpy )a(py ) OH)J? (10)

the oxo complex avoids the high-energy intermediaiss
[Ru" (bpy)(py)(O)I" and cis-[Ru" (bpy)(py)(OH)F" by
undergoingsimultaneous gH" transferto give cis-[Ru'"'-
(bpy)k(py)(OH)J?". Comproportionation occurs withG®' =
—0.11 eV (2.5 kcal/mol) and a rate enhancementdf00
compared to electron transfer in eq 6 even though it is less
favored by 0.21 eV. Thk(H.O)/k(D,0) kinetic isotope effect
is 16.1 at 25°C, and based on the dependencé& @in the
mole fraction of RO, a single proton is involved (section
5.5). The proton lost bgis-[Ru"(bpy)(py)(H-O)]?" is gained
by cis-[RU" (bpy)(py)(O)J**, as shown by the mole fraction-
dependence study and similar results in acetonitrile.

In the stepwise comproportionation mechanism in eqs 11
and 12, the initial step is preassociation, with a H-bond

Cis-[Ru" (bpy)o(py (O + cis-[Ru"(bpy h(py (H,0)

cis=[(bpy)a(py)Bu' =0 ee ]-l-(I)-RLl”{p}-‘}(l)}l}")_‘-]J (11}
H

e

Cis=[{bpy )a(py }Rl..l"‘ =D ees H-(I)-liu''{|1_\"){l)p}-‘}:]J -
H

(12)
(dr') (dr°)
cis-[{bpy)a(py)Ru'"'-O-Hees O-Ru'(py)(bpy)]*
H

(dr) (dn)

interaction between the transferring proton and a lone pair
on the oxo group, followed by concerted/ld™ transfer. The
experimental kinetic isotope effect is the product of the
equilibrium isotope effect for eq 11 and the kinetic isotope
effect for the concerted electrefroton transfer in eq 12
(section 5.4). In the concerted step, the electron is transferred
from a dr orbital at dz5(Ru") to a dr orbital at dr*(RuV).

The proton is transferred fromapn orbital on the O-atom

of Ru'-0OH,?" to a lone pair on the oxo group. The magni-

to the left. The pH-dependence arises from the proton addedtude of the isotope effect is due largely to the concerted reac-

to Ru(lll) to give cis-[Ru" (bpyk(py)(OH)J?*. There is an
increase in K, of >18 betweertis-[Ru" (bpyk(py)(OH)E*
andcis-[Ru" (bpy)(py)(OH)F**.°

As shown in eqs 6 and 7, below pH 6.2, the reaction

tion and a long proton transfer distance due to unsymmetrical

hydrogen bonding in the association complex (section 5.4.1).
The elementary step in eq 12 was initially described as

proton-coupled electron transfer (PCET) to distinguish it

occurs by a stepwise mechanism in which electron transferfrom H-atom transfer (HAT), in which the transferring

(ET) is followed by proton transfer (PT). Even though a

electron and proton come from the same béh&. An
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ambiguity has arisen in the use of this term. It has been useddiscussed more fully in section 4 as will hybrid mechanisms
to describe both elementary steps in reactions such as thevith EPT for one participating couple and HAT for another.

one in eq 12 and the class of reactions in which electron

EPT joins electron transfer (ET), H-atom transfer (HAT),

transfer is accompanied by proton transfer. To distinguish hydride transfer, O-atom transfer, and others as fundamental
between the two, it has been proposed that the concertedpathways in which a net transfer of electrons occurs between

pathway be described as electron transfamoton transfer
(ETPT)! or electron-proton transfer (EPTY or even
concerted protonelectron transfer (CPETY.

The term electrorproton transfer (EPT) will be used in
this account to describe concerted electrgroton transfer.
This is both for its simplicity and to avoid a potential
ambiguity with mechanisms in which electron transfer is
followed by proton transfer, E¥TPT. The term proton-

molecules. It is related to PCET in that EPT provides a
pathway by which PCET can occur in addition to sequential
ET-PT or ET-PT.

1.2. PCET in Chemistry and Biology

Changes in electron content and oxidation state can
profoundly affect acigthase and other thermodynamic
properties. Thermodynamic coupling between electrons and

coupled electron transfer will be used to describe the general Protons allows pH changes to be used to induce electron

class of reactions.A more detailed discussion of the
limitations of this terminology and of distinctions between

transfer through films or over long distances in molecules.
Thermodynamic coupling also allows electron transfer to

HAT and EPT as elementary steps is presented in sectiongnduce long-range proton transfer through proton channels

5.1-5.2.

There is a second type of EPT pathway in which concerte
electron-proton transfer also occurs but involving more than
one site. In multiple site-electron proton transfer (MS-EPT),
an electror-proton donor simultaneously transfers electrons
and protons to different acceptors, or an electrproton

acceptor simultaneously accepts electrons and protons from
different donors. An example occurs in the electron transfer

guenching of the tripet excited state afoCCso, by phenols
in the presence of added N bas&Ss, + ArOH + py —
~Ceo + ArO* + TH-py (py is pyridine):41®

In the stepwise mechanism for this reaction shown in eqs

13—15, preassociation occurs between the excited state an

Chp + ArO-Hess py = 3Can ArO-H see py (13)

(14)

¥
e ATO-Heee py  ——= (g ArQ" wee "Hopy

/

H*

C ArQ” see “H-py Cgy + ArO" + “H-py (15)

a H-bonded, ArOH-py pair. Association is followed by
concerted electron transfer from phenoP@, with proton
transfer to the H-bonded pyridine (section 4.4). MS-EPT
avoids the high-energy phenol radical cation, ArOhivhich
would be the initial ET producCsy + ArOH — ~Cg +

ArOH**.

A closely related pathway appears to operate in the
activation of Photosystem Il toward water oxidation. Oxida-
tive quenching of a chlorophyll excited statesd®, gives
Psgo™. It is subsequently reduced by long-rangel0 A,
electron transfer from tyrosinezXvith simultaneous proton
transfer probably occurring to H-bonded histidine198¢H-
TyrO-H--+His190— Pgsgo, TyrO---*H-His190 (section 7.2).

In fact, MS-EPT appears to be a biological pathway of choice
for PCET in which long-range electron transfas coupled

in biological membranes. In transition metal chemistry,

d oxidation and proton loss stabilize high oxidation states by

electron donation and multiple bond formation as in RuO
or MnO,~. The metat-ligand multiple bonds that result cause
large changes in Ky between oxidation states, favoring
mechanisms more complex than simple electron trafsfer.
As knowledge of enzymes and biological processes is
elucidated at the molecular level, it is becoming apparent
that biology uses EPT and MS-EPT extensively and to great
advantage. Over the time span of evolution, complex
structures have evolved which provide oriented spatial arrays
that integrate electron and proton transfer. These structures
re critical in enabling MS-EPT and PCET in that they avoid
igh-energy intermediates, and electrostatic charge builds up
in nonaqueous membrane environments. In turn, this leads
to aredox potential leeling and decrease in potentials for
sequential redox couples where there is no increase in charge.
This phenomenon provides access to higher oxidation states
and to multiple electron transfer pathways such as hydride
transfer or O-atom transfer. Integration of PCET with proton
transfer over long distances by use of sequential proton
transfers provides a basis for trans-membrane proton equili-
bration, thus avoiding local pH gradients. The coupling of
electron and proton transfer is at the heart of water oxidation,
respiration, nitrogen fixation, and other key reactions in
bioenergeticg®28

The goal of this account is to describe PCET reactions
and phenomena and EPT mechanisms. Both areas will be
covered with as much breadth as possible. A goal is to
illustrate the scope of aciebase effects coupled to electron
transfer. This can only be accomplished by sacrificing depth
in particular areas, and we apologize for not including many
relevant examples of particular phenomena.

The thermodynamic aspects of PCET and related pH-
induced phenomena will be dealt with in sections 2 and 3.
Sections 4 and 5 will review electron transfer theory,
introduce EPT and mechanisms in which it plays a role,
summarize the theory of EPT, and discuss its application.
Section 6 will review EPT in chemistry, and section 7 will

to short-range proton transfer (sections 5.3 and 7.2; also not&eview EPT in selected biological examples with a focus on

ref 17).

The orbitally separated, yet concerted, nature of EPT
places specific orbital requirements on both donor and
acceptor. The electrefproton donor, or donors for MS-EPT,

oxygen evolution at the oxygen evolving complex of
Photosystem II.

1.3. Historical Footnote

must have energetically accessible orbitals at different sites The first documented suggestion of PCET as a mechanism

for donating electrons and protons. Similarly, the acceptor,

appears to have come from the appearance of a pH-dependent

or acceptors, must have spatially separated orbitals forterm in the rate law for the [Fe@®)s]*"?" self-exchange
accepting electrons and protons. These requirements will bereaction studied by isotopic labeling. A rate increase with
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Figure 1. The peptide tyrosine (TyrOH).

increasing pH was attributed to a pathway involving'[Fe
(H20)s)?" and [Fé'(H.0)s(OH)]?" which occurred with
k(H.0O)/k(D,0) ~ 2 and was attributed to “H-atom transfer”
from [Fe'(H.0)e]?" to [Fe" (H20)s(OH)]J?".29-31

A pH-dependent study revealed that, in the oxidation of
[RU"(NH3)e)?" and [RU (NH3)s(H,0)]?* by Fe(lll) in water,
e.g., Fe(lll)+ [RU"(NH3)g]?" — Fe(ll) + [Ru"(NHa3)q]",
[FE" (H,0)s(OH)J?" is lessreactive toward [RU(NH3)e]?"
than [Fe(HO)g]®" by a factor of 6 andnorereactive toward
[RU"(NH3)s(H.0)]?" by 6 even though the driving forces are
comparablé? In unpublished data, k(H,O)/k(D,0) kinetic
isotope effect oF~36 was found for the latté?. Based on
the rate acceleration with @ in the inner coordination
sphere, it was suggested that “proton transfer from'{Ru
(NH3)s(H,0)]?* to [Fe(HO)s(OH)]>* accompanies electron
transfer’1%In 1981, the term PCET was coined and applied
to the comproportionation reaction in eq 18nd in 1992, it
was applied to the oxidation of hydroquinone dig-[Ru'v-
(bpyk(py)(O)F**, which occurs withk(H,0)/k(D-O) = 29
+ 138

Brief reviews by Thorp of PCET in metal complexes and
in excited states appeared in 1984nd 1996°° respectively.

Huynh and Meyer
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Figure 2. Ey, vs pH diagrams for the Ru(IV/IIl) and Ru(lll/IN)
couples ofcis-[Ru" (bpy)(py)(H20)]2" (RU'—OH,)?" at 25°C, |

= 0.1 M, vs NHE. The vertical dotted lines correspond kg pfor
cis[RU"(bpy)k(py)(H.0)]?" (RU'—OH2", K" = 10.6) and 41
for cis-[Ru" (bpyk(py)(H20)]3" (Ru"—OH2", K" = 0.85). The
remaining abbreviations are as followsis-[Ru"Y (bpy)(py)(O)**
(RuvV=0?*") and cis-[Ru" (bpy)(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
02, OH~, or H,0. TheE;,—pH curves were calculated from the
Nernst equation by using theKpvalues andsy(cis-[Ru" (bpy)-
(py)(H0)]3"24) = 1.02 V andEy(cis-[Ru' (opy)k(py)(OH)F*)

= 0.46 V_8,61,62,66

There is a significant amount of information i,,—pH
diagrams such as Figure 2. VariationsEp, with pH are

In the mid 1990s, a series of theoretical papers beganpredicted by the Nernst equation. For example, for the Ru-

appearing from the groups of Cuki&r®® and Hammes-
Schiffer#®41 In 1998, a review of PCET by Cukier and
Nocera appearetd,and in the mid-to-late 1990s, a series of

(11/1y couple in Figure 2, in the pH region from 2 to 9 where

cis-[Ru" (bpy)(py)(Hz0)]** andcis-[Ru'" (bpy)(py)(OH)F*
dominate Ej;» ~ E*(RU") decreases with pH by 0.05916

ground breaking papers by Babcock and co-workers on theV/pH unit at 25°C, as predicted by eq #8°In eq 16,K,"

coupling of electron and proton transfer in Photosystem I

and other enzymes appearétt® Saveant and others have E,, ~ E”(RU"") = E”(Ru—OH,*"?") — 0.05916

published papers on the role of PCET in electrochemical
reactionst>3 Recent short reviews have appeared on the

theoreticat*#’ and experimental aspects of PCET°
colossalk(H,0)/k(D,O) kinetic isotope effects have been
observed in the oxidation of Os(IV) complexes by quin&he,
and reviews on the application of density functional theory
to redox enzymes including PCET have also appe#r&d.

2. Thermodynamics of Proton-Coupled Electron
Transfer

2.1. Introduction

Electron transfer accompanied by a change in proton

(pH — pK,") (16)

is the first acid dissociation constant for the Ru(lll) complex.
For the Ru(IV/IIl) couple in strongly acidic solutions at pH
< 0.85, the dominant forms ams-[Ru" (bpy)(py)(O)F*
andcis-[Ru" (bpy)(py)(OH)F'. E1» decreases by 118 mV/
pH unit as the pH is decreased, consistent with the loss of
two protons upon oxidation. More generally, for a couple,
Ox + ne~ + mH* — Red-H,™"*, with Ox and Red-
Hn™*+ the dominant formsE;, decreases with pH as
0.05916(1/n), with m being the number of protons transferred
andn being the number of electrons; however, note ref 66.
The vertical dashed lines in Figure 2 ar€,p values for

content is a ubiquitous phenomenon for reactants with cis-[Ru"(bpy)(py)(H.O)]** (10.6) andcis-[Ru'" (bpy)(py)-

dissociable proton¥: 6 The origin of this effect is an

(H,0)]*" (0.85). The half-cell reactions for the individual

increase in acidity with electron loss, with an example being couples in the various pH regions are indicated, as are the

pKa1 = 9.5 for [Fe(HO)s]?" and 2.2 for [Fe(HO)|3".57
Similarly, pK, = 10 for the phenolic proton of tyrosine in
peptides and I8, = —2 for its radical cation, TyrOM
(Figure 1)%8:59

Oxidation of either [Fe(kD)s]>" or TyrOH over a broad
pH range is accompanied by loss of a prot61t? This can

sixth ligands and whether they aré QOH", or H,O.

For the Ru(lll/1l) Couple: (1) Below pH= 0.8, the Ru-
(/1) couple is cis[Ru'(bpy)(py)(H20)]*?*, which is
independent of pH. (2) From p& 0.9 to 10.6, the couple

changes tacis-[RU" (bpy)(py)(OH)Ft/cis[RU" (bpy)k(py)-
(H20)]?*. Consistent with the Nernst equatidh,, decreases

lead to complex, pH-dependent redox potentials. Variations by 59 mV/pH unit. (3) Above pH= 10.6, the couple

in Ey, with pH for the Ru(I\V/111) and Ru(lll/Il) couples of
cis-[Ru"(bpy)(py)(H.0)]*" are illustrated in Figure £50.61

The E;, values are half wave potentials measured by

voltammetry which are directly related to the formgp/,
and standard potentialk?.62-65

becomescis[RU" (bpy)(py)(OH)?'* and, once again, is
pH-independent.
For the Ru(IV/IIl) Couple: (1) Below pH= 0.8, the

couple is cis-[Ru"(bpy)(py)(O)F /cis-[Ru" (bpy)(py)-
(H20)]*". Ey» decreases with pH by 118 mV/pH unit,
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consistent with the expected 0.05948() decrease per pH
unit with m= 2 andn = 1.
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The first term in eq 20 arises from the difference in
solvation free energies between @¥%* and Red". For

(2) As the pH is increased above 0.85, the couple becomescationic couplesit increase€® as charge type increases.

cis-[RuY (bpy)(py)(O)F*/cis-[Ru'" (bpy)(py)(OH)F*, and
Ei» decreases by 59 mV/pH unit.

(3) At pH = 12.8, the pH-dependent R{I' and pH-
independent RU" couples intersect. As the pH is increased
further, Eyp(RUM) > Epp(RUYM™) andcis-[Ru" (bpy)(py)-
(OH)J?" is unstable toward disproportionation (eq 17). In
this pH region, cis-[Ru" (bpy)(py)(OH)}** is a stronger
oxidant thancis-[Ru" (bpy)(py)(O)*" because of the pH-
dependence of the Ru(IV/IIl) couple.

2 cis-[Ru" " (bpy(py HOH)*™ + OH —  cis-[Ru"" (bpyh(py(O)** +

cis-[Ru"'(bpy )z (py)OH)F' + H,0  (17)

(4) At pH > 12.8, Ej;, decreases by 29 mV/pH unit,
consistent with the 2é1H" C|s-[Ru'V(bpy)2(py)(O)]2+ [cis-

[Ru"(bpy)(py)(OH)I* couple!:6%

2.1.1. Summary of pH-Dependent Thermodynamics

A number of important conclusions concerning the impact —
of pH effects on redox potentials can be reached based on
analysis of data like those in Figure 2.

« Effect of Charge TypeThe potential of the Ru(lll/II)
couple increases from 0.46 V (vs NHE) for this-[Ru" -

(bpy)(py)(OH)FF*/[Ru" (bpy)(py)(OH)]* couple to 1.04 V

for thecis-[Ru" (bpyk(py)(H20)]**/[Ru" (bpyk(py)(H0)]**
couple as charge type increases frot-2 to 3+/2+. This

is a general phenomenon arising largely from the effect of
electrostatics or®'.

Based on a thermodynamic cycle, the reduction potential,

E*, for the generalized couple @Y+ + e~ — Red™ can
be expressed as shown in eq’$8%8In this equationAGso

E* = AG,,(OX"™") — AG,,(Red™) + I, + c(

C=—",AG(H,) — I, = AG®,(H") (19)
(OXx*0%) and AGsq(Red™) are solvation free energies
(hydration free energies in water) for @%)* and Ref" in
the prevailing medium, ant}, is the gas-phase ionization
energy for Re®l The constanC is defined in eq 19 and
includesAG°(H,), the bond dissociation free energy fos,H
In, the H-atom ionization energy, andG°,(H"), the
standard free energy of proton hydration.

Assuming spherical ions of radiusAGsey = —(n%€?/2r)-
(1 — 1/Ds) from the Born equation for ion solvation. In this
equationnis the charge on Red,is the unit electron charge,
andDs is the static dielectric constant of the solvent. This is

This term is counterbalanced by the ion charging/(Ds)

and promotion energy'() terms. The net effect is to increase
E®' as positive charge accumulates, and this is the primary
origin of the 0.58 V increase iRy, betweercis-[Ru" (bpy)-
(PY)(OH)P** and cis-[Ru" (bpy)(py)(H0)]*"2* couples.

o Redox Potential Leeling: Electrostatic effects also
contribute to increases in redox potentials between adjacent
couples. For the Ru(IV/IIB-Ru(lll/Il) couples, cis[Ru-
(bpy)%Cl2]?"* and cis-[Ru(bpy:Cly] ™, AE1, = E1x(2) —
Eix(1) = 1.7 V (I = 0.1 M, CHCN). This is typical for
adjacent transition metal complex couples of charge types
(n + 2)*/(n + 1)* and f + 1)*/(nt).5°

The influence of electrostatics axE®' can be seen in eq
21, which follows from eq 20. This is also an approximate
result since it assumes spherical ions and the solvent as a
dielectric continuum. In this equatioli,, andl'y, are the
promotion energies for two adjacent couples as defined
above. Based on this result, a combination of electrostatics,
2€?/rDs, and the difference in promotion energias, = 1’1

I'n, is the origin of the increase INE;, (~AE®") with
charge type. The latter can play an especially important role
for non-transition-metal couples where bonding electrons are
promoted, and odd electronic configurations are of relatively
high energy.

For couples O™ 2*/Red™ V" (E,*")
and Ox™Y*/Red™" (E,):

AE” = E, — E* = 2¢ 4T, -1, = 28 4 Ap
Dq Dq on

For couples O¥"/Red™" (E,*)
and Ox™"/Red™ (E,*):

AE” =E",—E”; = Al (22)

If there is no change in charge type, for example, between
couples Ox'"/Red™ and Ox"t/Red"*, AE* is given by
eq 22, and electrostatic effects play no, or a minimal, role.
This is seen in the small difference i/, values between

the couplesgis-[Ru" (bpy)(py)(O)F*/[Ru" (bpy)(py)(OH)F*

(Ewz(2)) and cis-[Ru" (bpyk(py)(OH)F*/[Ru" (bpy)(py)-
(H20)]?* (Ew2(1)) with AE;;, = 0.08 V from pH=1to 10.5

(Figure 2).

The latter is an example @édox potential leeling with
PCET maintaining a constant charge type between adjacent
couples. This is an important phenomenon for multielectron

only an approximation since it assumes spherical ions andcatalysis. It allows the buildup of multiple redox equivalents

treats the solvent as a dielectric continuum. Partitioning
into a promotion energy term,’, the energy required to

over a narrow potential range and, with it, access to
multielectron pathways such as hydride transfer in eq 4. It

transfer the electron to the surface of a sphere enclosing Redis especially important for membrane-bound biological redox

and a charging terrmé/r, the energy required to remove

couples (section 2.5.4). In these low dielectric environments,

the surface electron to infinity in the gas phase, gives the electrostatic charge is greatly destabilized compared to water;

expression foE®' in eq 20. In eq 20E°'¢ is the electrostatic
contribution toE®'.

ne’

e+l

DS)+| +C=

E,° +1',+ C (20)

((Zn + 1)—)

see, for example, refs 20 and-703.

o Closely Spaced Redox PotentialBhe phenomenon of
multiple, closely spaced redox couples with sm&ll and
AE®" is a feature of the early to mid transition metal series.
It is due to the relatively closely spaced, sequential ionization
energies for the 3d, 4d, and 5d levels and efficient screening
of the nuclear charge by the d electrdhs.
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Cis-[Ru"" (bpy ) py W] Cis-[Ru""{bpy )kl py 0]
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Figure 3. PCET thermodynamics. Acitbase, redox potential

(E°'—pKy) diagram for the Ru(IV/IIl) and Ru(lll/Il) couples dfis-
[RU"(bpyk(py)(H.0)]?+ taken from Figure 2, showing therd

electron configurations at the metal. Potentials are vs NHE at 25

°C,1 = 0.1 M. The vertical lines givelf, values, and the slanted
lines giveE® values for pH-dependent couples at pH7, taken
from ref 8.

Al'is also influenced by changes in bonding. For example,

Huynh and Meyer

0027

0.099

Q

(.76 0.46

QH*

g
110

QH.*

Figure 4. As in Figure 3 with potentials in V vs NHE, pH 7, 25
°C, 1 = 0.1 M for the quinone/semiquinone/hydroquinone (Q/HQ
H>Q) couples; note refs 8183.

9.85

In these diagrams, the values on the horizontal lines are
potentials for pH-independent couples, Q/HQ/HQ, etc.
The values on the vertical lines ar&jvalues. The values
on the slanted lines are potentials for pH-dependent couples
at a specified pH, pH= 7 in Figure 38485

The redox potential andip data have important implica-

higher oxidation states of transition metal complexes are tions for oxidative activation and reactivity. From the

stabilized by ligand-to-metal electron donation, notably by
nt(ligand) — d electron donation and multiple bond forma-
tion. The RW=0?"/RU"—OH?" and RUY'—OH?**/RU'—
OH,?" couples in Figure 2 provide an example with Ru(lV)
stabilized by the RY=0 multiple bond’*

« Disproportionation Stabilization of a higher oxidation
state by metatligand multiple bonding or a change in pH
can become sulfficient th&"', < E*'; for sequential couples,
which leads toAE® = E*', — E*'; < 0. If AE*" < 0, the
intermediate oxidation state in adjacent couples is “missing”

summary in Figure 3, loss of a proton wheis{Ru'" (bpy)-
(py)(H0)]?" is oxidized tocis{Ru" (bpy)(py)(OH)P* could
occur in three ways: (i) electron transfer to give'RtOH3*
followed by proton transfer to give Ru-OH?" (ET-PT),

(i) proton transfer to give Ru—OH™ followed by electron
transfer to give Ri—OH?*" (PT-ET), and (iii) electror
proton transfer (EPT) with simultaneous loss of both an
electron and a proton, (section 1.1). Compared to the
thermodynamic potential for the Ru-OH?**/RU'—0OH,2*
couple of 0.66 V at pH= 7, either mechanism (i) or (ii)

thermodynamically because it is unstable with respect to incurs an energy penalty in the first step becausé -Ru

disproportionation e.g., 2Ru(ll)— Ru(ll) + Ru(IV). This
is the case for Rli—OH?" above pH= 12.8 in Figure 2. It

OHz** and RU—OH?" are high-energy intermediates at the
prevailing pH. For ET-PT, initial ET, Ru-OHx** — e™ —

is a common phenomenon for organic and main group RU"—OH,*", occurs at 1.02 V. ThaG* difference of 0.36

inorganic couples where 1g radical intermediates or

intermediate oxidation states such as Sn(lll) or semiquinone,

*OGsH,4OH, are unstable toward disproportionation.
o Acid—Base Properties and Redox Potential$he
difference inpK, values between the higher and lower

eV is recovered in the subsequent PT step! ROHS" —
RU''—OH2* + H*, with AG® = 0.059pKa ((RU"'—OH,%")
— pH) (at 25°C). Similarly, the initial PT step in (ii) is
unfavorable withAG®' = +0.19 eV.

Mechanisms involving Rl—OH,*" or RU'-OH?" add

oxidation states of a couple can be used to calculate theenergy increments to the barrier for oxidative activation
difference in redox potentials between the protonated andwhich can decrease rates. This is especially onerous for the

deprotonated forms andce versa This is demonstrated for
the Fe(lll/Il) aqua couple in eq 23 and more generally for

the protonated (Ox-H/Red-H) and deprotonated (Ox/Red)

couples in eq 24.

E° ([Fe(H,0)¢*"*") — E*([Fe(H,0)s(OH)*"") =
0.059[K,, (F€™") — pK, ((F€")] = 0.43 V (25°C) (23)

E°'(Ox-H/Red-H)— E*'(Ox/Red)= 0.059[IK,
(Red-H)— pK,(Ox-H)] (24)

2.1.2. Redox Potential Diagrams. Implications for
Reactivity

second oxidation in Figure 3,

RU"—OHZ —e, —H* RUV=0?"

For this couple AG® > 0.9 eV for initial ET andAG®' >

0.4 eV for initial PT relative to the RU=0?"/Ru"—OH?*
couple at 0.74 V. This inhibits oxidative activation and
imposes kinetic limitations that appear routinely, for example,
at electrodes where pathways other than ET or PT are not
accessible (sections 4.3 and 6.5.2).

PCET-induced barriers can be circumvented by utilizing
EPT. In these pathways, both electrons and protons are
transferred simultaneously and, therefore, at the thermody-
namic potential for the PCET couple (section 4.3). Managing

Acid—base constants and redox potentials at fixed pH are Protons by EPT and proton transfer is critical in oxidative

conveniently summarized in redox potential diagrams or
“square schemes” such as the one shown forctegRu'" -
(bpy)(py)(O)F*/[Ru" (bpy(py)(OH)F* andcis-[Ru" (bpy)-
(pY)(OH)PH/[RU" (bpy)(py)(H20)]?" couples in Figure 3. The
pH-dependences of organic redox couples can be equall
complex’>8 This is illustrated for the quinone/hydroguinone
(Q/H2Q) couple in Figure 4, which includes the one-electron
semiquinone intermediate (MQ*"), as studied by Laviron
and co-worker§85

activation with the extraordinary example of the membrane-
bound oxygen evolving complex of Photosystem Il featured
in section 7.2.

y21.3. Coverage

In the remaining parts of Section 2, some thermodynamic
aspects of selected PCET reactions will be described with
the goal of highlighting the breadth of known pH-dependent
phenomena by using known chemical examples.
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Trans-[0s" (tpy KON OH)(HL0)]" + 3¢ + 2HY —  prans-[0s" (tpy )(HR0)3)°"  (25)

09 N (O)OH) I
I 000

ey
2.2.1.3. trans{ReY(py)4(0).]* and trans{Re"(L)4(O)-
(OMe)]?* The factors that cause “missing” oxidation states
have been explored by Hupg al. by comparing the pH-
dependent electrochemical behaviors dfrdns[Re"(py)s-
(O)]" and trans[ReY(L)4(O)(OMe)F+ (L = pyridine or
substituted pyridineY’%?In the reduction ofrans[Re"(py)s-
(0)7]" to Re(lll), B Re(IV) is a missing oxidation state from
o | B e rasayas-ae %H = 1 to 14 due tdrans-dioxo stabilization of G-Re'=
Ru'™\,
0.1 T

1
1
O e, &0 e
15 ‘-‘;L_\(O){OH] RN
(OH}(OH} g
b

Envs SSCE
(=]
=1

0.5 7

04

03 1 (OH,);

Redox potential and spectroscopic measurements reveal

pH that Me™ added to O inrans{Re"(py)4(O)OMe)F" is a good
Figure 5. Ey,vs pH diagrams focis- (left) andtrans[Ru' (bpy)- surrogate for a proton. This makes the methoxy complex a
(H20),]2* (right) as in Figure 3 but showing the experimental points reasonable model farans{Re(py)4(O)(OH)F* but without
in E1,—pH diagrams (at 28C, vs SSCE0.25 V vs NHE),l = a dissociable proton. For the member of this series with L

0.1 M). The potentiatpH lines for the various couples are = 4-MeOpy, the “missing” Re(V/IV) couple appears-apH

indicated, as are regions where Ru(VI), Ru(V), Ru(lV), Ru(lll), or — i ; -
Ru(ll) are the dominant oxidation states and whether the fifth and Re%\?/l?/l;eaﬁlod ell?gl(];f\?/rﬁlr)]cceoLrélggggpendences between the

sixth ligands are &, OH~, or H,0.98:% ) ;
By using a mixture of aqueous and nonaqueous electro-

. chemical measurements, estimates Kf p —10 to —18
2.2. Metal Complexes with Oxygen as the Donor were made for a series afans{Re" (L)(O)(OH)E* com-
Atom plexes, demonstrating that there is a low affinity for protons
by the oxo group. In a related analysis, it was estimated that
pKa ~ 22—26 for trans{Re" (L)4(OH)z]".57192 This value
illustrates the difficulty of deprotonating OHwhen it is

Changes in acidity with oxidation state and their impacts
on the thermodynamics of PCET are ubiquitous for transition
metal complexes containing ligands with acidic—B

bondss6-58.86 coordinated to a relative low oxidation state at the metal.
’ 2.2.1.4. [R&" (Meztacn)(O)s]* Electrochemical reduction
2.2.1. Aqua/Hydroxy/Oxo Couples of [Re"(Mestacn)(O}]* (Mestacn is 1,7-trimethyl-1,4,7-
triazacyclononane) occurs by two quasi-reversible, pH-
2.2.1.1.cis- and trans-[Ru" (bpy)2(H20).]%". The Ey— dependent waves at0.14 and—0.36 V vs SCE at pH=1

pH diagrams focis- andtrans[Ru" (bpy)(H20),]%" in Figure corresponding to the Re(VII/VI) and Re(VI/V) couples in
5 illustrate two effects: the impact of a second water egs 26 and 278

molecule in a Ru(ll) polypyridyl coordination environment Re"(Mestacn)(O)]" + ¢ + H* —= [Re"(Mestacn)(O)(OH) 26)
and the role of coordination geometry. With two waters and
PCET, the accessible oxidation states at the metal ar€ge'veacn)0nOm)] + ¢ + ' —= [Re"(Mestacn)O)H,0OM  (27)
extended to Ru(V) and Ru(VI), the latter as [{Rbpy)- or [ReV"(Moytaca)OH),]
(O)2]?*. In the higher oxidation states, R(d*), Ru'(d®), and e o ’
Rw!(d?, there are vacancies in ther@Ru) levels and B
electronic stabilization by 260) — dx electron donation N
and Re=0O multiple bond formatior887-97 Me™ Mé

For thecis complex from pH~ 2 to 6, successive 1f Meytacn
1H* oxidations occur from Ruto RU"' over a total potential 2.2.1.5. [(Bpy)Mn 'V (0),Mn" (bpy),]®*. For the dig-0x0

range of 0.6 V, illustrating the role of PCET in redox bridged complex [(bpyMn" (0).Mn" (bpy)]3* and its 1,-
potential leveling and MO stabilization of higher oxidation  10-phenanthroline (phen) analogue, successive one-electron
states. For thérans complex, Ru(V) is missing in acidic  reductions over a wide pH range are accompanied by
solution because Ru(VI) is stabilized tgans-O=Ru=0 protonation at the bridge to give successively [(apn)"' -
multiple bonding intrans{Ru"!(bpy)(O).]>". The missing  (O)(OH)Mn"(bpy)]3* and  [(bpy}Mn''(OH),Mn'"-
oxidation state appears above pH7.3 because of differ-  (bpy),]3*.10%-111 Protonation at a-oxo bridge accompanying
ences in pH-dependences between thens{Ru(bpy)- reduction has also been observed for Os and Ru complexes.
(0)2)77* (RU'V) and trans{Ru"!(bpy)(O),]*/[Ru(bpy)- An example iscis,cis-[(bpy)(H20)RU' (u-OH)RU' (H,0)-
(O)(OH)P** (RUV) couples’®°Related behavior has been  (bpy),]3*.99.112.113
observed for other Ru and Os compleX&s?’

2.2.2. Other O-Based Couples

2.2.1.2.trans-[Os' (tpy)(H20)3]?". A dramatic example
of missing oxidation states due to differences in pH- Related pH-dependent behavior has been observed for

dependent behavior and=5D stabilization occurs farans metal complex couples having oxime, hydroxamate, and
[OS'(tpy)(H20)3)?t (tpy is 2,2:6',2"-terpyridine). Over a  dimethylglyoximate ligands. A generic example of the latter
broad range of pH values, only a single 32s(VI/IIl) wave is shown for a M(llI/Il) couple in eq 28 with M= Ni,

is observed in cyclic voltammograms. Both Os(V) and Os- Fe>686.114For a linear hexadentate dioximate ligand with M
(IV) are unstable toward disproportionation under these = Ni, only a Ni(I\V/Il) couple is observed below pH 5 with
conditions, eq 287101 Ni(IV/Il1) and Ni(lll/Il) couples appearing above pH 85 11°
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OH o
Tl\h R - ,-\lL, R
|\-|"\ l S Y :]\ + H (28)
ow e
R" R"

2.2.3. PCET Arising from pH-Dependent Chemical
Changes

Electrochemical pH-dependent behavior can arise from
reactions more complex than simple gain or loss of protons.

In the example in eq 29, oxidation from Ru(ll) to Ru(lll)

causes hydrolysis of the chelated aldehyde, creating a pH-

dependence for the Ru(lll/Il) coupté?

opyrRu~N V| (bpy)Ru=~ N _
\ t‘J — + e+ H 29)
“oH

] + HyO ——
H

O
H

2.3. pH-Dependent, Metal Complex Couples
Based on Donor Atoms Other than Oxygen

2.3.1. Reversible Couples Based on N Donors

The appearance of pH-dependent redox potentials and™
associated redox phenomena also occurs for metal comple>

couples with acidic, dissociable protons bound to N, S, P,
and even C as the donor atom.

