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interaction, a condition which is realized only for a sufficiently large
separation between the radical pair partners22. It is still unclear to
what extent these conditions are satisfied in cryptochrome, as the
physical mechanism of cryptochrome photoactivation has yet to be
unraveled in atomistic detail.

Transient absorption measurements provide invaluable insight
into the photodynamical properties of cryptochrome, but due to
spectral overlap of electron donor and acceptor groups and their
various redox states the spectra cannot be interpreted directly in
terms of concrete transient states or of a physical photoactivation
mechanism23,24. The studies of the last decade indicate that formation
of the signaling state in cryptochrome from the plant Arabidopsis
thaliana involves photoinduced electron transfer to isoalloxazine,
the key moiety of the flavin adenine nucleotide (FAD) cofactor of
cryptochrome. The electrons are transferred from a tryptophan triad
(W400, W377, W324), highly conserved among cryptochromes from
many species, that bridges the space between flavin and the protein
surface15,16,25–28, as depicted in Fig. 1. Recently, alternative electron
transfer schemes were suggested that involve other amino acid resi-
dues in the protein29–31. However, all proposed pathways consider a
sequence of electron transfer steps resulting in increasing distance
separation in the radical pair and eventually leading to the formation
of the cryptochrome’s signaling state.

Here we investigate the structurally known plant cryptochrome
from Arabidopsis thaliana32, as it is highly homologous in sequence
to the structurally unknown avian cryptochrome33, as well as homo-
logous in sequence and structure to cryptochromes from insect34

and mouse35, studied recently through crystallography. Variation
of cryptochrome photoactivation in different species is naturally
expected due to structural differences in the proteins; however, the
conserved flavin and tryptophan triad suggest that the physical
mechanism of cryptochrome activation, resolved below, is general
and our findings in A. thaliana cryptochrome should also apply to
animal cryptochromes.

Recently23, we have combined ab initio quantum chemistry and
classical all-atom molecular dynamics (MD) simulations to invest-
igate the primary photoreaction of plant cryptochrome that triggers
radical pair formation, denoted in Fig. 1 as electron transfer I. We
demonstrated that a radical pair [FADN2 1 W400(H)N1] involving

flavin and the closest tryptophan residue, W400, is formed in the
course of this first electron transfer. In our notation W400(H)N1 and
W400N1 are equivalent, ‘‘(H)’’ denoting explicitly a protein carrying
the positive charge of the tryptophan radical.

The [FADN2 1 W400(H)N1] radical pair can be rapidly stabilized
through proton transfer between positively charged W400(H)N1 and
negatively charged flavin FADN2, involving as an intermediate pro-
ton transfer stepping stone the aspartic acid D396 shown in Fig. 1.
This proton transfer was seen to be favorable energetically, as the
estimated activation energy of the process is negligibly small, but it
requires a local rearrangement of D396, which was estimated to
happen in less than 1 ns23, leading to the [FADHN 1 W400N] radical
pair, i.e., a radical pair with the protonated flavin radical. The calcu-
lations also suggested that recombination, i.e., backward electron
transfer, of the latter radical pair occurs on the microsecond time
scale, hence allowing within this time range a subsequent forward
electron transfer that would increase the radical-pair separation dis-
tance. For the sake of simple notation W400(H)N1 will be denoted
from now on simply as W400N1, except when the W400(H)N1 R
FADN2 proton transfer reaction is considered.

Interpretation of experimental data30,36, however, suggests that a
second electron transfer, W377 R W400N1, depicted in Fig. 1 as
transition II, and also a third electron transfer W324 R W377N1

(electron transfer III) take place prior to the stabilization of the
radical pair by protonation, i.e., from [FADN2 1 W400N]. To accur-
ately evaluate the energy requirements for such W377 R W400N1

electron transfer, we need to consider the role of the molecular envir-
onment in formation of a [FADN2 1 W377N] radical pair, which was
considered previously only to a very limited extent23. The sequential
electron transfers I, II, and III are considered to be crucial for cryp-
tochrome’s magnetoreceptor role28,33,37, as pointed out above, since a
critical condition for a geomagnetic field-sensitive radical pair beha-
vior is a sufficiently large separation distance between the transferred
electron (on FAD) and its hole (on either W400, W377 or W324), the
latter two positions being preferable for magnetoreception due to a
larger distance value as can be recognized in Fig. 118,21,33.

