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PCET :  Proton-Coupled Electron Transfer

Reaction which proton transfer (PT) and electron transfer (ET)

・ CPET with different mechanisms exist.
・ However, their classification is ambiguous and continuous.
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All the reactions listed above are CPET.

CPET :  Concerted Proton Electron Transfer

Reaction in which one proton and one electron transfer concertedly
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Although there is no clear classification, CPET can be divided into three main categories.

X H A
PT

ET

X AH X H A
PT

ET

X AH

X H Base
PT

ET

X Base+HOx+ Ox

① Canonical HAT

▶ Proton and electron transfer as hydrogen atom.
H H e-

➩ Protons and electrons transfer into the same bond.

② Separated CPET

▶ Proton and  electron transfer
to another atom in the same molecule.

③ Multiple Site CPET

▶ Proton and electron transfer to completely separate molecules.
Darcy, J. W.; Koronkiewicz, B.; Parada, G. A.; Mayer, J. M., Acc. Chem. Res. 2018, 51, 2391−2399 
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Darcy, J. W.; Koronkiewicz, B.; Parada, G. A.; Mayer, J. M., Acc. Chem. Res. 2018, 51, 2391−2399 

Marcus crossover equation can be used to understand the reaction rate of CPET.

study by Sirjoosingh and Hammes-Schiffer suggested that
phenol-phenoxyl is not HAT because the exchange is
electronically nonadiabatic,11 but this is difficult to examine
experimentally. We favor an expanded definition of HAT that
includes essentially all reactions involving transfer of H• from a
single donor reagent to a single acceptor reagent, without
concern for the electronic molecular orbitals formally involved
in the ET component.1,8

A distinction can usually be drawn, however, between such
HAT processes and reactions where the particles transfer to
(or from) completely separate molecules or sites.12,13 For
instance, X−H can be oxidized to X• by proton transfer to a
nearby base and electron transfer to a nearby oxidant (Scheme
1C). We term these multiple-site concerted proton−electron
transfer (MS-CPET). MS-CPET reactions are greatly facili-
tated by the formation of a classical hydrogen bond between
the proton donor and acceptor. Thus, for instance, MS-CPET
reactions involving O−H and N−H bonds are common while
we have only recently found the first example involving a C−H
bond (see Stop #5 below). This hydrogen bonding effect can
be very useful, imparting different chemoselectivity from HAT
processes. Still, when comparing reactions of similar bonds, or
when taking hydrogen bonding into account, we argue below
that even the HAT/MS-CPET distinction does not reflect a
core difference in the chemical processes. While MS-CPET
reactions “look different” from canonical HAT reactions
(Scheme 1A vs C), these are but stops on a reactivity
continuum.
Thermochemistry and Kinetics of HAT and MS-CPET
Reactions

The disparate reactions in Scheme 1 can be treated with the
same thermochemical framework. These solution reactions
should be analyzed using free energies (ΔG°) instead of the
bond enthalpies more typical of HAT discussions, because
ΔG° is directly connected with equilibrium constants, linear
free-energy relations (LFERs), and versions of Marcus theory.5

Entropic contributions are often small but can be substantial
for transition metal complexes.5 ΔG° for a HAT reaction is the
difference between the two bond dissociation free energies,
BDFE(X−H) − BDFE(Y−H). Solution BDFEs can be
determined from solution pKa and E° values (Scheme 2A).12

A very similar square scheme can be drawn for the
combination of an acid and a reductant (Scheme 2B), giving
what we have defined an “effective BDFE”,12,13 even though
there is no bond that is homolytically cleaved when the proton
and electron come from different sites or different reagents. Yet
the thermochemical analysis is the same: the sum of a pKa and
an E°. This BDFEeff can be used in the same manner to derive
the free energy of an MS-CPET reaction that transfers a
hydrogen atom equivalent. The use of BDFEeff therefore allows
for thermodynamic comparisons of concerted 1e−/1H+

reactions regardless of their form.
Similar BDFEeff’s can be obtained from different combina-

tions of one-electron oxidant/reductant and acid/base
reagents. This provides a thermochemical tunability that can
be a powerful tool.12,13 However, there are inherent reagent
incompatibilities that limit MS-CPET chemistry. Bases are
inherently electron-rich and can readily react with oxidants,
which are electron-poor. Similarly, acids can protonate
reductants or form H2. These obstacles are not insurmount-
able, but they often present significant challenges.13 Mitigating
these incompatibilities by using photoredox agents has been

part of Knowles and others developing MS-CPET reactions for
synthetic organic chemistry.14

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

Marcus cross relation predicts the rate constants for a wide
range of inorganic and organic reactions, often within an order
of magnitude, as described elsewhere.5 (The cross relation
cannot, however, be applied to MS-CPET reactions due to the
lack of a measurable CPET self-exchange rate constant for a
reductant/acid pair.) Most thermal CPET reactions have been
studied in the regime of low driving forces, |ΔG°| ≪ 2λ, where

Scheme 2. Thermodynamic Cycles (Square Schemes) and
Equations for BDFEs of (A) a Single PCET Reagent and
(B) a Reductant/Acid Paira

aThe CG,sol constant is in essence ΔG°(H+ + e−→ H·) in solvent “sol”.
Adapted with permission from ref 13. Copyright 2012 Royal Society
of Chemistry.

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

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.8b00319
Acc. Chem. Res. 2018, 51, 2391−2399
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①

②

③

④

Brønsted catalysis law

Eyring equation

Equation for the intersection of parabolas

⑤

When the reaction proceeds in CPET, is established.

log(k) = α log(Keq) + β

∆G‡ = α∆G◦ + β′

∆G‡ = (∆G◦ + λ)2

4λ
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4λ
= 1
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James M. Mayer, et al., J. Org. Chem. 2022, 87, 2997−3006

Basically, the reactions that proceed in CPET have an α of 0.5
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a linear Brønsted plot with α ≅ 0.5 is often observed (eq 5).
This one-dimensional Marcus treatment is a great simplifica-
tion of much more complete treatments, notably the multistate
continuum theory of Hammes-Schiffer et al. that treats the
proton quantum mechanically.6

k Kln( ) ln( )eq= α + β (2)

G GΔ = αΔ ° + β′‡ (3)

G G( )
4

2
Δ = Δ ° + λ

λ
‡

(4)

G
G

G G( )
( )

1
2 2

0.5 when 2oα = ∂ Δ
∂ Δ ° = + Δ °

λ ≈ |Δ | ≪ λ
‡

(5)

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

We have approached our studies of HAT and now MS-CPET
starting from the thermodynamic and kinetic frameworks
described above. In the following sections, we will “walk” the
continuum between “canonical” HAT and MS-CPET, utilizing
examples from our lab to illustrate this reactivity landscape.
First, we explore studies where the destinations of the electron
and proton are systematically separated from one another.
Finally, we examine several systems where the electron and
proton are transferred to different reagents. The kinetics and
thermodynamics in HAT-like and MS-CPET-like reactions are
employed to draw comparisons and illustrate differences.
Stop #1: Hydrogen Atom Abstraction by a Ruthe-

nium−Oxo Complex. The oxidation of C−H bonds by
[(bpy)2(py)RuIVO]2+ (RuIVO2+, bpy = bipyridine, py =
pyridine) was discovered in the 1980s by Thomas Meyer,
one of the founders of the field of PCET.15 Our later studies
showed that this reaction proceeds by rate limiting HAT
(Figure 2A).16,17 One significant piece of evidence for
concerted e− and H+ transfer was a linear correlation of rate

constant vs equilibrium constant (rate/driving force relation-
ship, Figure 2B). Such correlations have been frequently used
in studies of HAT reactions of C−H bonds, going back at least
to the work of Evans and Polanyi in the 1930s.18 Correlations
traditionally used log(k) or Ea vs bond dissociation enthalpies
(BDEs), as we originally did,16 but they should use BDFEs to
determine Keq’s (Figure 2B has been replotted here using
BDFEs, causing a shift by a constant amount8). The slope of
the plot of ln(kHAT) vs ln(Keq) is 0.49(7), close to the
predicted α = 0.5. The rate constant for HAT from toluene to
RuIVO2+ was close to the value predicted by the Marcus cross
relation, using RuIV(O)/RuIII(OH) and PhCH2·/PhCH3 self-
exchange rate constants and the known thermochemistry.
The reaction of RuIVO2+ with the hydrocarbon substrates in

Figure 2B is, in our view, an example of canonical HAT. From
the perspective of the hydrocarbon, this reaction is classic
HAT to form a carbon radical, as in Scheme 1A, above. With
toluene, for instance, removal of H• (e−/H+) leaves behind a
“hole” (the SOMO) that is mostly located in roughly the same
region of space as the original C−H bond, although there is
significant SOMO density on the aromatic ring and the formed
CH2 group is now planar. From the perspective of RuIVO2+,
the proton goes to the oxygen and one could consider that
formally the electron goes to the metal center, reducing it to
RuIII. However, the electron is transferred into a half-filled Ru−
O π* orbital that has significant density on both Ru and O, so
the e− and H+ being transferred can be considered to be
involved in forming the O−H bond. This is therefore our
example of a metal-mediated canonical HAT reaction.

Stop #2: A Stroll with Increasing the Distance
between Electron and Proton. This section will show how
increasing distances between the proton and electron accepting/
donating sites challenges the HAT vs PCET distinction, using
reactions of ruthenium and iron complexes to illustrate the
progression.
The ruthenium(II)-imidazole complex RuII(acac)2(py-imH)

in Figure 3A acts as a net hydrogen-atom donor to the
TEMPO nitroxyl radical, forming the TEMPO−H bond.19

The reaction reaches completion in minutes under typical
room-temperature conditions. The electron can be considered
to transfer from a dπ (t2g) orbital of the d6 RuII reactant (to
form the d5 t2g6 RuIII product) and the proton comes from the
imidazole N−H bond, leaving behind a nitrogen lone pair.
Thus, formally, the electron and proton “come from” different
places within the ruthenium complex. While the Ru dπ electron
back-bonds and delocalizes into the π orbitals of the imidazole
ligand, this π orbital is orthogonal to the reactant N−H bond.
Thus, as a first approximation, we can say that the Ru center
provides an electron that is ∼4.2 Å away from the imidazole
N−H bond that provides the proton. Despite this separation,
there is a significant “thermodynamic coupling”12 between the
Ru center E1/2 and the imidazole N−H pKa: the E1/2 shifts
significantly with deprotonation, and the pKa shifts significantly
with oxidation. A related iron-porphyrin-imidazolate reacts
similarly, in the opposite direction: oxidizing TEMPOH to
TEMPO with proton addition to the N-lone pair of the
imidazolate coupled to reduction of the FeIII center.20

In these and the other reactions in this section, we chose as
one reaction partner the 1e−/1H+ redox couple of neutral
radical TEMPO and the reduced hydroxylamine TEMPOH.
TEMPO/TEMPOH is a very convenient reagent pair because
under many conditions it only undergoes concerted 1e−/1H+

transfer (CPET/HAT). TEMPOH has a weak O−H bond

Figure 2. (A) HAT from toluene to RuIVO2+. (B) Graph showing the
dependence of rate constants (ln(kHAT)) on driving force (ln(Keq))
for oxidations of hydrocarbons by RuIVO2+. Data from ref 16.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.8b00319
Acc. Chem. Res. 2018, 51, 2391−2399
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radical-chain chlorination Alkane oxidation by t-BuO･ radical

Hydrogen atom abstraction by a Ruthenium−oxo complex

・ Electron may have transferred to ruthenium as ruthenium is ultimately reduced.
・ However, since the electrons are in Ru-O π* orbital, the transferred electrons 

may also form O-H bond.