2.3.1.1. [M(bpyk(BiBzImH)]?"* (M = Ru and Os).
Oxidation of [M(bpy}(BiBzImH,)]?" (M = Ru and Os;
BiBzImH, = 2.2-bibenzimidazole; Figure 6) to M(lll) and
M(IV) occurs by pH-dependent couples with pH-depend-
ences reminiscent of the oxo/aqua couples in Figufé 22
In this coordination environment, M(IV) is stabilized by
double deprotonation and electron donation frefBiBzIm?")
to M(IV). pH-dependent redox couples have also been

observed for Fe and Ru complexes containing ligands related

to bibenzimidazold?:124

2.3.1.2. [M(NH.CMe,CMezNH2)»(Cl),] (M = Ru and
Os). Oxidation of the 2,3-diamino-2,3-dimethylbutane com-
plex [O2"(NH.CMe,CMe;NH,)o(Cl),] ™ to Os(IV) over the
pH range 15 occurs with loss of a single protdff. From
pH = 0.5 to 2, oxidation of [RUINH,CMe,CMexNH,)2(Cl),]
occurs by reversible Ieoxidation to Ru(lll) followed by
le/2H" oxidation to [RU (bpy)(Cl}(N(H)=CMe,CMe,-
NH,),]?". Above pH= 4, there is a single 2é&2H" oxidation
to Ru(lV). Similar behavior is observed for thds-2,3-
diamino-2,3-dimethylbutane complex. In the oxidized com-
plexes, Ru(IV) is stabilized by electron donation fronafd)
to dz(RulV). This creates a Ri=(NHCMe,~) multiple bond
interaction analogous to the #0D interaction in oxo
complexes?®

2.3.1.3. trans[0s"(tpy)(Cl) (NNRp)]* and S- and P-
Based Analogues.As shown in eq 30, the Os(VI/V)
hydrazido couple based amans[Os(tpy)(CD2(NNR2)]*
with NR; = morpholide £N(CH,)4O) is pH-dependent in
acidic solution. It becomes pH-independent above tkg p
for trans[OsV (tpy)(CIAN(H)NRR)] " (pKa = 3.2), where the
couple istrans[0s"(tpy)(CI)(NNR,)] */trans[OsV (tpy)(Cl)o-
(NNRy)]. The deprotonated Os(V) complex undergoes further
oxidation to Os(VI). The protonated Os(IV) complex un-
dergoes further reduction first by 2dH* to give the Os-
(1) hydrazine complexrans[Os'(tpy)(Cl).(NH.NR;)] and

then by further 2e/3H" reduction to the ammine, eq
30.1277129
Trans-[0s{tpy (C1),(NH;NRy)] + 2¢° + 3H

—

trans-[Os (tpy HC1)2(NH3)] + NRyHy"  (30)

Huynh and Meyer

Q 2+
N NH
2(bpy)M\N;[
&
Figure 6. [M(bpy)2(BiBzImH,)]>" with M = Ru and Os.

H
|

Figure 7. Tp~ = tris(pyrazol-1-yl)borate anion.
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Figure 8. Ei,—pH diagram former[OsV (bpy)(Cl)s(NCN)]~ in
1:1 (v/v) HbO/CHCN in | = 1.0 M BuNPR/KNO3 with E;j, values
vs SSCE (saturated NaCl rather than KCI). For comparison, the
equivalent couples focis-[Os'(bpy):(H20);]?" at| = 1.0 M in
H,0 are also shown. Vertical lines indicat&jvalues, and proton
compositions of dominant forms are indicated for both sets of
couplest®?

Related acie-base behavior has been observed for the
S—H based sulfilimido coupldrans[OsY(tpy)(Cl)2(NS--
CsHaMe)] trans[OsY (tpy) (Co(NS(H)p-CsHsMe)] T ¥ and
the P-H based phosphoraniminato coufde-[Os(Tp)(Cl).-
(NPEb)]/fac-[OsV(Tp)(Cl)(NP(H)ER)] (Tp~ is the tris-
(pyrazol-1-yl)borate anion, Figure . The kinetics of
oxidation of the Os(IV) complexes by quinone will be
featured in the discussion on EPT pathways in chemistry in
section 6.1.4 because they occur with colokédO)/k(D-0)
kinetic isotope effects.

2.3.1.4. Oxo-like Behavior in mer-[Os" (bpy)(Cl)s-
(NCN)]~. A dramatic example of pH-dependent redox
behavior, reminiscent of the oxo complexes in Figures 2 and
5, occurs for the cyanoimido complexer-[OsV (bpy)(Cl)s-
(NCN)]~, which is prepared from the ®snitrido precursor
by the reactionmer[Os”!(bpy)(Cl)(N)] + CN™ — mer
[0SV (bpy)(Cl)s(NCN)]~.132133]t is based on reversible Os-
(VIIV), Os(V/IV), Os(IV/II), and Os(l1I/Il) couples and is
compared tacis-[OS' (bpy)(H20)2]?" 32 in Figure 8. From
IR measurements, the first proton is addech&x[OsV (bpy)-
(Cl3(NoCNp)]~ at N, and the second is added atz N
accompanied by a proton shift from,No Ng to give mer
[OsY (bpy)(CIE(NCNH)]*.

2.3.2. Oxidation of Coordinated Amines

There is a direct analogy between 22H" oxidation of
coordinated water to a higher oxidation state oxo complex,
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and 3e/3H" oxidation of coordinated ammonia to a nitrido  A?~. Upon addition of a weak acid, typically a phenol, the
complex, The analogy may be apt, but the oxidation A~ reduction wave becomes irreversible because protonation
of A%~ gives AH", which is unstable toward disproportion-
M™3=N ation into A and AH. As the concentration of acid is
increased, reduction to As followed by protonation to give
chemistry of coordinated ammonia is far more complex, with HA and further 2e reduction to give AH.7>8°
Pe'tvrgfg’i',m‘;ré,‘c'\éﬁg{?fﬂﬁts typically appeating instead of 2.4.1. Reduction of Quinones
In sufficiently electron-rich coordination environments, The influence of H-bonding and protonation on quinone
NHz;—N?3" interconversion does become chemically revers- reduction has been investigated for a series of quinones
ible, as shown by the example in eq3114*143 As discussed  ranging from choloranil (tetrachloro-1,4-benzoquinone) to
in section 4, these reactions are kinetically inhibited by slow duroquinone (tetramethyl-1,4-benzoquinotfé)n dry, pure

M™ —NH; —

proton transfer. benzonitrile, chemically reversible Q7/@nd Q/Q? couples
- appear separated by 6:8.9 V in cyclic voltammograms.

rans-[Os py Yl (NHy)] —e = rans [0SV tpy XN sy  With added weak acids, three different types of behavior
3¢, 307 were observed depending on the basicity of the quinone and

] S ) ) the strength of the acid: (1) shift iy, due to H-bonding,
There is a related oxidative dehydrogenation chemistry of (2) reduction followed by disproportionation of the inter-
coordinated amines to imines and nitriles that is exten- mediate semiquinone, and (3) protonation of the quinone
sive!4°14% This includes many examples from the Fe, Ru, prior to reduction to HQ.
and Os triad with one example illustrated in eq'32'%* Oxidation of the vinylene-bridged ferrocene-hydroquinone
These are dehydrogenation reactions with electrons andin eq 34 occurs by an initial Teoxidation to give a
protons lost from CHNH bonds and the imine and nitrile  ferricinium form that subsequently loses a proton and a
ligands stabilizing M(ll) by metal-to-ligand d — 7* second electron to give the ferricinium-semiquinone. Itis in
backbonding>2~*%* equilibrium with the 2e/2H* product, 6-(ferrocenylvi-
nylidene)-4-hydroxycyclohexa-2,4-dien-1-one, shown in eq

e [ 3410

N, AHNg o | Nu ANHN AN
|, 0] | - Wz
< N < ~ _
[ ,Ru J > [ ,Ru j - ,Ru j 32) " o) +
. I N . I N ' P | AN OH H ‘}
NHY\\; NH NHY )\, NH ' N N HY Y /
NH R N =\ )
Ny &3 o N e
“9 T H' pan H OH .
Fell H° OH P %)
= I~

Oxidative dehydrogenation is typically irreversible because =
there are no facile pathways for re-reduction to the amine. \
Uncharacteristically, the nitrile complex [®&py)(Cl)(N=
CCHs)(NS-3,5-MeC¢H3)] ™ undergoes reversible, 2@H* T S o -

M :?=\ H S "
reduction to the imine, [Jtpy)(CI)(NH=CHCH)(NS-3,5- AR = =(—2 ..
Me;CsH3)] T, in 1:1 (v/v) CHCN/H,O, atEy, = 0.29 V ( Q o " g o
=0.2 M), eq 33155 - 22 - 3

$262H" Reduction of ubiguinone to the corresponding semiquinone

[(tpy)(CNSCH:Me,)0s'-N=CCH,]

gy in CH.CI in the presence of [N¢Bu)4CIlO, occurs atEs/,

= —1.13 V (vs F¢/Fc). Addition of the thiourea-based

receptor shown in eq 35 gives a hew oxidative wave @3

The unusual kinetic reversibility in this case may be due ¥ _following quinone reduction. This suggests that the

to the intervention of oxidation state isomers, e.g.,"[©s intermediate semiquinone is stabilized by H-bonding to the

N=CCHs]* 4+ H* — [0s'=(NC(H)CHs")]2*. The reactivity thiourea, eq 35. Further reduction gives the hydroquinone

of this complex extends to organic reactions where the 8 s

coordinated nitrile/imine couple undergoes reversible reac- R‘N/LN_,R R, A R
| -

tions with alcohols to give ketones or aldehyd®s. 5 “"’o"‘-*l‘ '_.,';0,'_

. e ,JL - e - MeO. -
2.4. Organic PCET Y = “'“T\_q/ S -
160" MeO™ o Me0” o.

|
There is an extensive PCET electrochemistry for organic " ]L/ Q.

[(tpy ) CHNSCHMe,)Os-NH=CHCH,] (33)

redox couple$®’” with notable examples appearing for T HH
quinones, aromatic hydrocarbons, and carbonyl com- R"“*T'”m “"NTM“
pounds’®>78:80.156.157The compact potentialpK, scheme in s s
Figure 4 for the reduction of quinone to hydroquinone La (R = alkyl) I (R = pheny)

1b (R = phenyl)

provides a useful basis for summarizing redox properties in

a variety of organic PCET reactiofis!®® An example is stabilized by H-bonding to the receptor ani$h.This

shown in Figure 9, which summarizes the mechanism for observation may be relevant to the possible role of H-bond

reduction of a benzoin to thes andtransendiols in aqueous  stabilization of the semiquinone intermediate that appears

solution?9-85157 following quinone reduction in bacterial reaction centers and
Another example is the reduction of aromatic hydrocarbons in Photosystem Il (section 7.352163

(A) such as anthracene. In dry DMF, two reversible waves The effects of H-bonding to amines on the oxidation of

appear due to successive reduction of A toand then to phenol to phenoxyl radical in the gas phase were investigated
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HOS O (FeMoco). It is present in the molybdenuiimon (MoFe)
e omt . K ix‘\ protein component where reduction of Nccurst®®194 A
o Z @ N oH [BFe-7S] cluster (P) has been proposed as an intermediate
RCAR RCAR electron transfer site. It has sequentiai’®, P™° couplest®®
Il Il . .
o o The P couple is pH-dependent near pH 7 with pKy-
2e;2H*\ ; ~ (P*") < 6.0 and [X(P") > 8.5. The P-cluster has O-serinate
O)c:c(R (beta-Ser 188), peptide amide (alpha-Cys88), and cysteinate
. (Tmn.s'-)OH S |igandsl.93

A voltammetric study on the [3Fe-4S] cluster in azobacter
vinelandii Ferredoxin reveals that PCET occurs with reduc-

with GAUSSIAN 98164 The potential for phenol oxidation ~ tion accompanied by protonation. Mechanistically, rate
shifts negatively by as muclsd V with added bas&* This determining electron transfer is followed by proton transfer.
may be of relevance to a key step in Photosystem I, the The cluster is buried in a membrane and inaccessible@ H

oxidation of tyrosine ¥, which is H-bonded to a neighboring ~ Proton transfer is facile only if an aspartate (DI5) resides on

Figure 9. PCET reduction scheme for a benzoin

histidine base (section 7.2). the membrane surfad® The kinetics and energetics of the
coupled electonproton transfer have been analyzed by
2.4.2. Quinhydrones and Intramolecular PCET protein-film voltammetry-®> Proton transfer is mediated by

& mobile carboxylate arm from an adjacent aspartate-15
residue. The possible roles of internal water molecules on
the coupling of electrons and protons have been investigated
by ab initio and molecular dynamics simulatiotf§.

Quinhydrones have been described as H-bonded charg
transfer (CT) complexes. They form in solutions that are
concentrated in both quinone and hydroquinone by H-
bonding interactions. Their formation is accompanied by the
appearance of low-energy absorption bands arising fre@nH 252 Superoxide Dismutases

— Q charge transfer, eq 3668 For 1,4-benzoquinhydrone o , i
in the solid stat¥® 171 and for a series of extensively The Fe- and Mn-containing superoxide dismutase en-

conjugated quinhydroné& pressure induces a phase transi- Zymes, Fe(SOD) and Mn(SOD), catalyze the disproportion-

tion to a cooperative proterelectron transfer (PET) state. ation of superoxide, thus preventing Gnitiated oxidative

This state has been characterized as a molecular assemblgamage?”2°2 PCET is important in the reduction of20
of H-bonded neutral radicals 0 H,O,, which is part of the disporportionation cycle in eqs

38—39. Ez is an abbreviation for the enzyme, and=Mre
-“H—OOO-HO"O@:O-“ v,

or Mn 55,195-197
ooe H-OOO-H ooe o=<:>=o oo (36)
0, + EzH' (M) + HY —— H,0, + Ez(M""Y) (39)

_ Related processes occur in a class of organic molecules  geqyction of F#(SOD) to Fe(ll) occurs with addition of
in which PCET interconverts degenerate tautori@ra’’ For a protor2® most likely at coordinated OH eq 38. The

example, dynamic intramolecular, double electrpnoton coordination geometry at the active sites of the M(IIl)

transfer has been shown to occur in azopheniNgN'¢ enz ia tri ; : : ; Lo
; X S . . . ymes is trigonal bipyramidal with a ligand set consisting
diphenyl-3,6-bis(phenylimino)-1,4-diamine) as illustrated in - 4t three histidines, an aspartate anion, and OFhe proton

eq 37. The mechanism involves rate limiting “2&H" equilibria for Mn(SOD) are consistent wittKg = 11.8 for
transfer both in solution and in the solid statéA related the Mn(ll) form of the enzyme andia = 8.7 for Mn-

mechanism has been invoke_d for interconversi.on of tau- (I11).55204.205 |n an alternate interpretation, it has been
tomerf77'{‘78free base porphyrins and the porphine radical hron0sed that Tyr-34, which is universally conserved, is
anion:=" responsible for the ip, claimed for Mn(ll1) 206

0, + H" + EzM'") = 0, + EzH'(M") (38)

o’ P Phon Noph 2.5.3. PCET in Flavodoxin
/ - ) 37) The electrochemistry of flavodoxin D, Vulgaris Hilden-
Y < borough (FId), has been investigated on nanocrystalline,
Ph’NxH/N_Ph Ph-N_ .N-py mesoporous Snelectrodes. Binding to the electrode is
H promoted by poly--lysine. The electrochemical measure-
2.5. Biological PCET ments reveal two reversible redox couples that have been

attributed to the quinone/semiquinone and semiquinone/
Except for single electron transfer carriers such as the hydroquinone couples of the flavin mononucleotide (FMN)
cytochromes and ferredoxins, PCET is ubiquitous in biologi- redox cofactor. For the Q/HQ@ouple E;;; decreases 51 mV/
cal redox reactions where molecular changes are tied topH unit, consistent with a TélH" couple (section 2.1). The
energy conversion. This includes photosynthesis and respirarate of semiquinone reoxidation is pH-dependent and con-
tion, where coupled electrerproton transport chains create  sistent with rate limiting deprotonation of the semiquinéhe.

a transmembrane proton gradient and use it to produce .
ATP 179-188 2.5.4. Membrane Effects on Redox Potentials

. Electrostatic effects can have a significant impact on
2.5.1. Iron=Sulfur Proteins biological membrane redox potentials, including those
PCET has been clearly established for couples involved involving PCET?%7%73 They arise from reorientation of
in dinitrogen reduction. A [4Fe-4S] cluster acts as a one- surrounding dipoles in a rigid medium, local neutralization
electron reductant for the [7Fe-Mo-9S-homocitrate] cofactor by a counterion, and rearrangement of solvent dipoles at
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E®, kg, 0 (0] (o}
5 e o HO\I'; i;\,OH
< HO )= — OH
AT A S0
Kar ﬂ ﬂ Ker Figure 12. 4,4-(POsH,) bpy.
o .. oH rearrangement in H-bonding network surrounding €Cyt-
— between the oxidized and reduced stétés.
O(CHy),oSH .
Bk 2.6.2. Directly Adsorbed Couples

Figure 10. Kinetic scheme for pH-dependent reduction of the

galvinoxy/galvinol couple of a g-alkanethiol-terminated galvinol i Monolayers of the anthraquinone carboxylic acid shown

tethered to Au. The redox-active site is circled. in eq 40 on mercury microelectrodes undergo chemically
and electrochemically reversible 28H" reduction to the
H j/m\r A hydroquinone withe,, decreasing by 60 mV/pH unit at pH
N NN < 4212
ORS8O '

O IO 0
N i N

| OH
AN, A COOH COOH
F LT oz O “

S S (0] OH
| [

Figure 11. Structure of [Ru(dtbimp)(bimpyp]2*. The complex [RU(tpy)(bpy)(HO)]?* has successive Ru-
(Iv/iy and Ru(ll/IN) couples at potentials only slightly
shifted from those observed fois-[Ru" (bpy)(py)(H.0)]>"

surface-exposed sites. It has been proposed that long-range Figure 2. The phosphonate-derivatized version.'[Ruy)-

proton transfer in membranes may involve local, nonequi- (4,4-(PQH>).bpy)(H0)]?>", adsorbs strongly to metal oxide
librium conformations, equivalent to partial local denatur- surfaces, including Ti@ and Sn(lV)-doped 503 (ITO)

ation?0 electrodes. The structure of the phosphonated ligand is shown
in Figure 12. The pH-dependence of the Ru(lll/Il) couple is
2.6. PCET on Surfaces retained on the surface at potentials comparable to those in

solution. However, the appearance of the Ru(IV/Ill) couple
The proton-coupled electron transfer properties of solution- and oxidation to adsorbed [Ritpy)(4,4-(POsH.)(0)]?" are
based couples have also been explored on surfaces and idependent on the extent of surface coverdg@xidation

thin films. to Ru(lV) occurs by cross-surface disproportionation and not
by direct oxidation (section 6.5.2) When adsorbed to
2.6.1. “Tethered” Surface Couples surfaces of nanoparticle thin films of Ti@n glass, adsorbed

[RuV(tpy)(4,4-(POsH,)-bpy)(O)F" retains the extensive
oxidative reactivity found for analogous polypyridyl Rer
O complexes in solutioff:24

On a Au microelectrode containing both adsorbed ferro-
cenyl-thiol, Fc-C(O)(CH)10SH, and the hydroquinone de-
rivative, HLQ(CH,)sSH, the quinone/hydroquinone couple
retains its solution pH-dependence, with the"Fcouple 2.6.3. Surface Couples

providing an internal referenég’
: . ) pH-dependent redox phenomena are also observed at the
The 1€ galvinoxy/galvinol couple of the (F-alkanethiol- — gfaces of metal oxides and on metal surfaces that have
terminated derivative of galvinol, illustrated in Figure 10, pheen oxidatively treated to produce surface oxide coatings.
exhibits a pH-dependence when adsorbed to Au. The pH-gcp procedures produce clusters or layers of metal atoms
dependence was explained by a kinetic scheme involving yith exposed oxo/hydroxo functional groups analogous to
sequential ET-PT as shown in Figure 10. The surface i, single unit M=O, M—OH, and M—OH, groups in metal
reduction potential for the galvinoxy/galvinol couple de- complexes.
creased by 60 mV/pH unit “pZIOd<Q2= 12.7, past which it An example of such behavior occurs on Pd, which, when
became independent of g coated with NaOH and heated at 88D, produces an oxide
Similarly, the mercaptide-derivatized Ru complex shown surface and a PdO/Pd electrode which acts as a linear pH
in Figure 11 retains its PCET properties when adsorbed to sensor from pH= 3 to 11. The observed pH-dependence is
Au. The pH-dependence of the Ru(lll/Il) couple was retained consistent with the half reaction Pd®©2e” + 2H" — Pd-
on the surface, althoughkg; and K, » for both Ru(lll) and (s) + H,02%
Ru(ll) increased by 2 Ig, units compared to solution Cyclic voltammetric sweeps of Ry@lectrodes on Ti@
values?! display a broad but well-defined series of pH-dependent

Cytochromec (Cyt-c) was electrostatically bound to self- surfazciae waves at —0.1, 0.5, and 0.9 Vi 1 M HCIO, vs
assembled monolayers (SAMs) efcarboxyl alkanethiols, ~ SCEZ°In cyclic voltammograms of nanoparticles of hydrous
-S-(CH)-CO:H, on Ag withn = 2, 3, 6, 11, and 16. The Ru(lll) oxide adsorbed on polished boron-doped dlamor_1d
dynamics of electron transfer to and from the electrode were €lectrodes, a Ru(IV/Ill) couple appears that has a Nernstian
measured by time-resolved, surface-enhanced resonanc&esponse (0.059 mV/pH unit) from pH 1 to 13.

Raman spectroscopy following a potential jump. The mea- .

suredker decreased exponentially with increasing distance 2.6.4. Solid State PCET
until n = 6, which coincided with an increase k{H,O)/ For a variety of oxide materials, the absolute valence and
k(D,O) from 1.2 to 4.0. This effect was attributed to a conduction band edge energies vary with the pH of the
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Figure 13. Vbpy and pyr-bpy ligands.
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Figure 14. Phen (1,10-phenanthroline).

external solution with band edges shiftingg0 mV per pH
unit2'®-223 The origin of this effect has been explored in
nanocrystalline TiQ (anatase) electrodes by diffuse reflec-
tance measurements of the conduction band &ap.and
by electrochemical quartz crystal microbalance (EQCM)
measurement&? Over a range in acidity frorkl° = —8 to
+23, E, decreased by-64 mV/pH unit. The EQCM
measurements revealed that the shiftsBm were ac-

Huynh and Meyer

Electrochemical and EQCM measurements have been
applied to a series of polyoxometalates ([B®4q°,
[SiW12040]4_, [PlegOez]G_, and [F§W18062]6_) in S|Ight|y
quarternized poly-4-vinylpyridine (QPVP) and polyaniline
films. A 1e reduction, e.g., QPVP/PW+ e~ — QPVP/
[PW,J]~, followed by a 1e/2H" reduction, QPVP/[PW]>~
+ e + 2Ht — QPVP/HPW;,, was observed in all cases,
with the difference in pH-dependence leading to a merging
of the waves in acidic solution. A microenvironmental effect
influences the [, properties of the doubly reduced clusters.
It shifts the potential at which the pH-dependent and
independent couples overlap at higher acidiés.

2.7.3. Liquid Crystal Films

The redox properties of the heme protein myoglobin (Mb)
have been studied in thin liquid crystal films of didode-
cyldimethylammonium bromide (DDAB) and phosphatidyl-
cholines (PCs) by electrochemical and spectroscopic mea-

companied by proton uptake over the whole pH range. The surements. Two pH-dependent phenomena were observed.
data were interpreted by assuming that, at increasingly One, which occurs with Ig,; = 4.6, was attributed to

applied negative potentials, reduction to Ti(lll) trap sites
occurs accompanied by proton uptakeY®p + € + HT
— Ti"O(OH), which is reversible, TiO(OH) — Ti'VO, +

protonation of a histidine residue in a near lying hydrophobic
region, MbFe(lll)+ HT — MbFe(lll)-H*.23* The second
occurred at pH> 9 and was attributed to the pH-dependent

e + H*. The conduction band edge energy is controlled by Fe(lll/Il) couple of the myoglobin core, MbI&®OH + e +

the potential of the pH-dependent, Ti(IV/III) trap site couple
in the nanocrystalline material.

H* — MbFe!-OH,.

The loss of pH-dependence at high acidity was attributed 2.8. Excited States

to equilibrium protonation of Ti(IV) in the trap sites and the
couple, [TVO(OH)]" + e — Ti"O(OH). Similarly, the loss

Electronic excited states have their own electronic struc-

of pH-dependence at low acidity was attributed to the couple tures and associated properties. This includes -duacse

TiVO, + e — [TiVO,]~.2%
2.7. PCET in Films

2.7.1. Electropolymerized Films

Thin polymeric films of metal complexes containing the
vinylbipyridine or pyrrol-bipyridine ligands shown in Figure

reactivity and PCET, which can be significantly different
from those of the ground stat&35.232-238

2.8.1. Excited State Superacids

The effects of changes in oxidation state or electron content
on K, have been documented in previous sections. This
extends to excited states where changes in electronic con-

13 can be prepared by electropolymerization on a variety of figuration can significantly change aeithase propertie®$+ 238

conducting substraté$>2?6For vinylbipyridine complexes,

Excited states that are sufficiently long-lived to be thermally

reductive scans through bpy-based reductions in the potentialequilibrated with their surroundings have their own pseudo-

region—0.7 to—1.7 V vs SSCE in CkCN result in well-

thermodynamic properties including redox potentials’ g

defined films whose thicknesses can be controlled by varying etc.

the scan rate and the concentration of complex in solution.

A similar procedure for pyrrole-containing ligands, but with
oxidative scans past0.8 V, also results in well-defined thin
films.

Electropolymerization followed by chemical or photo-

The acid-base properties of excited and ground states are
related through the ‘Fster equation in eq 41, which is
derived from a thermodynamic cycl&. It relates excited
state (K;*) and ground-state i, values (fK,) through the
0—0 ground-state-to-excited-state energy differences between

chemical post-treatment was used to prepare thin films protonated (W(HA)) and unprotonated A -)) forms. The

containing polyeis-[Ru(vbpyk(H-0),]?* or poly-cis{Ru(pyr-

latter are often approximated as absorption or emission

bpy)(H20)]?".22"228Electrochemical measurements revealed maxima from the corresponding spectra.

pH-dependent Ru(IV/lll) and Ru(lll/ll) waves that were
sensitive to cycling and aging effects. The films were
electrocatalytically active toward oxidation of benzyl alcohol
to benzaldehyde and of Clto Cl, based on the higher

oxidation state Ru(VI/V) and Ru(V/IV) coupl&d’

2.7.2. lon-Exchanged Films
The complex [Ru(tpy)(phen)(OH)](phen is 1,10-phenan-

_ [w(HA) — hw(A7)]
a 2.3RT
AG = —2.3RTlog(K,*/K,) = —0.059(1K, — pK,*)
(ineV at 25°C) (42)

pK;* = pK

(41)

throline, Figure 14) was incorporated into a carbon paste The Faster equation shows that the acidity of an excited

electrode containing added Dowex 50¥\8, a strong cation
exchanger. In the film, a reversible 2El* oxidation to [Ru-
(tpy)(phen)(O)}+ occurs, and the trapped [R(tpy)(phen)-
(O)1?"/[Ru"(tpy)(phen)(OH)] couple acts as an electrocat-
alyst toward oxidation of benzyl alcoh#®

state, HA*, is enhanced, compared to the ground state, when
its energy content is greater than that of the excited state of
the basic form, A*. Equation 41 is analogous to eqs 23
and 24, which relate K, values to redox potentials. The
difference in fKy's between excited and ground states gives
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N d*dyy dy) + —
3
—_—

OH hv E,
dy _ﬁ_ +

CN
) ) Figure 16. Schematic energy level diagram fortcans[ReY(py)s-

. pyranine . dicyanonaphthol (O),]* with the O-Re—O bonding axis defined as timeaxis. The
Figure 15. Pyranine and dicyanonaphthol. diagram illustrates the effect of 2{0) mixing with d., and d,

which imparts antibonding character, givingr'dyxx2. It also
illustrates ¢, — dz* excitation to give the’Ey excited state.

the free energy change for proton transfer between the two NI N one
excited states, HA*%+ A~ — A~ + HA, eq 42. o= ) <N/>—<\N>
. . N N
The Faster equation is useful conceptually but often not
practical because of the difficulty in obtaining and analyzing
relevant spectral data. It is also limited to those cases where

acid—base equilibria are reached during the lifetime of the 2.8.2. Proton Transfer Quenching of trans-[Re"(py)-

bpz bpm
Figure 17. Bpz and Bpm.

excited state, which is frequently not the case. (0);]+*
According to eq 41, if the 80 energy of HA* is greater _ )
than the 6-0 energy of A*, pKs* < pKaand the acidity of Excited-state acidbase effects have been documented for

the excited state is greater than that of the ground state. The?ther met+al complex excited stafég®* For ¢ trans{Re"-
phenomenon of enhanced excited-state acidity has beer{PY)«(Q)]", defining the O-Re-O bond axis as the-axis,

studied extensively in aromatic hydroxyarenes, In the excited 21tibonding character is imparted tg dnd d by 2p.(O)
mixing. The in-plane d orbital gl remains relatively unaf-

hy 3 N fected. This results in the schematic energy level diagram
ArOH — ArOH* — ArO * +H shown in Figure 16. As indicated in this diagram, ¢ dz*
interconfigurational excitation, followed by spin intercon-
states of these molecules, there is a redistribution of electronversion, gives théEy excited state. It emits at 650 nm in
density away from the O-atom of the-® bond which CHsCN with a lifetime of 10us246-250
causes acidity to increase. In contrast to the case of the hydroxyarenes, the basicity

Substituent and solvent effects have been used to desigrPf the*Eg excited state is enhanced because excitation results
excited states which function as “super” photoacids. In these in electron occupation of axd orbital in the excited state.
excited states, proton transfer is in competition with excited- The electron density at the oxo groups is laneilfed, as shown
state decay, proton loss induced quenching, and homolyticby an increase in ReO bond length of 0.07 & The°E,
O—H bond cleavagé¥” The increase in excited-state acidity €xcited state undergoes proton transfer quenching ig- CH
can be considerable. For exampl&{;p = —4.5 for the CN with a variety of organic and inorganic acitfs?4° and
dicyano-2-naphthol derivative shown in Figure 15. even with metal hydride¥? The AG-dependence df, for

these reactions has been treated by application of Marcus

A related phenomenon has been reported for the Ir(lll)

» - . Hush electron transfer theory in a form originally applied to
complex [I" (phen)(Cp)H]" (phen is 1,10-phenanthroline, o, citeqstate electron transfer quenching (sectior?.ajd
Cp* is pentamethylcyclopentadienyl anionsM&s ). In this

| isibl Lio-liaand ch o h later to proton transfe®?-257 Analysis of these data gave
complex, visible, metal-to-ligan fc”arge transfef, t+ phen pKz* ~ 11 for trans{Re" (py)s(O)(OH)]** compared to Ka
(MLCT) excitation in CHOH, followed by intersystem  _  ¢5 the protonated ground Stet.

crossing k= 3—4 x 10°s™1), gives a lowest lying MLCT
excited state, [I¥(phen™)(Cp*)H]™. It subsequently un- 283 MLCT Excited States

dergoes H loss and internal electron transfer, i .