Evidence of progress in CPET mechanism

Darcy, J. W.; Koronkiewicz, B.; Parada, G. A.; Mayer, J. M., Acc. Chem. Res. 2018, 51, 2391−2399 

Bryant, J. R.; Mayer, J. M., J. Am. Chem. Soc. 2003, 125, 10351−10361
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Yosca, T. H., et al., Science, 2013, 342, 825. the mixture of porphyrin radical cation and thiyl radical

e-

・ The proton adds to the oxo forming a hydroxo ligand.
・ The electron transfers a “hole”(= porphyrin radical cation or thiyl radical) 

away from the oxo.

Separated CPET

Alkane oxidation by compound I in Cytochrome P450s
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CPET with the long distance between redox and baisic site

Wu, A.; Masland, J.; Swartz, R. D.; Kaminsky, W.; Mayer, J. M., Inorg. Chem. 2007, 46, 11190−11201

Manner, V. W.; Mayer, J. M., J. Am. Chem. Soc. 2009, 131, 9874−9875 

Warren, J. J.; Menzeleev, A. R.; Kretchmer, J. S.; Miller, T. F.; Gray, H. B.; Mayer, J. M., J. Phys. Chem. Lett. 2013, 4, 519−523

Concerted proton electron transfer proceeds although the reduction and base fields
are too far apart to interact with each other.
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O
H

Ph

NH2

Ph

O
H

Ph

NH2

Ph

PT

N

ET

N

One-Electron Oxidation of a Phenol Coupled with an Intramolecular Amine-Driven Proton Transfer

Mayer, J. M.; Rhile, I. J., J. Am. Chem. Soc. 2004, 126, 12718-12719. 

HOAr-NH2 ，X+

HOAr-NH2 ，X

OAr-NH3 ，X+

OAr-NH3 ，X

ET1

ET2

PT1

PT2

CPET

Evidence of progress in CPET mechanism

① A primary kinetic isotope effect
kH/kD = 2.4±0.2

☞ Protons are involved in the rate-limiting step.

② The reaction rate is too fast to go through a high-energy
intermediate. (→ Appendix)

PT

ET
CPET③ α = ΔΔG‡/ΔΔG゜= 0.53
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Morris, W. D.; Mayer, J. M., J. Am. Chem. Soc. 2017, 139, 10312−10319.

N
OH

N

Rn

Fe

Rn

N
O

N

Rn

Fe

Rn

H

N
O

N
RnH

hydrogen
bond

PT
Fe

Rn

ET

Three-Component MS-CPET Reactions

Evidence of progress in CPET mechanism

① ΔG゜ET1 and ΔG゜PT2 are each larger than ΔG‡.
☞ The reaction is not via ET1, PT2.  (→ Appendix)

② α = ΔΔG‡/ΔΔG゜ = ln(k2) / ln(Keq) = 0.46
Changing the E of the oxidant or the pKa of the base 
will result in an α of 0.5. (→ Appendix) 

The linear fit in Figure 3 shows that the k2 values respond
equally to changes in ΔG°MS‑CPET regardless of whether the
driving force is changed with the E° of the oxidant or pKa of the
pyridine base. The slope of 0.46 means that changes in either
the proton or electron components that make a reaction
more favorable by 1 kcal mol−1 lower the Eyring barrier by
0.46 kcal mol−1. Looking at subsets of the data, the slope for the
low driving force half of the plot, ln(Keq) < 11, is a bit higher,
0.55. Essentially this same slope is seen for reactions using
[Cp(Cp*)Fe]+ and four different bases, 0.59(2), and reactions
using pyridine and three different oxidants, 0.53(4) (the single
values in parentheses are the standard errors of the linear fits).
These very similar slopes in this region further show that
the rate constants are insensitive to varying the ΔG°MS‑CPET
through the proton component (the nature of the base) versus
variation in the electron component (varying the oxidant).
In the higher driving force region, 11 > ln(Keq), there is a
shallower slope of 0.41(3) for the reactions using [Cp2Fe]

+ and
five different bases (excluding lutidine).
A few prior studies of three-component MS-PCET reactions

have shown a linear dependence of ln(kMS‑CPET) on ln(Keq)

[ΔG°MS‑CPET]. Linschitz’s pioneering study varied the base
with the same oxidant, photoexcited C60.

24,25 Thorp and Meyer
showed that ln(k) varied with ΔG°MS‑CPET, both upon varying
the base with a single oxidant and upon varying the oxidant
with a single base.27 While both individual correlations
presented had a Brønsted slope of 0.6, the combined plot
with all the data was nonlinear, perhaps due to a quantum beat
or perhaps a result of the diversity of acids and bases used.
For the oxidations of phenols by an excited ruthenium oxidant
and pyridine bases, Nomrowski and Wenger reported a slope of
0.52 ± 0.05.8 For MS-CPET oxidation of a tungsten hydride
complex, Bourrez, Hammarström et al. reported a slope for
∂ ln(kPCET)/∂ ΔG°PCET of (68 meV)−1,28 which is equivalent to
a Brønsted α = 0.66. With one series of tethered phenol-CH2−
pyridine compounds, MS-CPET oxidations showed a linear
Brønsted plot (α = 0.54) with variation of both the oxidant
and internal base,21 while a related series containing con-
jugated phenolpyridines showed a poorer correlation, likely due
to communication between the phenol and the base.21

Synchronous e− and H+ Transfer. The result that the
MS-CPET rate constants respond equivalently to the energetics of
the ET and PT components means that the transfers of e− and H+

in this MS-CPET process are synchronous. There are a couple of
different ways to think about synchronous e−/H+ transfer. If the
e− and H+ are considered as classical particles, this would mean
that they have transferred the same amount at the transition
state. In the more realistic treatments of Marcus Theory and in
Hammes-Schiffer’s Multistate Continuum Theory, the e− or
the e− and H+ are treated as quantum particles, whose transfers
are made possible by solvent and inner sphere reorganization
of heavier nuclei.35,36 In these models, synchronous transfer
means that the reorganizations and the transition structure(s)
that lead to e− and H+ transfer are halfway along the reaction
coordinate. This is also the conclusion based on the traditional
interpretation of the Brønsted α being close to 0.5 and the
reversibility of the reactions. If electron transfer were occurring
at a transition structure in which the reorganization for proton
transfer had mostly occurred, then the MS-CPET rates would
have been much more sensitive to changes in the proton
transfer energetics. Similarly, if electron transfer were occurring
at a transition structure in which the proton was little perturbed
from the hydrogen-bonded precursor complex, then the rate
constants would have been relatively insensitive to the proton
transfer energetics.

Figure 3. Plot of ln (k2) vs ln (Keq) for TEMPOH oxidations by the
combination of a pyridine base with [Cp2Fe]BF4 (blue squares),
[(MeCp)2Fe]PF6 (red circle), and [Cp(Cp*)Fe]PF6 (green triangles)
in CH2Cl2, with the numbers corresponding to the entries in Table 1.
The purple diamond represents the oxidation with [Cp2Fe]BF4 and
2,6-lutidine. The orange inverted triangle marks the HAT reaction
between TEMPOH and tBu3PhO

• (in CCl4).

Scheme 3. Square Scheme Showing Free Energies of Proton Transfers (Horizontal Axis) and Electron Transfers (Vertical Axis)
for the Termolecular MS-CPET TEMPOH Oxidation with Cp2Fe

+ and 4-Me2Npy in MeCNa,6,33

aThe diagonal gives the ΔG⧧ from the measured k2 and the Eyring equation.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b03562
J. Am. Chem. Soc. 2017, 139, 10312−10319

10316
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MS-CPET requires fixing the reaction coordinates of a proton in advance.

Enzymes also use hydrogen bond to proceed MS-CPET.

N
O

N
RnH

hydrogen
bond

PT
Fe

Rn

ET
O
H

Ph

NH2

Ph

PT

N

ET hydrogen
bond

Tyr161 O
H

N
N

His190

H
P680

PT
ET

Tyr161 O
H

N
N

His190

H
P680

MS-CPET

hydrogen
bond

Tyrosine oxidation in Photosystem Ⅱ

J. L. Dempsey, J. R. Winkler, H. B. Gray, Chem. Rev. 2010, 110, 7024–7039.

Hydrogen bond is the key

C-H activation using MS-CPET is difficult.C-H bond cannot form hydrogen bonds.

However,  what if we could fix the C-H bond on the PT reaction coordinates in advance?
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Conditions for molecules designed by DFT calculations
☞ A base positioned near a relatively weak C–H bond

2-(9H-fluoren-9-yl)benzoate

O O

H

Steric interactions between the rigid fluorene and the benzoate

Positioning the base near the weak benzylic C–H bond

Keeping the rings nearly perpendicular

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776
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Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776

O O

H

HO OOx+

PT
ET MS-CPET

Ox+

Base

HO O

H Oxidant (2.0 eq)
Base (2.0 eq)

MeCN (0.01 M)

O

O

Base

Ox+ :  aminium (NAr3
•+) , ferrocenium (Fc+) Base :  DBU, TBAOH

Intramolecular C-H activation via MS-CPET
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Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776

HO O

H Oxidant (2.0 eq)
Base (2.0 eq)

MeCN (0.01 M)

O

O

HO O

H Oxidant (2.0 eq)
Base (0 eq)

MeCN (0.01 M)

H
Oxidant (2.0 eq)

Base (2.0 eq)

MeCN (0.01 M)

NR
No oxidant consumption

NR
No oxidant consumptionOH

O

The presence and positioning of the base are crucial for MS-CPET.

Monitoring the disappearance of the colored oxidants

Intramolecular C-H activation via MS-CPET
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Stepwise reaction = (ET + PT) vs One-step reaction = MS-CPET
Evidence of progress in MS-CPET

② kMS-CPET is dependent on 
the strength of oxidant = Eox

＆
H/D substitution 

ET and PT occurring
in the rate-limiting step.

①

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776

O O
H

Ox+

HO O

Ox+

O O
H

Ox

HO O

Ox

PT

PT

ET ETMS-CPET

ΔG°PT ~ +19 kcal mol-1

ΔG°ET ~ 
+38 kcal mol-1

for FeCp*2
+

ΔG°MS-CPET ~ 0 kcal mol -1

for FeCp*2 +

Reaction proceeds at an 
oxidant with ΔG゜MS-CPET near 
0, and no further decrease in 
oxidizing power will prevent 
the reaction from progressing.