[Ir'V(phen)(Cp*)H]** — [Ir'(phen)(Cp*)]+ H* (ki = 8.1 In polypyridyl dr c;pmplexes, such as [Ru(b@W, the_

x 108 s1), which provides a basis for enhanced acidffy. lowest thermally equilibrated excited state is a largely triplet

_— . . 3[d57*1] metal-to-ligand charge transfer (MLCT) excited
The kinetics of proton loss following excitation can be state. In this state, the excited electron occupies a single
very rapid, limited by solvent relaxation in some ca&és’ ligand, [RU"(bpy~)(bpy)]2+*, although the excited-state

Proton dissociation in the excited state of the sulfonated dipole rotates through the three ligands on the picosecond
pyrene _deri\_/ative pyranine (8—hydrox_y-1,3,6-pyrenetrisu|— time scal&8263 Spin—orbit coupling and low symmetry
fonate) in Figure 15 has been investigated by theory and gpjit the triplet state into a manifold of three closely spaced
femtosecond transient spectroscéfiBased on this analysis, states which behave kinetically as a single state at room
key microscopic elements in photoinduced proton transfer emperatur@s+-269
are the quantum nature of the proton nuclear motion and |, heteroleptic complexes containing bpy and the N
electrostatic coupling with surrounding polar solvent mol- heterocycles bpm (2;Dipyrimidine) and bpz (22vipyra-
ecules. The barrier to proton transfer is dictated by solvent zine), the bpm and bpz ligands offer external N-atom proton
rearrangement and the proton tunneling distance rather tharhcceptor sites and lower* acceptor orbitals than bpy. The
the barrier height. a* energy ordering is bpz bpm < bpy (Figure 17). In the
Events occurring on three different time scales were one-electron reduced forms of the mixed ligand complexes,
observed for proton loss from excited pyranine. The first the electron is added to the ligand having the lowest
(< ~300 fs) was attributed to surrounding agueous solvent acceptor level.
dynamics, the second-Q.2 ps) to a change in electronic In the series of nine possible homo- and heteroleptic
state, and the third~87 ps) to the actual proton transfer complexes containing varying combinations of bpy, bpm,
event. and bpz, those that contain at least one bpm or bpz ligand
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Figure 18. Stepwise, photochemical#4* reduction of [(pherny Figure 20. E;p—pH diagram for [(tpy)(bpy)OY4,4-bpy)RU'-
Ru(tatpg)Ru(phenr)** in the presence of added NE#s (H20)(bpy)]*" in HO, 1 = 0.1 M, vs SSCE. Oxidation state and

proton compositions are indicated in those potentii domains
act as proton acceptors in both the Yeduced form and in ~ where they are the dominant forms. The dashed line for the Os-
the corresponding MLCT excited states. The electron is () “Ru(IV)/Os(lll)=Ru(lll) couple was calculated by extrapola-
added to the ligand having the lowestacceptor levef’0.271 tion.
Where it is observable, emission from the protonated excited Reverse transduction occurs in biological membranes

states is significantly red-shifted compared to the deproto- ynere local pH changes, induced by electron transfer, create

nated form withAw ~ 3000 cni* for [Ru(bpm}(bpzH")]*™. 3 |ocal pH gradient. The pH gradient drives long-range proton

pKa* > pKj, since an electron is excited tosg(bpm) or

g(b%)]alfl/el'm For eaxamﬁple, &8*f= 454 for [RU(;(bDV)Z' f 3.2. pH-Induced Electron Transfer, Energy

pz compared 1o B, < O for the ground state of — Transfer, and Chemical Change

[Ru"(bpy)(bpzH)F*.27?> The once-reduced complexes are ’ Y

even stronger bases witkKp= 9.2 for [RU'(bpy)(bpzH)]*. 3.2.1. pH-Induced Electron Transfer in Ligand-Bridged
Protonation significantly increases the oxidizing power of Complexes

the excited state witk® = 1.44 V (vs SCE) for the couple The ligand-bridaed complex [(tov)(b 4 4-bovIRU-
[Ru" (bpy)(bpzH)I**/[Ru" (bpy):(bpzH)>* compared t&” 1y 5y S conrains both éﬁ?é)e(pé’%égni ('R58H2+/

= 1.16 V for [RU"(bpy)(bp2)]2"*/[Ru"(bpy)(bpz)]*t. The RU—OH.2" : .
SR —OH?") and pH-independent (Os(lll/Il)) couples (Figure
thtec?;E}al difference b_et:tv(\j/een éhe two gar: laigf:a:;:ulat_ed from 19). In strongly acidic solution, Teoxidation gives the

eq 24. I : bpy)]®*, loss of a second electron gives [(tpy)(bpy)Os
MLCT excitation of the bridged complex [(pheRu- §4f)4)'/-)2t}py’)Rd”(HZO)(bpy)2]6+, and Ios% of [afa)fﬁr(dpé?ves

(tatpg)Ru(phen]*" in deoxygenated CHCN with added tov)(bov)O4! (4. 2-bov)RUY (O)(bpy)]5+
triethylamine (NE) results in reduction and protonation at : %y)éotpeyrztial—(pﬁ digé)ram gor) (th?g )Z(]:orﬁplex is shown in
the tatpq bridging ligand (Figure 18). Continued photolysis ¢y ,re 20, In this complex, the pH-induced intramolecular

i i i i /3
results in stepwise 4ereduction of the bridgé” The 100400 transfer reaction in eq 43 was demonstrated by pH
mechanism involves irreversible reductive MLCT quenching jump experiment’s

to give *tNEt; and the reduced complex, which undergoes
proton loss and further oxidatici . H
[(Tpy)bpy)0s"'(4,4-bpy)Ru" (H0)(bpy)]*" ——

3 pH—Induced Redox Phenomena [(tpy W bpy)Os' (4.4 bpy)Ru' (OH)(bpy )] (43)

. Similarly, the second pH-induced intramolecular electron
3.1. Introduction transfer in eq 44 was demonstrated in the twice-oxidized
PCET is induced by oxidation or reduction at single complex, [(tpy)(bpy)O¥(4,4-bpy)Ru"(OH)(bpy)]**. In-
chemical sites or clusters. As shown by the example in eq 5tramolecular electron transfer in this case forms'R®,
and application of the Nernst equation, changes in pH canwhich has a significant impact on reactivity. A slight pH
cause electron transfer to occur by changing the equilibrium change results in a rate enhancement~df000 in the
distribution of a pH-dependent reaction. A change in pH Oxidation ofp-isopropylbenzoate anion to the corresponding
creates a driving force for molecular energy conversion or ketone by the RerO form 27
“transduction”. Transduction, in this case, is induced by a
change in pH and its effect on the equilibrium distribution
between the components of a redox couple. In the example [(tpy)(bpy)Os' (4 4 bpy)Ru' ¥ (O)(bpy)]* + H,0  (44)
in eq 5, a change in pH above pH 6.2 results in a new
equilibrium distribution which is reached by electron transfer, 3.2.2. pH-Induced Energy Transfer
cis[RUV (bpy)(py)(O)F" + [Os' (bpy)]?t + HT — cis[Ru'" - Similarly, pH-induced, intramolecular energy transfer has
(bpyk(py)(OH) + [Os" (bpy)]®*. been demonstrated in both [(tpy)(bpy)©@&4-bpy)RU'-

(Tpy)(bpy)0s' (4, 4'-bpy)Ru"(OH)(bpy). ] + - —
(Tpy)(bpy)0s'' (4 4'-bpy Ru (OH)(bpy), OH
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Figure 21. Benzotriazole and 2)is(benzimidazol-2-yl)-4,4
bipyridine.

(H20)(bpy)k]** and its mixed-valence form. MLCT excitation
of the Os(Il)-Ru(ll) complex at Ru(ll) is followed by rapid,
efficient RU'* — Od' energy transfer, eq 45. The sense of
the energy transfer is reversed above $HO0.3, eq 4676

[(tpy)bpy)Os'' (4,4 bpy™ yRu' (H,0)(bpy), ]

-

[*(tpy*)(bpy)0s' (4,4 -bpy)Ru (Ha0)bpy )] (45)

[*(tpy*)(bpy)Os'(4,4-bpy)Ru" (OH)(bpy),]*" ——=

[{tpy)bpy)Os''(4,4-bpy*)*Ru' (OH)(bpy), I (46)
The mixed-valence form acts as a pH-dependent light

switch. There is no emission from [(tpy)(bpy)tg,4-bpy)-
Ru'(HO)(bpy)}]®" because of rapid nonradiative decay from
the MLCT excited state [(tpy)(bpy)®¢4,4-bpy*)*Ru" -
(H20)(bpy)]®". Excitation of [(tpy)(bpy)O%(4,4-bpy)RU" -
(OH)(bpy)]** leads to emission from the &é&py~) MLCT
state.

3.2.3. pH-Induced Changes in Electronic Coupling

Deprotonation of the mixed-valence complexes
[(edta)RU' (btaH)RU (edta)f~ (edta is ethylenediaminetet-
raacetate, btaH is benzotriazole) and [(bRy(bbbpyH)-
Ru(bpy)]®" (bbbpyH is 2,2-bis(benzimidazol-2-yl)-4,4
bipyridine) at the bridge changes the extent of RufiRu(lI)
electronic coupling (Figure 22§4277

3.2.3.1. pH-Induced Electronic Delocalization in Azur-
in. In an engineered Gucenter in azurin at pk= 7 (Figure
22), EPR and UWvisible measurements point to a delo-
calized CUS—Cu'® core. Protonation causes changes in the
absorption spectrum and a four-line EPR hyperfine spectrum,
which are consistent with a trapped valence, Ce{Qu(l),
core. Protonation occurs at the C-terminal histidine ligand
(His-120), as shown by site-directed mutagenéSis.

3.2.4. Reversible O, Evolution from cis-[Os" (tpy)(Cl),(NS-
(0)-3,5-MeCgHs)]

Oxidation of the sulfilimido complexis-[OsV (tpy)(Cl)2-
(NS(H)-3,5-MeCsHz)]t by MesN—O gives the correspond-
ing sulfoximido complex cis-[OsV(tpy)(Cl)(NS(O)-3,5-
Me,CsH3)]. It is a pH-dependent &carrier undergoing rapid
(less than millisecond) release of @pon addition of a strong
acid by a reaction that is reversible upon addition of a base,
eqs 47 and 48°

- o N "
2 Cis-[(tpy HC1),0s N-b\ + 2H —_—
Cr.HJ\"I&;
H +
v /
2 eis-[(tpy ) C1), 05 V=N-§ + 0, (47)
CgH:Me,
H +
- s
2 ('r.s-[[Ipy_rf{']_r:[).*;"\'=.\'-§§\ + 2bpy + O —=
CgH;Me;
0
ot Vg o 5 '
2 cis-[(tpy W C1),0s" "=N-5 + 2Hbpy (48)

CsH:Me,
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3.3. pH-Induced Redox Effects in Films

3.3.1. Intra- and Interfilm Electron Transfer

The bilayer polymeric film structure, electrotd@oly[Os-
(bpy)(vpy)(PFe)2 | nafion—cis-[Ru" (bpy)(py)(H0)](PFs)2
(vpy is 4-vinylpyridine, Figure 23), was prepared by reduc-
tive electropolymerization of the Os complex (section 2.7.1),
followed by evaporative deposition of an outer film of Nafion
and incorporation ofcis-[Ru"(bpy)(py)(H.0)]*" (Ru'—
OHz?") by ion exchange.

pH-induced electron transfer through the inner film was
demonstrated by varying the pH in the external solution as
illustrated in eqs 495128

€ H
FTNF N e
Electrode || 0s" | Ru'-OH,2*| — Electrode || 0s"'| Ru"-OH?" | + H' (pH=5) (49)
(0 = 06V) (0.6 V)

H™
(pH3 =2
+ H —— = Electrode
(0.6

./""_"A P AT
Electrode || 0s'" | Ru'"-OH* | osttt| Ru'om2 | (50)

(0.6V)

H

FENEI TR 05
Electrode || 0s'"' | Ru'-oH,2 | 2" 77 H (51

(0.6 V)

Electrode || 0s''" | Ru'"-OH?" | 4
(06 V)

Hydrolysis of the trimethoxysilane derivative [BV-Q-
BV]&" (Figure 24) produces redox-active films on Pt by
—Si—0O—Si— cross-linking. The internal quinone/hydro-
quinone couple, Q- 2e~ + 2H" — H,Q, is mediated by
the pH-independent B3+ couple: (1) BV'-Q-BV?" +
2e- — BV**-Q-BV'* followed by (2) BV+-Q-BV'+ + 2
H — Bv2+_H2Q_BVz+_281

3.3.2. pH-"Encapsulation”

In films of the derivatized poly-4-vinylpyridine polymer
in Figure 25 on glassy carbon electrodes, cyclic voltammetric

IMet123 !

His120

6\0 Glu114
8 Cys112

Figure 22. Structure of the Cu site in engineerred Guazurin
showing the surrounding ligands: methionine (Met), histidine (His),
glycine (Gly), and cysteine (Cys). Reprinted with permission from
ref 278. Copyright 2004 National Academy of Sciences.

J
N/\:\>7CH:CH2

Figure 23. 4-vpy.

(MeO);Si,
“D‘QN\O\
0
"\\ImN cl

c1)¢(N\_ﬂl\\O¥
NCHEN\Q

0
Si(OMe);

Figure 24. BV-Q-BV®*



5020 Chemical Reviews, 2007, Vol. 107, No. 11 Huynh and Meyer

—HCH-CHy)—(CH-CHy—], D,A—D" A" (53)
| d 2
N N _ —1/2 (AGET + /1)
LR~ Ker = ver(47ART) ““exp _[ 4IRT (54)

Figure 25. Derivatized poly-4-vinylpyridine polymer.
In eq 54,ver is the frequency factor for electron transfer,

—HCR CR)H(F-CR— and ] is the total reorganization energy. It is the sum of
O-CFy-CF(CF3)-0-CFy-CF-S05°Na intramolecular /i, and solventd,, reorganization energies;
Figure 26. Nafion. see eq 55. They include contributions from both reactants

and are related to the reorganization energies for thg D
measurements as a function of pH revealed the presence oy, and A'-, 1, self-exchange reactions by eq 568+2%
the expected pH-dependent'RuOH**/Ru'—OH,?* couple

until the onset of the I§, for the unbound pyridyl groups in A=A+, (55)

the films (pH~ 5). Further increases in pH had no effect

on Ei;», which remained fixed at 0.63 V (vs SSCE). The A= iaTAp)2 and A,= (A,a+4,p)/2 (56)

effect is reversible, with the Ru(lll/Il) wave reappearing when

the pH of the external solution was decreased 7 4. AGgr is the free energy change for the electron transfer
The loss of pH-dependence was described agpld “  step. Bimolecular electron transfer is a three-step process

encapsulation effettWhen protonated, the interior of the  with preliminary association of the reactants, eqs-59. In
film is impregnated with water and opened to the buffer this caseAGer is the free energy change for electron transfer
components in the external solution. When deprotonated, thewithin the association complex. It is related to the overall
interior is nonpolar and water, and the buffer components AG change in the prevailing mediumG®', as shown in eq
are extruded®?

Related effects have been observed in thin films containing

cis-[Ru" (bpy)k(py)(H0)]*" or [Ru(tpy)(bpy)(HO)J** ion- D+A=DA: K, (AG,,) (57)
exchanged into Nafion (Figure 26) on glassy carbon elec-
trodes. DA—D'A": Ko A(AGer~AG)  (58)

The complexes partitioned into three different phases, only
two of which were electroactivé;; for a film-based R — o N 3 . ‘
OH?"/RU'—OH,2" couple or couples decreased 59 mV/pH DA =D +A: (K\) " (FAG,) (59)
unit from pH= 1 to 6. Past pH= 6, both pH-dependent
and pH-independent waves appeared, the latteE,at= AGg; ~ AG, = AG” — (AG
0.56 V (vs SSCE, 0.1 M CI9), providing a second example ¢ app
of “pH encapsulation”. Exchange among the three phases
occurs on a time scale of secords.

— AG',,) = AG” +
AAG,,, (60)

As defined by Krishtalik, the quantitxG. in eq 60 is the
free energy change between reactants and products in

4. Mechanistic Aspects of Proton-Coupled appropriate configurations (internuclear separation, relative

Electron Transfer orientations, ...) for electron transfer to occur (section
. 5.5.4)2%6-29%8 For bimolecular electron transfekGer ~ AG..

4.1. Introduction In eq 60,AGl,p, and AG',p are the free energy changes for

The examples in section 2 demonstrate a thermodynamiciorMing the reactants and products in appropriate configura-
relationship between electron and proton transfer, and thosel!ONS for electron transfer WithAGgpp = AGlapp — AGiapp
in section 3 demonstrate that the relationship provides a basis Of charged reactants, théSqp, terms include an electrostatic
for energy transduction. A second theme is mechanistic. How P&t the “work” terms, for formation of the electron transfer
do PCET reactions occur? Are electrons and protons prec“g%?fzsgg‘gng% successor complexes; note eq 77,
transferred singly or in concert? For concerted electron below: ’
proton transfer (EPT), what are the microscopic details
defining reaction barriers and rates? A theoretical basis for
understanding EPT is available from electron transfer theory, In the limit that D and A in egs 5759 can be treated as
and it provides a useful starting point. non-interpenetrating spheres and the solvent as a dielectric

electric continuumf, is given by eq 61. In this equation,

4.2.1. Reorganization Energies

4.2. Electron Transfer

1 1 1\[1 1
For the generic intramolecular electron transfer reaction A= 92(2—a1 T 2_32 N a)(D_ N SJ (61)
in eq 52 or electron transfer within an association complex
of reactants in eq 53, the rate constdey, is given inthe b and 0 are the optical and static dielectric constants of
classical limit by eq 54. A barrier to electron transfer exists ihq medium.a; and a, are the radii of D and Ad is the
arising from changes in intramolecular structure at the jiarnuclear separation distance between D and A,eisd
electron transfer donor (D) and acceptor (A) and from e ynit electron charge. More accurate representations of
reorientation of solvent molecules in the surrounding me- e actual molecular geometry have been derived based on
dium. ellipsoidal cavitie®42% and, more generally, by using a
frequency-resolved cavity model (note refs 327, 328).
D-A—D"—A" (52) Molecular-level solvent effects have been introduced by
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separatingl, into components arising from orientational
fluctuations of solvent dipoles and density fluctuatiéiiss!t

The effect of solvent on electron transfer has been
investigated in detail both experimentally and theoretical-
|y, 285:286,288:292,294,295,306311 Electronic delocalization along the
electron transfer axis can greatly decrease the effective
electron transfer distance compared to the molecular inter-
nuclear separation distang@: 314

There is experimental evidence for noncontinuum effects
with H,O/D,O Kkinetic isotope effects as high as 15
observed for outer-sphere electron transfer and for electron
transfer at electrode$>36Nonradiative decay of the MLCT
excited state(s) of [Ru(bpyf" and related polypyridyl
complexes of Os(Il) occurs witk(H,O)/k(D,O) ~ 2317318

In these cases, there is no basis for specific interactions
with the solvent and the isotope effects necessarily arisen
from quantum effects since there is no significant difference
in dielectric properties between,@ and DO until the onset
of a series of water cluster librations-a#t50 cnt?. Isotope
effects may arise by coupling of electron transfer to water
librations ory(O—H) modes. The magnitudes of these effects
are important since kinetic isotope effects of the same
magnitude have been cited as evidence for multiple-site EPT
mechanisms with the solvent acting as proton acceptor or
proton donor (section 5.5).

Ai is given by a sum over coupled normal mode# eq
62. Vibrational coupling to electron transfer occurs if there
is a change in equilibrium structure and associated equilib-
rium displacementAQg; = 0) between reactants,BEA or
D,A, and products, D—A~ or D",A". In eq 62,f; is the
force constant for mode§ is the electron-vibration coupling
constant or HuangRhys factor, andhw; (=hv) is the
vibrational quantum spacin; is related toAQg; as shown
in eq 63 withM; the reduced mass. Equation 62 assumes
equal vibrational spacings (and force constants) for njode
in the reactants and products.

1
A= JZEfJ(AQeJ)Z = quhwj (62)

§= 1/2(Mja)]-/h)(AQe,j)2

4.2.2. Barrier Crossing

In the limit of weak electronic coupling, the dynamics of
barrier crossing are controlled by slow electron tunneling,
the nonadiabatic limit. In this limityer = ve with ve the
electron tunneling frequency, defined in eq 64, which comes
from time-dependent perturbation thedrpa (or Hap Or VeT)
is the electron transfer matrix element, eq 65. It is the
interaction energy arising from donoy) acceptor {’a)
electronic wave function mixing. Mixing of the wave
functions is induced by the electrostatic perturbation between
D and A as represented by operatbiin eq 65.

_2r
_hH

Hpa = WalHlyppU

In the “adiabatic” limit, electronic coupling is sufficient
(approximately tens of cri or greater) that the transferring
electron is always in equilibrium with the nuclear motions
that create the electron transfer barrier. In this limit; is
dictated by the dynamics of the slowest nuclear motion or

(63)

2
DA

(64)

Ver = V¢

(65)
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motions coupled to the interconversion between initial and
final states and barrier crossing. These are typically collective
solvent dipole reorientations, eq &8:3%L In the intermediate
regime,ver is given by the kinetic average, eq 67.

VET= Vn (66)

“1_, -1 —1
ver = e v, )

(67)

4.2.3. Including Quantum Modes

The classical approximation is inappropriate for high- and
medium-frequency vibrations wittv = hw > kgT, and they
must be treated quantum mechanically. For a single coupled
mode or averaged mode withw > kgT, only they = 0
level is significantly populated, ankkr is given by egs 68
and 69. These equations also assume that there is no change

in frequency between reactants and products with=
4 _285,287—292,294,295,322328

Ker = VETZ () x(v=0)3 (47RTi, ) "> exp—

(AGgr + vho + Ay )

42, RT (66)
Ker = ZkET,U' (69)
H=oi=ep-9S) 0

ket is a sum ok's for separate vibrational channels starting
from thev = 0 level in D—A or D,A and ending up in the
v in DY—A~ or D",A". For each channekgr, is a product
of three terms: (1ler, (2) the square of the vibrational
overlap integral #(v')|x(v=0)3, and (3) a classical expo-
nential barrier crossing term. The latter gives the Boltzmann
population of B-A or D,A pairs in the ensemble that have
the free energy content and distribution among coupled
vibrational and solvent modes required for electron transfer
to occur with energy conservation. In the classical limit, this
occurs at the top of the barrier where the energy-coordinate
curves for reactants and products intersect.

The vibrational overlap integral gives the extent to which
the initial and final states coincide along normal coordinate
Q. It is the quantum equivalent of the intersection between
energy curves in a classical barrier crossing. Its origin is the
probabilistic uncertainty in spatial coordinates for particles
at the quantum level. For a harmonic oscillator with no
change in frequency between the initial and final staies,
= o', and the vibrational overlap integral is given by eq 70.

Coupled low-frequency modes are included in eq 68
throughl,, which is defined in eq 72

Aol = Ao T AL (71)
AiL is defined in eq 72. It is the reorganization energy
contributed by low-frequency modes treated classically. The
summation is over the coupled vibrations; note eq 62.

A= ZSM (72)

For the more general case of a single coupled high-
frequency mode or average mode with contributions from
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levels aboves = 0 in the reactants, the expression fer is
given by eq 73.

Ker = ver) p(v)z () 3 (v=0)A(47R T2, )M x
(AGgr + (v — v)ho + 4y ))°
- 44 RT

ex (73)

AGg(v,0") = AGgr + (v — v)hw (74)
In eq 73, thep(v) values are Boltzmann populations in

level v. AGer(v,0") in eq 74 is the free energy change for
thev — o' vibrational channel. The expression e in eq

Huynh and Meyer

Near the diffusion-controlled limit, £68-10** M~ st in
water and polar organic solvents, rate constants for diffusion
(ko) and electron transferkérK,) are comparable and
kinetically coupled. They are related to the observed rate
constantkops by €q 79.

1_1, 1
kobs kD kETKA

The classical electron transfer barrer expression in eq 54
can be expanded as shown in egs 80 and 81, which neglects
differences betweel, andK,' and assumes corrections that
can be made for diffusion, if needed, by using eq 79.

The expressions in eqs 80 and 81 account for the free-
energy-dependence d&r in a closely related series of

(79)

73 can be generalized to include multiple coupled modes reactions whereAG*' is varied by varying the reactants.

and changes in frequenés?.323

ker(0) is the rate constant for a hypothetical reaction in the

As discussed in section 5, the result in eq 73 is of direct Seriés withAG™ = 0. The behavior predicted by eqs 80 and

relevance to coupled electreproton transfer (EPT). The
same microscopic factors influencing reaction dynarics

81 has been experimentally obsery&dBased on these
equations, wherl > AG®, the AG*' /A term is negligible

intramolecular structural change, solvent coupling, electronic @1dRTIn ker is predicted to increase asAG™/2.

interactions, and coupling of quantum modese at play
in each.

4.2.4. Bimolecular Reactions

For bimolecular reactions that occur well below the

diffusion-controlled limit, the scheme in eqs-539 applies.
As shown in eq 75, the experimental rate constkgt, is
given by the product oker and a preassociation constant,
Ka. As defined in eq 768K, is determined by the internuclear
separation distancej, Avogadro’s numberNa, and an

— 012
ke = ve K, (47RTA) Y2 expﬁ_[i + 2AG* + Ai ]
(80)
B _ AGOI AGOV
In ke = In ke-(0) —ZRT(l +5- ) (81)

4.2.5. Cross Reactions

From Marcus theory, it is possible to relate the rate
constant for an outer-sphere electron transfer reactiott, D

electrostatic energy of association if the reactants are charged® — D" + A~, ki, to the free energy chang&Gi, =

w. From the EigerFuoss equation for spherical ions in a
dielectric continuumwv is given by eq 77 wittZ; andZ, the
ion chargese the unit electron charg®s the static dielectric
constant of the mediunh the ionic strength, anf the Debye
Iength (&NAeZ/]_OO(I)SRT)1/2_28&289,294,336332

AG® —RTIn Ky, and rate constants for the associated self-
exchange reactiong; for D™° andks, for A%7). In the rela-
tionship in eq 82, the quantityis defined in eq 83. Depend-
ing on time scale, self-exchange rate constants are typically
measured by isotopic labeling or by NMR or EPR line broad-
ening. Equation 82 follows from eq 54, assuming that=

kobs: K AkET (75) 1/2(111 + A22) and et 1Ka12) = [(Ver110Ka 1) (Ver 2Ka 22)] vz
with the term (4RTA)Y? included inver 11 and ver 2o For
3 reactants and products of different charge types or with a
_ 4aN,d — significant mismatch in size, an electrostatic correction factor
Ka = 3000 eXF{R_\-|N-) (76)  must be applied to eq 827.29:295
Ky, = (Kyqko K )2 (82)
_ lezezl 1 (77) 12 117227 M2
dD \1+ g a2 (In K1)
Inf= (83)
4 In(Ky1k5,)
More generally, electron transfer can occur over a range
(Ver 1K 10 (VeT 2Ka 22)

of separation distances and favored orientations that maxi-

mize electronic orbital overlap. In more complete analyses,  Equation 82 was derived for outer-sphere electron transfer
Ka is replaced by an integral over a range of separationsin the nonadiatic limit. It has been successfully used to
and relative orientation8! 2%2%2%This is importantin EPT,  correlate electron transfer rate constants and to calculate
where a preformed H-bond or related interaction is r_eqwred quantities k, 1) for reactions for which experimental data
given the short-range nature of proton transfer (section 5.3). 5re |acking. Although there is no direct theoretical justifica-

In the generalized electron transfer mechanism in egs 57 tjon for its application in such cases, it has also been found
59, AGer is determined bAG™ and the association constants g correlate data involving bond rupture and formafién3s?
for the reactants, Br A = D,A (Ka), and products, D + hydride transfe?® proton transfe?523%and H-atom trans-
A~ = D% A" (Ka'), with the three related as in eq 78. As gy 340
mentioned above\Ger ~ AG. with AG, the configurational . )
free energy change. Als&a ~ exp —[AG,,/RT] and K'a 4.3. PCET: Energetics and Mechanisms

4.3.1. Stepwise Mechanisms

~ exp —[AGdRT] in eq 60296-2%
In the absence of coupled electrgproton transfer (EPT),

AGgr = AG* + RTIn(K,/K,') (78) PCET reactions occur by stepwise mechanisms: electron
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Figure 27. pH-dependent cyclic voltammograms foans[Os'" -
(tpy)(CN)2(NHg)]t in water,] = 0.1 M, vs SSCE at 100 mV/s. Scan
directions are indicated and waves labeled for the oxidation of Os-
(1) to Os(1V) (A), for the oxidation of Os(IV) to Os(VI) (B), and
for reductions of an intermediate (I) and of Os(VI) (II). The Os-
(In/1) couple appears aE;, = —0.18 V, taken from ref 134.

transfer followed by proton transfer, ET-PT, or proton
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[(NH;)sRu''(His60)-Fe'Y=0] —= [{(NH;);Ru"""}*(His60)-Fe'''-07] (84)

) rapid
[{(NH3)sRu'"} ' (His60)-Fe''-07] + 2H* —= [(NH;);Ru'"(His60)-Fe'"-OH,]* (85)

from pH = 5.8 to 734345The pH-dependence is consistent
with activation by protonation at distal His64Kp ~ 6).
This group lies near the heme pocket and=ke This

reaction may occur by MS-EPT (eq 86) followed by proton
transfer, thus avoiding fe-O~.

H+
Ry
(NH3)sRu''(His60)-Fe''=0---"H-His64 ——=
RLb

[{(NH3);Ru'""}* (His60)-Fe''-O-H---His64]  (86)

[{(NH3)sRu'"'}* (His60)-Fe'-O-H---His64] + HX ——»
[{(NH;);Ru'""}(Hisa8)-{Fe''.OH, }*] + Hiss4 (87)

The importance of H-bonding to an oxo ligand prior to
electron transfer has been noted for horseradish peroxidase
compound Il (HRP-1$*6-348the distal arginine of HRP#-351
cyctochrome ¢ peroxidasé® and other heme perox-
idasesi>33%5

4.4. Coupled Electron —Proton Transfer (EPT).
Competition between Stepwise and EPT
Mechanisms

As noted in sections 1.1 and 2.1.2, EPT is microscopically
more complex than either ET or PT but can have a significant
advantage in avoiding high-energy intermediates. This is
illustrated in Figure 28 for the comproportionation reaction

transfer followed by electron transfer, PT-ET. For PCET, betweencis-[Ru" (bpy)(py)(O)F* andcis[Ru"(bpy)(py)-
these mechanisms can impose high reaction barriers and low{Hz20)]** in eq 107"° It compares energetics (at pH 7)

rates?92341.342Thjs includes electrochemical reactions at inert

for (a) ET-PT, (b) PT-ET, and (c) EP?F®

electrodes where the only available mechanisms are ET-PT Neither pathway (a) or (b) contributes significantly to the
or vice versa. Slow electron or proton transfer can cause overall reaction in this case. This is shown A values
irreversible electrochemistry, and complicated, pH-dependentfor initial PT or ET,>0.55 and>0.59 eV, that are in excess

current-potential waveform§:4243.6364

An example is the chemically reversible,”8&8H" oxida-
tion of trans[OS" (tpy)(CI)2(NH3)]* to trans[Os"! (tpy)(Cl)-
(N)]" in eq 31 (section 2.3.2). That the reaction is mecha-
nistically complex is shown by the pH-dependent cyclic
voltammograms otrans[Os" (tpy)(Cl)(NH3)]* in Figure
27.134,139

A qualitative mechanistic analysis of the data pointed to
the importance of slow NH transfer. It was suggested that
rate limiting proton transfer occurs frotnans[Os" (tpy)-
(Ch2(NH3)] ™ to OH™ (not H,O) followed by rapid oxidation
to trans[Os" (tpy)(Cl)(NH)] . Similarly, rate limiting loss
of 2H' to 20H" is followed by rapid oxidation ofrans
[0SV (tpy)(Cl)2(N)]~ to Os(V). The possible intervention of

of the experimental free energy of activatiakG®' = 0.44
eV (Figure 28). Both involve initial formation of high-energy
intermediates at the prevailing pH: RtO" + Ru—OH®*

or RUV=0H3" 4+ RU'—OH". Although more complex, EPT
in pathway (c) occurs aAG*' for the net PCET reaction.

In other reactions, there can be a complex interplay among
the three available mechanisms. The example of oxidation
of tyrosine by [O¥ (bpy)s]3* is discussed in section 5.5.4.3.

An example of EPT of a different kind appears in the self-
exchange reaction between Fe(ll) and Fe(lll) bi-imidazole
complexes in eq 88 studied by Mayer and co-workerdHby
NMR line broadening®” As illustrated in eq 89, proton
transfer occurs between imidazole N-atoms which are ligand-
based, and electron transfer occurs betweenrtbitals that

MS-EPT pathways, as elucidated by Saveant and co-workersare mixed with ligand orbitals but largely=¢(Fe(lll)) and
for other electrochemical reactions (section 6.5.3), was not dx(Fe(ll)) in character.

considered in the analysis.

Another example, relevant to electreproton coupling
in biological reactions, occurs in the slow reduction of the
oxyferryl heme in cytochrome peroxidase (CCP) by [Ru
(NH3)s]?" bound to His-60 (histidine-60). Slow electron

transfer was attributed to a large reorganization energy at

the oxyferrylnemé*3 A more likely explanation is that Te
reduction of the ferryl, F¢&=0 + e~ — Fe''—0O~ (eq 84),
is energetically unfavorable, much as reductiogisfRu'v -
(bpyX(py)(O)F* in eq 6.

Reduction of the oxyferryl heme site of horse heart
myoglobin (HHMb) by [RU(NH3)s]?t attached to surface

His48, 12.7 A from the heme, was found to be pH-dependent

Hsb rl/“/ j:
[{(Hzbim);Fe N

[Fel{Hobim)s " + [Fe"'{Hbim){Hsbim), >
[Fe " (Hbim)(Hybim), 1", [Fel((Habim),J*

(88)

N Nese LN NN
» HY

NN
1 /Fc '(Hgb]l‘ﬂ);]" —

N N-H HN™ N
L

T\ I\
N, _N-Heee N_ N

I N
[iH_.hjm)zFe”\ 1 /Fe"iH:him}:]J (89)

N N.H HNT N
[y



5024 Chemical Reviews, 2007, Vol. 107, No. 11

(ET-PT)

[(Bpy o pyIRu™-01" + [(bpy s py Ru"-0H, ]}
{a) T AG™ = 055 eV }
(EPT)
[(Bpy)a(py RU™V=0F" + [(bpy)a(py Ru"-OH,

[(bpy =l py TRUM-0OF

Figure 28. Thermodynamics of three PCET pathways for the
comproportionation reaction in eq 10 at 26 and pH= 7,1 =

0.1 M: (a) electron transfer followed by proton transfer (ET-PT);
(b) proton transfer followed by electron transfer (PT-ET); and (c)
coupled electrorproton transfer (EPT)AG is the free energy of
activation3>°

HOOC, CH;

OO

Figure 29. 4-CO,H-4'-Mebpy.

In a third example, quenching ofCso by phenols is
enhanced by added pyridines with MS-EPT implicated as
the pathway, eqs 131514358With tyrosine (TyrOH) as the
phenol, EPT would be favored over EXGgo + TyrOH —
~Ceo + TyrOH*, by ~ —0.4 eV (~ —9 kcal/mal). This is
due to the decrease B’ from 1.34 V (vs NHE) for the
TyrOH*° couple to~ 0.9 V for the TyrO-:-*H-py/TyrO-
H---py couple (section 6.4.1).

5. Defining Electron —Proton Transfer

5.1. Electron —Proton Transfer (EPT)

Although pathways involving EPT may be preferred on
energetic grounds, there are specific orbital requirements.

(1) Electrons and protons transfer from different orbitals
on the donor to different orbitals on the acceptdn H-atom
transfer (HAT), both the transferring electron and proton
come from the same bond. The distinction is not semantic.
If comproportionation betweetis-[Ru" (bpyk(py)(O)** and
cis[RU"(bpy)(py)(H0)J?>" in eq 10 occurred by HAT rather
than EPT, the immediate product would be a hydroxyl radical
bound to Ru(ll) rather than OHbound to Ru(lll), eq 90. It
is at higher energy by 2.1 eV and not a viable intermediate
for the thermal process.

&
—

r(pr\f}a{p\f)KfF‘/—Ld H-S-}u' '(bpy)a(py)]*
(dr) (d=)
[(bpy)s(py)Ru"-O-Hees O-Ru(bpy)y(py) 1™ (90)
H

(dn®) (250'dn®)

(2) The e/H* donor orbitals and e/H* acceptor orbitals
interact electronically, enabling simultaneous/id™ trans-
fer. In the reaction between [®ébpy)(4-COH-4'-Meb-
py)I?t and cis-[Ru" (bpy)(py)(O)J**, there is no evidence
for the EPT pathway{ cis-[(bpy)(py)RU¥V=0:--HOC(O)-
(Mebpy)O$ (bpy)]}** — { cis-[(bpy)(py)RU"-O-H:--~OC-
(O)(Mebpy)O4' (bpy)]}*". 4-COH-4'-Mebpy is shown in
Figure 29. This is apparently a consequence of weak

Huynh and Meyer

electronic coupling between the spatially separated electron,
d(Os(l1)), and proton donor orbitalgo-y(COOH)3

(3) As used here, simultaneous means rapid redatd
the periods for coupledibrations (~100 fs) and salent
modes {1 pg:319-321.359The intimate details of the coupled
electron-proton transfer remain to be explored experimen-
tally but are discussed theoretically in section 5.3.1.2. With
the definition in @), there is no discrete ET or PT intermedi-
ate equilibrated with its surroundings. If there were, the
underlying thermodynamics would be those of the intermedi-
ate and not those of EPT. In the coupled electrproton
transfer step, the latter is typically the slow part with the
electron coordinate always at equilibrium with the transfer-
ring proton.

5.1.1. Multiple Site Electron—Proton Transfer (MS-EPT)

In MS-EPT: (1) An electronproton donor transfers
electrons and protons to different acceptors or (2) an
electron—proton acceptor accepts electrons and protons from
different donors Evidence for MS-EPT has been cited in
the reduction ofCg by phenols in eqs 1315 and possibly
in the reduction of a ferryl (Fé=0O) by appended -Ru
(NH3)s?" in eq 86. The utilization of MS-EPT pathways
appears to be common in biological PCET (section 7), where
structural motifs have evolved and exploit long-range
electron transfer with careful attention paid to the short-range
nature of proton transfer (sections 5.3 and 7).

A variety of MS-EPT pathways is possible depending on
the combination of protons and electrons that are transferred
in concert. Possible examples are cited in the following
sections of (1) 1¢1H" MS-EPT, as in the oxidation of
tyrosine Yz by Psgo™ in section 7.2.2, (2) 2é1HT MS-EPT,
as in the activation of cyctochroneeperoxidase in section
7.3.2, (3) 1e/2H" MS-EPT in long-range PCET in oligo-
nucleotides (section 6.4.4) and in the activation of the oxygen
evolving complex in Photosystem Il, (4) internal 18H"
MS-EPT with intramolecular proton transfer accompanying
ET (section 6.4.2), and (5) solvent-assisted/1el™ MS-
EPT with the solvent acting as the proton donor or acceptor
(section 5.5.3).

5.2. Related Pathways

There are other concerted pathways for simultaneous
electron-proton transfer which differs from EPT either in
what is transferred or in the orbitals involved in the transfer.

5.2.1. H-Atom Transfer (HAT)

In HAT, both electrons and protons are transferred from
the same chemical bond. This is a characteristic reaction for
hydrocarbons in which a €H bond is the HOM(80:361
lllustrative examples that distinguish between EPT and HAT
have come from the results of a DFT theoretical study on
degenerate hydrogen self-exchange between benzyl radical/
toluene and phenoxyl radical/phenol self-exchange. In the
former, PhCH + PhCH — PhCH + PhCH, the 2p
acceptor orbital on the benzylic radical approaches along a
C—H bond. In PhO + PhOH— PhOH + PhO, electron
transfer occurs from a orbital on phenol to ar orbital on
phenoxyl radical. Proton transfer occurs within a H-bond
between ao lone pair on phenoxyl radical ando-y of
phenol. The key difference is the use of low lyingedox
orbitals on the phenoxyl/phenol paf?

A distinction can be made between EPT and HAT in
many cases, with significant energy differences between the
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different orbital pathways. The two have been compared section, there is no prior orientation by H-bonding. Orien-
theoretically by both Cuki€f® and Hammes-Schiffeff. tational effects still exist in the association complex between

Nonetheless, there is a fundamental difference betweenréactants in order to maximize overf{3?>87268.390368.369
reactions such as PRGhOH exchange by EPT and the Another example is oxidation of [FgH2bim)s]** by PhCHr,
comproportionation pathway in eq 12 or MS-EPT in eq 14. €d 92, in which “H-atom abstraction” from the Fe(ll)
In the latter reactions, electronic coupling is relatively weak, complex occurs by transfer of an electron from(Be(ll))
with the resulting resonance energy far less than the and a proton fronoy— (imidazole) to a sf{C) orbital to
reorganization energybpa << A. This is because EPT  form the C-H bond3* _
occurs between spatially well separated sites. As discussed Mayer and co-workers have demonstrated the existence
in section 5.2 and for related electron transfer reactions, of an empirical Marcus-like cross-reaction correlation for a
reaction barriers are dictated largely by the reorganization Series of reactions such as those in eq 92 which occur by a
energy and the changes that occur in intramolecular structurecombination of HAT and hybrid HAT-EPT pathways. The
and surrounding solvent dipoles. Marcus cross-reaction equation relates the rate constant for

In HAT, or PhO/PhOH exchange, electronic coupling is electron transfer to the self-exchange rate constants for the

P ot ; t couples and the equilibrium constant. Note eq
significant, comparable to the reorganization energy ik component . . tant. Note

~ 1. The interaction or resonance energy plays a major role gzt n se?rt:orlw4.2.5£hThere. |sthnodo:JV|ous discrimination
in defining the reaction barrier. In these strongly coupled etween the two pathways in the data.

cases, EPT and HAT are closely related even though their 1 heSe reactions are different in kind from the compro-
orbital interactions may differ in detail. portion or MS-EPT examples in eqs 12 and 14 in that, as

Th biquiti fd e lated 1o th th tnoted above, there is strong electronic coupling in the transfer
nere aré ambiguities of description, related to those hal ¢ gjectrons and protons. There is no theoretical basis for
arise in defining oxidation states, as the extent of electronic

li d delocalizaton i EPT and HAT b application of Marcus theory to these reactions since it was
pouPIng anc Gelocatzeion erease. an €COME arived for reactions in which electronic coupling is weak
blurred as the energy differences between different HOMOs | 'y (Hao, Ver) << A (section 4,272+ 253
in the donor or LUMOs in the acceptor decrease, and/or as pA Lab TET <)

delocalization becomes extensive. A change in redox orbitals

between reactants and products can also complicate mechat-O or greater thai. They may reflect more of an averaging

histic description. of bond energies between self-exchange and cross-reactions

_In the oxidation of £,2)-2,5-heptadiene by the Fe-OH than surface crossing between harmonic energy curves.
site in soybean lipoxygenase, DFT calculations point to

proton transfer from the oxidized-&H bond to ac lone 5.2.3. Energetics of HAT and “H-Atom Abstraction”
pair on F&'—OH while electron transfer occurs from a diene
ot orbital to a de(Fe(lll)) orbital. This pathway has been
described as PCET (EPT) because the electron and proto
come from different orbitals, but there is no prior H-bonding
and the H source is a €H bond with strong electronic
coupling (section 7.4.4%4365

The HAT and EPT pathways in these correlations involve
strong electronic coupling witlidps probably comparable

In the oxidation of a series of hydrocarbons (toluene,
ethylbenzene, ...) by both radicals (QHRC, ROO) and
the transition metal oxidants (MnO and CrQCly), a
correlation was found between Iégand the bond dissocia-
tion energy (BDE) of the hydroxyl products, ROH, HOM»O
etc. This correlation demonstrated the importance of reaction
; ; energetics rather than radical character in the oxidant as a
5.2.2. Hybrid Mechanisms determinant of reactivity®-36°37%Related correlations have
The definition of EPT and the distinction between EPT been found for a multitude of HAT reactiofis3"* and for
and HAT focus on the separate orbital characteristics of thethe trans[Ru"'(L)(O)7*" (L = 1,12-dimethyl-3,4:9,10-
donor and acceptor couples. Many reactions occur by hybrid dibenzo-1,2-diaza-5,8-dioxacyclopentadecane) oxidations of
mechanisms involving couples of both kinds. Laigéko a series of phenols which occur by EPT (section 6. 3255
KIEs have been observed in the oxidatiordgfethylbenzene In Photosystem Il (section 7.2), an important step is
by a F&/=0 pyridyl complext® and in methane oxidation oxidation of the CaMn cluster in the oxygen evolving
by the diiron enzyme methane monooxygen&sén these complex (OEC) by a tyrosyl radical,zY. Babcock and co-
examples, and in the oxidation of aromatic hydrocarbons suchworkers proposed that oxidation by*Yoccurs by “H-atom
as toluene, ethylbenzene, and diphenylmethane by MnO abstraction” (HAT) as a way to avoid high-energy intermedi-
oxidation of the organic compounds is by HAT with EPT ates (section 7.22527.282%.29Thjs pathway is illustrated
occurring at the oxidant since different proton and electron in eq 93 for the oxidation of a Mh-OH; cluster site. “H-
acceptor orbitals are uségf. 36!
In MnO4~ oxidations, coupled electretproton transfer —.»L'i'io-u---o.-r)-l- R —_»-1.'1"io---|-|-o-1-_\_-.- ©3)
occurs fromoc—p to dz*(Mn) and proton transfer to an®© 1 on "1 h
lone pair, eq 91. As for soybean lipoxygenase in the previous
atom abstraction” would circumvent the high-energy ET
P products MH#'—OH, + TyrO~, with Mn"'—OH and TyrOH

oML, REE — o0 o€ 1) the stable forms at pl 7 (section 7.2.3). Consistent with
(O > terminology used here, the H-atom abstraction or HAT path-
H way would better be described as EPT since HAT would
. give the excited state, Mn-0O"—H, and a high-energy tau-
AN A i — Hu . tomer of tyrosine with the proton amo-y rather tharso-.
YN AR ©2) The H-atom abstraction (EPT) pathway in eq 93 is
(Hybim)yFe \-IN.H A e | o | (bR \NIN_H Ph enthalpically viable if BDE(TyrOH)> BDE(Mn—OH). For
— — tyrosine, BDE(TyrG-H) = 87 kcal/mol?42527:376381 Based
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on redox potentialsAG® = 3.45 eV (80 kcal/mol) for the
bond dissociation reaction in eq 94.

Tyr-O-H —= Tyr-0 + H AG® [ TyrO-H)) (94)

The analysis developed by Babcock and co-workers
provides a powerful basis for understanding the thermody-

namic importance of coupled electreproton transfer. It can
be extended by including the differential energetics of
formation of the initial, MH—OH,+--O°Tyr, and final, M' —
O—H--*H—OTyr, H-bonded adducts and by using free
energy rather than enthalpic changes. For examy&for

eq 93 is favorable iE*'(TyrO*/TyrOH) > E°'(Mn"'—OH/
Mn"—OH,) with E°'(TyrO*/TyrOH) = 0.93 V (vs NHE) at
pH = 7382

The results of recent structural analyses of PSIl at 3 and

3.5 A resolution appear to rule out an EPT pathway for TyrO
oxidation of Mn—OH,. In these structures, »Yis too far
removed from the OEC cluster for EPT to be vigble

(section 7.2.4). However, an alternate pathway is proposed

in section 7.2.3.1 in whichothMn—0OH, and TyrO undergo
EPTbut with different EPT acigtbase pairs rather than with
each other(section 7.2.4.1).

5.2.4. Related Pathways

5.2.4.1. Hydride Transfer. In hydride transfer, two
electrons and a proton are transferred from the same chemic

Huynh and Meyer

been analyzed theoretically by treating the transferring proton
as a particle with quantum-tunneling corrections to transition
state theory?240%4%4 EPT theory has been developed
systematically in a series of papers by Cukier et'df 39363405

by Hammes-Schiffer et a}340414447.401406411 and py
others?2-414 Both Cukier and Hammes-Schiffer have dealt
with PCET mechanisms, generally including competition
between EPT and stepwise ET-PT or PT-ET.

Cukier makes a distinction between EPT (ETPT in his
terminology) and H-atom transfer (HAT), which is different
from the usage adopted here. In his terminology, the term
EPT (ETPT) is used when electron and proton coupling
between donor and acceptor are weak, with both in the
nonadiabatic regime. HAT is used when electron transfer
occurs over a distance comparable to the scale of proton
transfer with strong coupling and both electron and proton
transfer occurring in the adiabatic regime.

As noted by Hammes-Schiffegt al, three physically
distinct types of HAT-EPT appear to be relevant: (1)
electronically adiabatic proton transfer and electron transfer,
(2) electronically nonadiabatic proton transfer and electron
transfer, and (3) electronically adiabatic proton transfer and
electronically nonadiabatic electron transfeAdiabatic in
this context has the conventional meaning that there is
sufficiently strong electronic coupling between the diabatic

aéjnon—interacting) reactant and product states that electron or

roton transfer involves a change of coordinates within a

bond. This was the suggested pathway for the oxidation of single electronic state and not a transition between stat¥s.

formate anion bycis-[Ru" (bpy:(py)(O)F" in eqs 2-44

5.3.1.1. Mixing of Diabatic States.In the treatment of

Examples where hydride transfer has been invoked includeHammes-Schiffer, the wave functions for the initial diabatic
reversible oxidation of alcohols to aldehydes or ketones by (non-interacting) states are represented as shown in eqs 97

the enzyme liver alcohol dehydrogenase (LAB¥)%¢ and
aqueous oxidation of toluene by MO?®®

5.2.4.2. Two-Electron-Proton Transfer (2e7/1H* EPT).
As discussed in more detail in section 6.1.1,/2&1" EPT
has been invoked in the oxidation of anilines dig-[Ru'V-
(bpyX(py)(O)F*. Microscopically, this involves simultaneous
transfer tocis-[Ru" (bpy)(py)(O)F?" of two electrons from
am aniline orbital and a proton fromy—p.38"

5.2.4.3. C-H Insertion. In the oxidation of activated

C—H bonds, a mechanism has been proposed in which an

0XO0 group inserts into a-€H bond in a concerted manner,

as suggested, for example, in the oxidation of cyclohexene

by cis-[RU" (bpy)(py)(O)F*" in eq 95388

H
. .\ I
( ;\_[Ru'\ (bpy)s(py O + W —= cis-[(bpy )l py)r{u“_. ) H]
E 1 b4 A

5.2.4.4. Electrophilic Ring Attack. Similarly, in the
oxidation of phenol bycis-[RuY (bpy)x(py)(O)F*, eq 96, a
mechanism has been proposed involving initial electrophilic
addition of the oxo group to the aromatic ring, analogous to
Br* addition to activated aromatié®’

Cis-[Ru" (bpy)a(py ) O)** 4 QOJ[ o
H
i
cis-[(bpy Ja(pyIRu''-0 'OOH

5.3. Theory of Coupled Electron —Proton Transfer

5.3.1. Introduction

Theories of electron transfer (section 4.2) and proton
transfef®®4%° provide a basis for understanding EPT includ-

+

(95)

24

(96)

and 98. They are labeled as to the transferring electrgn, D
and proton, [H, and as to the electron and proton acceptors,
Ae and Ay 4547

.
D-Heee A —_— D-Heeo A~ (Electron Transfer, ET) 7
(DreD H ess AyA,) (DeDpH eee ALA")
- +
D-Hese A — D ese H-A (Proton Transfer, PT) (98)
(DcDpHeee ALA,) (D7cDy see "HAA,)
D-H eee A —_— D eee H-A (EPT) 99)

(D7D H eee A A,) (DD o0 "HA,A™,)

Adiabatic free energy surfaces for the transferring proton
are constructed for the initial proton reactant state,Hd-
‘A, by mixing the diabatic states, (DD H:-*AyAe and
De Dp---"HApA. Similarly, free energy surfaces are con-
structed for the final product proton state by mixing
DDy - tHALA:~ and DDyH:--A Ac . The coupling energy
Vpr is assumed to be the same for both initial and product
states. Proton vibrational levels and wave functions are then
calculated for the resulting reactant () and product (II)
diabatic states, giving rise to separate energy-coordinate
curves and vibrational wave functions for the reactants and
products. States | and Il are diabatic with regard to electronic
coupling but adiabatic in the transferring proton.

Examples of energy surfaces that illustrate this analysis
are shown in Figure 304 This figure was used originally
to illustrate energy-coordinate curves, vibrational wave
functions, and vibrational overlaps for three different solvent
configurations for a single reaction. In Figure 30, they are
used to illustrate the effect of changings in a related series
of reactions. It shows the lowest vibrational levels=t 0

ing quantum effects. In one approach, HAT and EPT have andv = 0) as a function of the proton coordinatg,in A,
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Figure 30. Energy-coordinate diagrams for EPT showing the

variation in energy with proton coordinatg, the position of the
hydrogen nucleus relative to the midpoint of the donor and acceptor,

0.3

for reactant (I, blue) and product (I, red) states and the associated

vibrational wave functions for three cases: (A > 0; (B) AG
= 0; and (C)AG < 0. Modified with permission from ref 409.
Copyright 2001 American Chemical Society.

for three cases: (AAG > 0; (B) AG = 0; and (C)AG <

0. The initial reactant diabatic state, I, is shown in blue, and
the final state, Il, is shown in red. In this examplgyaries
from the minimum for the reactant state0.3 A, to the
minimum for the product state;0.3 A, with the difference
between them the proton transfer distance. This would be
the tunneling distance in a particle tunneling calculafigi{®
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expression for the rate constant for coupled electmoton
transfer kepr.367394547407|n this equation, the summations
are over the initial, coupled BH---A vibrational levelsu

in (D~eDpH*+*AA¢) and the final coupled B-H—A levels

v in (DD pe==THALA ™). Py, is the Boltzmann population
in vibrational levelu in initial state D-H---A. Amn is the
reorganization energy arising from the solvent and low-
frequency modes for the — v vibrational channel.

AG,, is the associated — v free energy change. It is
related to the overall free energy change for EPT within the
H-bonded association compleXGepr, by eq 104, in which
hw is the vibrational quantum spacifyg*’

The overall EPT mechanism, including preassociation, is
shown in eqs 105107. AGgpr s related to the overall free
energy changeAG, and the association constants for the
EPT reactantsKx) and productsKa') by eq 108, which is
analogous to eq 78 for electron transfer.

D-H+A<=D-H-+A K, (105)
D—H:*A— Do *H=A i kepr  (106)
Dy, *H—A oy=D, + H-A s K\  (107)
AGgpr=AG —RTIN (Ky/Ky)  (108)

The expression fokegpr in €q 103 has been extended to
include coupled high-frequency vibrations treated quantum
mechanically and anharmonic modes such ag¢hg mode
coupled to the proton transfer coordin&te?5418In form,
it is similar to eq 73 for electron transfer, but there are
important differences. The reorganization energies, free
energy change, and couplings are different for each vibra-
tional channel because of slight differences in the proton

The same approach can be used to analyze MS-EPT. Fotransfer distanc& 47413 The summation over typically

example, for MS-EPT from a common electrgproton
donor to separate electrongAand proton, A, acceptors,
the initial and final ET, PT, and EPT wave functions are as
given in eqs 106102.

.
A" D-Heeo A'

AD-Heee A' —> (Electron Transfer, ET) (100)
(AD" D Hess A ) (A;DDHess A,)
-+
A,D-Heee A’ — A DeseH-A' (Proton Transfer, PT) (101)
(AD D HeseA)) (AD' Dy ese"HA')
A,D-Heee A' — A Dees’H-A’ (EPT) (102)

(AD" D Hese A) (AcDD yeee THA)

5.3.1.2 Transition between Reactants and Products.
Electronic coupling between£H and A in D—H---A and
between D and HA in D---H—A mixes the initially diabatic
reactant () and product (II) states. Application of time-

dependent perturbation theory and the Golden Rule to the

transition between states | and Il leads to eq 103. It gives an

27 _
kepr=—3 P> IV,,|(47A, ks T) 2 exp —
h
u v

(AG,, + 1,,)
—————| (103)
4, kT
AG,, = AGgpr + (1 — V)l (104)

involves a limited number of levels<@), those for which
AG,, is not greatly different frond,,,. It is for these levels
that the classical exponential barrier term is maximized.

As for electron transfer in eq 78gpt for each channel is
the product of three terms: the Boltzmann population in
initial level v, the classical barrier for the — v transition
including solvent and low-frequency vibrations, and the
barrier crossing term, (@h)|V,.|%(47A,.ksT)Y2 V,, is the
EPT matrix element. If the Condon approximation separating
nuclear and electronic motions is valid, it is given by eq
109, in which ¢', and ¢", are proton vibrational wave
functions for the initial and final proton stateggr is the
electron transfer matrix elemertipa in eq 65. The square
of the vibrational overlap integral(¢',|¢",[3, gives a
guantitative measure of the extent to which the reactants and
products coexist spatially along the proton transfer coordi-
nate.

Vuv ~ ETQSI,UMSH VD

Because site-to-site transfer distances for EPT are large,
vibrational overlap integrals are typically small. Barrier
crossing dynamics depend on the prodvetd',|¢ ",[ In
contrast to ET, the frequency factor for EPT caary with
Ve even if electronic coupling is larg€-47 With significant
electronic coupling in electron transfer, barrier crossing
dynamics are dictated by the slowest mode or modes coupled
to the reaction; note eqs 647. These are typically
reorientation modes in the solvent. In this interpretation, the
limiting factor in the dynamics of coupled electreproton

(109)
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transfer is the proton. The coordinate of the transferring 6
electron is always at equilibrium with the proton coordinate.
The EPT frequency factorgpr, is given by eq 110, which
includes the prediction thatpr is temperature-dependent.

N

Vibrational
Wavefunctions

(=]

2n _
VEPTZEVET ZZP,ﬂZEjSIM|¢IIVﬁ(4ﬂ/IﬂkaT) 12 [ E N T S S SRR
14 4

(110)

-06 04 -02 02 04 0.6

0
As the extent of electronic coupling increases further and I‘p(A)
becomes comparable to the reorganization energy, therigure 31. Reactant (I) and product (Il) vibrational wave functions,
Condon approximation breaks down. In that ca¥%g, H (solid curve) and D (dashed curve), for the= 0 — v = 0
becomes a function of the coordinates of both the transferringvibrational channel for theis-[Ru" (bpy)(py)(O)F**/cis-[Ru' (bpy)-
electron and proton. Procedures are available for solving the(py;])(HZOL]H_tc):orpproFortloTatlc}n riacﬁon in €9 dl(; ”>|<”Str§t'”9
.. - . . T P . enhanced viprational overlap tor compared 10 X= D.
Schrojlnger equation in this limit, giving wave functions and Reprinted with permission from ref 410. Copyright 2002 American
energies that depend on both electronic and nuclearchemical Society.

coordinateg91417-419

In applications using eq 103, the key input parameters areto electron transfer in eq 57, the experimental rate constant,
(1) the gas-phase coupling matrix eleme¥ts and Ver, kobs iS related toka andkepr by kops = Kakepr.
which are calculated by molecular mechanics fits to elec-  For a substrate having solvent exchangeable protons, the
tronic structure calculations or experimental d#te?! (2) isotopic preference in the H-bonded precursor complex is
the solvent reorganization energy, which is treated by given by the isotopic fractionation factog; = {[D—H---
standard dielectric continuum theory (section 4.2'1)r AJ/[D —D(deuteriumy--Al}(yolx), With yolyn the mole
more elaborate two-cavity models such as the frequency-fraction ratio of D to H in a HO/D,O solvent mixture36-43
resolved cavity model (FRCM) developed by Newten |sotopic fractionation factors from 0.3 to 2, and even greater,
al.*?2423(3) quantum modes that are based on knowledge have been observed in stable H-bonded bridges over an
of bond distance changes and vibrational frequerféfes)d extensive range of H-bond distancé% 442
(4) the proton transfer distance, which, in the absence of  practionation factors of less than 1 arise when the zero
structural information, is obtained by fits to experimentally point vibrational energies/2) of the products are increased
measured rate constants and kinetic isotope effects. relative to the reactants. This can happen if there are

Theoretical analysis of EPT has been extended to quantumfrequency changes or if there is a change in the number of
and dynamical effects in the proton dor@cceptor mode  normal modes in the isotopic equilibriutf? 450 An example
which has been treated both classically and quantum of the latter is the equilibrium 20H+ D,O = 2DO™ +
mechanically. Nonadiabatic expressions Kgst have been  H,0, for which K = 0.21 because the heavier isotope
derived in the limits of slow classical and fast quantum concentrates in water, which has three normal modes
modes. Expressions have also been derived which incorporat&ompared to two for 20H451-453 The appearance of inverse
dynamical fluctuations in both electronic coupling and the kinetic isotope effects witk(H.0)/k(D»0) < 1 has been used
energy gap between reactant and product st&té¥'Quan-  as a criterion to distinguish rate limiting proton transfer from

titative applications of eq 103 to EPT in both chemistry and proton transfer occurring in a pre-equilibrium prior to the
biology have been made, the results of which will be rate limiting step.

discussed in sections 6 and57%’ The magnitudes of KIEs for EPT follow directly from eq
L 103. Zero point energies and vibrational energy levels for
5.3.2. Kinetic Isotope Effects X—D compared to % H are lower in the vibrational energy

Large kinetic isotope effects (KIEs) are sometimes ob- wells by a factor of 0.7, the square root of the ratio of the
served for EPT, an example beik{H,0)k(D-0) = 16.1 ~ O—H/O—D reduced massegmu(mx + mp)/mp(mx +

for the comproportionation reaction betwess[Ru" (bpy)- my)} V2. Alternately, the larger mass of D can be viewed as
(py)(O)R* and cis-[Ru" (bpy)(py)(H0)]2* in eq 10. KIEs leading to a more localized wave function, which leads to
of this magnitude are larger than the-8/0—D classical ~ decreased vibrational wave function overlaps.

limit of 7.9, pointing to the importance of quantum effet¥s. The example in Figure 31 shows the calculatest 0 —

Large KIEs are known for other reactions involving H or D ¥ = 0 vibrational overlaps for theis-[Ru" (bpy)(py)(O)**/
transfer, including (1) enzymatic-€H oxidations?04425-429  cis-[Ru"(bpy)(py)(HO)]*" and cis-[Ru" (bpy)k(py)(O)F"/
which have been treated by a theoretical description of Cis-[RU" (bpy)(py)(D-0)]*" comproportionation reactions in
isotope effects originally developed by Bigeleisen and €d 10%° Note also the form of the harmonic oscillator
Mayer?430.431(2) values of up to 50 for proton transfer and Vibrational overlap integral in eq 70 and the dependence of
up to 250 for H-atom abstraction by free radicals in the pre- Son reduced mass in eq 63.

1980s literaturé?* (3) a value>6 x 1C? for alpha H-atom The total KIE is the sum of KIEs for the individual,
transfer from ethanol by methyl radicals in ethanol glasses Boltzmann-weighted vibrational channes,k.., in eq 103.

at 77 K#32and (4) a value of 10 for intramolecular HAT

in the triplet excited states of an aromatic ketone at 20 2-3.3. Temperature-Dependence

K. 4337435 Equation 103 predicts thger should also be temperature-

In addition tokept, interpretation of KIEs for EPT must  dependent due to the Boltzmann population and classical
account separately for the equilibrium isotope effect in barrier terms. A smaller temperature-dependence arises from
forming a H-bonded precursor complex, eq 105. Analogous the pre-exponential term, eq 110. Since each— v
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vibrational channel has its own temperature-dependence, thisat a fixed energy by 40 for the proton and 60 for the
leads to a precise but complex interpretation of the apparentdeuteron. The radial-dependence of vibrational wave func-
energy of activation. tions falls off far more rapidly than that of electronic wave
At low temperatures, populations aboue= 0 become functions. This greatly decreases the distance between
negligible. EPT is then dominated by a vibrational channel interacting centers for significant vibrational overlap. Rela-
or channels fromx = 0 to av level or levels for whiclAG,, tively small changes in the proton transfer distarrgecan
+ A is minimized. This causes the apparent energy of lead to large changes i®',|¢",Owhich can significantly
activation E,) to decrease with temperature with a residual impactkepr andky/kp.
temperature-dependence arising from the classical modes and The distance-dependendence of EPT is dominated by
solvent at low temperatures. proton transfer because of its short-range natuvéeeting
The magnitude of theky/kp KIE is predicted to be  the demands imposed by proton transfer raises a key
temperature-dependent in a complex way. On a level-by- structural issue for EPT, one that is dealt with routinely in
level basis,[¢'.|¢ ",[@ is decreased for XD compared to  biological PCET (section 7).
X—H. However, the quantum spacing to the next higher .
level is smaller for D than for H by~0.7. This increases  9.4.1. Precursor H-Bonding

relative populations in levels aboye= 0 wherel¢',|¢",[2 Given the short-range nature of Hransfer, a preformed

is greater. For the heavier isotope, levels above 0 play interaction by H-bonding is an important element in EPT.
a more important role, and this increases the magnitude of y_onding establishes an orbital pathway for proton transfer.
the apparenk.. It also minimizes the proton transfer distance and supports
5.3.4. AG-Dependence donor—acceptor electronic coupling.

H-bonding is common for HX bonds with X an elec-
The Boltzmann-weighted sum in eq 103 predicts Keat tronegative atom, especially F, O, N, and CI. Strong H-bonds
is dependent o\G but in a complex way. It arises from  have bond energies in the range—8® kcal/mol437:480-485
the AG-dependences of the individual vibrational channels, There is even experimental evidence for H-bonding involving
exp—[(AG,, + 1)%/41kgT], weighted byP,, and[@',|¢ ",[P C—H bonds*8¢-48 This suggests that prior H-bonding could
If the u = 0 — v = 0 vibrational channel dominates with play a role in some HAT or EPT reactions.

> |AGeprl, RT In kepr is predicted to vary as-AGgpr/2. A correlation has been found between the strength of a
The same result was obtained for classical electron transferd-bond, X—H---Y, and the difference in XH and H--Y
in eq 81. bond lengthsAr, with Ar = r(X—H) — r(H:--Y).439484This

As AGepr increases or decreases, other channels with gbservation is relevant to EPT becauseis a measure of
higher vibrational overlaps play an increasingly important the proton transfer distaneg. Ar = 0 in F-H—F~, where
role. This contributes d&-dependence in addition to the there is strong electronic coupling across the H-bond, and
quadraticAG-dependence of the exponential term. It also the proton is “delocalized”. The relationship between H-bond
explains why experimental slopes for plotsRT In kepr Vs energy,Ar, and through-bond electronic coupling in-¥-
—AG for EPT have been found that are ConSiderably different -Yis Conceptua”y related to the interp|ay between electronic
from 0.5 even whem > |AGep1|, as described in later  delocalization and reorganization energy in the localized-

sections. _ _ to-delocalized transition in  mixed-valence com-
Inverted RegionBoth classical and quantum results for pounds?86.287.359.440.441,48991

electron transfer in eqs 54 and 73 predict that the electron _
transfer barrier decreases-aAG increases. This continues  5.4.2. Distance-Dependence
until —AG = A, at which point classical electron transfer

becomes barrierless wiltr = ver; note eq 54. As-AG is explain the decrease i(H20)/k(D-O) KIE from 16.1 for
increased further, the energy-coordinate curve for the reactantC omproportionation betweesis-[Ru" (bpy)(py)(O)E+ and

state is imbedded in the curve for the product state along at _: I o ¥ .
T . . cis[Ru"(b H,O)J?* to 11.3 for [RW (tpy)(bpy)(O)F'/

least one of the coupled vibrations. Further increasesAG [Ru[” (tp)g)(%;));()p(ﬁ(o)z]ﬂ)]l&“gz The ore[ti cal( F?z/a)lszultl)g%i(org by

cause the classical barrier to increase-asG is increased lordanova and Hammes-Schiffer point to a decreas&rin

further, as predicted by Marctt and as observed experi- :
mentally?9455-463 A decrease irker is predicted by both fonr Jheﬁégffggtgﬁ?rigﬁs? d}ﬁ% 2.64 A due to decreased steric

. ) al
th_e cla_ssmal and quantum results in egs 53 and 73 although Bonding effects and the nature of the donacceptor
with different dependences akG. . . e )
s : I orbitals play a major role in dictating the magnitudes\of
Although EPT in its equivalent “inverted region” has been ™2\ 0 0% 1LY alectronic coupling across the
. . = ; b
? C;Sﬁg\‘j'zegé:rt] Igaigénmgt?ggllllmg;arl)(;;/\g?gfo;%lg;tzﬂpear H-bond decreases asymmetry agdAn example occurs in
y y exp P y: the [Fé&'(H.bim)(Hbim)*/[Fel(H,bim)s2* self-exchange
- . reaction in eq 89, for which/kp = 2.3 &= 0.3357 In this
5.4. H-Bonding and Distance-Dependence case, the H-bond is relatively symmetrical, which decreases
The distance-dependence of electron transfer has been, and the kinetic isotope effect. Calculations show that the
investigated in depth both experimentally and theoretical- reactant proton state is a mixture of 66% of the initial,
ly.16:285.291456,464479 For EPT, bothVer and [@',|¢",Oare diabatic proton transfer state and 34% of the final, diabatic
distance-dependent, but in different ways, since they involve proton transfer state (section 6.1.5!%).

The distance-dependence of EPT has been invoked to

electronic ¥er) and vibrational overlapd., is also distance- Hybridization plays a role. Iis-[Ru" (bpy)(py)(O)F*/
dependent, as discussed in section 5.5.1. cis-[Ru"(bpy)(py)(H20)]>" comproportionation, hybridiza-
From the expression for the de Broglie wavelendths tion at RWW=0?" is sp. It is sp at Ru—OH,?*. This creates

h/(2mB*?, and the masses of the electron and proton, the a less symmetrical H-bond, increasidg and r,. Proton
proton wavelength is shorter than the electron wavelength transfer in the pseudo-self-exchange reaction!"[ay)(bpy-
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(OH)?* + cis[Ru'(bpyXk(py)(H20)]>t — [RU"(tpy)(bpy)- In this limit, kx/ky is predicted to vary linearly witly, with

(H20)]?" + cis[Ru" (bpy)(py)(OH)J?*, occurs between p ko/ky obtained from the slope. Linear relationships of this

hybridized O atoms, and the KIE falls to 58. kind have been found for EPT, for example, for ttis-
[RuY (bpy)(py)(O)F/cis-[Ru' (bpy)(py)(H0)]** reaction in

5.5. Solvent eq 10, consistent with transfer of a single proton and a single
pathway.

The charge transfer characteristics of EPT between single
donors and acceptors are different from ET or PT since both 5,53, The Solvent as Proton Donor or Acceptor.
electrons and protons are transferred simultaneously. Al- Solvent-Assisted MS-EPT

though there is a dearth of experimental evidence, it is . . . .
possible to predict that there should be a solvent-dependence For PCET reactions in ¥ with EPT unavailale to the

Both electrons and protons are transferred in EPT. As areactants, coupled proton transfer to or from individugDH

. . olecules or water clusters can provide a basis for MS-EPT,
consequence, as can be seen for the EPT reactions in eqsllg least in principle Asoluent-ass?sted MS-EPTathway of
and 89, a charge dipole is transferred rather than a unit '

X . this kind is usually kinetically indistinguishable from step-
charge, as in an electron or proton transfer. Charge dipole_ . . . - ,
trans?‘er couples EPT to theppolarization field of ?he SFl)Jr- wise ET-PT with ET followed by rapid proton equilibration.