Proceeding via MS-CPET

Intramolecular C-H activation via MS-CPET

entry Oxidant*1 Eox〔V〕*2 kMS-CPET 〔M-1 s-1〕

1 0.67 7.2×105

2 N(ArOMe)(ArBr)2
•+ 0.48 5.4×104

3 N(ArOMe)2(ArBr)•+ 0.32 1.9×104

4 N(ArOMe)3
•+ 0.16 9.5×103

5 FeCp2
+ 0.00 1.9×103

KIE (kH/kD)

～4.5

-
2.4

3.7

−

6 FeCp*Cp+ −0.27 3.8×102

7 FeCp*2
+ −0.48 2.3×101

8 CoCp2
+ −1.33 NR

1.6

−

n/a

N(ArBr)3
•+

*1 ArX = p-C6H4-X *2 E1/2 = versus FeCp2
+/0 in MeCN
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Stepwise reaction = (ET + PT) vs One-step reaction = MS-CPET

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776

③ The value of α = ΔΔG‡/ΔΔG゜ = Δln(k2) / Δln(Keq) 

Determining Keq
HAT reaction ☞ the difference in BDEs
MS-CPET ☞ Combination of acid-base and oxidation reactions

Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777−10787

HO
O

H
HO

O
H

BDEC-H

O
O

H
HO

O
H

−pKa H

H H e-
CG

e-Ox+ Ox
Eox

O
O

H
Ox+

HO
O

Ox

①

②

③

④

ΔG°MS-CPET = BDEC-H − 1.37pKa − 23.06Eox − CG

Δlog(Keq) = -ΔG°MS-CPET /2.303RT

ΔG°MS-CPET

Δlog(kMS-CPET) = αΔlog(Keq)

Intramolecular C-H activation via MS-CPET
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James M. Mayer, et al., J. Org. Chem. 2022, 87, 2997−3006

③ The value of α = ΔΔG‡/ΔΔG゜ = ln(k2) / ln(Keq) 

Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777−10787

O
O

H

R

HO
O

R

Ox+ Ox

0.2～0.4 % MeOH
MeCN

entry pKa(CO2H) expt ΔpKa(CO2H) expt

1 22.0 +0.8

2 21.5 +0.3

3 21.2 0

4 20.3 −0.9

ΔBDEC-H (CO2
-)〔kcal mol-1〕

−0.06

0.22

0

0.83

NH2

R

OMe

H

CF3

αET ： Fixed substituents, changing reduction potential Brønsted α ： Fixed reduction potential, changing substituents

reactions of the carboxylates were performed with various para-
substituted aminium (NArX•+) and ferrocenium (Fc+)
oxidants. The driving force for reactions with this series of
oxidants spans 1.2 V. Oxidations of the carboxylates each gave
good yields of the corresponding lactone with regeneration of
protonated starting material, as described previously for the R
= H derivative (see the Supporting Information).12

Kinetics of Oxidation Reactions. The kinetics of
oxidation were measured for all four carboxylates with up to
seven different aminium and ferrocenium oxidants in MeCN
solvent (Figure 1A, Table 1). The carboxylate was generated in
situ immediately before the reaction by deprotonating with 0.9
equiv of tetrabutylammonium hydroxide (TBAOH, as a
solution in MeOH). Reactions were performed with an excess
of carboxylate relative to the oxidant (3−30 equiv). The time-
courses of the oxidations were monitored optically using a
stopped-flow instrument, following the disappearance of the
colored oxidants (Figure 1B). Each full set of absorbance
spectra over time was fit using SpecFit global-fitting software.23

The rate constant for the C−H bond oxidation step, kMS‑CPET,
is one-half of the measured rate constants (k2 in Table 1)
because 2 equiv of the oxidant is consumed in the total
reaction, although the MS-CPET step is rate-limiting.12 The
data for the R = H compound (αET(H) line in Figure 1C) were
reported in our previous study.12

Reactions of the carboxylates with the oxidants fit well to a
second-order kinetic model, with a few exceptions. Reactions
of both the NH2- and the CF3-derivatives with the stronger
aminium oxidants (e.g., N(ArOMe)(ArBr)2•+) display deviations
from the second-order model, likely due to oxidant/base
incompatibilities.24 The most electron-rich and the most
electron-poor of these series of benzoates have undesirable side
reactions that occur with stronger oxidants (Supporting

Information section 3). These incompatibilities can be
mitigated by using the weaker ferrocenium oxidants, as these
are less susceptible to nucleophilic attack by the carboxylate,
for example.
Bimolecular rate constants for the reactions of Flr(OMe)-

CO2
−, Flr(H)CO2

−, and Flr(CF3)CO2
− with N•+(ArOMe)3

were measured at different temperatures. Using data from
−40 to 15 °C for the first two compounds, and from −20 to 15
°C for the CF3 derivative, the Eyring parameters in Table 2
were obtained (Supporting Information section 3.4). The data
show that the free energies of activation are enthalpy
controlled.

Thermochemical Analysis. The driving forces for the
various C−H bond oxidation reactions were determined using
the thermochemical cycle in Scheme 2. The relative pKa’s of
Flr(R)CO2H in MeCN (eq 2) were determined experimentally
by equilibration of each carboxylate with 4-trifluoromethyl-
benzoic acid (TFBA) and monitoring by 1H and 19F NMR
spectroscopies in CD3CN, using a previously described
method.10d Absolute values were determined by equilibrating

Figure 1. (A) General reaction scheme for the oxidation of Flr(R)CO2
− substrates. Reactions were performed with an excess of carboxylate,

generated in situ with TBAOH (as a solution in MeOH). Absorbance spectra were monitored on a stopped-flow following the disappearance of the
colored aminium and ferrocenium oxidants. (B) Representative absorbance versus time data set monitoring the reaction of N(ArOMe)3

•+ with
Flr(OMe)CO2

−. The inset shows the absorbance at the λmax of the oxidant, 752 nm, versus time, and the fit to an exponential function using
SpecFit global fitting software. (C) Plot of the logarithm of the MS-CPET rate constants (kMS‑CPET = k2/2) versus changes in driving force for all
substrates over a range of oxidants. Δlog(Keq) = −ΔΔG°rxn/2.303RT and ΔΔG°rxn = ΔBDFECH(CO2H) − 1.37ΔpKa(CO2H) − 23.06Eox (see text
and Scheme 2). The Δlog(Keq) for the reaction of the R = H compound with FeCp*2+ has been set equal to zero,

12 and all other values are relative
to that based on changes in BDFECH and pKa,COOH (see the Supporting Information for all values). Uncertainty in the last decimal is shown in
parentheses. (D) Plot of MS-CPET rate constants versus changes in driving force for the four substrates with a single oxidant (FeCp2

+).

Table 2. Activation Parameters for Oxidations of
Flr(R)CO2

− by N•+(ArOMe)3
a

compound ΔH⧧ ΔS⧧

Flr(OMe)CO2
−b 14.4 ± 0.1 11.8 ± 0.5

Flr(H)CO2
−b 15.2 ± 0.3 11.6 ± 1.0

Flr(CF3)CO2
−c 16.3 ± 0.2 12.2 ± 0.8

aSee Supporting Information section 3.4. ΔH⧧ in kcal mol−1; ΔS⧧ in
cal K−1 mol−1. Uncertainties are one standard deviation (1σ). bBased
on kMS‑CPET from −40 to 15 °C. cBased on kMS‑CPET from −20 to 15
°C.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b04303
J. Am. Chem. Soc. 2019, 141, 10777−10787

10779

C–H Bond Cleavage by Proton-Coupled Electron Transfer     Darcy, Kolmar, and Mayer  
 

- S16 -  
 

3.3 Tabulated Brønsted α values with varying oxidants  

The value for the Brønsted α varies with the oxidant, as shown in Figure 1 in the main text. Table 
S3.5 shows how these values change with oxidant strength. Not every oxidant was measured with 
every substrate due to general oxidant/base incompatibilities described above. The number of data 
points is indicated in the far right column. The linear fits of these data are shown graphically in 
Figure S3.2 and given numerically in Table S3.5 (uncertainty from the fit of the lines in Figure 
S2.3).  

Table S3.5. Brønsted α calculations with ferrocenium and aminium oxidants. The error is taken 
from the error of the linear fit shown in Figure S3.2.  

Oxidant Brønsted α 

N(ArBr)3
•+ 0.64 

N(ArOMe)(ArBr)2
•+ 0.54 

N(ArOMe)2(ArBr)•+ 0.36 ± 0.07 

N(ArOMe)3
•+ 0.48 ± 0.05 

FeCp2
+ 0.58 ± 0.10 

FeCp*Cp+ 0.61 ± 0.09 

FeCp*2
+ 0.99 ± 0.12 

 

 

Figure S3.2. The Brønsted α with each oxidant are shown as the linear fits.  
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Figure S3.2. The Brønsted α with each oxidant are shown as the linear fits.  

・ αET = 0.19〜0.22 ☞ Not sensitive to changes in Eox

・ Brønsted α = about 0.50 ☞ Sensitive to changes in substituents

Changing substituents pKa ⇦ large effect
BDE   ⇦ small effect

(→ Appendix)

Intramolecular C-H activation via MS-CPET
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Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777−10787

O O
H

HO O
Ox

PT

O O
H

HO O

MS-CPET

Ox+

PTET

Ox+ ： N(ArBr)3
•+

PT coordinate : the distance between the fluorenyl proton and carboxylate oxygen

Comparison of changes in IRC between PT and MS-CPET

the extent of ET (only MS-CPET) : the change on the nitrogen atom of the oxidant

IRC = Internal Response Coordinates

Intramolecular C-H activation via MS-CPET
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To assess the extent of charge transfer throughout the reaction NBO calculations were performed 
along the internal reaction coordinate. The NBO charge of nitrogen starts at the value for isolated 
N•+(ArBr)3 (-0.315 units), and stays constant up until the approximate TS. At the TS, the charge on 
the N becomes more negative, and remains at the value for isolated N(ArBr)3 (-0.489 units). This 
is consistent with electron transfer occurring at the transition state but electronic reorganization in 
Flr(H)CO2– lagging significantly behind the transfer of the proton. The NBO charge of the 
fluorenyl carbon becomes more negative as the proton gets further away, then becomes abruptly 
more positive as the electron transfers at the transition state, then becomes more positive as 
electronic reorganization and proton transfer progress for the remainder of the reaction. These 
results are consistent with the interpretation presented above. 

  

Figure S4.3. NBO charge versus internal reaction coordinate for the MS-CPET reaction between 
Flr(H)CO2- and N•+(ArBr)3. The charge for nitrogen is shown by blue squares and the charge for the 
fluorenyl carbon is shown by red diamonds. 

(A)・(B) : IRC and TS (C)・(D) : IRC and Distance of protons to oxygen

αET for changes in the oxidant with a given substituted
compound (2−5 times larger).
The rate constants are much more sensitive to changes in

Keq that result from changing the benzoate substituent versus
changes in Keq from different outer-sphere oxidants (Figure 1C

vs D). In the set of oxidations by FeCp2+, for instance, the rate
constant for Flr(NH2)CO2

− is 270 times faster than that of
Flr(CF3)CO2

− for a difference in the equilibrium constants of
104 (Figure 1D). In contrast, changing the oxidant from
FeCp2+ to FeCp*Cp+, a change in Keq of 3.5 × 104 results in a

Figure 2. Comparison of the DFT-computed internal reaction coordinates and transition states for intramolecular PT in Flr(H)CO2
− (A, C, and

E) and for the MS-CPET reaction of Flr(H)CO2
− and N(ArBr)3•+ (B, D, and F). (A and B) The transition state occurs at x = 0 along the reaction

coordinate. Proceeding to negative values along the x-axis leads toward reactants, while proceeding to positive values leads to products. Black “○”
show potential energy (ΔE) along the reaction coordinate. (C and D) Red “□” show the distance between the fluorenyl proton and the carboxylate
oxygen along the reaction coordinate, which is a measure of proton transfer. For intramolecular PT, the fluorenyl proton has proceeded 76% toward
the carboxylate oxygen. For MS-CPET, the fluorenyl proton has proceeded 44% toward the carboxylate oxygen. (E and F) Blue “△” show the sum
of the CCC bond angles along the fluorenyl carbon along the reaction coordinate, which is a measure of electronic reorganization. For
intramolecular PT, the sum of the fluorenyl CCC bond angles has proceeded 45% toward the final geometry. For MS-CPET, the sum of the
fluorenyl CCC bond angles has proceeded 29% toward the final geometry.
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The extent of ET

□ : the charge for nitrogen
◇ : the charge for the fluorenyl carbon

・ “PT in MS-PCET” is slower than PT in TS.
・ PT precedes ET in MS-PCET.
・ In MS-CPET, ET occurs at once in TS.

The electron transfer "switch" is 
triggered by the transfer of a 
proton to a transition state.

Intramolecular C-H activation via MS-CPET
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Intramolecular C-H activation with photocatalyst via MS-CPET

2-2

Omitting the light, photocatalyst, terminal oxidant, or added base results in no or only trace lactone.

Two possible iridium catalytic pathways

HO
O

H O
O

MeCN (3-5 mM)
410 nm LED

[IrⅢH] (10 mol%)
Co(acac)3 (1.2 eq.)
TBAOAc (0.8 eq.) Ir

N

N
N

N

F

F
F

F

CF3

CF3

R

R

[IrⅢR]

1 1-lac

・ *[IrⅢ] reacts rapidly with Co(acac)3.
・ Reaction cannot proceed without Co(acac)3.

Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175−7180

Lactone-forming reactions occur
in the red pathway(= Net oxidation conditions).

*[IrⅢ]

[IrⅢ]

[IrⅣ] [IrⅡ]hν

CoⅢ(acac)3

CoⅡ(acac)2

1−

1

1−

1

1

1−
1-lac

[IrⅢ], hv

Net oxidation conditions Net neutral conditions

k q =
 10

8 M
-1 s

-1 k
q = 10 6 M -1s -1
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Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175−7180

However, the blue path (Net neutral conditions) also occurs in the system.

H
O O O OH

*[IrⅢ] [IrⅡ]
O OD O O

[IrⅡ] [IrⅢ]

D

MeOD MeOH

HO
O

H

CD3OD (2 %v/v)
CD3CN (3-5 mM)

410 nm LED

[IrⅢH] (10 mol%)
TBAOAc (0.8 eq.)

HO
O

D

entry 410 nm LED 1-d Substituent 〔%〕

1 − 0

2 ＋ 80

-

[IrⅢH]

＋

Deuterium incorporation can be used as a marker for transient C−H activation by *[IrⅢ].

Intramolecular C-H activation with photocatalyst via MS-CPET



Substrate Scope of Iridium-Catalyzed C-H Activation

26

2-2
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O O

1
75 % D, +ox

O O

2
80 % D, +ox

O O

3
100 % D, +ox

O

O

O O

4
ND, +ox

OH

OH

O O

5
45 % 1D, 6 % 2D

 +ox

O O

6
86 % D, +ox

O O

7
20 % D

O O

8
8 % D

O O

9
62 % D

SO
O

10
30 % 1D, 5 % 2D

NH

11
0 % D

O

O 12
0 % D

O

O

O O

13
0 % D

14
0 % D

N

+ox : Lactone is also formed when catalyst and oxidant are added
Photoredox C−H activation occurs for a variety of benzylic substrates with internal
carboxylates.

Intramolecular C-H activation with photocatalyst via MS-CPET
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To explore whether [IrIV] and/or *[IrIII] can directly
oxidize some carboxylates to carboxyl radicals, we estimated
the reduction potentials from cyclic voltammetry and optical
estimates of the E0−0 energies (Table 2, Supporting

Information Section 4). These values show that the ground-
state [IrIV] species are capable of oxidizing carboxylates by
outer-sphere electron transfer, and very likely the excited states
as well. This is consistent with Glorius’ report that *[IrtBuIII]
oxidizes benzoate to PhCO2

•, which then activates a variety of
aliphatic C−H bonds by intermolecular HAT (Scheme 1B).4a

Our transient absorption experiments show the formation of
the reduced photosensitizer ([IrII]) in the presence of
benzoate, further supporting this possibility. This stepwise
mechanism may be expected to outcompete a concerted one
(MS-CPET) for substrates with stronger C−H bonds, in which
MS-CPET is expected to be slower (conceptually illustrated in
Figure 3).

We have probed the mechanistic possibilities of stepwise
ET/HAT vs MS-CPET (Scheme 1B vs C) by comparing
*[IrtBuIII] luminescence quenching by different substrates.
Benzoate (which can only undergo direct ET) quenches the
*[IrtBuIII] luminescence with an observed rate constant that is
very sensitive to conditions. For benzoate formed in situ from
benzoic acid and TBAOAc, kq = 4 × 105 M−1 s−1. In contrast,
kq for TBA-benzoate in dry acetonitrile (no acetic acid as the
potential hydrogen bond partner) is approximately two orders
of magnitude faster20 (4 × 107 M−1 s−1 at low concentrations,
in reasonable agreement with other reports).4a Assuming that

all luminescence quenching by benzoate/HOAc is due to ET,
the rate constant of kq = 4 × 105 M−1 s−1 gives an approximate
bound at which ET/HAT becomes competitive with MS-
CPET under these acetic acid-tuned conditions (Figure 3). For
substrate 7 (toluate), which has one of the strongest C−H
bonds in Table 1, the kq = 4 × 105 M−1 s−1, suggests that ET/
HAT is a likely mechanism for C−H activation.
The substrates in Table 1 span the range of bond strengths

between that of 1 and 7 and are expected to span the transition
between mechanisms. Trityl substrates 2, 3, and 4 have similar
C−H bond strengths to 1 and probably follow an MS-CPET
mechanism, while phenyl toluate (5) may undergo predom-
inantly ET/HAT or a combination of both mechanisms. The
limited solubility of these substrates (<20 mM) has precluded
Stern−Volmer analysis. Similarly, the available data do not
allow drawing mechanistic conclusions for the reduction of the
fluorenyl radical, the last part of the isotope exchange pathway
(Scheme 2, Supporting Information Section 6.2).

■ CONCLUSIONS
The results presented above demonstrate that photoredox can
be used as a mild, versatile method for base-directed C−H
activation, deuterium incorporation, and functionalization.
Photoredox conditions can replace thermal oxidants to
accomplish MS-CPET at the fluorenyl C−H bond in 1,
opening new avenues to probe fundamental aspects of this
concerted mechanism. For many substrates, two mechanistic
pathways are possible under the highly oxidizing conditions
generated during photoredox. MS-CPET is likely in competi-
tion with the two-step pathway of rate-limiting ET followed by
rapid HAT, which has been reported in other studies.4a The
stepwise ET/HAT path is favored by a more easily oxidized
carboxylate and by stronger C−H bonds, since it is
independent of the C−H bond strength. MS-CPET may be
favored when the C−H bond is weak, and the proton acceptor
(typically carboxylate here) is basic and difficult to oxidize. We
hope that these insights will facilitate further development of
strategies for activating C−H bonds and deeper explorations
into the fundamental aspects of MS-CPET processes at carbon.

■ EXPERIMENTAL SECTION
Materials. Substrates 1 (including both isotopic variants 1-h and

1-d), 2, S15, and 6 were synthesized as described previously.5a,21

Substrate 3 was synthesized as described below. The remaining
chemicals were obtained from commercial sources and used without
further purification unless otherwise noted. Co(acac)3 and substrates
10 and S20 were obtained from Alfa Aesar; substrate S16 was
obtained from Alfa chemicals; substrates 4, 5, 8, and 14 were obtained
from Santa Cruz Biotechnology; substrate 13 was obtained from
Acros Organics; substrate 7 was obtained from Tokyo Chemical
Industry; tetrabutylammonium acetate (TBAOAc) was obtained from
Sigma-Aldrich and dried in a vacuum oven; benzoic acid, 1,3,5-
trimethoxybenzene (TMB), tetrabutylammonium hydroxide
(TBAOH, 1 M solution in methanol), tetrabutylammonium benzoate
(TBAOBz), [IrHIII] and [IrtBuIII], and substrates 9, 12, S17, S18, S19,
S21, S22, and S23 were obtained from Sigma-Aldrich. Phthalic
anhydride was obtained from Sigma-Aldrich and recrystallized from
chloroform before use. Substrate 11 was obtained from Trans World
Chemicals. Anaerobic acetonitrile (Burdick Jackson low water) was
sparged with argon and was plumbed directly into the glovebox and
used without additional purification/drying. Deuterated solvents were
obtained from Cambridge Isotope Lab, deoxygenated by freeze−
pump−thaw, and stored in a N2-filled glovebox.

Synthesis. 2-(Bis(4-methoxyphenyl)methyl)benzoic Acid (3).
Phenolphthalein (1.0 g, 3.1 mmol, 1 equiv), K2CO3 (1.3 g, 9.3

Table 2. Measured and Estimated Reduction Potentials vs
Ferrocene+/0 (Fc+/0) in MeCNa

redox couple E1/2 (V) references

E1/2 (IrHIV/IrHIII) ∼1.38 estimated herea

E1/2 (IrtBuIV/IrtBuIII) ∼1.35 estimated herea

E1/2 (*IrHIII/IrHII) ∼1.05 estimated hereb

E1/2 (*IrtBuII/IrtBuII) ∼0.95 estimated hereb

E1/2 (RCO2
•/RCO2

−) ∼0.9 3a, 4a, 19
aQuasi-reversible waves by cyclic voltammetry; see Supporting
Information, Section 4.1. bSee discussion of the optical E0−0 energies
in Supporting Information, Section 4.2.

Figure 3. Conceptual transition between concerted and stepwise C−
H activation mechanisms with a single oxidant. Boxed numbers
represent measured kq for substrates 1 and 7. The blue line (ET/
HAT), representing measured kq for benzoate, is independent of C−
H bond strength. The red line (MS-CPET) represents the k vs driving
force relationship for thermal oxidations of substrate 1.5a,b Inset:
schematic of MS-CPET (red) and ET/HAT (blue) mechanisms.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://dx.doi.org/10.1021/acs.joc.0c00333
J. Org. Chem. 2020, 85, 7175−7180

7178

To explore whether [IrIV] and/or *[IrIII] can directly
oxidize some carboxylates to carboxyl radicals, we estimated
the reduction potentials from cyclic voltammetry and optical
estimates of the E0−0 energies (Table 2, Supporting

Information Section 4). These values show that the ground-
state [IrIV] species are capable of oxidizing carboxylates by
outer-sphere electron transfer, and very likely the excited states
as well. This is consistent with Glorius’ report that *[IrtBuIII]
oxidizes benzoate to PhCO2

•, which then activates a variety of
aliphatic C−H bonds by intermolecular HAT (Scheme 1B).4a

Our transient absorption experiments show the formation of
the reduced photosensitizer ([IrII]) in the presence of
benzoate, further supporting this possibility. This stepwise
mechanism may be expected to outcompete a concerted one
(MS-CPET) for substrates with stronger C−H bonds, in which
MS-CPET is expected to be slower (conceptually illustrated in
Figure 3).

We have probed the mechanistic possibilities of stepwise
ET/HAT vs MS-CPET (Scheme 1B vs C) by comparing
*[IrtBuIII] luminescence quenching by different substrates.
Benzoate (which can only undergo direct ET) quenches the
*[IrtBuIII] luminescence with an observed rate constant that is
very sensitive to conditions. For benzoate formed in situ from
benzoic acid and TBAOAc, kq = 4 × 105 M−1 s−1. In contrast,
kq for TBA-benzoate in dry acetonitrile (no acetic acid as the
potential hydrogen bond partner) is approximately two orders
of magnitude faster20 (4 × 107 M−1 s−1 at low concentrations,
in reasonable agreement with other reports).4a Assuming that

all luminescence quenching by benzoate/HOAc is due to ET,
the rate constant of kq = 4 × 105 M−1 s−1 gives an approximate
bound at which ET/HAT becomes competitive with MS-
CPET under these acetic acid-tuned conditions (Figure 3). For
substrate 7 (toluate), which has one of the strongest C−H
bonds in Table 1, the kq = 4 × 105 M−1 s−1, suggests that ET/
HAT is a likely mechanism for C−H activation.
The substrates in Table 1 span the range of bond strengths

between that of 1 and 7 and are expected to span the transition
between mechanisms. Trityl substrates 2, 3, and 4 have similar
C−H bond strengths to 1 and probably follow an MS-CPET
mechanism, while phenyl toluate (5) may undergo predom-
inantly ET/HAT or a combination of both mechanisms. The
limited solubility of these substrates (<20 mM) has precluded
Stern−Volmer analysis. Similarly, the available data do not
allow drawing mechanistic conclusions for the reduction of the
fluorenyl radical, the last part of the isotope exchange pathway
(Scheme 2, Supporting Information Section 6.2).