. : ; o In some cases, it may be possible to infer which is operative
roqndmg medium, creating a solvent reorganization ENEIYY- hased on extrakinetic measurements such as isotope effects
This is in contrast to HAT, where both the transferring

electron and proton come from the same orifi@#0.362.369 or by rate constant and activation parameter comparisons.
In addition to generalized solvent effects, it is possilole [Rzp(i;\;V)g(g/()a(cHhZ%n)']szTSbirﬁozﬂ%%?;fg *fov:/i(t)ri(iﬁattr;%mg-

the sobent, especially kD, to be directly imolved in EPT, N .

with individual sobent molecules acting as proton donors S0Ciation complex of the reactants in egs 111 and 112, and
or acceptors for the reduction ofcis-[RuY(bpy)x(py)(O)F" by [OS'-

(bpy)]?t in eqs 113 and 114; note eqs-B.°
5.5.1. Solvent Effects on A, and AG

Solvent reorganization in EPT has been treated by assum- . S _
. . . . . . . (ET) [Os™(bpy);™, Ru(bpy )2(py{H,0)"] ——=
ing the solvent to be a dielectric continuum with application B _
of an ellipsoidal cavity model developed by Kirkwood and [0sbpy)s™, RuT(bpy)a(py)H,0)7] - (111)
Westheimef?36493 More recently, a frequency-resolved
cavity model has been applied as in section 4.2.1 for electron

transfer327.328 (MS-EPT) (0" (bpy)s™, (bpy)a(py)Ru O-H e OHy” | —
There are limited experimental results on solvent effééts, " \TI‘

but useful conclusions about solvent participation have been (05" (bpy)>*. (bpy)a(py)Ru!"-0** see H-OHy]  (112)

drawn based on theoretical analyses of experimental data: H

(1) 4, for EPT can be comparable tq for ET. For the

[Fe" (Hobim)(Hbim)+/[Fe' (Hobim)(Hbim) [+ self-exchange - [(_‘fs.'.'ﬂtlm_\'l.-._.:I:{u oY HorNOF]

reaction in eq 89, the calculatéd for EPT is 10 kcal/mol,
and for ET, it is 13 kcal/mot% (2) For a multiple-site EPT [0s"(bpy)s™". Ru
pathway with the electron and proton transferring to different

external acceptors, APH++-A’ — A~ ,D---TH-A', A,(EPT) :

> 10(ET) because of the separate reorganization energies ms-err) [0 (bpy)s’ . (bpy)a(py)Ru " =0" sse H-OH]  ——»m
for the transferring electron and protéf. 7

(bpy)alpy DY ] (113)

H'
5.5.2. Proton Inventory [0s"(bpy)s™ . (bpy)a(py)Ru'"-O-H™ ees OH]  (114)

For EPT with protons exchangeable with the solvent, the |y considering a possible role for water and protons, it is

determination of a KIE by single point rate constant yseful to first consider the state of the local water structure
measurements in pure;8 and pure BO can mask partici-  around a proton. Two different cluster structures have been
pation by multiple protons in the solvent or by multiple syggested. One is the Zundel catiogChi™ (H,O++H -+
exchangeable sites in the polypeptide structure of an enzymeH—QH) 5% and the other is the Eigen cation®+ (HsO"

for example. Single point measurements also fail to uncover 34,0)5t These structures undergo dynamical inter-
possible parallel pathways having the same rate law butchange®2-504There is also experimental evidence for proton

different KIEs. transfer through individual solvent molecules acting as
These effects have been explored experimentally by bridges3°®
obtaining kinetic data in bD/D,O mixtures, which is referred The suggested solvent-assisted MS-EPT pathways in egs

to in the biochemical literature as the proton inventory 112 and 114 are reasonable, but individual water molecules
method!*° Based on analyses by Kresge, Gold, and Albery or water clusters are neither good proton donors nor good
and Davies, it is possible to establish the number of acceptors given K (H,0) = 15.7 and K (H:0") =
exchangeable sites contributing to the KIE by studies of this —1.74439506507Thermodynamically, this favors ET followed
kind 436:437.497499 by PT over solvent-assisted MS-EPT, except for the strongest
In one limiting form, plots okx/ky vs y are made withy acids and bases.
the mole fraction of RO in H,O/D,O mixtures.ky is the For example, for ET within the association complex in eq
rate constant in kD, kx is the rate constant in the mixture, 111,AGgr~ AG® = +0.21 eV (+4.8 kcal/mol), neglecting
and kp is the rate constant in J@. If a single proton is  AG differences in forming the initial and final association
involved and a single pathwaltx/ky = 1 + y(ko/ky — 1). complexesAAGgy, in eq 60. For EPT in eq 112 Ggpr ~
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+0.21-0.059(K4(H301) — pKai(RU"—OH,3t)) = +0.36 in both proton donor and acceptor, proton transfer is diffusion
eV (+8.3 kcal/mol). limited 519520

General expressions for the configurational free energy Ultrafast transient infrared measurements on pyranine-8-
change AG; ~ AGgr or AGgpr, are given in egs 115 and  hydroxy-1,3,6-pyrenetrisulfonate (HPTS) in,@ (section
120. In these equationk, is the Faraday constant (1 eV/V  2.8.1) reveal that proton loss occurs tg@on a time scale
in Sl units), Doy is the oxidized form oD, andAwq is the less than 150 fsec, limited by the time resolution of the
reduced form ofA. Also shown are expressions for the experiment. Subsequent transfer of Bom D;O* to the
subsequent free energies of dilution, or transposition, of added base CICI£OO™ (pK4(CICH,COOH)= 2.7) occurs

released KO or OH™, AG,.296:297,510 more slowly, witht = 25 ps k= 4 x 10"°s™), even though
AG® = —0.26 eV (6.0 kcal/moly®® For HPTS, initial proton
e H loss from the excited state is very rapid, approaching the
Solvent as H' acceptor _;"5_.‘,/.:.\1'-,“: > A.D, % H-OH,  (115) vibrational time scale. In other cases, proton loss appears to
(PK,(H;0") = -1.74) be dynamically tied to solvent relaxatiét. 244
Cukier has treated the problem of MS-EPT in the limit
AG(eV) = -FE(AIAT) - £7(D,,/DY)] - 0.039[pK,(H;07) - that the interaction between the final PCET products is
pK(D-H)] + AAG,,, (116) repulsive and proton loss dissociative. The existence of a
repulsive surface is attributed to the weakness of the H-bond,
AT Dy e H-OHy — A" D, +H0 with proton dissociation aided by solvent electronic polariza-
AG,(eV) = 0.059[pK,(H;0") - pH] (117 tion 391496
H 5.5.4. pH Variations and the Distinction between AG, and
Solvent as H' donor: D _..-\ONH-OH —» D A -Hee*OH (118) AG
(PK,(H0) =157 As noted by Krishtalik, the standard free energy change,

AG, does not completely characterize the energetics of an
elementary step since it depends on the choice of standard
PRy AreHD] + AdGyyy, (119) stateg96:297510For ET or EPT, Krishtalik factors the driving
force into two terms. The first is the free energy change for
the chemical transformation that occurs in an elementary step,
AG(eV) = 0.059[pK(H,0) - pH] (120) AG,, the configurational free energy change (section 4.4.2).
L . Neglecting AAG,yp it is related toAG, the overall free
Because of the kinetic indistinguishability of MS-EPT and energy change, as shown in eq 121. The summations are

ET-PT in water, and in the absence of energetic, iISOtOpe oyer the mole fractions of final (f) and initial (i) components
effect, or other arguments definitively ruling out one or the , their standard states.

other, it is not clear when or if solvent-assisted MS-EPT plays

arole in a particular reactioET-PT is expected to dominate n m

except for reactions wolving the formation obery strong AG, = AG° + RTZIn X% = RTZIn X% (121)
acids and based his conclusion is based on th&pvalues

for H,O, a decreasedt), for ET, and the impact of vibrational .
overlap and tunneling on decreasing the magnitude of the 1Ne second term, the transpositional free energy change
EPT pre-exponential term in eq 103. AG,, arises from the change in entropy associated with the

The appearance of relatively larg€H,0)k(D,0) KIEs mutua_l t_ransposition of particles in solution in forming
has been cited as evidence for solvent-assisted MS-association complexes between reactants and products. In

EPT#92511-518 Although it may be a useful criterion in some &N ideal solution, it is given by eq 122, again neglecting

cases, as noted in section 4.2.20/D,0 KIEs of up to 2 AAGapp

have been observed for outer-sphere and electrochemical ET m n

because of coupling with quantum modes in the solvent. AG,=RTS In X, — RTY In X; (122)

Conclusions based on isotope effects must be drawn with t Z Z !

care. Complications may also exist from buffer components

acting as proton donors or acceptors rather than solvent For the overall reactiomd\G = AG; + AG.. For reactions

molecules (section 6.4.4). where there is no change in the number of particles in the
There is a possible kinetic distinction between ET-PT and elementary stepAG, = AG, neglectingAAG,,, However,

solvent-assisted MS-EPT based on the initial products of thefor PCET reactions that occur by EPT in the elementary step,

electron transfer step. In ET-PT, electron transfer occurs priorthe difference between the two can be significant because

to proton loss, and there is a discrete intermediate on theof the transpositional term\G;; note eqs 115120.

time scales for vibrational and solvent equilibration. In  One consequence of this analysis is th&Gepr is

solvent-assisted MS-EPT, the loss of the proton is synchro-independent of pH changes in the external solutidinthe

nous with electron transfer, and there is no intermediate, only microscopic level, this arises because there is no basis for

equilibration and dilution following the elementary reaction. coupling a local gain or loss of protons to the surrounding
Three different elementary steps have been identified for ensemble of solvent, protons, buffer, etc. that defines the

spontaneous loss of protons. For highly favored reactions,final equilibrium state, including the pH. Because of an

proton transfer can be ultrafast in tight aclobbhse complexes  absence of a pH-dependence fAGept, kepr is also

with the proton donor and acceptor directly linked by independent of pH

H-bonding. If the proton donor and acceptor are linked by  That this should be so can also be seen by considering

an intermediate water bridge, proton transfer is largely simple acid dissociation of a generic acid, HA, to givsOH

controlled by reorganization in the solvent. In solutions dilute + A~. This reaction can be written as the sum of the

AG(eV) = -FIIE(AA ) - ED™")] + 0.059[pK,(H,0) -

D, A, -Hese O — D' A H+ OH
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elementary step for acid dissociation,,(4-*H—A — There is a background reaction between tyrosine and{Os
HzO"---A~, followed by dilution, HO"+--A~ — H;O" + (bpy)s]®*. It occurs by ET, [O4(bpy)]®t + TyrOH — [Os'-
A~. Except for generalized medium effects, the elementary (bpy)]?>t+ TyrOH", followed by PT and is relatively slow,
step is unaffected by pH changes in the external solution. k(23 °C, | = 0.8) = 1.7 x 10? M~! s7%, becauseAG®' =

When pH-dependent PCET rate laws do appear, they may10.5 €V for the initial ET step. Added buffer catalyzes the
have a variety of origins. This has been discussed in a general€action, with the experimental rate law consistent with initial
way by Krishtalik51° Specific examples are discussed below. association between TyrOH and HPQ eq 123, followed
Another example is discussed in section 6.4.5, involving by two parallel pathways. In one pathway, deprotonation of
intramolecular oxidation of a phenol linked to a [Ru  TYrOH by proton loss to HP@" occurs followed by rapid

(bpy)** derivative in which a linear dependences@>  0Xidation of TyrO™ by [Os" (bpy)]*". In the other, eq 124,
on pH has been observed. the buffer component acts as the proton acceptor in a MS-

5.5.4.1. pH-Dependence. Proton Transfer followed by = Pahway.

Electron Transfer (PT-ET). (a) Rate limiting proton

transfer (PT-ET).In the oxidation ofcis-[Ru" (bpy)(py)- PO T HROT T O G ROMOT 2
(OH)]?* by [OS"(bpy)]*" above pH= 6.2, eq 5, a TysO-Hese OP(ORPOHY + [0 (bpy);J** —=

pH-dependent term appears in the rate law that has beer TyrOH s+ OP(O),POH?, [Os"{(bpy)sT"™
attributed to rate limiting proton loss to Otcis-[Ru" (bpy)- .

(PY)(OH)FF* + OH™ — cis[Ru" (bpyk(py)(O)I" + H:O. , ~

This reaction is slow, wittk < 0.1 M~ 715 [0s"{bpy)s]*" .TytOHs++ OP(0),0H> —= TyrO + HOP(O)y(OHy + [0s'(bpy)s]** (124)

Thermodynamically favored proton transfer reactions ] o )
involving OH- or HsO™" can be rapid, with rate constants as ~ Based on the results of a detailed kinetic study over a wide

high as~2 x 101" M~ st for the former and 2 101° M1 range of buffer concentration&a = 30 in eq 123 with

s~ for the latter?%520Because it is so slow, proton transfer K(H20)k(D;0) = 2.1 for the EPT step in eq 124, in 0.8 M

from cis-[Ru" (bpy)(py)(OH)P* to OH- is presumably ~ NaCl at room temperatufé: o

highly unfavorable with K4(Ru"—OH2") > 14. As discussed in later sections, the participation by buffer
(b) Acid—base pre-equilibria with rate limiting electron ~ 0MPonents may be a general phenomenon. It may play a

transfer (PT-ET)Oxidation of ferrocene Fe(@le),, Fc, by role in other reactions and require reinterpretation of earlier

quinone (Q) is pH-dependent, 2ReQ + 2H- I S data on the oxidation of DNA bases and other biological

H.Q. The kinetics are also pH-dependent, but it has been reductants in buffered solutions. The MS-EPT pathway in

suggested that the pH-dependence arises from prior proto—eqs 123 and 124 is also important as a mimic for the

nation of Q (K, = —7) followed by Fc reduction of HQ ﬁu%%iiitoer? ;VIZS 'ZEPT oxidation of tyrosing M Photosystem
Fc+ HQ" — Fc" + HQ". Even though HQ is a high-energy ( 2.2).

intermediate with K(HQ") = —7, it dominates electron .
transfer reactivity because it is a stronger oxidant than Q by 6. Coupled Electron —Proton Transfer in
0.66 \/8283521.522 Chemistry

5.5.4.2. pH-Dependence. Parallel ET-PT and PT-ET EPT pathways, both EPT and MS-EPT, have been invoked
Mechanisms.A pH-dependence is introduced into a PCET mechanistically in a number of PCET reactions. Examples
mechanism if more than one form of a pH-dependent couple have also been documented for discrete molecules adsorbed
is involved. In this case, the pH-dependence originates inon, or bound to, surfaces and at the surfaces themselves,

the effect of pH on the distribution between reactive forms, following “activation” procedures which produce O-contain-
not from its influence o\G. Note the redox potential square  ing functional groups.

schemes in Figures 3 and 4.

The kinetics of oxidation of [O$bpy)]?* by cis-[Ru"- 6.1. EPT in Metal Complexes

(bpyk(py)(OH)P** in acidic solution in eq 5 are pH- .
dependent because of the pH-dependent distribution betweerd-1-1- cis-[Ru" (bpy)2(py)(O)F* and Related Complexes

cis-[Ru" (bpy)(py)(H:0)]*" andcis-[Ru" (bpy)(py)(OH)F*. 6.1.1.1. Comproportionation. The k(H,0)/k(D;0) KIE
cis-[Ru" (bpy)(py)(H20)I*" is more reactive than its hydroxo  of 16.1 + 0.2 for comproportionation betweetis-[Ru'V-
analogue by 7x 104 _but its Ka1is 0.85. There is a pH (bpy)(py)(O)+ andcis-[Ru' (bpy)(py)(H20)]2" in eqs 16-
dependence becausis-[Ru" (bpyk(py)(OH)F* plays an 12 ‘includes both isotopic fractionation in the H-bonded
increasingly important role as the pH is raised, and its association complex and EPT (section 5.3:2)From a
concentration relative to the agua complex incredses. theoretical analysis by lordanova and Hammes-Schiffer
Another example is the pH-dependent oxidation of ascorbic (section 5.3¥1° the O--O distance in the H-bond was

acid (HA) by [Fe(CN)(thiourea)}~, with oxidative reactiv-  calculated to be 2.70 A by fitting the rate constant and KIE

ity in the order &~ > HA™ > HA.%% with 2 = 0.53 eV (12 kcal/mol). This analysis neglected the
5.5.4.3. Buffer Effects.In pH-dependent kinetic studies v(Ru=O) mode and assumed a fixed-@D separation.
near pH= 7, OH" and H" are in low concentration, and The distributions through vibrational channels, shown as

buffers are used to control and vary pH. However, electron fractions in parantheses, starting from initial leuet 0 to
transfer data obtained under such conditions must belevelsv in the products were as follows: (Epordinated
interpreted with care since the buffer itself can be an active H,O, v = 1 (0.73),» = 2 (0.18),v = 3 (0.09), andv = 4
component. The kinetics of oxidation of tyrosine (TyrOH) (0); (2) coordinated RO, v = 1 (0.06),» = 2 (0.10),» = 3
by [Od"(bpy)]®", and a related series of polyridyl complexes, (0.18), andv = 4 (0.62). These data illustrate the effect of
were investigated in a 0, /HPO?~ buffer over a range  the smaller quantum spacing for-® (hwp ~ 0.7hwy) on
of buffer concentration®* the distribution through vibrational channels at room tem-
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perature, with higher vibrational overlap occurring between
u = 0 and levels above = 0 for O—D.*%0

Farrar and Thorp studied comproportionation between
[Ru" (tpy)(bpy)(O)F* and [Rd (tpy)(bpy)(HO)J** and for
a series of tpy- and bpy-substituted derivatives. This allowed
AG for comproportionation to be varied over a range of 0.06
eV (1.4 kcal/mol):92 For the tpy complex, the enhanced rate
constant{7) and decrease k{H,O)/k(D,0) (11.4 compared
to 16.1) at the sameAG were explained by invoking
enhanced steric crowding for the py complex, which
increases the & O separation distance. This increases the

proton transfer distance and decreases vibrational overlap

(section 5.4.2}1° Experimental slopes of plots of kiprvs
AG were 0.66+ 0.06 in HO and 0.64+ 0.05 in D,O rather
than 0.5. This is consistent with interventiongof= 0 — v
vibrational channels above= 0 (section 5.3.4).

The pseudo-self-exchange reaction between'"[y)-
(bpy(OH)F" and cis-[RU"(bpy)(py)(H.0)]?" mentioned in

section 5.4.2 occurs by pH-dependent and independent
pathways. The pH-dependent pathway occurs by outer-sphere

electron transfer between [R(tpy)(bpy)(OH)F* and cis-
[RU"(bpy)(py)(OH)T", is more rapid by~110, and occurs
with k(H.O)/k(D,0) = 1.5. The pH-independent pathway
occurs by EPT withk(H,0))/k(D,0O) = 5.8 at 25°C (I =
0.005 M)7® Based on the discussion in section 5.3.2, the
largek(H-0)/k(D,0) KIEs for comproportionation arise from
unsymmetric H-bonds in the association complex, which
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Table 1. HO/D;O Kinetic Isotope Effects and Activation
Parameters for Oxidations by cis-[Ru" (bpy)2(py)(O)]>" and
cis-[Ru"" (bpy)2(py)(OH)]?* in Water (I = 0.1 M) at 25°C

(D,0 - Hy0)
koo AAHS AAST
Reaction® 10 D AAH AAS
25°C keal/mol  cal/*C mol
Ru'Y=0*" + Ru'-OH,** ™7 6.1+0.2 F1.6 -0.3
(dn) (dn®)
RuY=0%"+ HO-¢_)-OH L +1.5 1.7
4
(dn™) ()
RuV=0 + H-0-0-H £3.2 2.0
(drh) (c%)
RuLOH2* + HO—@—()H 9340 NA NA
(dr) (n%)
Ru'-OH** + H-0-0-H , NA NA
(dn) (Co)]

The electronic configurations of the electron transfer donors and acceptors are

indicated for the individual entries.
oo )= o) o)
RT RT RT
(125)

_kT
~h

_keT

. h

increases the proton transfer distance and decreases vibraeq 103, and the smaller €D quantum spacing (section

tional overlap.

6.1.1.2. Oxidation of HO,. Oxidation of HO, to O, hy
cis-[RuY(bpy)(py)(O)F" (k(H.0, 25°C) = 1.74 4+ 0.18)
and cis-[Ru" (bpy)x(py)(OH)P** (k = 8.09 4+ 0.27 x 102
M~1s™1 occurs by EPT, [R§=0-+--H—OOHP* — [RuU" —
O—H---*O0HT**, to give HQ". Experimentak(H,O)/k(D-0)
KIEs are 22.0+ 1.2 and 16.2+ 0.7 (25°C, | = 0.1 M) 5%
The HOMO on HO, is a combination ofo—o and an orbital
of 7* symmetry>26

6.1.1.3. Oxidation of HQ. Oxidation of hydroquinone
(H2Q) by cis-[Ru" (bpyk(py)(O)** occurs withk(H.O, 25
°C,1 =0.1 M) = 9.6+ 0.3 x 10° M~ 5% and k(H,0)/
k(D,O) = 28.7+ 1.0 at 15°C. From the results of a mole
fraction study (section 5.5.2), a single proton is involved,
consistent with EPT, [R4=0-+*H—O—CgH,OH]?" — [Ru'" —
O—H-+*0—CgH,OHJ?*. Oxidation of HQ by cis[Ru"-
(bpy)(py)(OH)?* also occurs by EPT witk(H,0)/k(D,0)
= 9.3+ 0.1 andk(H,0, 25°C, u = 0.1 M) = (1.16+ 0.02)
x 10 M~ 57133 Consistent with the discussion in section
5.4.2, the difference in magnitudes between KIEs for the

5.3.3). KIEs for Rl —OH>*" may be lower due to the
difference in hybridization at RtOH compared to R&O
which decreases proton transfer distances (section 5.4.2).

6.1.2. Oxidation of Phenols by trans-[Ru”(L)(0),F** (L =
1,12-Dimethyl-3,4:9,10-dibenzo-1,2-diaza-5,8-
dioxacyclopentadecane)

The oxidation of a series of phenols nans{Ru"'(L)-
(0),)?" was investigated in water and @EN.37 For phenol
in water, pH-dependent and -independent pathways were
observed consistent with(25 °C, | = 0.1 M) = 12.5 M?
s 1 for PhOH ank(25°C,1 = 0.1 M)=8.0x 10® Mts?!
for PhO". The pH-independent pathway occurred with
k(H.0)/k(D,0O) = 4.8. Based on the KIE and the influence
of bulky substituents in the oxidation of sterically hindered
phenols, it was concluded that pH-independent phenol
oxidation occurs by a HAT (EPT) pathway, eq 126. Fol-
lowing the 1e/1H" oxidation in eq 126, the phenoxy radical
undergoes further 3eoxidation bytrans{Ru"'(L)(O),]*" and
trans[RuY(L)(O)(OH)]?* to give p-benzoquinone, in com-

oxidants may be a consequence of a more unsymmetricalpetition with coupling of the radical to give 4;bipheno-

H-bond in the former due to the change in hybridization at
the oxo group.

6.1.1.4 ComparisonsKIE data are collected in Table 1
for reactions involvingis-[Ru" (bpy)X(py)(O)F+ (RUV=0?")
andcis-[Ru" (bpyk(py)(OH)P" (RU"—QOH?*) as the oxidants
with a series of reductant§ The data include differences in
enthalpies AH*, and entropiesAS, of activation between
reactions studied in #D and DO. The data were treated by

using the reaction rate theory expression in eq 125. In this

interpretationk = kops = Kakept, and the differences between
AAH* and AAS include AH® and AS® for H-bonded pre-
equilibria with their associated isotopic fractionation factors
(section 5.3.2§6

The higherAH* values in RO are consistent with greater
use of vibrational channels above vibrational lexet 0,

quinone3’®
Trans-[Ru*(L)(0)]** + Ph-OH —— rrans-[Ru" (L) O} OH)]*" +Ph-0" (126)
i, [ ) CH
N N
T o
L1
L = 1,12-Dimethyl-3,4:9,10-dibenzo- 1.2-diaza-5 8-dioxacyclopentadecane

In the oxidation of a series of substituted phenols¢raps-
[RUM(L)(0O)2]?" in CH3CN, a straight line correlation was
observed between Idgand the bond dissociation energy of
the phenol. A separate correlation was observed for phenols
with bulky 2,6-ditert-butyl substituents close to the -OH
group, resulting in significantly decreased rate const#fts.
The comparison between the two provides graphic, if
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Figure 32. Representative structures of Os complexes as B&ts:

(A) trans[OsY (tpy) (Cl)2(NN(CH,)40)]* with OsN1= 1.865(8) A

and DOsN1N2= 158.9(123; (B) trans[OsV (tpy)(Cla(p-NS(H)CsHsMe)]+ with OsN1= 1.912(9) A andJOsN1S1= 128.8(6}.5!

qualitative, evidence for the importance of the proton transfer existence of EPT accompanied by colossal

distance on EPT vibrational overlaps (section 5.4.2).

6.1.3. Two-Electron—Proton Transfer (2e~/1H" EPT) in
the Oxidation of Aniline

Aniline undergoes 6eoxidation bycis-[Ru" (bpy)(py)-
(O)]?" in CH:CN. The products of the first stage are
diphenylhydrazine (PhNHNHPh) and phenylhydroxylamine
(PhNHOH). The reaction is first order in each reactant with
k(25.1°C) = (2.054 0.18) x 1? M~ s™L In water, the
reaction occurs wittk(H,O)/k(D,0) = 15.5 4+ 2.2. Given

the absence of one-electron oxidation polyaniline products,

the initial redox step appears to involve a 2gange’® It
has been proposed that2&H™ EPT occurs to give the

intermediate nitrene or protonated nitrene shown in eq 127.

24

H
Ru'\'—():;

(dmy?

H H 24
Va4
— | Rl N (127)

(n N]“

H

VO
(ny P (dm)®

The relationship between 2dH" EPT and hydride
transfer is analogous to that between EPT and HAT. Il 2e
1H" EPT, the electrons and proton are transferred from
different orbitals in the electronproton donor. Proton
transfer occurs fronoy-p, and electron transfer occurs
from a & orbital. This is in contrast to the oxidation of
formate anion (HC®) in eq 4, in which both electrons and
the proton come from the same—El bond.

Following the redox step, the nitrene intermediate is
captured competitively by PhNHo give PhNHNHPh or
by H,O to give PhANHOH. The hydroxylamine does not build
up in solution since it undergoes rapid oxidation to give
nitrosobenzene (PhNGj!

6.1.4. “Colossal” Kinetic Isotope Effects in the Oxidation
of Os(lV) Hydrazido and Related Complexes by Quinone

In section 2.3.1.3, pH-dependent Os(V/IV) couples such
astrans[Os’(tpy)(Cl):(NNRy)] t/trans[OsV (tpy) (Cl)(N(H)-
NR2)]" (pKa = 3.21) were mentioned in the context of PCET
thermodynamics. The change in proton content with oxida-

H/D
KIEs 130.131527.52Representative structures of the complexes
are shown in Figure 32.

For trans[OsV (tpy)(Cl).(N(H)N(CH,),0)]*, EPT occurs
at the N directly bound to Os. ltmans[OsV (tpy)(Cl)x(NS-
(H)-p-CeHsMe)]+ andtrans[OsV(Tp)(Cl)(NP(H)EL)], EPT
occurs at S or P proton donor atoms once remévBdiving
forces are small for all three withG = —0.05,+0.08, and
+0.06 eV, which allowed the kinetics to be studied in both
forward and reverse directiofk.

pH-dependent kinetic studies revealed both pH-dependent
and -independent pathways. The pH-independent pathways
occur by EPT. Saturation kinetics and direct spectral
measurements provide evidence for intermediates in all three
reactions. In the representative mechanism shown for the
hydrazido complex in eqs 12432, H-bonding with Q is
proposed in the intermediate.

¥

0stV=N/

(0

.7
IV,
Os \

(129)

(130)

rapid

(132)

+ HI._I

el
Os¥= 4 + HyQ)

The appearance of saturation kinetics allows separation
of kegandKa. A proton inventory experiment was conducted

Ky

tion state is reminiscent of those in the oxo/hydroxo/aqua as described in section 5.5.2. The variatiokgf with mole

couplescis-[Ru (bpy)(py)(O)*/cis-[Ru (bpy)(py) (OH)F*/
cis[RU"(bpyk(py)(H20)J?". Kinetic studies on the oxidations
of trans[OsV (tpy)(Cl)(N(H)N(CH,)40)]* (note eq 128),

2 trans-[Os™Y (tpy ) CLL(N(H)N(CHy), 0N + Q0 —

2 trans-[0s¥ (tpy ) CD(NN(CH),0)]" + HyQ - (128)
trans-[OsY (tpy)(Cl)2(NS(H)4-CsHsMe)] ", andtrans[OsV-
(Tp)(CI(NP(H)EL)] (Tp~ is tris(pyrazol-1-yl)borate anion)
by quinone (Q) in 1:1 (v/v) CBCN/H,O have revealed the

fraction of D andyp followed the relationshifxx/ky = 1 +
x(ko/kaq — 1), with ks, kp, andkx as the rate constant in pure
H,0, in DO, and in a mixed solvent of mole fraction X.
Values ofkp/ky andkp were obtained by extrapolation. The
results, shown replotted &g/k, versusyp in Figure 33, show
thatk(H,0))/k(D20) = 439 & 8151528 As shown by the data
in Table 2, all three reactions proceed with giant kinetic
isotope effects.

Based on an analysis of these data by lordanova and
Hammes-Schiffet? (1) AGgpr is large and positive for all
three reactionsf18 kcal/mol (0.78 eV) to 21 kcal/mol (0.91
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480 conducted on the 2:bis(tetrahydro)pyrimidine (kbip)
260 4 couple, [F& (Hzbip)(Hbip)]?*/[Fe'(H2bip)s)>" in CDsCN
a (Figure 34). At temperatures near ambient, both electron
= 240 transfer self-exchange between [fe,bip)s]** and [Fd (Hx-
bip)s]?" and EPT self-exchange occur with negative enthal-
120 7 pies of activation wittAH* = —1.54 0.5 kcal/mol for EPT
self-exchange. The negativwdi* values have been attributed
to self-exchange occurring preferentially from low-spin forms
of the Fe(Il) and Fe(lll) complexes. Tha/kp KIE was 1.6

. . . + 0.5 at 25°C 5%
Figure 33. Plot ofky/k versusyp for the reaction between quinone . .
andtrans{Os" (tpy) (Cl(N(HIN(CHo)0)|PFs, eq 128, in 1:1 (v [N & comprehensive study at 26 in CDLCN, Soper and
V) CHsCN/H,0—D,0 mixtures,u = 0.1 M, at 25.0+ 0.1°C at ~ Mayer investigated PCET self-exchange betweer’{Dp)-
[Q] < 2.80 x 1073 M. ky andk, are rate constants in pure,® (CD2(NHPh)] and [O¥ (Tp)(Cl)x(NHPh)] (Tp™ is tris-

k,

0 ; . ; ; )
0.0 0.2 0.4 0.6 0.8 1.0

b

and in HO—D,O mixtures of mole fractionyp. (pyrazol-1-yl)borate anion) in C4€N, electron transfer self-
- i exchange between [6Tp)(Cl)2(NHPh)] and
'gabll\e/ 2(.:H20/|D20 Kkljnetlc _Isot%rfe Effects for the Oxidation of [0 (Tp)(C(NHPh)I and between [OYTp)(Cl)(NH.-
s(1v) Complexes by Quinon Ph)I" and [O4'(Tp)(Cl).(NH,Ph)], and proton exchange
Complexcs” between [O¥(Tp)(Cl)(NH.Ph)]" and [O$/(Tp)(Cl)}(NHPh)]
| K H and between [OKTp)(Cl)(NHzPh)] and
frpeg/ Koy [itpy HCIHOs=NNICH; 0] [(TpHClL,0s-NPEt;] [itpy )i ClOs=NSC HMe)]" [Oslll (Tp)(Cl)z(NHZPh)]’ and [O$V(Tp)(cl)2(NHPh)]753o

This study revealed that the ET and PT self-exchange
reactions were=1(P times more rapid than EPT witkepr

~ 3 x 10® M~! s L This rate constant may be an upper
limit because of acid and base catalysis of competitive ET-
PT or PT-ET PCET mechanisms.

39504 0.1°C in 11 (viv) CH;CN:H,0 or 11 (viv) CH;CND,0, 7= 0.1 M. The slowness of the EPT pathway was attributed to a
possibly weaker and longer H-bond in the EPT precursor
complex which “raises the barrier to HAT-PCET self-
eV)), and the reactions occur from initial leveds= 0, 1, 2, exchange and increases its nonadiabatiéity’Consistent

... tov = 0in the products and (2) the longest proton transfer with this notion and the discussions in sections 5.4 and 6.1.4,
distance is for P-H, but its KIE (at 25°C) is the smallest.  there is presumably a highly asymmetrical H-bond in the
This is because the calculatedR vibrational spacing is  [0SY(Ph)(H)N--HN(Ph)(H)O$']* association complex and
lowest, which leads to higher Boltzmann populations in levels & long proton transfer distance. There is a lard& p
aboveu = 0, in which vibrational overlaps are higher. difference of>25 K, units between [O%(Tp)(Cl)(NH.-

Ph)J" and [O$'(Tp)(Cl)(NH,Ph)] 330
6.1.5. Metal Complex Self-Exchange

6.1.5.1. [F& (Hbim)(Hbim)] >*/[Fe! (Hobim)q2+ Seif- 016 EPT in Metal Complex PCET
Exchange.The [Fé' (H.bim),(Hbim)]2*/[Fe' (Hzbim) 2" self- 6.1.6.1. MnO4(O2PPhp)s. The cluster [Mi(u-0)i(Oz-
exchange reaction, eq 89 in section 4.4, was studietHby ~ PPh)¢] is reversibly oxidized to [Ma(u-O)s(O:PPh)e]*.
NMR line broadening in CBCN (I = 0.1 M) as part of a  Reduction by phenothiazine (PTZH) in @GEl, gave [Mn-
comprehensive study of electron transfer in eq 133, proton (4-O)s(u-OH)(O,PPh)e] and PTZ". Reduction of the neutral

(1332000 = 10°

4
(4
(3

0.05) % 107

g D20 (571 (141 £ 0.04) = 1077
e H2 O Wk g( D20 430+ 8

transfer in eq 134, and PCET in eq 135. cluster with PTZ-H gave the same product and PTihe
two reactions were described as occurring by hydride transfer
(F(Hbim),[2* + [Fe"(HLbim),[* ‘¢ and H-atom transfer, respectively, but tkg/kp kinetic
. e isotope effect is negligible, and the mechanisms could
[Fe'(Hobim);*" + [Fe''(H,bim);]*"  (133) involve ET-PT531.532
6.1.6.2. Mn Macrocyles as Superoxide Dismustase
e e e e Mimics. In a study of superoxide dismutase (SOD) mimics
[Fe"(Hzbim);]"" + [Fe'"(Hbim){H;bim};] _— . .
based on a series of pentaaza macrocylic complexes of Mn,
[Fe™(Hbim)(Hybim),]** + [Fe(Hybim);]*"  (134) the kinetics of @~ reduction were studied for the complex
shown in eq 136 in its aqua forPA This reaction occurs
(Fel¥(Him), 2 + [Fe"(Hbim)(H,bim),* kecer with both acid-dependent and -independent pathways, with
i R the latter attributed to reduction of HCby the aqua form
[Fe''(Hbim)(H,bim),]** + [Fe''(Hybim);]**  (135) of the complex as shown in eq 136. For this pathviéy,O)/

k(D,O) = 2. However, assuming that,(HO,) has an

PCET occurs by EPT and a small KIEN—H)/k(N—D) equilibrium isotope effect comparable to that of acetic acid,

= 2.3+ 0.3 at 51°C 37 consistent with a largely symmetrical
H-bond, eq 89, in agreement with calculations by lordanova,

Decornez, and Hammes-Schiffer (section 5.4%2)Rate QWH)\? ~ F\'\:'/\L’\j ~
constants for electron transfé(25 °C) = 1.7 x 10* M1 L,\' | N N1 QN . meNeN
s}, and EPT are comparable due to compensating effects. "’T”\_\I\” e
The solvent reorganization energy is smaller for EPT, and (\I,,_\- (,\\f(f\ L
electronic coupling is larger for E¥? il il
6.1.5.2. Related Metal Complex Self-Exchange Reac- [Fe!(H:bip) ] [Fe!'(H;bip)(Hbip]*”

tions. Self-exchange rate measurements have also beerFigure 34. [Fe'(Hbip)s]?t and [Feé! (Hzbip)(Hbip)]?t.
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[LsMn'-OH,] + HO,* — [L;Mn'"-OH] + H,0, (136) >C[1}/(|)\Ct11[4 _\CIE/O\ s
SN NI

H [ \H
N Clpwe-
O:_HLNQ o2 o2
Lo8g o %o
H 7\ N\
s axs {D O
N Y

Ko(HOAC)/K(DOACc) = 3.35%4 the KIE for the redox step,

ke could be~6. The mechanism was described as HAT, Figure 35. Bridging Cu and ancilliary ligand structures L(py)

but electron transfer comes from a d-orbital on the metal and L{py).

and the proton fromuo-y on the bound water to give*d (\PY 2+

Mn(lll) and H,O,. The elementary step is probably better | _\_I o N B

described as EP¥3 ¢ P/f“\?'/\c/u\}/w P Y_N%D_R’ Where R = H, MeO, Me;N
6.1.6.3. Oxidation of Phenols by Dioxygen Complexes. PJ{\/I

The kinetics of reduction of [Cl§u-peroxo)CU and CU' (u-
0).Cu"] dimers by a series of phenols in acetone-&0
°C have been investigated (Figure 35). The reaction for the

cu(li—Cu(lll) dimer is illustrated in eq 137. In these CQOI%

Figure 36. Copper-dioxygen adducts.

reactions, ArOH/ArODky/kp KIES were obtained ranging 0"
from 1.21 to 1.56% 0:

Figure 37. 2-Methyl-3-hydroxychromone.