■ CONCLUSIONS
The results presented above demonstrate that photoredox can
be used as a mild, versatile method for base-directed C−H
activation, deuterium incorporation, and functionalization.
Photoredox conditions can replace thermal oxidants to
accomplish MS-CPET at the fluorenyl C−H bond in 1,
opening new avenues to probe fundamental aspects of this
concerted mechanism. For many substrates, two mechanistic
pathways are possible under the highly oxidizing conditions
generated during photoredox. MS-CPET is likely in competi-
tion with the two-step pathway of rate-limiting ET followed by
rapid HAT, which has been reported in other studies.4a The
stepwise ET/HAT path is favored by a more easily oxidized
carboxylate and by stronger C−H bonds, since it is
independent of the C−H bond strength. MS-CPET may be
favored when the C−H bond is weak, and the proton acceptor
(typically carboxylate here) is basic and difficult to oxidize. We
hope that these insights will facilitate further development of
strategies for activating C−H bonds and deeper explorations
into the fundamental aspects of MS-CPET processes at carbon.

■ EXPERIMENTAL SECTION
Materials. Substrates 1 (including both isotopic variants 1-h and

1-d), 2, S15, and 6 were synthesized as described previously.5a,21

Substrate 3 was synthesized as described below. The remaining
chemicals were obtained from commercial sources and used without
further purification unless otherwise noted. Co(acac)3 and substrates
10 and S20 were obtained from Alfa Aesar; substrate S16 was
obtained from Alfa chemicals; substrates 4, 5, 8, and 14 were obtained
from Santa Cruz Biotechnology; substrate 13 was obtained from
Acros Organics; substrate 7 was obtained from Tokyo Chemical
Industry; tetrabutylammonium acetate (TBAOAc) was obtained from
Sigma-Aldrich and dried in a vacuum oven; benzoic acid, 1,3,5-
trimethoxybenzene (TMB), tetrabutylammonium hydroxide
(TBAOH, 1 M solution in methanol), tetrabutylammonium benzoate
(TBAOBz), [IrHIII] and [IrtBuIII], and substrates 9, 12, S17, S18, S19,
S21, S22, and S23 were obtained from Sigma-Aldrich. Phthalic
anhydride was obtained from Sigma-Aldrich and recrystallized from
chloroform before use. Substrate 11 was obtained from Trans World
Chemicals. Anaerobic acetonitrile (Burdick Jackson low water) was
sparged with argon and was plumbed directly into the glovebox and
used without additional purification/drying. Deuterated solvents were
obtained from Cambridge Isotope Lab, deoxygenated by freeze−
pump−thaw, and stored in a N2-filled glovebox.

Synthesis. 2-(Bis(4-methoxyphenyl)methyl)benzoic Acid (3).
Phenolphthalein (1.0 g, 3.1 mmol, 1 equiv), K2CO3 (1.3 g, 9.3

Table 2. Measured and Estimated Reduction Potentials vs
Ferrocene+/0 (Fc+/0) in MeCNa

redox couple E1/2 (V) references

E1/2 (IrHIV/IrHIII) ∼1.38 estimated herea

E1/2 (IrtBuIV/IrtBuIII) ∼1.35 estimated herea

E1/2 (*IrHIII/IrHII) ∼1.05 estimated hereb

E1/2 (*IrtBuII/IrtBuII) ∼0.95 estimated hereb

E1/2 (RCO2
•/RCO2

−) ∼0.9 3a, 4a, 19
aQuasi-reversible waves by cyclic voltammetry; see Supporting
Information, Section 4.1. bSee discussion of the optical E0−0 energies
in Supporting Information, Section 4.2.

Figure 3. Conceptual transition between concerted and stepwise C−
H activation mechanisms with a single oxidant. Boxed numbers
represent measured kq for substrates 1 and 7. The blue line (ET/
HAT), representing measured kq for benzoate, is independent of C−
H bond strength. The red line (MS-CPET) represents the k vs driving
force relationship for thermal oxidations of substrate 1.5a,b Inset:
schematic of MS-CPET (red) and ET/HAT (blue) mechanisms.
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[IrR] can oxidize carboxylates directly.

Some molecules may proceed with
“ET+HAT” instead of MS-CPET

MS-CPET
→ the C−H bond is weak

the proton acceptor is basic and 
difficult to oxidize.

“ET+HAT” 
→ the C−H bond is stronger

the proton acceptor is easy to
oxidize.

Intramolecular C-H activation with photocatalyst via MS-CPET
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Intermolecular C-H activation via MS-CPET
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Intermolecular aliphatic C-H activation via MS-CPET was achieved.
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O IrⅢ catalyst 1 (x mol%)
NBu4OP(O)(OBu)2 (5 mol%)SO2Ph

SO2Ph
1.5 eq.

DCM, blue LEDs, rt, 24 h
H

MeO

S
N
H

O O
tBu

sulfonamide (y eq.)

SO2Ph

SO2Ph

O entry y eq. yileld〔%〕
1 1.0 75

2 0 66

3 0 92

5

x mol%

5

2

The mechanism that the authors were designing

O P

O

OBu
OBu

MeO

S
N

O O
tBu

H
PT

*[IrⅢ]

ET

hyderogen
bond

HO P

O

OBu
OBu

MeO

S
N

O O
tBu [IrⅡ]

MS-CPET(N-H)
O

H
PT

ET HAT(C-H)

HO P

O

OBu
OBu

MeO

S
N
H

O O
tBu [IrⅡ]

O

SO2Ph

SO2Ph

O

SO2Ph

SO2Ph

However, alkylation proceeded without sulfonamide, as represented in entry 3.

The authors' initial approach was to generate heteroatom-centered radicals via 
MS-CPET, followed by HAT of hydrocarbons.

Intermolecular C-H activation via MS-CPET



Substrate Scope / Alkene Scope

31

2-3

Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253−13260

n
6

n = 1, 55 %
n = 2, 45 %

n
7

n = 1, 48 %
n = 2, 50 %

HH
H

8
80 %

H

9
58 %

H

10
64 %

AcO PhthN

X

H

Me

X = H (11), 83 %
X = Br (12), 83 %

H

13
85 %

OAc

14
89 %

Me H

Me

H

Me

15
60 %

Me

16
40 %

H

17
92 %

O H

O

O

18
57 %

H

19
65 %

Boc
N H

20
67 %

O

H

Substrate Scope

R1 R2

H

R1 R2

IrⅢ catalyst 1 (2 mol%)
NBu4OP(O)(OBu)2 (5 mol%)

SO2Ph

SO2Ph
(1.5-3.0 eq.)

DCM, blue LEDs, rt, 24 h

SO2Ph

SO2Ph

Substrate Scope
Reaction proceeds selectively with 
weaker C-H bonds as seen in HAT.

Alkene Scope

Reactions with alternative alkenes 
also proceeded in moderate yields.

Alkene Scope

IrⅢ catalyst 1 (2 mol%)
NBu4OP(O)(OBu)2 (5 mol%)

(1.5-3.0 eq.)

DCM, blue LEDs, rt, 24 h

O H

EWG

SO2Ph

SO2Ph

92 %
CO2Me

Ph

47 %
COMe

60 %
COPh

50 %

O EWG

Intermolecular C-H activation via MS-CPET
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① :  The association of the phosphate base and iridium photocatalyst
Titration of the base into a solution containing the IrⅢ catalyst
☞ Downfield shifts in the 1H NMR spectrum of all protons of the bipyridine ligand

Especially, 3,3′-protons

The crystal structure of the IrⅢ catalyst 
and diphenyl phosphate base

catalyst and diphenyl phosphate base confirmed the affinity of
the oxygen atom of the phosphate for the 3,3′-position of the
bipyridyl ligand (Figure 4). With use of both 1H NMR and
UV/vis titrations, the equilibrium binding constant of the ion
pairing of the Ir(III) catalyst and dibutyl phosphate base was
calculated to be (7.8 ± 0.6) × 103 M−1. A Job plot was
indicative of the formation of a one-to-one ion paired complex.
We would note that phosphate association is conserved across
a range of structurally similar cationic Ir(III) photocatalysts
that vary in their substituents on the 4- and 5-positions of the
bipyridine ligand (Figure 5A).
To demonstrate the essential coordination of phosphate to

the photocatalyst for C−H alkylation, we prepared photo-
catalysts with the H-bonding 3,3′-positions on the bipyridyl
ligand substituted with either fluorine atoms or methyl esters
(Figure 5A). Reactions involving these substituted photo-
catalysts did not yield any appreciable amount of C−H
alkylation product. To discount the possibility that the
substitution of the bipyridine altered the excited-state redox
properties of the complex in a deleterious manner, we
performed a previously reported PCET alkene hydrosulfona-

Figure 3. Catalytic C−H alkylation of complex substrates. Yields are
of isolated product.

Figure 4. 1H NMR spectra of Ir photocatalyst upon phosphate base titration, exhibiting downfield shifting of the resonance signal corresponding to
C3−H of the bipyridine ligand; X-ray crystal structure of the iridium-phosphate complex rendered using CYLView;20 determination of binding
stoichiometry.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b06834
J. Am. Chem. Soc. 2019, 141, 13253−13260
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3,3′-protons binds 
to the phosphate base

Keq = (7.8±0.6)×103 M-1

entry Ir photocat. Eox (V vs. Fc+/Fc)

1 5,5’-d(CF3)bpy 1.30

2 bpy 0.94

3 4,4’-dtbbpy 0.83

4 3,3’-F-5,5’-d(CF3)bpy 1.59

5 3,3’-d(CO2CH3)bpy 1.28

Keq〔M-1〕 yield〔%〕

(7.8 ± 0.6) × 103 73

(1.0 ± 0.1) × 103 37

(3.4 ± 0.2) × 102 45

− −

− −

Ir

N

N
N

N

F

F
F

F

CF3

CF3

R

R Loss of 3,3'-proton prevents 
binding to phosphate base

Intermolecular C-H activation via MS-CPET
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① :  The association of the phosphate base and iridium photocatalyst

Ir

N

N
N

N

F

F
F

F

CF3

CF3
CF3

CF3

H
H F

Experimentally, it was found that the Keq is comparable to that 
of phosphate bases.   Keq = (6.9±0.4)×103 M^-1

Competitive experiments confirm the need for complex.

IrⅢ catalyst 1 (2 mol%)
NBu4OP(O)(OBu)2 (5 mol%)

TBAF (x mol%)

(1.0 eq.)

DCM, blue LEDs, rt

O H

CO2Me

Ph
O CO2Me

Ph

S55	
	

was allowed to stir under blue LED irradiation. At each timepoint, 5 µL of solution was 

withdrawn from the vial, and yield was monitored by GC.  

 

Table S24: Initial Rate Kinetics with Increasing Fluoride Loading  

 

 
 

 
 

 

 

2 mol % Ir(III) catalyst 1
5 mol % Bu4NOP(O)(OBu)2

X mol % TBAF
α-phenyl methacrylate (1 equiv)

CH2Cl2, blue LEDs, rtO
O

CO2Me
Ph

(1 equiv)

S55	
	

was allowed to stir under blue LED irradiation. At each timepoint, 5 µL of solution was 

withdrawn from the vial, and yield was monitored by GC.  