N\, O/ : _ N O,/ . -
[ /L u Y )/C'u\ + ArOH —— /Cu \[)'CU\ + ArOH (137) HO HO
=N, =N,
0 250
+H SN Sy
2-(2'-hydroxyphenyl)benzotriazole (BZT1) 2-(2'-hydroxyphenyl)triazole (BZT2)
H Figure 38. BZT1 and BZT2.
\(Ln/o\(_‘n/ 4 ArO-0OAr (138)
—Cu, Cu— L. X .
Similarly, intermolecular proton transfer and tautomerism

based on concerted double proton transfer have been
Linear relationships were found to exist betwé#hin k observed following excitation of pyrrolpyridines. Concerted
and —AG over a range oAG values of 0.2 eV (4.6 kcall  double proton transfer is illustrated for the 7-azaindole (7-
mol) with slopes of 0.7 in both cases. Based on these slopesAl) dimer in eq 1342546
a mechanism was proposed involving pre-equilibrium elec-
tron transfer followed by EPT. In the oxidation of this series

/ A\
of phenols by cumylperoxy radical under the same condi- E_EN H=NTN
N""H N _/

e\

tions, ArOH + PhCMeO,* — ArO* + PhCMeO,H, rate (139

constants were essentially independemiGf consistent with
PT-ET. Dimer (S,)
In the series of copperdioxygen adducts shown in Figure
36, electronic structural properties were varied systematically , 'nframolecular charge transfer (ICT) dual fluorescence
by varying the ligand pyridyl donor substituents with-R  rom p-dimethylaminobenzamide (DMABA) in actonitrile
H, MeO, and MeN. Detailed mechanistic studies were used IS Selectively quenched by H3O This may be due to proton
to distinguish whether the initial step involved EPT or ET- transfer in the ICT excited state, eq 140, leading to enhanced

PT. At low driving forces for ET, ET-PT dominates. At high nenradiative decay’’
positive driving forces, EPT dominate¥.

In the catalytic oxidative dehydrogenation of 3,5telit v H3C\N+ O AN
butylcatechol and 2-aminophenol by @ the presence of e SNt Yo
dioximato-cobalt(ll), iron(ll), and Mn(Il) complexes, the rate } X
determining step is H-atom abstraction (EPT) from the HC O-H-0 .0
henol by the M@ complexe$3’ L L (140
p y. . p e NN (140)
6.2. EPT in Organic PCET b

6.2.1. Excited States Orthohydroxyphenyl benzotriazoles are used as ultraviolet

6.2.1.1. Intramolecular Proton Transfer. Changes in  absorbers because their excited states undergo ultrafast
electronic structure induced by proton transfer have beennonradiative decay. The decay mechanism involves excited-
observed in organic excited states that are related to EPT state intramolecular proton transfer (ESIPT) through a conical
In a series ofa-hydroxy ketones such as 2-methyl-3- intersectiorf*®-5>* Complete active space self-consistent-field
hydroxychromone in Figure 37,,S— S, excitation is (CASSCEF) calculations on 2-¢aydroxyphenyl)benzotria-
followed by internal proton transfer and formation of a high- zole without the fused benzo group, BZT2, reinforce a
energy tautomer. Relaxation to the lowest triplet of the mechanism involving (1) excitation to give an internal charge
tautomer and optical pumping provide a basis for amplified transfer state (ICT), (2) intramolecular proton transfer
spontaneous emission, lasing action, and an intramoleculaiinvolving twisted geometries, and (3) rapid decay from the
proton transfer laseg? 541 keto state following proton transfer (Figure 38).
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P reaction correlation for a series of EPT, and hybrid HAT-
N=N EPT pathways involving metal complexes and organic
radicals (section 5.2.2§3
6.2.2.2. Oxidation of TEMPO by [Fé" (Hbip)(Hbip)]%*.
Figure 39. BenzocinnolineN-oxide. Oxidation of the stable nitroxyl radical TEMPO by [iHH,-
bip)2(Hbip)]?*, eq 144, is an example of a metal comptex
N radical reaction used in the Marcus correlation described
NN above. Temperature-dependent kinetic measurementszsn CH
° 9 CN revealed a negative enthalpy of activatioty* = —2.7

=+ 0.4 kcal/mok%3 which was rationalized by using a form
of the Marcus cross-reaction equation interrelathigf and
AH for the overall reaction. The large negatit® value
6.2.1.2. EPT in Gas-Phase Cluster&xcitation of phenol ~ 0f =30 & 2 cal molt K™% was attributed to a spin state
(tr*) excited state. It undergoes surface crossing to a smglete{ _ o . { NN T o
N, |ieN i 1 N, |,NoN i

m* Rydberg state which is dissociative along the OH NH -
coordinate. This state subsequently undergoes EPT to th Nf"'T"‘-NINJ ’ A(N)L = Nf""f*«NINH * A[N)L (149
surrounding ammonia clustei8:557 N LN

6.2.1.3 Aromatic Excited State Quenching by Phenols [Fell{Hybip)** TEMPO [Felll{Hbip))* TEMPO-H
and Hydroquine. 6.2.1.3.1. Aromatic KetoneAromatic n I . .
— * carbonyl triplets such as the benzophenone triplet are 6.2.2.3. Oxidation of Phenols by Galvinoxy Radical.

quenched by phenols. One pathway for quenching is by Oxidation of a series of substituted phenols (ArOH) by the

reduction, eq 143585 Kinetic isotope effects in 9:1 CH stable radical galvinoxyl (GQnote the structure in Figure
’ 10), ArOH + G — ArO* + GOH, has been studied in

Figure 40. 1,12-Dimethyl-3,4:9,10-dibenzo-1,2-diaza-5,8-diox-
acyclopentadecane.

SRR'CO + ArOH —» ArO® + RR'COH (141 toluene. The rate constant for the reaction with 2,4,6-tri-
tert-butylphenol (TBP) is solvent-dependent, withiarying

o o_@_{_) . 0_@:(0 ’ by a fa_ctor of 30, decregsing marl_<edly in _po_Iar solver_lts,

Q/\/ \©\( . - (142) qualitatively consistent with theoretical predictions (section
HO . oM o 5.5.1). Kinetic isotope effect&y/kp, of up to 6.3+ 0.3 were

observed for the reactior®’

CN/H20 or 9:1 CHCN/D.0 vary from 1.2 to 4.5 depending 6.2.2.4. Other ReactionsThe effects of guanyl radical
on the ketone and the phenol, pointing to HAT at the ketone production in plasmid DNA followingy-irradiation have
and EPT at the phenol in the quenching step. Geometricalbeen detected by using d@scherichia colibase excision
effects on intramolecular HAT-EPT have also been studied repair endonuclease to convert stable end products to strand
in oxyethyl-linked phenolic ketones; note eq 14230 breaks. Addition of micromolar amounts of substituted

In a closely related study, the quenching of excited-state phenols strongly attenuates excision by capturing guanyl
fluorenone by a series of phenols was investigated in H- radicals. Based on an energetic analysis, it was concluded
bonded pairs in organic solverit8Quenching of both singlet  that capture of the radicals by phenols occurs by EPT.
and triplet excited states occurs with rate constants thatThe oxidation ofp-cresol p-MeCsH4,OH) by the cation
increase with the reducing ability of the phenol. Energetic radical of N-methylindole (Me-Ind") occurs withk(H,O)/
arguments based on acidities before and after electron transfek(Dzo) of 2.4+ 0.1, consistent with EPT5

greatly favor EPT as the mechanism and emphasize the 6.2.2.5. Theory.6.2.2.5.1. EPT in Amino Acid Model

importance of H-bonding prior to EPPX HAT (EPT)  CompoundsQuantum chemical calculations based on the
mechanisms have also been invoked in the quenching of adensity functional theory method B3LYP have been con-
series of benzophenone triplet excited statepoyesol’®®  ducted on net HAT reactions involving amino acid model

6.2.1.3.2 N-OxidesApplication of transient absorption and  compound®® H-bonded to vinyl alcohol and methoxy
IR monitoring folloyving uv e_xcitatipn of isoquinoline  radicals®’” Depending on the radical-bridge-acceptor com-
N-oxide and benzocinnolind-oxide (Figure 39) were used  pjnation, three different mechanisms were identified: (1)
to demonstl_’ate that quenChIng of their excited tl‘lp|et states proton governed hydrogen transfer, in which a proton is first
by hydroquinone occurs by EPT, eq 1#3. transferred to a neighboring amino acid residue followed by
o o electron transfer (PT-ET), (2) overlap governed hydrogen
0 *_on transfer (EPT), in which the transferring proton and electron
O@“ + do O\A)N + (143) take different paths, and (3) HA Intramolecular hydrogen
Z © ~ atom migration in amide and peptide radicals also occurs
OH OH by EPT, based on combined B3LYP-MP2 calculations. These
calculations show that the migrating H-atom has negligible
6.2.2. Organic Radicals spin density and substantial positive charge with electron
6.2.2.1. Correlations with Bond Dissociation Energies  transfer occurring in parallel throughsaorbital system in
and AG. In sections 5.2.2 and 5.2.3, mention was made of the same or opposite direction from proton transfér.
the extensive correlations that exist for HAT betweenkog 6.2.2.5.2. Thymine Radical and DNA theoretical study
and bond dissociation energies. These correlations extendf oxidation within the thymine radicalacrylamide complex,
to EPT involving organic radicals, including the oxidation eq 145, and the thymireDNA radical complex was
of phenols bytrans[RuV'(L)(0),]*" (L = 1,12-dimethyl- conducted based on the CASSCF method by using a
3,4:9,10-dibenzo-1,2-diaza-5,8-dioxacyclopentadecane, Fig-frequency-resolved cavity model for the solvent. The cal-
ure 40)37° and peroxy radicaf® and to a Marcus cross- culations revealed that the preferred pathway depends on the

Isoquinoline N-Oxide
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CH; CH; excited-state electron transfer across the H-bonded interface
HW)—\KO"‘"“ Hj)\fo"’m. creates an organic radical anion which increases the basicity
H,N\['(N\H~ I — H,NTNZ_\ A - ass) of the acceptor. The resulting changes !n local charge

Y “\O)IH 0 'H\O)IH distribution couple electron and proton motion when back-

| electron transfer occurs.
H 'H H"'H Back-electron transfer is highly favored wikG' ~ —2

surrounding environment. ET dominates for the solvated €V (~ —46 kcal/mol) and occurs in the inverted region with
thymine radicat-acrylamide complex, and EPT dominates |AG| > 4; note the discussion on the inverted region in
for the solvated DNA radical complé8 The difference in section 5.3.44 is the sum of the intramolecular and solvent
behavior is due to decreased solvent accessibility in the reorganization energies, as discussed in section 4.2.1.
presence of DNA, which alters the relative free energies of In the inverted region, the rate constant for electron transfer
the initial ET and EPT products. decreasesas—AG increases and the reaction becomes more
6.2.2.5.3. Other Reactionsligh-levelab initio electronic ~ favorable in contrast to the normal regidaG| < 4. This
structure calculations have been applied to the gas-phaséesultis predicted by both the classical and quantum results
bimolecular reaction, HCOOH- *OH — HCOO + H,0, in egs 53 and 73 although they dlff_er in deta_ll. Based on the
and to the intramolecular reactio®OCHOH — HOOCH,O. latter, in the average mode approximation WitkG| > Siw
Both are of environmental interest. For both, EPT is a lower andiw > kT, ker varies with the “energy gapE,, between
energy pathway than HAT. The two mechanisms are the initial and final states as shown in eq P4G294.324,463
illustrated for the bimolecular reaction in eqs 146 and 147.

An important factor favoring EPT over HAT is the higher 0 _ VE 148
triplet repulsion energy for HAT arising from the unpaired Ker U exp Syw (148)
electrons localized on the participating O-atots.
H H H E,
N o ’ g = In(—) -1 149
T R I T I 7= s (149
ot Wt g Wt @ IAG| = Ey+ 4o, (150)
o,
H H H
w e o od o i The rate constant for back-electron transfer is more rapid
‘8 DL §  H «— ¢ H ' by ~40 for assembly (1), in which the amidinium part of

HT g H O (HAT) the interface is oriented toward the reduced dinitrobenzene
guencher. The electrostatic effect of the positive charge on
the amidinium and the dipole orientation within the H-bond
interface stabilize the quencher radical anionby.37 eV
compared to assembly (2). In assembly (2), the anionic
carboxylate group is on the same side as the reduced
guencher with the orientation of the interfacial dipole
reversed’* The dipole stabilization effect in assembly (1)
decreases the energy gap (and\G), increasingker as
predicted by eq 148.

A theoretical analysf€® predicts ET-PT to be far more
rapid than EPT for excited-state quenching in assembly (1)
and more rapid by a factor of 30 or more for assembly (2).
Similar conclusions were reached in an analysis which

u ; » included just the bpy ligand and not the Ru(bpy) com-
6.3. PCET through “Salt Bridges plexA08463The latter predicts that ET dominates back-electron

The dynamics of excited-state electron transfer within transfer in assembly (1) and that a mixture of ET and EPT
molecular assemblies held together by H-bonding through dominates in assembly (2%

“salt bridges” have been investigated by laser flash photolysis Related observations have been made in an amidinium
by Nocera and co-workeP8573575 In one series of experi-  carboxylate Ru(bpy) assembly with a H-bondpdlimethy-
ments, laser flash excitation of the Ru(bpy) chromophore laniline derivative where fast reductive electron transfer
shown in Figure 41 was used to access metal-to-ligand chargeguenching occurs following laser flash excitatféhln a
transfer (MLCT) [RU' (bpy )] excited states. Excitation was  porphyrin-based study, fast oxidative quenching occurs
followed by oxidative quenching by nitrobenzene derivatives following laser flash excitation of a Zn(porphyrin)-dini-
linked to the chromophore by amidinium-carboxyate H- trobenzene assembly through a carboxylic agidrboxylic
bonded bridges. acid H-bonded interfac€® Electron transfer quenching and

Two types of assemblies were studied, one with the subsequent back-electron transfer have also been investigated
amidinium bound to the Ru(bpy) chromophore shown in in a Zn(porphyrin) bound to a naphthalene-diimide acceptor
Figure 41 as assembly (1), and the other with the amidinium through an amidinium-carboxylate interface. Transient ab-
bound to the quencher shown in Figure 41 as assembly (2).sorption measurements were used to time resolve the
Both quenching and back-electron transfer were investigatedquenching and back-electron transfer reactfghs.
in CH,CI, at 22 °C with the back-electron transfer step Temperature-dependent isotope effects have been mea-
illustrated in Figure 41 for both assemblf8874 The H- sured for electron transfer from an excited-state Zn(ll)
bonded assemblies in these cases are favored by twgporphyrin to a naphthalene diimide acceptor through an
secondary H-bond interactioR¥:5"7 In these reactions, amidinium-carboxylate H-bonded interface. An inverse

Oxidation of a series ob-, m+, p-methyl and dimeth-
ylphenol derivatives by H® was studied by using the
B3LYP functional. The calculations suggest that the phenol
hydroperoxyl reactions proceeded by PCET (EPT) rather than
H-atom transfer (HAT}’° Oxidation of phenol by HOO
occurs by EPT and of toluene by HAT!

For the self-exchange reaction betweesCRNO* and
R,C=NOH, DFT calculations reveal a pathway for exchange
involving a five-center, cyclic PCET (EPT) pathway. In this
pathway, the proton is transferred between electron pairs on
the O-atoms and the electron transfers between in-plane
orbitals on the N-atoms over a distance of 2.65A.
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2+ 2+
7\ /\
{ - : 3 0o HN}II (7
[(tmbpy),Ru"" N h [(tmbpy),Ru\ N (- +>_Q
- =/ O HN

tmbpy = 3,3',4,4'-tetramethyl-2,2'-bipyridine

Figure 41. Back-electron transfer coupled to proton motion through amidinium-carboxylate salt bridges following oxidative quenching of
the Ru(bpy) MLCT excited states in GEI, at 22°C.

kinetic isotope effect wittky/kp < 1 was observed at low oo
temperature withk/ko = 0.9 at 120 K increasing to 1.2 at >&;‘E)\N><
|
H

300 K. The temperature-dependence of the isotope effect was
attributed to the influence of bath-induced dynamics on the
coordinate of the transferring proté#.

6.4. Multiple-Site Electron —Proton Transfer Figure 42. 2-HO-GH3,5-(-Bu)> CONF,

(MS-EPT) A similar effect may be operative in a series of H-bonded
) phenols such as 2-HQH,-3,5-¢-Bu),-CONH, (Figure
6.4.1. Phenol Quenching of 3[Ceo] 42)587 Decreased peak potentials for oxidation of the phenols
Flash photolysis studies on the quenchingi@sg by to ArOH"* were explained by the influence of intramolecular

phenols in the presence of added pyridines show that theH-bonding in enhancing the acidity of the phenolic proton
quenching products are é@*' Aroﬁ, and+H_py’ consistent but IS most I|ke|y due to the Intervention Of MS-EPT. Much

with MS-EPT,3Cgo,ArO-H-+-py — Ceo™,Ar-Or++-H-pyr*, eqs larger shifts of 0.70.11 V were observed for ArOH couples

13—-15143%8 k,/kp kinetic isotope effects of up to 1.6& H-bonded to amine basé&¥:>%
0.10 were observed for these reactiéh¥:3%8 o _
In a closely related study, oxidation of photochemically 6.4.3. Proton Activation of Bound HO;
generated diphenyketyl radical, &/OH, by 1,2,4,5-tetra- A series of heme-based proteins exists which reacts with
cyanobenzene (TCB) was studied in 1,2-dichloroethane. oxygen or hydrogen peroxide to generate oxidatively active
Direct ET between PIZOH and TCB, PBCOH + TCB ferryl (FE€V=0) in their active site cavities; see, e.g., section
— PhCOH' 4+ TCB', is endoergic by 0.4 eV and does not  7.3.2%9%-5% They play an important role as oxidants (e.g.,
occur. Electron transfer does occur in the presence of thethe family of cyctochome P450 enzymes) and as catalases
N-bases 2,6-lutidine, 3-chloropyridine, and 2-chloropyridine. which catalyze the disproportonation 0§®, H,O, — H,O
These reactions occur by MS-EPT with electron transfer from + Oa.
the ketyl radical to TCB coupled to proton transfer to the  Synthetic procedures have been developed for adding a
H-bonded base, TCB,p&OH---B — TCB*~,Ph,CO-+-*H- H-bonding scaffold to trimesityl Mn and Fe porphyrins. In
B. There is & /kp kinetic isotope effect of 3.2 and transient the presence of ¥D,, they display enhanced reactivities
spectroscopic evidence for H-bonding in the lutidine ad- toward epoxidation and catalase activity. The key activation

duct>8t step has been suggested to be heterolytieCObond
cleavage, which occurs by proton-coupled two-electron
6.4.2. An Intramolecular Analogue, Internal MS-EPT transfer, 2e/H*EPT, eq 152. In this mechanism, 2eansfer

Rhile and Mayer have demonstrated an intramolecular occurs from Mn(lll) or Fe(ll) to bound hydroperoxide
analogue of phenol-pyridine MS-EPT in an amino-deriva- (HO;"), and a proton is transfe_rred from an ex_terr}al H-bond
tized, 2,4-ditert-butylphenol, eq 1538258 This phenol through an appended carboxylic acid. The activation process
undergoes Teoxidation to the H-bonded phenoxy radical 9ives the reactive Mf=O or Fé'=0 groups at the porphyrin
at a potential 0.73 V lower than the potential for oxidation core?® _ _
of 2,4,6-tritert-butylphenol. The results of kinetic studies ~ An O=Fe"(porph™) intermediate has been observed
with a series of oxidants are consistent with an elementary directly by stopped flow spectroscopic measurements. It was
step in which electron transfer is coupled to intramolecular 9énerated by protonation and heterolytic cleavage of bound
proton transfer in a pathway that could be described as m-chloroperoxybenzoic to give the peroxido intermediate

. i 96
internal MS-EPT eq 151. shown in eq 152
H. H
¢ NH ‘0 NH,
Ph - Ph
Ph Ph asmn (152)
HOAr-NH, *OAr-NH;*

The results of a related study on electrochemical oxidation I
of aminophenols, originally interpreted as occurring by ET 6.4.4. Oxidation of DNA Bases
followed by slow PT385 have been reinterpreted as most  6.4.4.1. Oxidation by Polypyridyl Complexes. The
likely occurring byinternal MS-EPT>86 kinetics of oxidation of guanine in'2leoxyguanosine-5
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Figure 43. Pathways for guanine oxidation.
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Figure 44. Possible H-bond interactions with the phosphate base

buffer component at the primary and secondary amines of guanine.

H,0 as the base, with PT favored by—0.5 eV (~12 kcal/
mol) given the valuesk,(H,0O) = —1.74 and K4(H.PO,")
=7.1.

A second, rapid kinetic component was also reported in
the oxidation of guanine. Conceivably, it could arise from a

triphosphate, double-stranded herring testes DNA, and Parallel MS-EPT pathway with HP®™ hydrogen bonded

guanine-containing oligonucleotide hybridized to its Wat-
son—Crick complement, all by [Rli(bpy)]®*, were studied
in a phosphate buffer at pH= 7 by stopped-flow and

to the primary amine rather than the secondary amine (Figure
44). Following MS-EPT at this site, internal PCET would
give the more stable secondary amine radical.

electrochemical methods. There were two separate kinetic 6-4.4.2. Oxidation by MLCT Excited States.TAP is the

components involving non-interconvertible forms of the
reactant$!! The pathways for initial proton loss, electron
loss, and EPT from guanine are illustrated in Figuré'43'2
Oxidation of the mononucleotide occurred wk{H,O)/
k(D;O) = 1.4 with k(H,0)k(D,O) = 2.1 for the DNA.
Oxidation of guanine by a series of polypyridyl complexes
of Fe, Ru, and Os having varying M(llI/Il) redox potentials,
E®’, showed thaRTIn k increased witHe®" with a slope of
0.8 £ 0.2. A parallel variation with—AG (=F[(E®'(M"")
— E°'(guaniné”)] presumably exists since the guanifie
couple remains constant through the series.

These studies were extended to oxidation of both 7-dea-

zaguanine and 7-deazaadenine, for which plotR®din k
vs E°" were linear with slopes of 1.k(H,0)/k(D,O KIEs
for selected reactions varied from 2.2 to 10. In the oxidations

of deoxyguanosine-5-monophosphate (dAGMP) and herring

testes DNA, plots ok versus mole fraction BD were linear,
consistent with the involvement of a single profdh?!?
The large KIE values and mole-fraction-dependences for

acceptor ligand in the lowest MLCT excited state of [Ru-
(TAP)(dppz)F" (TAP is 1,4,5,8-tetraazaphenanthrene; dppz
is dipyrido[3,2a:2',3-c]phenazine). The excited state is a
strong oxidant wittE® = 1.44 V (vs NHE). It is reductively
quenched by guanosine-onophosphate withk(H,0)/
k(D2O) = 1.7 in a phosphate buffer at pH 7, k(H.0) =

1.7 x 10°® M1 571597 Based on the isotope effect, it was
suggested that oxidation occurs by solvent-assisted MS-EPT
with water as the proton acceptor. Given the discussion in
the previous section, HR® may be the actual proton
acceptor. It is also possible that quenching occurs by EPT
with the excited state acting as a 1BH" acceptor, eq 155.

[Ru"(TAPY*(TAP)(dppz)*** + G(H) —= [Ru'(TAP*-H)(TAP)(dppz)]** + G{-H)* (155)

Dppz

Assuming that K, for the reduced complex, [Ru(TAP

these reactions are consistent with EPT in the elementaryH)(TAP)(dppz)}F, is the same as that for [Ru(bpystdpz-

step. Slopes of plots &®TIn k vs E* that are>0.5 point to
participation by vibrational channelg,= m— v = nabove
n = 0 (section 5.3.4).

H)]?" (bpm is 2,2-bipyrimidine and bpz is 2,2bipyrazine,
pKa = 9.2, section 2.8.3)AG*" ~ —0.31 eV (7.2 kcal/
mol) for EPT in eq 155. This calculation is based Bt =

Based on these results, it was suggested that the solvent.44 V (vs NHE) for the G-F"° couple and K, = 3.9 for
acts as the proton acceptor (solvent-assisted MS-EPT), ec¢he guanine radical cation, G=H>%

153. However, in work in progress by Fecenko, it has been

T H
o (oh P 0 *
/ . \ Hees OH, . u-.._li-()ll_;
[Ru™(bpy)s**.¢ j\ —= [Ru"(bpy)s ", ¢ ] j\ (153)
F' N” TNH, N7 ONT TNH,

p— H*f(oP(OH:-of-
\fi

/ 5}
", N N~ N
[Ru""'(bpy)s**, ¢ J\)L Py

;ooN

shown that oxidation of guanine (G(H)) is dependent on the
base form of the added,AO, /HPO,?~ buffer which acts

o] JH—OP(OH)O,

T:-'-

o

N N.
= [Ru'l(bpy)s 1, {N | (154)

NHa NH3

Similarly, the back-reaction between [RUAP*-H)(TAP)-
(dppz)F" and GEH)* following quenching occurs with
k(H,O)k(D,0O) = 2.1 and may also involve EPT or MS-
EPT. It has been suggested that oxidation of the ubiquinol
analogue 2,3-dimethoxy-5-methyl-1,4-benzoquinol (URH
by the MLCT excited state of [Ru(bpypbim)]* (pbim
is 2-(2-pyridyl)benzimidazolate anion) occurs by EPT,
[Ru" (bpy =) (bpy)(pbim)[* + UQH, — [Ru" (bpy~)(bpy)-
(pbim-H)]" + UQH".8%

6.4.4.3. Radical Oxidations.Related observations have
been made by Shafirovich and co-workers in a series of
papers concerning electron transfer between DNA base
analogues in an aqueous phosphate batfe?!® For ex-
ample, two-photon ionization of 2-aminofp-ribofurano-
sylpurine (2Apr) and 2-aminopurine ([2AP]) is followed by

as the proton acceptor. Oxidation of the H-bonded adduct rapid deprotonation to give the corresponding radicals [2Apr-

guanine(H¥>HPO;?~ occurs by parallel pathways. In one,
guanine(H>HPO,?~ undergoes MS-EPT with [M(bpyf*

as the electron acceptor, eq 154. In the other, initial PT, G(H)
+ HPO2 — G~ + H,PQy, is followed by rapid ET; note
Figure 43 and the mechanism for tyrosine oxidation in eqs

(=H)*] or [2AP(—=H)*] (Figure 45). The kinetics of their
subsequent reactions withdeoxyguanosine*5monophos-
phate (dGMP), e.g., [2AP{H)] + dGMP — [2AP] +
dGMP(=H)*, were followed by transient UV measurements.
In these studiesk(H,0O)/k(D,O) values in the range 1-5

123 and 124 (section 5.5.4.3). There is a thermodynamic 2.0 were observed which led to the suggestion that these

preference of~ —0.5 eV (~12 kcal/mol) for HPG?*~ over

reactions occurred by solvent-assisted MS-EP#¥3
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2APr
Figure 45. 2-Aminopurine and 2-amino-8-p-ribofuranosylpurine.

5'-[2AP]TT[GG]TTTTTTTTTT-3'

5'-[2AP]TTT[GG]TTTTTTTTT-3'

5'-[2APJAAAAAA[GG]AAAAAA-3'
Figure 46. Line structures for the oligonucleotides.

Long-range PCET in the 2-aminopuringuanine ([2AP]-
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COOEt

Figure 47. Proposed solvent-assisted MS-EPT in the oxidation of
the linked tyrosine in [RU(bpy)(bpy-TyrOH)E". See text. Re-
printed with permission from ref 495. Copyright 2003 American
Chemical Society.

(bpy-TyrOH)F** + MV>" — [Ru" (bpy)(bpy-TyrOH)F*
+ MV, is followed by intramolecular electron transfer, eq
158.

G) base pair system was subsequently investigated in a series

of oligonucleotides with thymidine (T) or adenine (A)
spacer$'3®516 Two-photon ionization led to [2AP{H)"]
followed by intrastrand PCET, eq 156. The subsequent
reaction was monitored by transient UV measurements for
both single-strand and duplex, double-strand forms.

[2AP(—H)']-An(or Tn)-G — [2AP]-An(or Tn)-G-(—H)*
(156)
In the duplex, oligonucleotides were complexed with their

Cobs , .
[Ru" (bpy )a(bpy-TyrOHY) + H,0 ——=  [Ru''(bpy)s(bpy-TyrO"))*" + H;0" (158)

[Ru'"-TyrOH]” [Ru"-TyrO]

As shown by laser flash photolysis measurements inNaH
PO, or NaH,BO; buffers, kqpsis pH-dependent over a wide
pH range® 601605 |og k,ps was found to increase linearly with
[OH™] up to pH = 10, where the dominant form of the
complex becomes Ru-TyrO~ (pK(TyrOH) = 10). RU"—

TyrO~ undergoes rapid, pH-independent intramolecular

complementary strands. The duplex structures were used tcelectron transfer, Ri—TyrO~ — Ru'—TyrO", with k ~ 5

avoid possible looping mechanisms with electron transfer
occurring by outer-sphere, intrastrand electron transfer. Line

x 10" st The rate acceleration is expected given the
decrease ife* for the TyrO/TyrO~ couple (0.72 V vs NHE)

structures indicating the sequence of bases investigated withcompared to TyrOF/TyrOH (1.34 V)38498.605590xidation

the number of adenine (A) and thymine (T) spacers used in
one study are shown in Figure 46.

From kinetic measurements in,® and BO, k(H,O)/
k(D,O) = 1.3—1.7. At the multiangstrom distances over
which intrastrand electron transfer occurs in these oligo-

of [RU"—TyrOH]3* is kinetically independent of [Ri—
TyrO ]?" because proton loss from [Re-TyrOHJ*" is slow
compared to the time scale for electron transfer.

The pH-dependence of electron transfer within '[Ru
TyrOH] 3" was explained by invoking the reaction in eq 158

nucleotides, EPT is not a feasible pathway because of theas an elementary step. In this analysis, the driving force was

short-range nature of proton transfer (sections 5.3 and 5.4).

Although not proposed in the original reference, this
reaction may occur by the 1®H" multiple-site-EPT
pathway illustrated in eq 157. In this pathway, long-range

(157)

i HOP{OH)Oy

O-P(OH)0,>

electron transfer is coupled to two spatially separated proton

assumed to increase with pH AG*" = —F[E*'(RU'"") —
E°'(TyrOHt) — 0.059(pH— pK4(TyrOH"))] with F the
Faraday constant (1 eV/V in Sl units) andpTyrOH") =
—258603,604 This pathway was analyzed theoretically by
Hammes-Schiffer and co-workers, who accounted for the pH-
dependence through its influence &.#%° They also found
that the increased electron transfer reactivity for 'f{Ru
TyrO™]2" compared to [Rt—TyrOH]*" was due to a smaller
Ao, and the rate diminution for [RU-TyrOH]** was due to
the small degree of vibrational overlap for proton transfer
to solvent.

Given the discussion in section 5.5.4, this interpretation

transfers. The proton transfers occur with the separateof the pH-dependence raises significant questions. The

phosphate buffer components H-bonded to the electron

elementary step proposed m®t the solvent-assisted MS-

transfer donor and acceptor sites. Related pathways may alsgpT step shown in Figure 47 with a,® molecule or

play a role in oxidative activation of the oxygen evolving
complex of Photosystem Il by tyrosine radicai*Ysection
7.2.4).

Related pathways and ambiguities exist in related chemical

localized water cluster acting as the proton acceptor. Fol-
lowing the analysis of Krishtalik, sections 5.5.3 and 5.5.4,
if it were, the driving force would be independent of pH
with AG fixed atG, (eV) ~ 0.08-0.059 (K(Hs0") — pKa

reactions. For example, quenching of the benzophenone(TyrOH*)) = 0.04 eV (0.9 kcal/mol). In this analysis, the

triplet by diethylaniline or triethylamine occurs by ET-PT.
Initial electron transfer is followed by proton transfer to

pH-dependence for the reaction in eq 158 arises from the
dilution of H;O™ after EPT occurs witthG; (eV) = 0.059-

reduced benzophenone from either the oxidized amine or(pK,(H;O0%) — pH); note eqs 115117. As noted in section

an added proton souré®.
6.4.5. pH-Dependent MS-EPT with Solvent as the Proton
Acceptor(?)