 

Table S24: Initial Rate Kinetics with Increasing Fluoride Loading  

 

 
 

 
 

 

 

2 mol % Ir(III) catalyst 1
5 mol % Bu4NOP(O)(OBu)2

X mol % TBAF
α-phenyl methacrylate (1 equiv)

CH2Cl2, blue LEDs, rtO
O

CO2Me
Ph

(1 equiv)

Reaction efficiency was maintained when TBAF was added to the N-H PCET reaction.
☞ Complex is required for C-H activation.

Intermolecular C-H activation via MS-CPET
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② :  ET also requires substrate
A signal for monoreduced IrⅡ could be observed by transient absorption spectroscopy.

The formation of IrⅡ can determine if electron transfer has occurred.

midation using these catalysts.15 Product was observed in good
yield, an outcome inconsistent with poor photocatalyst activity.
Competition binding studies with fluoride anion also

supported a crucial role for the Ir-phosphate complex (Figure

5B). Specifically, we found that fluoride anion (from a 1 M
solution of tetrabutylammonium fluoride (TBAF) in THF)
associates at the same position on the bipyridyl ligand as the
phosphate base with a similar equilibrium binding constant. A

Figure 5. (A) Reaction yields with different iridium catalysts and their binding Keq with phosphate. (B) Iridium-fluoride complex and the effect of
adding TBAF on the reaction rate, demonstrating that the addition of a competitive binder has an inverse first-order concentration dependence.

Figure 6. Stern−Volmer plot of time-resolved excited-state quenching of a solution of Ir photocatalyst and phosphate base by ethylbenzene and
ethylbenzene-d10, showing a quenching KIE of 2.0 ± 0.2; transient absorption signal at 540 nm (maximum of Ir(II) absorbancesee Supporting
Information for complete absorption spectrum of Ir(II)), demonstrating an increase in the concentration of Ir(II) as ethylbenzene is added to a
solution of the Ir photocatalyst and phosphate base.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b06834
J. Am. Chem. Soc. 2019, 141, 13253−13260
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Electron transfer is occurring only 
when both substrate and phosphate 
base are present.

・

Electron transfer is proportional to 
substrate concentration.
・

MS-CPET proceeds only when all 
three elements are present.

Intermolecular C-H activation via MS-CPET
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Summary

・ By designing the molecule, intramolecular C-H activation proceeded via MS-CPET, 
which normally requires hydrogen bond.

・ By using mechanism analysis experiments and computational 
chemistry, it was also confirmed that ET and PT proceed 
concertedly.

O O

H

・ The introduction of the photocatalyst facilitated the study of C-H activation via MS-
CPET and expanded the substrate.
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Summary

・ A system for C-H activation via intermolecular MS-CPET has been discovered and 
can be applied to many aliphatic C-H bond.
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Mayer, J. M.; Rhile, I. J., J. Am. Chem. Soc. 2004, 126, 12718-12719. 

Evidence of progress in CPET mechanism ② : high-energy intermediates

O
H

Ph

NH2

Ph

O
H

Ph

NH2

Ph

PT

N

ET

N

k = 105 M-1s-1

HOAr-NH2 ，X+

HOAr-NH2 ，X

OAr-NH3 ，X+

OAr-NH3 ，X

ET1

ET2

PT1

PT2

CPET

ΔG=+16.4 kcal mol-1

Keq= 10-12

back ET : kET-1 = 1017 M-1s-1

ΔG‡ = 11 kcal mol-1

KPT2 < 10-4 no evidence for the zwitterion
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Morris, W. D.; Mayer, J. M., J. Am. Chem. Soc. 2017, 139, 10312−10319.

Three-Component MS-CPET Reactions

N
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Rn

Fe
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N
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N

Rn

Fe
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H

N
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N
RnH

hydrogen
bond

PT
Fe

Rn

ET

N
OH N

Fe

NMe2

N
O N

Fe

NMe2

H

N
OH N

Fe

NMe2

N
O N

Fe

NMe2

H
ΔG°ET1 = +16 kcal mol-1

ΔG°PT2 = +31 kcal mol-1

ΔG°PT1 = -30 kcal mol-1

ΔG°ET2 = −45 kcal mol-1

ΔG ‡
 = 10 kcal mol -1

Appendix

ΔG゜ET1 = +16 kcal mol-1
ΔG゜PT1 = +31 kcal mol-1

＞

ΔG‡ = 10 kcal mol-1

☞ The reaction is not via ET1, PT2.

(ΔG‡ is given from the measured k2 and the Eyring equation.)
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Morris, W. D.; Mayer, J. M., J. Am. Chem. Soc. 2017, 139, 10312−10319.

The linear fit in Figure 3 shows that the k2 values respond
equally to changes in ΔG°MS‑CPET regardless of whether the
driving force is changed with the E° of the oxidant or pKa of the
pyridine base. The slope of 0.46 means that changes in either
the proton or electron components that make a reaction
more favorable by 1 kcal mol−1 lower the Eyring barrier by
0.46 kcal mol−1. Looking at subsets of the data, the slope for the
low driving force half of the plot, ln(Keq) < 11, is a bit higher,
0.55. Essentially this same slope is seen for reactions using
[Cp(Cp*)Fe]+ and four different bases, 0.59(2), and reactions
using pyridine and three different oxidants, 0.53(4) (the single
values in parentheses are the standard errors of the linear fits).
These very similar slopes in this region further show that
the rate constants are insensitive to varying the ΔG°MS‑CPET
through the proton component (the nature of the base) versus
variation in the electron component (varying the oxidant).
In the higher driving force region, 11 > ln(Keq), there is a
shallower slope of 0.41(3) for the reactions using [Cp2Fe]

+ and
five different bases (excluding lutidine).
A few prior studies of three-component MS-PCET reactions

have shown a linear dependence of ln(kMS‑CPET) on ln(Keq)

[ΔG°MS‑CPET]. Linschitz’s pioneering study varied the base
with the same oxidant, photoexcited C60.

24,25 Thorp and Meyer
showed that ln(k) varied with ΔG°MS‑CPET, both upon varying
the base with a single oxidant and upon varying the oxidant
with a single base.27 While both individual correlations
presented had a Brønsted slope of 0.6, the combined plot
with all the data was nonlinear, perhaps due to a quantum beat
or perhaps a result of the diversity of acids and bases used.
For the oxidations of phenols by an excited ruthenium oxidant
and pyridine bases, Nomrowski and Wenger reported a slope of
0.52 ± 0.05.8 For MS-CPET oxidation of a tungsten hydride
complex, Bourrez, Hammarström et al. reported a slope for
∂ ln(kPCET)/∂ ΔG°PCET of (68 meV)−1,28 which is equivalent to
a Brønsted α = 0.66. With one series of tethered phenol-CH2−
pyridine compounds, MS-CPET oxidations showed a linear
Brønsted plot (α = 0.54) with variation of both the oxidant
and internal base,21 while a related series containing con-
jugated phenolpyridines showed a poorer correlation, likely due
to communication between the phenol and the base.21

Synchronous e− and H+ Transfer. The result that the
MS-CPET rate constants respond equivalently to the energetics of
the ET and PT components means that the transfers of e− and H+

in this MS-CPET process are synchronous. There are a couple of
different ways to think about synchronous e−/H+ transfer. If the
e− and H+ are considered as classical particles, this would mean
that they have transferred the same amount at the transition
state. In the more realistic treatments of Marcus Theory and in
Hammes-Schiffer’s Multistate Continuum Theory, the e− or
the e− and H+ are treated as quantum particles, whose transfers
are made possible by solvent and inner sphere reorganization
of heavier nuclei.35,36 In these models, synchronous transfer
means that the reorganizations and the transition structure(s)
that lead to e− and H+ transfer are halfway along the reaction
coordinate. This is also the conclusion based on the traditional
interpretation of the Brønsted α being close to 0.5 and the
reversibility of the reactions. If electron transfer were occurring
at a transition structure in which the reorganization for proton
transfer had mostly occurred, then the MS-CPET rates would
have been much more sensitive to changes in the proton
transfer energetics. Similarly, if electron transfer were occurring
at a transition structure in which the proton was little perturbed
from the hydrogen-bonded precursor complex, then the rate
constants would have been relatively insensitive to the proton
transfer energetics.

Figure 3. Plot of ln (k2) vs ln (Keq) for TEMPOH oxidations by the
combination of a pyridine base with [Cp2Fe]BF4 (blue squares),
[(MeCp)2Fe]PF6 (red circle), and [Cp(Cp*)Fe]PF6 (green triangles)
in CH2Cl2, with the numbers corresponding to the entries in Table 1.
The purple diamond represents the oxidation with [Cp2Fe]BF4 and
2,6-lutidine. The orange inverted triangle marks the HAT reaction
between TEMPOH and tBu3PhO

• (in CCl4).

Scheme 3. Square Scheme Showing Free Energies of Proton Transfers (Horizontal Axis) and Electron Transfers (Vertical Axis)
for the Termolecular MS-CPET TEMPOH Oxidation with Cp2Fe

+ and 4-Me2Npy in MeCNa,6,33

aThe diagonal gives the ΔG⧧ from the measured k2 and the Eyring equation.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b03562
J. Am. Chem. Soc. 2017, 139, 10312−10319
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Three-Component MS-CPET Reactions
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N
O

N
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Fe

Rn

H

N
O

N
RnH

hydrogen
bond

PT
Fe

Rn

ET

entry oxidant base

1 [Cp2Fe]BF4 py

2 [Cp2Fe]BF4 4-Me-py

3 [Cp2Fe]BF4 4-MeO-py

4 [Cp2Fe]BF4 4-Me-py

5 [Cp2Fe]BF4 2,6-lutidine

6 [Cp2Fe]BF4 4-Me2N-py

7 [(MeCp)2Fe]PF6 py

8 [Cp(Cp*)Fe]PF6 py

9 [Cp(Cp*)Fe]PF6 4-Me-py

10 [Cp(Cp*)Fe]PF6 4-MeO-py

11 [Cp(Cp*)Fe]PF6 4-Me2N-py

α = ΔΔG‡/ΔΔG゜
= ln(k2) / ln(Keq) = 0.46
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③ The value of α = ΔΔG‡/ΔΔG゜ = ln(k2) / ln(Keq) 

Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777−10787

O
O

H

R

HO
O

R

Ox+ Ox

0.2～0.4 % MeOH
MeCN

entry pKa(CO2H) expt ΔpKa(CO2H) expt

1 22.0 +0.8

2 21.5 +0.3

3 21.2 0

4 20.3 −0.9

ΔBDEC-H (CO2
-)〔kcal mol-1〕

−0.06

0.22

0

0.83

NH2

R

OMe

H

CF3

ΔpKa = 1.7 → ΔG゜= 2.3 kcal mol-1
ΔBDEC-H = 0.9 kcal mol-1

Compare entry1 and 4
①

☞ ΔpKa has a greater impact.
・ The R = OMe compound reacts 3 times faster than 

the R = H compound.
・ The R = OMe have a slightly stronger C−H bond.

②

reactions of the carboxylates were performed with various para-
substituted aminium (NArX•+) and ferrocenium (Fc+)
oxidants. The driving force for reactions with this series of
oxidants spans 1.2 V. Oxidations of the carboxylates each gave
good yields of the corresponding lactone with regeneration of
protonated starting material, as described previously for the R
= H derivative (see the Supporting Information).12

Kinetics of Oxidation Reactions. The kinetics of
oxidation were measured for all four carboxylates with up to
seven different aminium and ferrocenium oxidants in MeCN
solvent (Figure 1A, Table 1). The carboxylate was generated in
situ immediately before the reaction by deprotonating with 0.9
equiv of tetrabutylammonium hydroxide (TBAOH, as a
solution in MeOH). Reactions were performed with an excess
of carboxylate relative to the oxidant (3−30 equiv). The time-
courses of the oxidations were monitored optically using a
stopped-flow instrument, following the disappearance of the
colored oxidants (Figure 1B). Each full set of absorbance
spectra over time was fit using SpecFit global-fitting software.23

The rate constant for the C−H bond oxidation step, kMS‑CPET,
is one-half of the measured rate constants (k2 in Table 1)
because 2 equiv of the oxidant is consumed in the total
reaction, although the MS-CPET step is rate-limiting.12 The
data for the R = H compound (αET(H) line in Figure 1C) were
reported in our previous study.12

Reactions of the carboxylates with the oxidants fit well to a
second-order kinetic model, with a few exceptions. Reactions
of both the NH2- and the CF3-derivatives with the stronger
aminium oxidants (e.g., N(ArOMe)(ArBr)2•+) display deviations
from the second-order model, likely due to oxidant/base
incompatibilities.24 The most electron-rich and the most
electron-poor of these series of benzoates have undesirable side
reactions that occur with stronger oxidants (Supporting

Information section 3). These incompatibilities can be
mitigated by using the weaker ferrocenium oxidants, as these
are less susceptible to nucleophilic attack by the carboxylate,
for example.
Bimolecular rate constants for the reactions of Flr(OMe)-

CO2
−, Flr(H)CO2

−, and Flr(CF3)CO2
− with N•+(ArOMe)3

were measured at different temperatures. Using data from
−40 to 15 °C for the first two compounds, and from −20 to 15
°C for the CF3 derivative, the Eyring parameters in Table 2
were obtained (Supporting Information section 3.4). The data
show that the free energies of activation are enthalpy
controlled.

Thermochemical Analysis. The driving forces for the
various C−H bond oxidation reactions were determined using
the thermochemical cycle in Scheme 2. The relative pKa’s of
Flr(R)CO2H in MeCN (eq 2) were determined experimentally
by equilibration of each carboxylate with 4-trifluoromethyl-
benzoic acid (TFBA) and monitoring by 1H and 19F NMR
spectroscopies in CD3CN, using a previously described
method.10d Absolute values were determined by equilibrating

Figure 1. (A) General reaction scheme for the oxidation of Flr(R)CO2
− substrates. Reactions were performed with an excess of carboxylate,

generated in situ with TBAOH (as a solution in MeOH). Absorbance spectra were monitored on a stopped-flow following the disappearance of the
colored aminium and ferrocenium oxidants. (B) Representative absorbance versus time data set monitoring the reaction of N(ArOMe)3

•+ with
Flr(OMe)CO2

−. The inset shows the absorbance at the λmax of the oxidant, 752 nm, versus time, and the fit to an exponential function using
SpecFit global fitting software. (C) Plot of the logarithm of the MS-CPET rate constants (kMS‑CPET = k2/2) versus changes in driving force for all
substrates over a range of oxidants. Δlog(Keq) = −ΔΔG°rxn/2.303RT and ΔΔG°rxn = ΔBDFECH(CO2H) − 1.37ΔpKa(CO2H) − 23.06Eox (see text
and Scheme 2). The Δlog(Keq) for the reaction of the R = H compound with FeCp*2+ has been set equal to zero,

12 and all other values are relative
to that based on changes in BDFECH and pKa,COOH (see the Supporting Information for all values). Uncertainty in the last decimal is shown in
parentheses. (D) Plot of MS-CPET rate constants versus changes in driving force for the four substrates with a single oxidant (FeCp2

+).

Table 2. Activation Parameters for Oxidations of
Flr(R)CO2

− by N•+(ArOMe)3
a

compound ΔH⧧ ΔS⧧

Flr(OMe)CO2
−b 14.4 ± 0.1 11.8 ± 0.5

Flr(H)CO2
−b 15.2 ± 0.3 11.6 ± 1.0

Flr(CF3)CO2
−c 16.3 ± 0.2 12.2 ± 0.8

aSee Supporting Information section 3.4. ΔH⧧ in kcal mol−1; ΔS⧧ in
cal K−1 mol−1. Uncertainties are one standard deviation (1σ). bBased
on kMS‑CPET from −40 to 15 °C. cBased on kMS‑CPET from −20 to 15
°C.
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☞ The difference of BDE isn’t the major contributor.
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where C−H bond cleavage is more pronounced at the TS than
the electronic delocalization of the π system.15,37d

The DFT analysis shows that pure proton transfer in
Flr(H)CO2

− behaves similarly to traditional C−H bond
deprotonations, for example, in aldehydes or nitroalkanes.16,18c

The Flr(H)CO2
− PT transition state is imbalanced, with

proton transfer being farther along than the electronic
reorganization within the fluorene, as indicated by the
planarization of the incipient radical.
The imbalance of the proton transfer in Flr(H)CO2

− is
illustrated in Figure 3A by a traditional More O’Ferrall−Jencks

plot.17a,44 The horizontal axis represents progress along the PT
coordinate, and the vertical axis represents progress along the
internal electronic reorganization coordinate. A synchronous
reaction would be indicated by progress along the diagonal of
the square. The asynchrony of PT in Flr(H)CO2

− is indicated
by the curved line that connects the reactant to the product
(bottom left to top right corners). Because the transition state
has more progress along the proton transfer coordinate than
the electronic reorganization coordinate, the lines are curved
toward the bottom right corner.
Extending Bernasconi’s PNS to MS-CPET requires thinking

not only about proton transfer and electronic reorganization

but also about the electron transfer portion of the reaction.
The adiabatic DFT calculations used here are not the preferred
treatment for electron transfer processes, which can be
nonadiabatic.30 Still, the DFT analysis provides valuable
insights into the structure of the MS-CPET transition state.
This transition state is both the highest point along the proton
reaction coordinate and the point where the electron transfers
from Flr(R)CO2

− to the oxidant (see above). The parallels
between the DFT description of MS-CPET with the PT case
are quite strong. Again, PT is farther along the reaction
coordinate than would be expected from the Hammond
postulate. Electronic reorganization within the fluorene lags
behind the proton transfer.
One way to visualize MS-CPET in the Bernasconi PNS

formalism is to represent the two electronic states as two More
O’Ferrall−Jencks planes, as shown in Figure 3B. The bottom
plane shows the nuclear reorganization to arrive at the
transition state. Electron transfer for the MS-CPET reaction
is shown by a “jump” from one plane to another, because it
occurs instantaneously on the time scale of nuclear motions
(the Franck−Condon principle).5a,30,31 This takes the system
to the upper plane where the nuclear reorganization is
completed to form the product. This description is supported
by the DFT calculations, which show that the NBO charge on
the nitrogen atom of the oxidant sharply changes at the
transition state, while the nuclear motions proceed smoothly
before and after the transition state.
The late position of proton transfer along the reaction

coordinate provides a rationale for the larger Brønsted α upon
changing the substituent than the oxidant. It is, however, more
challenging to use this model to understand the small
dependence of the rate constants on the reduction potential
of oxidant (αET = 0.2). In a simple Marcus theory formalism, a
small α would normally indicate a strongly exoergic reaction,
with −ΔG° approaching λ. This is not consistent with our
estimates that MS-CPET is close to isoergic for the oxidation
of Flr(H)CO2

− with FeCp*2+.
12 In addition, this explanation

would require curvature of the log(kMS‑CPET) versus log-
(Keq‑MS‑CPET) plots, which is not seen in Figure 1C. The TS for
the MS-CPET is early only in the “electronic reorganization”
coordinate, and this refers to π bond rearrangement in the
developing fluorenyl radical, not electron transfer to the
oxidant. Understanding the small α likely requires a more
complete treatment, as reported recently by Sayfutyarova,
Goldsmith, and Hammes-Schiffer.31

■ CONCLUSIONS
Reported here is a detailed study of the fundamental properties
of oxidative cleavage of C−H bonds, by multiple-site concerted
proton−electron transfer (MS-CPET). This mechanism is a
new addition to the arsenal of C−H bond functionalization
reactions. Kinetic studies of a series of fluorenyl-benzoate
substrates show that the second-order rate constants are much
more sensitive to substituents on the benzoate than to changes
in the reduction potential of the oxidant. This shows,
surprisingly, that the kMS‑CPET values do not simply correlate
with the reaction driving force (Keq‑MS‑CPET). The kMS‑CPET
values vary much more dramatically when the Keq is changed
via the substituent (Brønsted αFc+ = 0.6) than when Keq is
changed with changes in the oxidant (αET = 0.2). Experimental
and computational analyses indicate that these differences
reflect a higher sensitivity to the pKa of the base rather than the
oxidizing power of the oxidant.

Figure 3. (A) A More O’Ferrall−Jencks plot for intramolecular
proton transfer in Flr(H)CO2

−. The progress of the proton transfer
and electronic reorganization at the transition state (⧧) are noted
with dashed lines. (B) A double More O’Ferrall−Jencks plot for the
MS-CPET reaction of Flr(H)CO2

− with an outer-sphere oxidant. As
in part (A), each of the two horizontal planes illustrates the progress
in the proton transfer coordinate and in the electronic reorganization
coordinate. The jump from the bottom to the top plane represents the
electron transfer to the oxidant, an essentially instantaneous step that
takes the system from one electronic state to another.
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Flr(H)CO2

− behaves similarly to traditional C−H bond
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The Flr(H)CO2
− PT transition state is imbalanced, with
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reorganization within the fluorene, as indicated by the
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The imbalance of the proton transfer in Flr(H)CO2

− is
illustrated in Figure 3A by a traditional More O’Ferrall−Jencks

plot.17a,44 The horizontal axis represents progress along the PT
coordinate, and the vertical axis represents progress along the
internal electronic reorganization coordinate. A synchronous
reaction would be indicated by progress along the diagonal of
the square. The asynchrony of PT in Flr(H)CO2

− is indicated
by the curved line that connects the reactant to the product
(bottom left to top right corners). Because the transition state
has more progress along the proton transfer coordinate than
the electronic reorganization coordinate, the lines are curved
toward the bottom right corner.
Extending Bernasconi’s PNS to MS-CPET requires thinking

not only about proton transfer and electronic reorganization

but also about the electron transfer portion of the reaction.
The adiabatic DFT calculations used here are not the preferred
treatment for electron transfer processes, which can be
nonadiabatic.30 Still, the DFT analysis provides valuable
insights into the structure of the MS-CPET transition state.
This transition state is both the highest point along the proton
reaction coordinate and the point where the electron transfers
from Flr(R)CO2

− to the oxidant (see above). The parallels
between the DFT description of MS-CPET with the PT case
are quite strong. Again, PT is farther along the reaction
coordinate than would be expected from the Hammond
postulate. Electronic reorganization within the fluorene lags
behind the proton transfer.
One way to visualize MS-CPET in the Bernasconi PNS

formalism is to represent the two electronic states as two More
O’Ferrall−Jencks planes, as shown in Figure 3B. The bottom
plane shows the nuclear reorganization to arrive at the
transition state. Electron transfer for the MS-CPET reaction
is shown by a “jump” from one plane to another, because it
occurs instantaneously on the time scale of nuclear motions
(the Franck−Condon principle).5a,30,31 This takes the system
to the upper plane where the nuclear reorganization is
completed to form the product. This description is supported
by the DFT calculations, which show that the NBO charge on
the nitrogen atom of the oxidant sharply changes at the
transition state, while the nuclear motions proceed smoothly
before and after the transition state.
The late position of proton transfer along the reaction

coordinate provides a rationale for the larger Brønsted α upon
changing the substituent than the oxidant. It is, however, more
challenging to use this model to understand the small
dependence of the rate constants on the reduction potential
of oxidant (αET = 0.2). In a simple Marcus theory formalism, a
small α would normally indicate a strongly exoergic reaction,
with −ΔG° approaching λ. This is not consistent with our
estimates that MS-CPET is close to isoergic for the oxidation
of Flr(H)CO2

− with FeCp*2+.
12 In addition, this explanation

would require curvature of the log(kMS‑CPET) versus log-
(Keq‑MS‑CPET) plots, which is not seen in Figure 1C. The TS for
the MS-CPET is early only in the “electronic reorganization”
coordinate, and this refers to π bond rearrangement in the
developing fluorenyl radical, not electron transfer to the
oxidant. Understanding the small α likely requires a more
complete treatment, as reported recently by Sayfutyarova,
Goldsmith, and Hammes-Schiffer.31

■ CONCLUSIONS
Reported here is a detailed study of the fundamental properties
of oxidative cleavage of C−H bonds, by multiple-site concerted
proton−electron transfer (MS-CPET). This mechanism is a
new addition to the arsenal of C−H bond functionalization
reactions. Kinetic studies of a series of fluorenyl-benzoate
substrates show that the second-order rate constants are much
more sensitive to substituents on the benzoate than to changes
in the reduction potential of the oxidant. This shows,
surprisingly, that the kMS‑CPET values do not simply correlate
with the reaction driving force (Keq‑MS‑CPET). The kMS‑CPET
values vary much more dramatically when the Keq is changed
via the substituent (Brønsted αFc+ = 0.6) than when Keq is
changed with changes in the oxidant (αET = 0.2). Experimental
and computational analyses indicate that these differences
reflect a higher sensitivity to the pKa of the base rather than the
oxidizing power of the oxidant.