Oxidative quenching of the Ru-bpy-tyrosine assembly in
Figure 47 by methyl viologen dication, MV, [Ru''(bpy)-

5.5.4, the EPT step is independent of pH because there is
no microscopic basis for coupling an elementary step in
which a proton is lost to the surrounding ensemble of solvent,
protons, buffer, etc. that define the final equilibrium state.
Other possible interpretations have been considered by
Hammarstion and co-workers and ruled out. A PT-ET
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= = 2+ as for the reaction in eq 158. It is unclear whether or not
buffer effects and MS-EPT played a role in this study.

fae-[Re" (phen™)(COR(Ph,PC(O)0TyrOH)]" —=

fac-[Re'(phen " {CO)(PhyPCOY0OTyrO)] + HY  (162)
6.5. EPT on Surfaces

The role of PCET at surfaces, either at surface sites or at
mechanism with initial proton transfer to OH[RuU''— linked molecules, was discussed in section 2.6. Evidence has
TyrOHJ* + OH™ — [Ru"—TyrO~]2* + H,0, followed by also been found for EPT pathways at both types of electrode
rapid electron transfer, [RU-TyrO~] — [Ru'—TyrO?], was surfaces. The appearance of PCET at surface sites typically
ruled out because, at the low concentrations of hydroxide in occurs following activation pretreatments that create O-based
these experiments, proton transfer is too slow to explain the surface functional groups.
data§19,520,604

The oxidation of TyrOH by [Os(bpy)*" in phosphate 6.5.1. Adsorbed Molecules
buffer (section 5.5.4.3) provides an “untethered” analogue 6.5.1.1. [RU (tpy)(4,4 -(POsH,).bpy)(H20)]? on ITO.
of the reaction in eq 158. In this mechanism, eqs 123 and As discussed in section 2.6.2, [Rtpy)(4,4-(POs;Hy).bpy)-
124, a pH-dependence arises indirectly by participation of (H,0)]>" (The ligand structure is shown in Figure 12.)
the base form of the buffer (HR® or HBOy?") as the proton  adsorbs to optically transparent Sn(IV)-dopeddn(ITO)
acceptor, egs 159 and 160. Although there is evidence forelectrodes. Surface coverage effects were observed with the
[RuV=0J?*/[Ru"OH]?" couple only appearing at complete

Figure 48. Structure of [RU(bpy)(bpy-Tyrp)F'.

[Ru'"'(bpy)y(bpy-TyrOH)}" + HPO,» == monolayer coverage§, = 0.8 x 1010 mol/cn 2106
[Ru'"{(bpy)a(bpy-TyrO-H-—OP(O),(OH)]* (159) Direct oxidation of [RU'OH]?* to [RuV=0]?* occurs at
Ei» > 1.6 V (vs NHE), past the solvent limit. The appearance
P - of the Ru(IV/Ill) wave due to enhanced surface coverage

was explained by invoking “cross-surface” EPT, 2[Ru
’ OHJ*" — [RuV=0]** + [RuU'OH,J?**, analogous to the
[Ru'l(bpy);(bpy-TyrO"---H-OP(OXOH)I" (160) solution reaction in eq 12. It is followed by oxidation of
) . [RU"—0OH,]?" and rapid proton loss from [RU-OH,]3".
such a pathway at high buffer concentratiéitdt does not  prton inventory experiments (section 5.5.2) suggesi H
account completely for the results reported earlier, and a p,g K|E as large as-60 in pure RO, pointing to restricted
significant issue remains in interpreting the pH-dependence ytion and a longer proton transfer distance on the surface
microscopically. pH-dependent oxidation of bpy ligands has compared to in solutioff®
been well documented for [Ru(bpy)" and related polypy- The Ru(IV/Ill) wave appears even on partially loaded
ridyl complexes but is too slow to explain the resfs?® surfaces if catalytic amounts of [R@py)(bpy)(HO)?* (2
The studies of PCET in light-driven intramolecular ) are added fo the external solution. Similarly, catalysis
electron transfer were extended to two additional assemblies.qf the solution [RYY (tpy) (bpy)(O)E/[Ru" (tpy)(bpy) (OH)R*
In one, the bpy ligands in the structure in Figure 47 were oy ple occurs by disproportionation to give adsorbed fRu
replaced by the diester-bpy ligand 4(€OOEtybpy, which (tpy)(4,4-(PQH,)bpy)(H:0)]2* followed by its oxidation to

increased€=" for the Ru(l1/ll) couple from 1.26 to 1.53 V. pyjii). The proposed EPT surface pathways are illustrated
With the increased driving force for electron transfer, direct j, eqs 163 and 1680

oxidation of TyrOH was observed, eq 1®%.For this '
A4 | 4+
[ [:[-f)—Ru”}

o .
[Ru""(bpy ) bpy-TyrO-H---OP(OYOH)]” ——

H

pathway,k(H,O)/k(D,0) = 2. ,
HewO-Ru'"!

[Ru'""{4.4(COOEt);bpy hy(bpy-TyrOH)|*H — Ru'l-0 Rlu“ -0 _
[Ru'l{4 4'-(COOE),bpy )s(bpy-TyrOH *)]** (161) VAV AV Ay ayd 02V VA /“’;/ / e
(vs NHE})
A pH-dependent pathway was also observed for this Solution-Surface EPT
complex having the same pH-dependence as intramoleculal
oxidation of [Ru'(bpy)(bpy-TyrOH)P*. For the pH-de- ':-O-Ru” oo O=Rl" ]
pendent pathwayk(H,O)/k(D,O) > 10, pointing to the Ru''-0-H
|

|
l}u\'_'—O—H

importance of EPT in the rate limiting step. )
For appended tryptophan in [R(bpy)(bpy-Tyrp)B* e wsv oSS S S
(Figure 48), deprotonation of the trypotophan radical cation (e NHE)
(pKa = 4.7) is observed following intramolecular electron
transfer, [RU(bpy)x(bpy-TyrpH™)]3 + H,O — [RU" (bpy)- 6.5.1.2.Cisand Trans Isomers of [RU' (tpy)(4-(POsH2)2-
(bpy-Tyrp)]?t + HyO*.604 4'-Mebpy)(H,0)]?* and Cross-Surface EPT.As can be
Nocera and co-workers have reported similar pH-depend- seen in Figure 49, when bound to ITO, there are isomers of
ent intramolecular electron transfer events following laser [Ru'(tpy)(4-(PQH.).-4'-Mebpy)(HO)]?*. They differ in the
flash photolysis ofac{Re(phen)(CO)YPhPC(O)OTyrOH)T. positions of the phosphonate grougis(vs trans) relative to
In this assembly, the Réghen~) MLCT excited state isa  the Ru-OH, axis. The redox properties of the surface'[Ru
stronger oxidant, and intramolecular electron transfer occurs OH]?*/[Ru"—0H,]?" couple on ITO are nearly superimpos-
directly from TyrOH to the excited state, eq 182Intramo- able with the corresponding solution couple independent of
lecular electron transfer is pH-dependent with the pH- surface coverage. On fully loaded surfaces with monolayer
dependence also attributed to the pH-dependenceGSf, coverages, there is evidence for catalysis of thé"{/RQ]**/

(164)

Surface-Solution EPT
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PPl AV A
mo

Figure 49. Proposed surface structures for the adsothets and OOH
cis isomers of [RUi(tpy)(4-(PQH,)-4'-Mebpy)(HO)]?+.

[RU"—OH]?** wave by cross-surface EPT but only for the
cis isomerstt

6.5.1.3. [O4 (bpy)2(4-pyCHaNH,)(H0)]?" Tethered to
Au. The complex [O%(bpy)(4-pyCHNH,)(H,0)]*" was
attached by amide coupling to a mixed surface containing
HS(CH,)1,0H (12-mercaptododecanol) and HS(ECOH
(16-mercaptohexadecanoic acid) on gold bead electrodes. 10V ooV
Electrochemical measurements of [G$H,]>" oxidation i |
and [O4'—OH]J?" reduction gave asymmetrical Tafel plots,

pH-independent rate constants, and transfer coefficients and;atechol eq 165, in 0.1 M 430, following surface activation

were inconsistent with an ET-PT mechani$th. periods of 0 min (A), 2 min (B), 12 min (C), and 28 min (D). The
scan rate is 100 mVA&?2

igure 50. Cyclic voltammograms vs SSCE of solutions containing

6.5.2. Oxidative Activation of Carbon Electrodes

Typical electrode materials are conductive and chemically EPT, and H-bond adduct formation between Os(V) and a
inert, providing stable interfaces for electron transfer. In the Phenolic O-H.%?
absence of special structural features, these surfaces are Related effects have been observed on other electrode
unable to participate in complex pathways such as EPT. Thissurfaces. On ITO (I5Ds:Sn(IV)), Thorpet al. have reported
can result in slow reactions, large overvoltages, and elec-significant pH effects on the potentiaturrent waveforms
trochemical irreversibility (section 4.3.9%Procedures have  for the Mn(IV)-Mn(l11)/Mn(l11)-Mn(lll) couple of [(bpy) ,Mn-
been developed for “activating” graphftié®'4 or glassy (u-0)Mn(bpy)]*" and the Ru(IV/Ill) couple of [Ru(tpy)-
carbon electrodes based on plasma treatments in an oxygeibpy)(H0)]>*. Raising the pH to 7 greatly improves
atmosphere, chemical or electrochemical oxidatiér2 or resolution of the waves and decreases peak-to-peak separa-
addition of adsorbed aromatics containing catechol functionali- tions in cyclic voltammogram$?!
ties?2+°920 These modifications can dramatically enhance the  Ejectrochemical oxidation of a series of alcohols and

electrochemical response for PCET reactions. amines at oxide coated Ni, Ag, Cu, and Co anodes has been
Oxidative activation gives phenolic and quinoidal groups investigated with evidence found for H-atom abstraction by

on the surface, as shown by XPS measurenféh®They  surface oxide sites. At a Ni anode, there is a KIE of 7.0 for

can enable EPT, as shown, for example, by the surfaceoxidation of CHOH compared to CBDH .52

catalyzed oxidation of reduced nicotinamide adenine di-

nucleotide (NADP) at an activated glassy C electr®e.  6.5.3. EPT at Electrodes

Surface activation has also been used to enhance electro- )

chemical responses for metal complex agua couples such as N CH:CN and DMF in the presence of water, @&

[Ru(NHs)s(H-0)12* 627 and cis-[Ru" (bpy)(H.0):]2*; note initially reduced to @~. A second wave appears in cyclic
Figure 5%99 voltammograms for further reduction of,O The latter

| occurs with a transfer coefficient, the symmetry factor
much smaller than the value 0.5 typically found for outer-
sphere electron transfer. Reduction at the electrode was
proposed to occur by solvent-assisted MS-EPFQD---
H-OH + & — ~O—0—H---OH .2 A related pathway
involving pre-protonation may be operative in the reduction
of the anion radical of the orthoquinone 3,5tdit-butyl-
1,2-benzoquinone in the presence of weak atids.

OH -2¢/2H" Y
@ —_— <I (165) A theory has been developed to account for EPT in
OH  +2¢/2H 0 electrochemical reactions with an expression derived for the
electrochemical rate constant as a function of the applied
Surface catalysis of the Os(V/IV) hydrazido couple of electrode potentidf In this theory, key factors are the solvent
trans-[OsV (tpy)(C)2(N(H)N(CH,)4O)]* (section 6.1.4) oc-  and intramolecular reorganization energies for both electron
curs at oxidatively activated glassy carbon electrodes. and proton transfer and the pre-exponential factor, which
Activation induces both catalysis and strong surface binding, includes proton tunneling. For the reduction agfif@entioned
with the latter reminiscent of H-bond complex formation with above, the small value of the transfer coefficient observed
quinone prior to EPT in eq 129 or surface activation by was attributed to a pre-exponential factor decreased in
adsorbed catechofd' 626 The proposed mechanism includes magnitude due to the requirement for vibrational wave
surface adduct formation by H-bonding, surface-solution function overlap.

The impact of surface activation on the electrochemica
oxidation of catechol in eq 165 is shown in Figure 50. As
the extent of surface activation is increased, a transition
occurs from two overlapping, Ierreversible waves to a
single, reversible 2é2H" wave. All catalyzed surface waves
display significant HO/D,O KIEsS5®
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7. PCET in Biology

7.1. Introduction

PCET is common in biology. Vital reactions, such as
nitrogen fixation, water oxidation in Photosystem I, and
respiration, all involve multiple-electron, multiple-proton
changes. A molecular level understanding of how these
reactions occur is emerging from X-ray structures, spectros-
copy, theory, mechanism, and site-directed mutagenesis.
Recent results combining molecular structure with density
functional theory (DFT) have been especially reveal-
ing.52:53.630:632 \\/ith the insight gained in these studies, it is
becoming apparent that EPT, especially multiple-site-EPT
(MS-EPT), plays an essential role mechanistically.

The goal of this section is to focus on selected examples
where EPT has been invoked, with a special emphasis on
Photosystem Il and the light driven oxidation of water.

7.2. PCET in Photosystem || >/ D1H1%0
7.2.1. Introduction OEC

Phot_osystem .” (PSIl) is a multi-polypeptide complex Figure 51. Molecular structure of the reaction center of Photo-
found in thylakoid membranes of chloroplasts. Plants and system II illustrating the Tyr~Chlos, Chla(Pss)—Phe@:—Qa

algae use water as the electron donor in the photochemicaldonor-chromophore-acceptor (B-C—A—A'") array and the prox-
oxidation of water to dioxygen, eq 166. In green plants, imity of Tyrz to the oxygen evolving complex (OEC). Reprinted
electrons produced in this reaction reduce a quinone toWith permission from ref 383 (http://www.sciencemag.org). Copy-
hydroquinone, transferring reductive equivalents to Photo- 11ght 2004 AAAS.

system |, where they enter the Calvin cycle for reduction of ) i N
CO,. Photosystem I turns over rapidly, producing up to 50 Protons. The sequence of photochemically induced transitions

molecules of @ per second?2527,28,633644 between states fromeS0 & is known as the Kok cycle,
with the subscripts identifying the number of electrons ést.
2H,0 + 4hw — O, + 4e + 4H" (166) S, is the stable resting state in the dark, S, S, and S

all have been trapped in high yield by a variety of chemical

A great deal has been learned about re- and physical manipulations and stabilized by rapid freezing
activity*2>2752,379:383,638,64857 and mechanism in Photosystem  in the darké®4-6%8 Recently, spectroscopic evidence has been
11.558°661 The structure has been determined to 3.0 A optained for an intermediate, postulated to bg By
resolution?*3%2 Oxidation of HO is triggered by light  measurements under high partial pressures pfOAd-
absorption by antenna pigments and sensitized excitation ofgitional evidence for transient behavior has come from
chlorophyll Reo. Peso consists of Chy and Chbz, with Chip application of transient X-ray absorption spectroscopy (XAS)
acting as an antenna fragment. to the K edge for Mn on the 1fs time scalé’®

Following excitation of s, the Rgg* excited state Based on X-ray absorption near edge spectroscopy
undergoes long-range electron transfer (10.6 A) through a(xaANES), the oxidation state distributions in the S states
pheophytin bridge (Pheg in Figure 51) to bound plasto-  are thought to be Mn(11)-Mn(lI1)-Mn(1V)-Mn(1V) for $ and
quinone, Q, to create a B¢ —Qa'~ redox-separated pair. Mn(I1D)-Mn(l1)-Mn(IV)-Mn(1V) for S 1.638.675681 This con-
Light-driven electron transfer is followed by rapj@s(to ns) clusion is in agreement with/KXES dat&76.682683and with
electron transfer from tyrosine Tyr161 on the D1 polypeptide ss, ENDOR spectra of £2 The presence of Mhin S
(Y2) to Psso”, giving the neutral tyrosine radical,,¥ with  nas peen questioned recently based on low-temperature
release of a proton, eq 167. The structure of the excited statex|ectron-spirrlattice relaxation measuremefité.
electron transfer array, including the close proximity of Tyr — activation energies for the four steps in the Kok cycle
to the oxygen evolving complex (OEC), is shown in Figure range fromE. = 0.05 to 0.4 eV (+9 kcal/mol), rate

51, which is taken from refs 383 and 662. constants vary from £@o 10* s, andk(H-O)/k(D,0O) kinetic
hw _ . " isotope effects of 1.22.9 have been measurgd:545685

— Qa—Pego~TYrOH — Q, —Pggg TyrO™ + H(167) Oxidation of S occurs through Sas a transient, which does

not build up, giving $ and Q instead. In membrane-

Oxidation of Yz to Yz is essential in extending the containing samples, 1.60L.75 protons are released in the
separation distance between the photochemically producedS — S, transition, depending on pH, with the higher number
oxidative and reductive equivalents. This increases the timeobserved at lower pH. Proton changes @t-§S,; appear to
scale for back-electron transfer from the 2@9time scale  correlate inversely with S— {S;} — $.%%¢ The overall
for Qa*~ — Psgo" back-electron transfer, avoiding loss of proton release patterns depend somewhat on sample type and
the transiently stored redox equivalents. pH. In intact samples, the proton release pattern appears to

In a following step, ¢* oxidizes the OEC. The OEC be 1:0:1:2 although a pattern of 1:1:1:1 has been observed
contains a 4Mn cluster with @aand CI* as cofactors. In  with spinach core particl€s?
order to release Hthe OEC undergoes four sequential light  In PSII, there are two redox-active tyrosines, &hd Yp.
absorption-electron transfer cycles coupled with loss of four Each is oxidized by &¢* to form a phenoxyl radical with
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Y oxidized more rapidly. ¥ can be selectively oxidized Y161
photochemically at 1.8 K in PSII enriched membranes with
Yp* detected by EPR. Warming the samples to 77 K results CPA3-R357
in a relaxation process leading to a stable form of the
radical®® Based on the results of 2H ESEEM (electron spin
echo envelope modulation spectroscopy), bothand Yz
appear to be coordinated by two H-boriés.
In PSllI-containing particles isolated from several-D
His190 mutants in the cyanobacteri@ynechocystisp. PCC
6803, rate constants for oxidation of;Yoy Psg™ are H190
decreased dramatically, anda'Q — Psgs"™ back-electron
transfer dominates; note Figure 51. Addition of imidazole
and other small organic bases greatly acceleraigs™ P

oxidation of Y,. These results are consistent withBis190 Figure 52. Structure of the PSII OEC from reference 383 with
acting as thé immediate ,Y proton acceptor with the reprinted permission as modified in reference 650. Copyright 2004

: : o Sci d 2004 American Chemical Society. El t lored
transferred proton bound to His190 during the lifetime of a;:l?(;]lfc?vflsr? c darkg?g;?% rsg? 'CNa dgrﬂeb}/ue.e,\Tnenpi?ngF%gre

Yz 8% green. Hydrogen atoms are not included in the published structure.
. . L Numbering of amino-acid residues is in accord with the sequences

7.2.2. Possible Role for MS-EPT in the Oxidation of Y of Thermosynechoccus elongaté® organism from whose protein

by P630+ the crystal structure was derived, with the abbreviations D for

. aspartate, E for glutamate, H for histidine, and A for alanine. The
As suggested by Babcock and co-workers and by Krish- residues shown belong to the D1 subunit of PSIl. Those bound to

talik, both the formation of ¥ and subsequent oxidation of the Mn ions are shown as truncated side-chains except for
the OEC appear to utilize EPT pathways in order to avoid C-terminal Q-Ala344, which is shown in its entirety. The two water
high-energy intermediat@$?2527.296298,379,646,652,691693 Qxida- ligands proposed to act as substrates in water oxidation are labeled
tion of Yz by Psggt by electron transfer, eq 168, occurs with ~ with asterixes.

AG® ~ +0.08 eV based on the recently revised estimate of . ] .
E°'(Pesg™’®) = 1.26 V (vs NHE)®16%By contrast, MS-EPT Suggested positions of H-atoms on the side chainsief D
with electron transfer from ¥to Psgs" and proton transfer ~ TYr161 (Yz) and CP43-Arg357 were also added. Although
to histidine 190, eq 169, is exeroergic wit\G®' ~ —0.36 suggestive and useful for discussing the mechanérhe

eV (~ —8.4 kcal/mol) although this estimate is based on resolution of the current structures, there is no defirati
solution values for Ka(H*-His) (=5.5) andE® for the information about the water molecules designated as coor-
tyrosine coupl&859The lower barrier for MS-EPT withdgs" dinating to Mn(4) and Ca or the putat oxo bridges shown

as the electron acceptor may be critical since, as noted abovell the cluster structure, and questions remain about local
this step is in competition with Q — Pess" back-electron coordination emironments at the CaMycluster.In recent
transfer, which occurs on a time scale of 206. The work, Batista and Siegbahn have generated computational
microscopic involvement of MS-EPT is also consistent with Structures, mcludmg. coordinated water molecules, starting
a H,0/D,0 kinetic isotope effect of 3.64 at pH 7 and the from the low-resolution X-ray crystal structures, which are
implied requirement for a nitrogen base as shown by the consistent with both X-ray and EXAFS dafd.

mutant results described in the previous section. There is Based on earlier EXAFS studies on, 8 was proposed
evidence for single proton involvement in a Mn-depleted PSII that the OEC was composed of-2 di-u-oxo bridged Mn

core complex isolated from a site-directed mu§hes units ~ with ~ Mn-Mn  separation  distances  of
~2.7 A 538:641.682697702 A more recent extended range EXAFS

study on $ reveals three MaMn vectors in the CaMn
Peso” e P , (168) cluster, two at~2.7 A and one at-2.8 A with one or two
Mn—Mn interactions at 3.3 A’¢
- OH OH™ The more recent structure of the OEC3aA resolution is
shown in Figure 53. In this structure, MiMn distances were
Yz Yz restrained by the results of EXAFS studies with Mnrf1)
- 3 Mn(2) and Mn(2)-Mn(3) distances of 2.7 A and a Mn(3)
Pogo” —  Pao . (169) Mn(4) distance of 3.3 A. Ca is equidistant from Mn(1),
0o, 0, Mn(2), and Mn(3) in this structure at3.4 A876
H._. “H. A complication in interpreting these structures at the
H+Ll}">/\ N* molecular level is that the X-ray results include the effects
“N His190 N His190 of radiation damage and its impact on local structure through
b H disorder and reduction of Mn(lll) and Mn(IV) to Mn(ll) by
o X-ray generated radical8! Important features in both
7.2.3. Oxidation of the OEC by Yz structures are (1) the six or seven ligating amino acid
7.2.3.1. Structure.The structure of Photosystem Il from  residues, including aspartate, glutamate, histidine, and ala-
Thermosynechoccus elongatesesumably in § which is nine, with Glu333 and Asp342 required ligands as shown
the stable resting state in the dark, has been determinedby mutagenesi&?7°4(2) a CaMn cluster at the core of the
recently to 3 R%2 and 3.5 A resolutio® In Figure 52 is structure, (3) outlying Mn(4) which is linked to the Cain
shown a modified version of one stereoview of the 3.5 A cluster and lies near Asp170 with Asp61, both of which
structure taken from ref 650. In this version, the original appear to be in the second coordination sphere, and{4) Y
3.5 A structuré® was modified to include possible coordina- and its associated histidine base in the near vicinity of the
tion details around Ca and the Mn(3) and Mn(4) cluster sites. OEC.

Yz Yz
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. Gln 165
CP43=Arg 357 ) Tyr,
Ala 344 ae 49 o
CP43-Glu354 Ca 25
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Figure 53. Schematic view of the CaMrtluster of the OEC with
distances given in angstroms. The abbreviations are alanine (Ala),
arginine (Arg), aspartate (Asp), glutamate (Glu), and histidine (His).
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Figure 55. Schematic diagram illustrating possible structural
features at the OEC. It is based on the EXAFS and XRD structures
in Figures 5 and 6. The water molecules shown are not observed
in either the EXAFS or XRD structures.

A schematic drawing of the OEC based on the EXAFS
structure is shown in Figure 55. As suggested by the EXAFS
structure, it includes coordinative stabilization of Mn(4) by
triple bridging. It also includes features not seen in the 3.0
or 3.5 A structures but proposed in the mechanistic discussion
that follows. They include (1) three coordinated water
molecules at Mn(4) in & (2) two waters and a hydroxide in

The distances between Mn (red) and Ca (orange), as illustrated bySt: (3) @ H-bond interaction between Mn4pH, and

the connecting lines, are as follows: gray, 2.7 A; blue, 3.3 A; green, Asp61, and (4) Asp170 in the second coordination sphere
3.4 A. In the labeling scheme, amino acids in black are in the first rather than bound to Mn(4). The latter is consistent with FTIR
coordination sphere, and those beyond that sphere are in grayresults; see below.

Reprinted with permission from ref 662 (http://www.nature.com).
Copyright 2005 Nature Publishing Group.
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Figure 54. The favored EXAFS structure for the OEC in. $1n

7.2.3.2. ThermodynamicsOnce formed, ¥ oxidatively
activates the OEC sequentially through the four steps of the
Kok cycle. Babcock and co-workers suggested intervention
of the “H-atom abstraction” pathway illustrated for the S
— S, transition in eq 176> 2 It involves simultaneous¢H™
transfer from ¢*Mn(ll) and oo- to TyrO'. In the parlance
of this review, this pathway would be described as/1kel*
MS-EPT.

(170)

His190 His190

The structures in Figures 52 and 53 appear to rule out
this pathway. They show that, although ¥ H-bonded to
His190, it is~5 A from the C&* ion in the cluster and even

u-0x0 bonds are shown as solid green lines. Bonds to other possiblefurther from the Mn ions, with the nearest being Mn(4) at
ligand atoms are shown as dotted lines, with black indicating a ~7 A. Although these are reasonable distances for electron
distance less than 3.0 A and blue indicating distances greater thanransfer, they are unreasonable for proton transfer given its

3.0 A. Reprinted with permission from ref 683 (http://www-
.sciencemag.org). Copyright 2006 AAAS.

The 3 and 3.5 A structures are related but differ in (1) the
apparent bridging rather than terminal roles for Asp342,
Glul89, and GIlu333 as ligands and (2) coordination of
Ala344 to Mn(2) rather than Ca, consistent with FTIR
results’%®

More recent EXAFS results have been reported ofinddn
measurements on single crystals free of radiation dartfage.
The EXAFS results were consistent with three different but
topologically related structures, with the most favored shown
in Figure 54. In this structure Mnis Mn(4) in Figures 52
and 53, Mp is Mn(3), My is Mn(2), and Mr is Mn(1).

In the EXAFS structure, the basic cluster and ligand
frameworks are retained. Notable features include-dko
bridging between each pair of Mn partners, a singleri-
oxo bridge between Ca and Mn(2) and Mn(3), and a long
Mn(4)---O distance between Mn(4) and Asp170.

short-range character.

The suggestion of an “H-abstraction” mechanism by
Babcock followed from an analysis of the thermodynamic
requirements for water oxidation. The standard reduction
potential for the couple O+ 4e + 4H" — 2H,0 at pH=
7 is 0.815 V (vs NHE) or, excluding the free energy of
dilution of the released £ 0.884 V (section 5.5.4p62%8
This makes water oxidation thermodynamically accessible
to Psgg” with E*' ~ 1.26 V. However, the potential relevant
to the activation of the OEC i&*' for the TyrO/TyrOH
couple at pH= 7, eq 171, or, more appropriately, for the
TyrOr--+TH-His/TyrO-H--His couple given the evidence for
participation by His as a proton acceptor, eq 172.

These potentials are approximations to the true membrane
values and neglect differences AG for formation of the
H-bonded pairs Tyr®--*H-His and TyrO-H--His. Experi-
mental estimates pla¢&’'(Y'/Y7) at potentials 46110 mV
more negative thak®'(Psgo™), from whichE®' (Y /Y 7), eq
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173, lies between 1.1 and 1.26€2.1t is notable that these
estimates are still well below the solution value for the
TyrOH™/TyrOH couple atE®’ = 1.34 V vs NHES8495604
This supports the formulation Tyr® *H-His/TyrO-H-+-His,

for the Yz*/Yz couple.

TyrO"+e +H"— TyrOH
E® =0.93V (vs NHE, pH 7) (171)

TyrO" + € + "H-His — TyrOH + His
E*" ~0.90V (172)
Y, +e —Y, E=11-12V (173)
An increase in potential for the ;¥Yz couple in the
membrane compared to solution is expeednd seen in
the 0.2-0.3 V increase for the ¥/Y; couple compared to

Chemical Reviews, 2007, Vol. 107, No. 11 5047
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Figure 56. Schematic view of the OEC illustrating: (A) possible
H-bond interactions betweenzYand histidine 190 and between
Mn4'—OH, and aspartate D61 shown as light blue dotted lines;
(B) the hydrophilic exit channel for proton transfer from the

the solution couple in eqs 172 and 173. In the nonpolar entryway at aspartate D61 to the lumen; and (C) possible substrate

membrane, oxidation of TyrO-tHis to TyrO---*H-His

occurs without benefit of a charge compensating counterion, "

and stabilization of the positive charge by polarization

interactions with the membrane is greatly decreased com-

pared to water.

Given the estimated potentials for the*Af z and GQ/H,0
couples, the driving force for water oxidation by*Ys ~0.3
eV (~7 kcal/mol). This entails a mechanism which avoids
high-energy intermediates and meets the/4idt demands

water binding positions to Mn(4) ( and to Ca (%; and %) and
other possible coordinated water molecule, not identified at 3.5
A resolution, shown as W. Residues in the D1, D2, and CP43
subunits are shown in yellow, orange, and green, respectively.
Reprinted with permission from ref 383 (http://www.sciencema-
g.org). Copyright 2004 AAAS.

Given this value and the potential of 1.2 V for the
Y2/Yz couple, only a narrow potential window exists for
the individual couples. Estimated values fafSg and $/S;

of the net reaction. The latter explains the use of four photons 51 .80 and-1.0 V65° The average value of potentials for

in the Kok cycle by the OEC to make,Qwhich avoids the
one-, two-, and three-electron intermediates!, H,O,, and
HO. A 1e pathway to give hydroxyl radicalOH, Y +
H.O — Yz + *OH + HT, can be ruled out in any case
becauseAG°® ~ +1.1-1.2 eV for this reaction, and the
highest activation energy for the individual steps in the Kok
cycle isE; ~ 0.4 eV7%7

PCET and the loss of four protons are part of the

the S/S; and S/S, couples, Es* + E;°')/2, must be>0.9
V in order for water oxidation to be spontaneous.

There are model systems that illustrate the possible role
of PCET on redox potential leveling in the OEC. One is
cis-[Ru'(bpy)x(H20),]*" (Figure 6), which undergoes four
sequential &H* steps over a potential range of 0.6 V to
give cis-[Ru"'(bpy)(O).]?*. Similarly, cis,cis[(bpy).(H2O)-

stoichiometric requirement for water oxidation. PCET must Os"-0-0g"(H:0)(bpy)]** undergoes a series of electren

also play an important role in the oxidative activation of the

proton transfers to giveis,cis[(bpy).(O)Os’-O-0s'(0)-

OEC by avoiding positive charge buildup. This causes redox (bpy)]*t over a comparable potential ranfé.The Ru

potential leveling, enabling the accumulation of multiple

analoguecis,cis[(bpy)x(O)RW-O-RW(O)(bpy)]**, oxidizes

oxidative equivalents over a narrow potential range (section water on the sub-100 ms time scéle Other examples of

2.1.1)708-711
The importance of PCET is illustrated by the stepwise
oxidation of a series of oxo and sulfido metal clusters in

which the uncompensated buildup of positive charge con-

tributes to an increase &' of 0.3—0.4 V for each electron
loss®47 Injection of a positive charge into a membrane with
dielectric constanDs = 3.5 by electron transfer would
require 31 kcal/mol (1.35 eV} Redox potential leveling
by PCET has been demonstrated by the influenc&®%mof
proton loss from the:-hydroxo group in MAMn" (4-O)-
(u-OH)(salpn) (salpn = 1,3-bis(salicylideneamino)pro-
pane§® and by proton loss from # in [Mn,L(H,0),] 70
(L = 2-hydroxy-1,3-bis(3,5-%salicylideneamino)propane,
X = Cl, H, di-tert-butyl).380.381

Estimates ofE® have been made for the successive
transitions in the Kok cycl&’ From the Krishtalik value
for the configurational potential d&.*' = 0.88 V for water
oxidation, AG. = 3.52 eV withn = 4. In order for water
oxidation to proceed to completion or near completigsf,
+ B + E*'+ B = 3.6 eV with E;', etc. the formal

metal complex catalyzed water oxidation have been reported,
including u-oxo complexes of Mi§%:637.716

7.2.4. Oxidation of Y>> Mechanism

A number of accounts have appeared which address
mechanistic details of how water is oxidized at the OEC.
Proton involvemerit-25717.718 and electror-proton cou-
pling?7:634647.658ngve been discussed, and detailed models
have been proposéep 643.644.647.652,71929 |n the account that
follows, a mechanism for oxidative activation and water
oxidation is presented that emphasizes the possible roles of
EPT and proton transfer. It is a summary of a more detailed
version that has appeared elsewhéfe.

As noted above, the stable dark resting state for the OEC
is S, and the dark-adapted, light-driven Kok cycle begins
with the § — S; transition. For convenience in presenting
the mechanism, it is useful to begin with thg S S
transition and follow the sequential buildup of four redox

potentials for the separate S state transitions. This sets th?duivalents as the cycle progresses.

average potential for the S state transition&at™ = 0.9

7.2.4.1. The 3— S, Transition. With the “H-abstraction”
mechanism of Babcock and co-workers unlikely, McEvoy
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and Brudvig have proposed that CP43-Arg357 in Figure 52 g

helps to organize a H-bonding network and functions as the TyrO' s+ "H-His190

“proton-abstractor” for the higher,S5> Sz and S — {S;}— : H Hy M

S transitions®° This residue is required for Qevolution, o ML 1.:f'-.f;'---||~ Gn g

and its terminal N-atoms are4 A from the active face of ~  <owoy | w0/

the CaMn cluster. However, with its Ig, value of ~12, it PN

is protonated and presumably unavailable as a So MR

base’31-733 / (175)

(So=5yp)

le/2H* MS-EPT. Examination of Figure 55 reveals . g

another possible EPT pathway not considered by Babcock ¢ = "1 v

and co-workers. As shown in eq 174, it utilizes the apparent ***"“~ o~ [ T TyrO-H ove His190

H-bond between a water molecule bound to Mn(4) and an NS o H g

aspartate residueQOC—D;Asp61. As discussed below and “ON M) Aspot-Log 04N

illustrated in Figure 56, Asp61 appears to be the entryway Ho oMo

| O | 8]
I”[S]

to a hydrophilic proton exit channét~"3"n order to clarify
the mechanism as it evolves in the discussion, the S state

transition in which the reaction is proposed to occur will be is spontaneous, and the pH of the lumen is as low as 5,

Co Ny
Ve “\0_/[\111

indicated in parentheses. pK(D;Asp61) < 5.