Figure 3. (A) A More O’Ferrall−Jencks plot for intramolecular
proton transfer in Flr(H)CO2

−. The progress of the proton transfer
and electronic reorganization at the transition state (⧧) are noted
with dashed lines. (B) A double More O’Ferrall−Jencks plot for the
MS-CPET reaction of Flr(H)CO2

− with an outer-sphere oxidant. As
in part (A), each of the two horizontal planes illustrates the progress
in the proton transfer coordinate and in the electronic reorganization
coordinate. The jump from the bottom to the top plane represents the
electron transfer to the oxidant, an essentially instantaneous step that
takes the system from one electronic state to another.
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2.2 Representative NMR spectra 

Reactions were run using the general protocol outlined above unless otherwise noted. NMR 
spectra were typically taken on the sealed reaction mixture without workup unless otherwise 
noted. 

 
Figure S2. Red: Substrate 1 (deprotonated in situ). The singlet at 6.67 ppm corresponds to the fluorenyl proton. 
Green: Crude reaction mixture after overnight irradiation. Initial reaction mixture: 6 mM 1 with 0.8 eq TBAOAc, 7 
mM Co(acac)3, 75 µM [IrH], in d3-MeCN. Blue: 1-lac generated by photoredox oxidation. The crude reaction 
mixture was filtered through a silica plug. 
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∼0.5 M CD3OD to give 1
•
-CO2D competitively with its

reduction to 1-d by the quenching product [IrII] (≤150 μM)
under these net redox-neutral conditions. Therefore, deute-
rium incorporation can be used as a marker for transient C−H
activation by *[IrIII].
This H/D exchange methodology has allowed us to explore

photoredox activation of C−H bonds in other substrates with a
positioned base (Table 1), including many that were
unreactive with thermal oxidants (5−10). Deuterium incor-
poration was observed for substrates 1−10 (NMR and/or HR-
ESI-MS). In addition, irradiating 1−6 under oxidative
photoredox conditions, with Co(acac)3, showed some
formation of the oxidized lactone product (1H NMR and/or
HR-ESI-MS, denoted “+ox” in Table 1).
The substrates in Table 1 span a range of C−H bond

strengths from ∼74 kcal/mol (1)5a to ∼87 kcal/mol (ortho-
toluate, 7)13 and include an example with an internal
sulfonamide base (10). Importantly, no evidence of deuterium
incorporation is seen for para-carboxylate substrates 11 and
12, indicating the importance of the base position for
reactivity. There is also no observed deuteration for 14,
which has a weaker pyridine base.14,15 Time course NMR
studies with substrates 1, phenyl o-toluate (5), and o-toluate
(7) indicate that the majority of deuteration occurs within the
first 20−30 min.10 This is a rapid, simple, and regioselective
method for isotope incorporation that is complementary to a
recently reported photoredox strategy for amine-directed
deuterium and tritium incorporation.16

Preliminary studies explored functionalization of the carbon
radical intermediates generated under redox-neutral condi-
tions. Methylvinylketone (MVK) and (2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl (TEMPO) have been employed by others as

traps to achieve photoredox-mediated C−C and C−O bond
formations.3a,4b,17 Acetonitrile solutions of substrate 7
(toluate) with 10 mol % [IrtBuIII] and 2 equiv of the trap
were irradiated at 410 nm for 16 h. HR-ESI-MS spectra of the
resulting mixtures showed anions corresponding to TEMPO−
CH2C6H4CO2

− and CH3C(O)(CH2)3C6H4CO2
−.10

The H/D exchange and trapping results show that
photoredox C−H activation occurs for a variety of benzylic
substrates with internal carboxylates. Previously reported rate
constants for thermal oxidations of 1 correlate with the E1/2 of
the ferricenium and triarylaminium oxidants used.5a,c The
approximate rate constant for photoredox C−H bond cleavage
in 1 by *[IrtBuIII] fits this same correlation (Figure 2),
supporting an MS-CPET mechanism.18

Table 1. Deuterium Incorporationa and Lactone Formationb for Various Substrates Under Photoredox Conditions

aD incorporation under net redox-neutral conditions (∼3 mM substrate acid, 0.8 equiv TBAOAc, 10 mol % [IrIII], 2% MeOD-d4 (v/v) in MeCN,
irradiated overnight, 410 nm.) %D determined by HR-ESI-MS. “2D” indicates double deuteration. %D not determined for 4 due to low solubility
in MeCN. bOxidative photoredox of 1−6 (∼6 mM substrate acid, 0.9 equiv TBAOAc, 10 mol % [IrIII], 1.2 equiv Co(acac)3), MeCN, irradiated
overnight, 410 nm gave the corresponding lactone product by NMR and/or HR-ESI-MS, (“+ox”). No lactone product observed for 7. Substrates
8−14 not screened for formation of lactones.

Figure 2. Plot of the rate constant vs oxidant strength for oxidation of
1. Red circles and trendlines are thermal oxidations;5a the cyan star is
oxidation by *[IrtBuIII] (this work). The star size encompasses
uncertainty in kMS‑CPET and E (oxidant).
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The fact that the photocatalytic system is also on the thermal MS-CPET correlation 
line suggests that iridium-catalyzed C-H activation also proceeds by MS-CPET.
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catalyst and diphenyl phosphate base confirmed the affinity of
the oxygen atom of the phosphate for the 3,3′-position of the
bipyridyl ligand (Figure 4). With use of both 1H NMR and
UV/vis titrations, the equilibrium binding constant of the ion
pairing of the Ir(III) catalyst and dibutyl phosphate base was
calculated to be (7.8 ± 0.6) × 103 M−1. A Job plot was
indicative of the formation of a one-to-one ion paired complex.
We would note that phosphate association is conserved across
a range of structurally similar cationic Ir(III) photocatalysts
that vary in their substituents on the 4- and 5-positions of the
bipyridine ligand (Figure 5A).
To demonstrate the essential coordination of phosphate to

the photocatalyst for C−H alkylation, we prepared photo-
catalysts with the H-bonding 3,3′-positions on the bipyridyl
ligand substituted with either fluorine atoms or methyl esters
(Figure 5A). Reactions involving these substituted photo-
catalysts did not yield any appreciable amount of C−H
alkylation product. To discount the possibility that the
substitution of the bipyridine altered the excited-state redox
properties of the complex in a deleterious manner, we
performed a previously reported PCET alkene hydrosulfona-

Figure 3. Catalytic C−H alkylation of complex substrates. Yields are
of isolated product.

Figure 4. 1H NMR spectra of Ir photocatalyst upon phosphate base titration, exhibiting downfield shifting of the resonance signal corresponding to
C3−H of the bipyridine ligand; X-ray crystal structure of the iridium-phosphate complex rendered using CYLView;20 determination of binding
stoichiometry.
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The oxygen-centered radicals produced by phosphate oxidation showed low 
regioselectivity. Therefore, it is thought that a different mechanism is at work.
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Job plot generated from the 1H NMR shift in the Ir(III)
bipyridyl 3,3′-protons versus fluoride concentration also
revealed a one-to-one binding stoichiometry. Most impor-
tantly, in the alkylation of THF with α-phenyl acrylate, the
addition of increasing concentrations of TBAF resulted in
decreasing product yield, showing an inverse first-order
concentration dependence. For comparison, addition of
TBAF to a standard hydrosulfonamidation did not show any
decrease in reaction efficiency. This is consistent with the
phosphate base-Ir photocatalyst association being necessary for
C−H bond activation to occur, but not required for N−H
PCET. Hydrogen-bonding functionality (e.g., amides) can
competitively bind with the dibutyl phosphate and can serve as
substrates for multisite-PCET. Consistent with this view, the
addition of exogenous amide to the reaction results in a
decreased rate.
Significant nonlinear photoluminescence quenching of the Ir

photocatalyst by the phosphate base is observed, which is also
consistent with the formation of a less emissive ion pair
complex (i.e., iridium-phosphate).16 We next studied the
Ir(III) excited-state quenching mechanism by phosphate base
using transient absorption spectroscopyin the absence of
substrateto determine if electron transfer was occurring via
the complex. Pulsed-light excitation of a dichloromethane
solution containing the Ir(III) catalyst [0.18 mM] and
approximately 20 equiv of phosphate [3.7 mM] produced no
Ir(II) signal indicative of electron transfer (purple overlapped
signal, Figure 6, right).17 When this quenching was
investigated under a much larger excess of phosphate (∼300
equiv), only a minute signal for Ir(II) was observed (ΔC =

0.25 μM). This indicates that electron transfer between the
excited-state Ir(III) catalyst and phosphate is unlikely to
underlie the observed reactivity and the decrease in photo-
luminescence is likely a result of the formation of a less
emissive ion-paired complex, leading to both steady-state
quenching and a much shorter excited-state lifetime.
We continued by introducing the hydrocarbon substrate to

the solutions of Ir(III) catalyst and phosphate base to
determine whether electron transfer required the presence of
substrate. Consistent with this scenario, as ethylbenzene was
added to the Ir-phosphate solution, additional quenching of
the Ir(III) excited state was observed by both time-resolved
photoluminescence and transient absorption spectroscopy.
Remarkably, when ethylbenzene was added to the solution of
the Ir(III) photocatalyst containing 20 equiv of phosphate
base, a signal for monoreduced Ir(II) was observed by
transient absorption spectroscopy, indicating that electron
exchange was involved in the quenching event. Additionally, as
increasing amounts of ethylbenzene were added, the
concentration of Ir(II) in the solution increased proportionally
(orange and maroon signals, Figure 6, right). In the absence of
phosphate, the addition of ethylbenzene to the Ir(III) catalyst
did not result in any Ir(II) formation (green signal, Figure 6,
right). This data suggests that both alkane and phosphate base
are involved in the electron-transfer step. The abstracted
Stern−Volmer plot for the ethylbenzene quenching was linear
with a quenching rate constant, kq, of 2.3 × 106 M−1 s−1

(Figure 6, left).18

Finally, to specifically determine whether quenching of the
excited state occurred via C−H bond cleavage, we studied the

Figure 7. Proposed reaction mechanism for the catalytic C−H alkylation involving an intermolecular multisite-PCET via an iridium-phosphate
complex.
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