The suggested electron transfer in eq 174 occurs over 7 TyrO-H-—His 190
A from Mn"—OH; to Y7". It acts in concert with a double o H M A
proton transfer, one from MAOH, to “OOC—D1Asp61 and Asps1-d-0H-—. /.‘.-.{"“
the other from"H—His190 to TyrC. i H ?M%‘T d'( v TorO-HHis 190

1 , ~

The pathway in eq 174 can be described ag2H" MS- hamen /g~ MAHE) TN I
EPT. It exploits the relatively long-range nature of electron Asp61-C-O /L,.__r‘:_fﬁf."’H - (e
transfet®47*while meeting the short-range requirements for . o (é;"(ll 3 _
proton transfef??-3% |t avoids the high-energy intermediates /f-'\v\/mﬁ'[sa So=s0
Mn"'—OH," and TyrO and delivers the released proton at t
an entryway for proton transfer to the lumen. The proton exit channel appears to consist of a cluster of

titratable residues beginning withyBsp61 and terminating
in a series of PsbO residues. The four residues in subunits
D; and D,, D;Asp61, DGIlu65, D,Glu312, and DBLys315,

+hu

S sy HisIO0H see 0Tyr. MallO-H NG St (174) are fully conserved®* 737 From the results of a theoretical
H* . ’ (o= S) analysis based on the linearized PoissBoltzmann equa-
HiSI90 see H-OTyr, Ma'™0 see H-0-C-D;AspS| tion, pK, values increase monotonically along the exit
i 0 channel. Alternate exit and water intake channels were also

identified’®” In these calculations, charge was allowed to
build up on the CaMncluster rather than invokng PCET
The proton transferred from TyrOH to His190 in the @nd redox potential leveling. This led to greatly enhanced
oxidation of Y by Psss™ in eq 169 is transferred back in eq  acidities for residues near the cluster, which was the
174. This “proton-rocking” mechanism was first proposed Sudgested origin of released protons in the Kok cy¥le.

by Renger and co-worké and has been elaborated by Intracoordination Sphere Proton TransfeAs shown in
several group&ese90.739.740 Proton-rocking increases the eq 177, the next step in the proposed mechanism is

potential of Tyr@as an oxidant in the [Tyr€++H-His190]/ intracoordination sphere proton transfer from in-plane-Mn

o OH, labeled X in Figure 56, to M —OH.743744|t appears
[TyrO-H---His190] couple gompareq to the [TyrQ er‘] to be favored by conversion of a repulsive Mn-OH-OOC-
couple byv0.2_—0.3 V. The increase |n'potent|al _|s'requwed D.Asp61 interaction into a Mi—OH,— OOC—D-;Asp61
thermodynamically for+the tyrosyl radical to oxidize water pyqrogen bond and a favorable electrostatic interaction
to o|>|<lygenThe [TyrO---"H-His190/[TyrO-H--His190] and  payyveen OH at X, with the positively charged side chain
[Mn'"-O-H--HOOC-Asp61][Mi-OH:+-~OOC-Asp61]couples  _N(H)C(NH,),* (R357 in Figure 56).
act as “EPT modules” in meeting the combined orbital

requirements for 1&2H" MS-EPT. O HisI90
Stepwise 1¢1H" MS-EPT § — S, oxidation at Mn(4) L

may also occur in a stepwise manner. This is illustrated in asei-t-o o le "-;“ _ FerO ot 190

eq 175, which is based on Figure 55. In eq 175, initial 1e oMt J Wow Hon

oxidation of the CaMscluster is shown as occurring at Mn- oy /rlm.”f.j] § N m Q:: 0

(3) and is followed by 1&/1H* MS-EPT oxidation of Mn- v Aspol-C ""“”';f;:.\ll@go Ca

(4)- (L o, | 4]0‘_ (Sg = S))
/"-\0 Mn'(3)

Proton Transfer to the LumeAfter the proton is released
at Asp61, it appears on the lumen surface of the protein, eq Coordination of Aspl1707The results of site-directed
176, in as little as 1887738745742 Since proton transfer  mutagenesis studies point to involvement of Asp170 in the
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formation of the CaMmncluster by providing a ligand at the
high-affinity site that binds the first Mff>7*However, FTIR
difference spectra o8ynechosystisp. PCC 6803 show that

there are no shifts in cluster carboxylate modes between S

states8.700.747749 Gjyven the sensitivity of these modes to

oxidation state, these data are consistent with the structures

in Figures 54 and 55, in which Aspl170 is in the second
coordination sphere of Mn(4) rather than coordinated. This

enables it to act as an internal base at a later stage in the

mechanism; see below.

7.2.4.2. The $— S, Transition. Given the 1:0:1:2 proton
release pattern for intact samples in the Kok
cycle 186.678,685687,750-753 thare are no protons released to the
lumen during the §— S; transition although, as noted above,

a pattern of 1:1:1:1 has been observed in spinach core

particles’®*755The results of EXAFS studies show that S
and S have essentially the same structuté$?®
Results of resonant inelastic X-ray scattering (RIXS)

measurements point to electron loss from a delocalized

orbital /56757y(~O0C") carboxylate band shifts are consistent
with oxidation at the CaMn cluster in the § — S
transition?9%:758-760 Electrochromic band shifts have been
observed in $which arise from a positive charge deeply
buried from bulk solvent in a low dielectric environ-
ment’/61.762The appearance of a positive charge occurs only
during the $ — S; transition and is coupled with protein
conformational changes.

Cluster oxidation from Mn(4yCaMng""V:V to Mn(4)"-
CaMnyV'V'V in the § — S; transition, eq 178, is consistent
with these experimental observatioi%37°.712.763

H*
T
Tyr() -"H-His 190

Ho

0 N ol
+hy [ 0 o1 °
S1 ——  Asp61-C-0 —H—g_ | 4 .
- (P680°) H Of’\"][g“ﬁo ] Jf-"‘/;"
| O | 0~
"('\[_J_/-Mn 3y

Tyr(-H---His190

(l) L/

| - ( -
Asp61-C-O--Ho, (178)
<~ Mn
Ho iy s _
(S,=53)
/(—x\(_/h;111i"'[3]
A
Sz

Oxidation of the cluster could also occur by initial"1e
2H" MS-EPT to oxidize MH (4) to Mn"V(4) followed by
le/IH" MS-EPT with electron transfer from the Cain
cluster to M (4), eq 179.

The sequence of steps leading fropt& S, in eqs 174

178 meets the requirements suggested in a theoretical analysi
by Siegbahn and Crabtree. They predicted that the active

Mn site in S is Mn(ll) coordinated to two kD ligands and
that it acts as the precursor to the active site for water
oxidation. They also predicted that it cycles througioH

MnV=0 as a reactive intermediate, a step that is discussed

below543

7.2.4.3. The Transitions $— S; — S3'. O---O coupling
has been proposed to occur following oxidation oft&
S,642.656,658,677.764769 in g reaction that may involve high-
oxidation state MWY=0 or MnV=0 intermediate$>63868°
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H*
TyrO"—-"H-His 190

. +hy I #
51— Agpbl-C-0 -
- (POS0Y)

{)/M“ (3) (179

(81~ 53)

TyrO-H---His190

Aspb1-C-0- o -H*(lumen)
H

(o] o—H

. P
Asp61-C-0"d 110wl

/(.-‘\“/I\;In"(.'i]

structural change between &d S, but different interpreta-
tions have been offered in different stud-
ies857.670,701,726,728,758, 77075 |t has also been proposed that there
is an equilibrium between at least two statesd§’3’"°From
XANES measurements, K edge difference spectra for the
S — S and S — S transitions are significantly different,
with oxidation of Mn(lll) to Mn(lIV) occurring in the
former?76777 At 0.4 eV the energy of activation for the, S
— S transition is the highest of the four S state transi-
tions_768,769,778,779

The Transition 5— S;. Given the formulation of Sin eq
178, a second light-driven 12H* MS-EPT oxidation of
S, with D;Asp61 as the proton acceptor would give '¥n
(4), but as the dihydroxo form shown in eq 180. This is
consistent with comparative XANES results on PSIl and Mn
model compounds which suggest the absence of higher
oxidation state MsO intermediates in all S states frorp S
to S3.780

H*
— s
TyrO®---"H-His190

(H H H
o H* | \_/“ \“/
thy O H
i s W70 3
S; ———= Aspbl-C-0- l'“:o,_;.J/..l z
- (P680Y) HT M, “
(l) z {l) f)f
l -
/(—xo_,EMn”'(B]
- (180}
TyrO-H---His 190 (82~ 83)
H
o H_ /H \n/ll t
1 0 o-H % H' (lume
Asp61-C-0- [""O-h 1/|L" 2 -H™{lumen)
< M :
H o5
[ 0
/('.‘\_ _/-Mlll.‘l’:"l H
0 ' non HoH)”
] /
T e o—H °
v 0= s
Asp61-C-0 - Mn Ca
P H o

I o .Y

/(-\\{)/Mnnﬁj

There is a debate in the literature as to whether oxidation
at this stage is M§{1.673680701.726,78782 o (-ligand
basecf0672674,676.776.78385 | this terminology, there is more
ligand than metal character in the redox orbital, leading to

It has beeen suggested that such intermediates would undergthe description MH (O).

nucleophilic attack at the electrophilic, terminal oxo group
by Ca-OH~ (X,,).%4” EXAFS data point to a significant

Following Mn-based oxidation and proton loss to the
lumen, intracoordination sphere proton transfer, utilizing the
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putative third water molecule in the structure in Figure 55,
resets the Mn(4)-OK--D;Asp61 MS-EPT interface. This
results in the intermediate labeledi8 eq 181, perhaps the
first of two forms of S proposed by Rengér?

H gt
{l'l) H+(H\{)/H ’ \O/
) o (0 B (181)
Asp61-C-O O‘-Mﬁ'\ Ca - )
wooiYo d
| o 1 »° (2~ S3)
~C \O_/Mn]\[S]
' H H
- H N
(
P o Y
Aspd1-C-0-- H-— Nlu'ltl/'\ Ca
|]/ (8] \U Cl;
| O |
~t \(:]/I\-‘ln'\(a}
S3

O- --0O Coupling: The $— &' Transition. Ca deple-
tion inhibits photosynthesis by blocking the, S~ S
transition and, by inference, its involvement in—O
coupling?23786.787 From the 3 A and 3.5 A structures,
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/(:RO/MNI\[-;}
A
for Ca—OH,, decreasing thG difference between inter-

mediateA and S.
O:--O coupling in intermediaté is shown in eq 184. In

coordination details around Ca are unclear but are consistenthjs reaction, Ca OH- redox nucleophilic attack occurs on

with the coordinated water molecule labeleg, ¥ Figure
56. It is aligned toward putative Mf{4)—OH at position

Mn=0O. Two electrons are transferred, either sequentially
or in concert, one to MH(4) and the other to the Mi:V:IV

X1 in Figure 56. This has been proposed as the site for qyster.

O-++O coupling?83.650

O---O coupling is expected to occur at an oxo site at Mn-
(4)52181.847Mn=0 is available at Mn(4) through the dihy-
droxo-oxo equilibrium, MfY (OH), = Mn'V(O)(H,0), shown

in eq 182. There is precedence for related equilibria in metal

complexes36-138

] "
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The product of &-O coupling in eq 184 is a Mn(lll)
hydroperoxide, MH —OOH. It is proposed as the second of

O---O coupling is expected to be preceded by deprotona- two possible intermediates suggested by Rengg’g7°

tion of Ca—OH, (X2,).54” This avoids a high-energy, proto-
nated peroxo intermediate, {80Y)Mn(H,0), but requires

There is evidence for Mn(lll) in §Sat liquid helium
temperature in EPR and near IR measurem&h{s>.783.790

an internal base. As shown in eq 183, this is a role that may Based on density functional theory (DFT) and the B3LYP

be played by Asp170 through intervention of a local proton functional for geometry optimization, Siegbahn and Crabtree

transfer channel involving the coordinated hydroxo ligands have concluded that Mh—OOH is in thermodynamic

in the MV (OH), form of Mn(4). Although this provides a  equilibrium with an activated Mf+O precursor in $

role for Asp170 as an internal base, a number of other aminoRenger has proposed that a rapid redox equilibrium exists

acid residues can functionally substitute for Asp170. Both between a Mn peroxide and a form having two terminal

the Arg and Met mutants can evolve oxygen at20% of hydroxo ligands7° Water-exchange studies show that-O

the wild-type rate’®® O coupling occurs at a site that undergoes rapid exchange
As shown in eq 183, proton loss from €&H, and Mn- with external solvent, presumably €E®H; (X2,), and one

(4)y=0 formation would give the species labeled intermediate that undergoes slow exchange. The slow exchange site is

A in eq 183, the immediate precursor te-@ coupling. It

presumably &Mn"(H,O) or MnV(OH),(H,0), with ex-

is proposed as a high-energy intermediate, not observedchange occurring before-©0 coupling?08:725.728,791794

spectroscopically, due to the unfavorable ¥{@®H),/Mn'V-
(O)(H0) equilibrium and proton loss from €&DH,. Its

Although not located in the X-ray structures of PSII; Cl
is a cofactor for water oxidation. Chloride-depleted samples

thermodynamic instability may contribute to the high energy are reconstituted to catalytically active forms by addition of

of activation (0.4 eV) for the §— S; transition.
Mutagenesis studies show that CP43-Arg35Which

spans the active face of the CalMeluster, is required for

O, evolution’® Its electrostatic influence may decreasé p

a variety of aniong? 79 |n a recent combined EPR/FT-IR
study, N~ was shown to bind in the immediate vicinity of

the Mn cluster in competition with Cl binding”®® As

discussed by Brudvigt al,?** ClI- may be transferred from
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Ca to Mr=0, which would increaself, for Ca—OH, (X2y)
and help initiate @-O coupling.

7.2.4.4. The Transition S — {S;} — S + O,. States &

S, S, and S all have been trapped and investigated
spectroscopically with evidence obtained recently for two
intermediates past;Snhibition of O, evolution from cyano-
bacteria was observed at high @essure with spectroscopic
evidence for an intermediat®’. Time-resolved X-ray absorp-
tion spectroscopy (XAS) on the 1 time scale revealed a
lag phase of 25@s followed by oxidation of Mn and reduc-
tion of Yz* in 1.1 ms®7° The lag phase has been attributed
to a proton transfer ste&f)? Proton transfer preceding electron
transfer has been proposed by Rappaport and Lavéfgne.
Following excitation of § Y reduction and @release both
occur on the approximately millisecond time sc&fe.

These observations are consistent with a multistep mech-
anism?%°In the first step, eq 185, light-driven 1TAH" MS-
EPT oxidation of ¥ is followed by a lag phase in which
proton transfer occurs from MAOOH to Asp61, eq 185.

One possible proton transfer channel is illustrated, and others

might operate utilizing coordinated,8 or HOOC-Aspl170
as proton transfer bridges.

In eq 185, proton loss activates coordinated peroxide
toward electron transfer to ;Y with all subsequent steps
rapid, on the~1 ms time scale. Electron transfer may occur
stepwise with initial oxidation at Mn(4), MOC?),Yz* —
Mn'v(OCG?), followed by intramolecular electron transfer,
MnV(OC?) — Mn"(OC ). Electron transfer is followed
by proton transfer to the lumen.
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Proton transfer to Asp61 would open a long-range proton
transfer channel from HOOC-Asp170 to Asp61. As shown
in eq 186, utilization of this channel for loss of the proton
on HOOC-Asp170 followed by proton transfer to the lumen
would explain the 1:0:1:2 proton release pattern and loss of
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the second of two protons in thegS> {S)} — S + Oz

transition. It would also reset the EPT interface at
Asp61l.
Aspl70- _0
[
(186}
C
o [ g H . Hon
I ' H\{g’ Je)
Asp61-C-O-H n, | 0 :
LO=Mid'  Ca
H o ™0 /
(|_' 0 |{O
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(o wnw.Hn
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—— AspO1-C-O-frenees H |/f|’|_
< A }‘_:M‘.‘ Ca
H o ™
¢ Mn''(3)
Asp333 \“/ .
\ )
Sy (S3 = 5y)

The final product is a superoxide complex of Mn(lll),
Mn""(OO ™), which is tentatively identified a§,. This is
presumably the intermediate observed under high pressures
of 0,.%89 In the net reaction in eqs 185 and 186, electron
transfer occurs from coordinate@®OH to Yz with coupled-
proton transfer to the lumen,2YMn"'—OOH — Y z,Mn"' —

O~ + Hf(lumen). There is no change in oxidation state at
Mn, and the lag time is due to intracoordination sphere proton
transfer.

The final step, shown in eq 187, is intramolecular ©~
Mn'" electron transfer. It is followed by loss of,Gnd
coordination of HO which returns the catalytic system to
the S state.
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7.2.5. S State Mechanistic Summary

The reactions proposed for the complete Kok cycle are
shown in the Mechanistic Summary below. They correspond
to equations in the text by the numbers in parentheses. In
constructing the summary: (1) the abbreviations used are
+hv for a light driven reaction, T&nH* MS-EPT for
multisite EPT, and PT and ET for proton transfer and electron
transfer; (2) Aspl70 is assumed to be uncoordinated and
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Aol Gt QO-H T AT e Do Ta uenching through a phenophytin bridge to plastoquinone
' Z0~nii | ! “0~pii | f .
" 0TEv0, 0 ¢ H lf' Y00 Qa (Figure 51). Subsequent,Q— Qg electron transfer is
A g ME Ay M) gated by a protein conformational change and mediated by
1 +Hhv e TP, H' - A . . . .
et l — a non-heme iroR8383.80+803 The net reaction is shown in eq
o 188.
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As discussed in the previous section, subsequent PCET
by a 1e/2H* MS-EPT mechanism results in oxidation of
the OEC and advancement of the S state cycle by one from
S, to Si+1. In the photosynthetic reaction center from
Rhodobacter sphaeroidesbsorption of two photons is
followed by 2e/2H* reduction of @ to give hydroquinone
H.Qs. The protons in this reaction come from the cytoplasm.
H.Qs subsequently diffuses from the reaction center and is

i 0
| {")-,ﬂ{[{h s, Asplil-C-0---H~qy_ T 0O
O Mni

-0

HOIMI oxidized by the cytochrombc, complex.

I O—hi3) The initial Qv — Qg electron transfer is coupled to
v protonation of a nearby carboxylic acid, Glu-L212, but the
proton and electron transfers are sequential and the mech-
anism is ET-PT, eq 189. Similarly, a second light-induced
electron transfer creates the semiquinone paig; (@s*).
After it forms, protonation at @ and Q= — Qg electron
a transfer occur to give HEY, eq 190. In the final step, the
J proton at Glu-L212 is transferred to give the quinohQd,
™ eq 191. All of these steps appear to involve sequential elec-

S tron—proton transfer and not EP$3:383.804808 The hinding
of CP* to His126 and His128, which are located near the
proton entry point to the reaction center, inhibits PCET,

(Qa" " Qp)GIU™ " (QuQs )GIUH——  (189)

(Qx Qe )GIUH — (Q,"QgH")GluH —
(QaQgH )GIuH (190)

(QaQgH )GluH — (QuH,Qp)Glu™

7.4. PCET-EPT in Other Biological Reactions
7.4.1. Cytochrome ¢ Oxidase (CcO)

Cytochromec oxidase (CcO) is an enzyme that catalyzes
respiratory oxygen reduction. It is located in mitochrondrial
or bacterial membranes of all aerobic organisms. The active
site includes a low-spin heme (heme a) and a copper complex
(Cug). The enzyme catalyzes the reduction of ©q 192,
which is coupled to proton translocation across the membrane
where ATP is producef:810-814

O,+4H" +4e —2H,0

v
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available as an internal base; (3) in the-S S; transtion,
oxidation of Mr'(H,0) by Y-* occurs by 1e/2H" MS-EPT,;

(4) oxidation in the $— S; transition is assumed to occur
at the CaMas cluster; (5) it is assumed that there are two
forms of S, with S; a MnV(OH), intermediate; (6) depro-
tonation of Ca-OH, by Asp170 and equilibrium formation
of (H,O)Mn"V=0 from Mn'V(OH), give intermediate\; (7)
O-+-0 coupling occurs in intermediaeto give Mn"OOH,
which is identified as & (8) following photochemical
formation of a fourth ¥, a lag phase arising from proton
loss from MA'OOH is followed by rate limiting intramo-
lecular electron transfer to give MfO."~); and (9) depro-
tonation of HOOC-Asp170 and proton transfer to the lumen
produce % an intermediate identified under high partial
pressures of ©

(191)

7.2.6. Conclusions

This analysis of PCET in Photosystem Il reveals the
extraordinary attention paid in the structure to “proton-
wiring” and the movement of protons. The movement of
protons is short range in both coupled electrpnoton
transfer and the sequential proton transfer steps that make[h
up long-range proton transfer chains. The distance—depen-f
dence of ele_ctron trans_fer IS !ess demaﬂd'”g_ and a relatlVecomes from a nearby tyrosifig812-84 Protons are available
afterthought in the spatial design of the biological assembly. to the heme Cus site from two different channels, K and

PCET plays a critical role in the operation of the OEC. D,

One is thermodynamic by avoiding charge buildup, enabling  Theoretical studies based on density functional theory
redox potential leveling. Similarly, repetitive use of MS- (DFT) and the B3LYP functionaf>87 with structural
EPT avoids high-energy intermediates and directs protonsdetails from X-ray studies on mammalfahand bacteridh
to Asp61, which is the entryway to the proton exit channel CcQO'’s, have been applied to the-@ bond cleavage steép.
to the lumen. In a first step or steps, Tdransfer occurs from Clg, which

(192)

During its activation, @ initially binds to the heme. Of
e four electrons required in the net reduction, two come
rom Fe(ll) to give Fe(lV), one comes from guand one
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is coordinated by three histidines, His291, His240, and His electron donor orbitals. It is also an example of histidine
290. Subsequent reduction of the brldgmg peroxide, eq 193,acting sequenually as a proton donor and acceptor, much as
His190 does in the Tyr®-*H-His EPT module in PSII

RN

;‘CLI'B —IC up. (section 7.2.4).
‘{i:‘,EUK channel) Ny 7.4.3 Dioxygen Binding to Hemerythrin

5 f - ™ o 2 | Hemerythrins (Hr) contain magnetically exchange-coupled

T‘ﬁ”/\N\:' pﬂm ; (193) non-heme iron centers and are capable of reversibly binding

(N/ °-N) ’ ( - exr\.) dioxygen8?6-828 |n the net sense, addition of Qo the
dexygenated form of Hr, deoxyHr, is accompanied by/2e

His376 His376 1H" PCET to give the oxy form, oxyHr, eq 195. Density

is triggered by protonation with the proton coming from one Ot Ot
of the proton channels, most likely the K channel. Simul- i Jd g
taneous electron transfer occurs from both Fe(lll) and the ‘F‘e'zf/p'q — ,\"%\O/ e ,\F‘"/ Sre (195)
porphyrin ring to the antibonding* orbital of the peroxide, i BT SN E SV
eq 194. The porphyrin macrocylic structure and an axially P Hr
%Oggdlggs.tldme (His376) are both indicated schematically functional theory (DFT) has been appliec! to both the deoxy
The pathway proposed in eq 193 could be described asnd 0Xy form&?and to the reversible addition oG The.
solvent-assisted 261 H* MS-EPT. However, the calculations |2tter calculations point to a stepwise process with a mixed
suggest that, in the initial step, solvent-assistedllg" MS- HAT—EPT step followed by ET. On the binding side of the
EPT occurs with proton transfer to the peroxo-bridge, and a eauilibrium, electron transfer occurs from (Fe@ly) eq 195

single electron transfers from Fe(lll). MS-EPT is followed Lo.g”.* orr?itéil or_1dOz with coupleéj.—protgrll_'téz%gfer from the
by ET, in this case from a porphyrim orbital 5> Following ridging hydroxide to give coordinate oceurs in

formation of the ferryl, F¥=0, a final electron transfer 2 following step from Fe(lh)to ax* orbital on the terminal
occurs to the porphyrin cation radical from nearby tyrosine Nydroperoxide (HOQ.

244, which is bound to His240 and part of the H-bonding
network of the proton channel.

Oxy Hr

7.4.4. H-Atom Abstraction by Lipoxygenases (LO)

) The lipoxygenase (LO) enzymes catalyze the regio- and

7.4.2. Cytochrome ¢ Peroxidaxe (CcP) stereospecific hydroperoxidation & Z)-pentadiene-contain-

The heme- contammg peroxidases oxidize a variety of ing fatty acid substraté8-8% The results of detailed kinetic
substrates by using hydrogen peroxide as the oxidant. Ccpstudies are available for the reaction with linoleic
is part of the mitochrondrial electron transport chain with acid??742883%:837n the ferrous form, the iron site contains
cytochromec as its redox partnef.810-814.820-825 The key three coordinated histidines, one C-terminal isoleucine car-
step in the catalytic cycle is cleavage of the-O bond of boxylate, and a water with an asparagine in the sixth
H.O. with an Fe(lll)-heme oxidized to =0 and anearby ~ coordination position b3 A away from the irorf®288
tryptophan (Trp191) to its radical. Trp191 is connected to Based on spectroscopic measurements, the Fe(lll) form is
the heme by H-bonding via a His-Asp-Trp grouping with five coordinate®® DFT calculations on the initial step of the
the histidine bound to Fe in an axial position. From site- hydroxylation of Z,2)-2,5-heptadiene by the e-OH form
directed mutagenesis studies on both €&&nd horseradish  of the enzyme show that the reaction occurs by a net H-atom
peroxidasé?? a distal histidine, His52, is an important transfer. However, the acceptor orbital is largelyfee(ll))
residue. mixed with 2p,(O), and the donor orbital is a pureorbital

The initial step in the activation of 4#,52818 involves on the diolefin with oxidation leading to a delocalized
binding to Fe(lll) with loss of a proton to His52. In the carbon-based radical, eq 1%8.
transition state for ©0 cleavage, a key element is transfer

of the proton initially bound to His52 to the terminal O-atom Me Me
of the bound peroxide. Proton transfer is coupled to a slight . .
motion and 2e transfer. One electron is transferred from A e s
Fe(lll) and one from the porphyrin. This results in the ferryl- ~ —{<T%_" RS (196)
. . . . H H
porphyrin cation radical shown in eq 194. Electron transfer Ve Me
182 H .
HisS2 N “? The theoretical studies have been extended to linoleic
&Vl ﬂd acid®¥®The reaction in egs 197 and 198 shows that, following
N\H\ ! ~ transfer of the pro-S hydrogen atom td'FeOH, a reaction
‘q’“ So-H with O, gives hydroperoxyoctadecadienoic acid. Based on
NV 0 calculations on the initial EPT step, a number of conclusions
(\7\[”\ )° (j]?+ _ were reached: (1}i ~ 19 kcal/mol, which comes largely
(“/Fei@ - ' ’N) (14) from the reorganization energy at the Fe cofactor and is

significantly greater thaf, ~ 2.4 kcal/mol. (2AG® = —5.4
kcal/mol, which partly compensates fbteading to a weak

to the porphyrin cation radical from Tryptophan191 occurs temperature-dependence. (3) The higiikp of 81 is a

in a subsequent stép.Assuming that the calculations are consequence of a large proton transfer distance and the
correct, this is another example of 2éH" MS-EPT with dominance of thex = 0 — v = 0 vibrational channel. (4)

the electrons coming from separate Fe(lll) and porphyrin There is no H-bond, and the maximal proton transfer distance

His376 His376
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MM
().

HO-Fell

(197)

H,O-Fe!l

l 0,

OH
HO-Fe!l
is considerably less (2.69 A vs 2.88 A) than the equilibrium
distance calculated by using a docking motitl.

7.4.5. Long-Range PCET in Class | Ribonucleotide
Reductase

(198)

Huynh and Meyer

hydrogen-bonded residues. It is known that proton transfer
is not obligated at position 356 since unnatural fluorotyrosine
amino acids with lower I§;'s have been incorporated at this
position and yet remain actié®

It has also been shown that the activity of RNR can be
changed from a conformationally gated regime to one in
which EPT and radical transport are rate limiting by
increasing the reduction potential at position 356. The results
of studies utilizing photoinitiated radical generation support
an EPT model for radical transport between Y731, Y730,
and C439 in the R1 subunit. These three residues are all
within hydrogen bond contact in the crystal structure of R1,
ensuring short proton tunneling distances. Based on this
interpretation, both EPT and MS-EPT pathways appear to
be utilized in RNRY’

8. Summary

Some of the important conclusions reached in this analysis

The ribonucleotide reductase enzymes (RNRs) catalyzeof PCET are summarized below. The sections in which they
the conversion of nucleotides to deoxynucleotides, eq 199, are discussed are also cited.

and play an essential role in DNA replication and repair.

(PPPQ (5 Base (P)PPQ 5 Base
oG Ven G Ven
H3 2/ H HY3 20 H

0} o} 0} H
0 ~q 0

Ribonucleotide

(199)

Deoxyribonucleotide

(1) PCETdescribes reactions in which there is a change
in both electron and proton content between reactants and
products. It originates from the influence of changes in
electron content on acitbase properties and provides a
molecular-level basis for energy transduction between proton
transfer and electron transfer (section 1).

(2) Coupled electronproton transfer oEPT is defined

There are three classes of RNRs, and reviews have covereds an elementary step in which electrons and protons transfer

the mechanisms of nucleotide reduction for all thi¥e?4>

from different orbitals on the donor to different orbitals on

In class | RNRs, there are two types of homodimeric subuits, the acceptor. There is (usually) a cIeay distinction_between
R1 and R2. R1 subunits contain five cysteines essential for EPT and H-aﬁom transfer (HAT) or hydride transfer, in which
catalysis with three at the active site. They control turnover the transferring electrons and proton come from the same

and specificity. R2 subunits contaiwo diferric clusters and
1.2 stable tyrosine radicals (Yper dimer both of which

are essential for the radical-initiated reduction of ribonucle-

otides.
A significant question is how ¥on the R2 (Y122) subunit
generates a thiyl radical {Sat cysteine Cys439 on the R1

bond.Hybrid mechanismexist in which the elementary steps
are different for the reaction partners (sections 5.1 and 5.2).

(3) EPT pathways such as P#RhOH exchange have
much in common with HAT pathways in that electronic
coupling is significant, comparable to the reorganization
energy with s ~ 1.

subunit. A docking model suggests that they are separated (4) Multiple-Site Electror-Proton Transfer (MS-EPTis
by 35 A, and the reaction is reversible. Intervening between an elementary step in which an electrgeroton donor
the two final redox sites are several tyrosines and a transfers electrons and protons to different acceptors, or an
tryptophan residue. The cysteine residue is the final redox electror-proton acceptor accepts electrons and protons from

site.

different donors. It exploits the long-range nature of electron

Mechanisms have been proposed involving a series oftransfer while providing for the short-range nature of proton
sequential H-atom transfer steps, probably better describedransfer (section 5.1).

as EPT, and involving Tyr@TyrOH, cysteine, tryptophane,

(5) A variety of EPT pathways exist, creating a taxonomy

and a diiron cluster. This sequence of reactions is triggeredbased on what is transferred, e g, /2H" MS-EPT(section

by initial EPT between Tyr@Tyr122) and F&—OH,.844-847
The le/2Ht MS-EPT pathway suggested for the OEC
in water oxidation may play a role in long-range EPT in the
RNRs as well. In the OE( A electron transfer occurs from
Mn"—OH, to Yz* in concert with a double proton transfer:
one from Mn—OH, to "OOC—D;Asp61 and the other from
*tH—His190 to TyrQ, eq 174. In the RNRs, long-range
electron transfer could be achieved by a sequence of le

5.1).

(6) PCET achievesredox potential leeling’ between
sequential couples and the buildup of multiple redox
equivalents, which is of importance in multielectron catalysis
(section 2.1).

(7) There are many examples of PCET and pH-dependent
redox behavior in metal complexes, in organic and biological
molecules, in excited states, and on surfaces (section 2).

2H" MS-EPT steps based on membrane-embedded EPT (8) Changes in pH can be used to induce electron transfer
couples. EPT directionality would be incorporated into the through films and over long distances in molecules. Changes
membrane structure by having EPT couples such asTyrO in pH, induced by local electron transfer, create pH gradients
-+TH-His/TyrOH---His aligned in the membrane so as to and a driving force for long-range proton transfer in

create a redox potential gradient.

Photosysem Il and through other biological membranes

In a recent model, it has been proposed that long-range(sections 3 and 7.2).

electron transfer occurs from Y356, through W48, to Y122
in the R2 subunit’ In this model, electron transfer is

(9) In EPT, simultaneous transfer of electrons and protons
occurs on time scales short compared to the periods of

accompanied by short-range proton transfer to/from local coupled vibrations and solvent modes. A theory for EPT has
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been developed which rationalizes rate constants and activa- gZG; Regw, ﬁ\.; Gerwert, KNature Struct. Biol2003 éO,k637.

i i ; _ ivsi _ 27) Babcock, G. T.; Espe, M.; Hoganson, C.; LydakisSimantiris, N.;

gon baéners’ Incluﬁgsl tem%eratulre. aEd dr.IVI.ng fOI?AG% McCracken, J.; Shi, W. J.; Styring, S.; Tommos, C.; Warncke, K.
ependences implicitly, and explains kinetic isotope effects. Acta Chim. Scand1997 51, 533.

The distance-dependence of EPT is dominated by the short- (28) Proshlyakov, D. A.; Pressler, M. A.; Babcock, GPFoc. Natl. Acad.

range nature of proton transfer, with electron transfer being Sci. U.S.A1998 95, 8020 and references therein.

far less demanding (sections 4.2 and 5).
(10) Changes in external pH do not affect an EPT

(29) Hudis, J.; Dodson, R. WI. Am. Chem. S0d.956 78, 911.
(30) Friedman, H. L.; Newton, M. DJ. Electroanal. Chem1986 204,
21.

elementary step. Solvent molecules or buffer components (31) Reynolds, W. L.; Lumry, R. WJ. Chem. Phys1955 23, 2460.

can act as proton donor acceptors, but individuaDH
molecules are neither good basek{jplsO") = —1.74) nor
good acids (K4(H20) = 15.7) (section 5.5.3).

(11) There are many examples of mechanisms in chem-
istry, in biology, on surfaces, and in the gas phase which

utilize EPT (sections 6 and 7).

(12) PCET and EPT play critical roles in the oxygen
evolving complex (OEC) of Photosystem Il and other
biological reactions by decreasing driving force and avoiding
high-energy intermediates (section 7.2).

8.1. Addenda
During the lengthy period for review of this manuscript,

a number of significant publications have appeared which
feature various aspects of PCET. Among them are reviews

on water oxidation in Photosysten?fl and on the role of
PCET in oxygen activatiof?%8>1The theory of EPT has been
extended by Hammes-Schiff@&?853An analysis of the role

of driving force and water as the proton donor or acceptor

by Costentin and Saveant has appe#&feas has a report of
MLCT excited state quenching by EP¥.
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