In the present study we investigate the possibility of W377 R
W400N1 electron transfer (transfer II) succeeding W400 R flavin
electron transfer (transfer I) in plant cryptochrome from
Arabidopsis thaliana. Of particular interest is the question of whether
transfer II can occur fast enough. The speed of the transfer is crucial as
the transfer has to outrun flavin protonation; once flavin protonation
takes place the closely spaced [FADN2 1 W400N1] radical pair becomes
stabilized and impedes energetically transfer II. To address the stated
question we investigate in the present study in how far electron trans-
fer II can be induced through fast enough conformational transitions
in cryptochrome; such transitions are needed to render transfer II
energetically feasible.

Results
Model for W377 active site. The primary electron transfer in
cryptochrome, W400 R flavin, is facilitated through amino acids
that surround the electronic donor and acceptor sites of the protein23.
In particular, as demonstrated computationally23, the presence of an
aspartic acid, residue D396, in close vicinity to W400 as shown in
Fig. 1, stabilizes the primary [FADN2 1 W400N1] radical pair through
flavin protonation to become [FADHN 1 W400N]. W400(H)N1

deprotonation by D396 prevents the W377 R W400(H)N1 electron
transfer, which however is crucial for cryptochrome magnetorecep-
tion. D396 is expected to be protonated in the cryptochrome resting
state and, therefore, available for the suggested protonation reaction;
the protonation state is concluded from the crystallographic
structure (PDB code 1U3C)32, in which the distance between the
OD2 atom of D396 and the backbone oxygen of the M381 residue
is only 2.7 Å; availability of D396 for flavin protonation is also

Figure 1 | Electron and proton transfers in cryptochrome. Shown is the
flavin cofactor, the tryptophan triad (W400, W377, W324) and the D396
residue forming the active site of cryptochrome-1 from Arabidopsis
thaliana. Electron (red) and proton (green) transfer processes that likely
govern cryptochrome activation are presented by arrows. The three
electron transfers W400 R flavin, W377 R W400N1, and W324 R W377N1

are labeled I, II, and III, respectively. Electron transfer following flavin
photo-excitation leads to a radical pair state of cryptochrome: transfer I to
[FADN2 1 W400N1] with the averaged pair separation of 7.4 Å, sequential
transfer I 1 II to [FADN2 1 W377N1] with pair separation of 12.2 Å,
sequential transfer I 1 II 1 III to [FADN2 1 W324N1] with pair separation
of 18.2 Å.
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ABSTRACT: The fields of C−H functionalization and photoredox catalysis have garnered
enormous interest and utility in the past several decades. Many different scientific disciplines
have relied on C−H functionalization and photoredox strategies including natural product
synthesis, drug discovery, radiolabeling, bioconjugation, materials, and fine chemical
synthesis. In this Review, we highlight the use of photoredox catalysis in C−H
functionalization reactions. We separate the review into inorganic/organometallic photo-
redox catalysts and organic-based photoredox catalytic systems. Further subdivision by
reaction classeither sp2 or sp3 C−H functionalizationlends perspective and tactical
strategies for use of these methods in synthetic applications.
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[Photoredox catalysts] [Electron transfer in the cell]

SET is also the important process in photosynthesis,  solar cells, chemoluminescence · · ·
→ Marcus theory describes kinetics of these electron transfer.

HN

N N

N Me

MeO

O

R

Flavin

Nicewicz et al. Chem. Rev. 2022, 122, 1925.
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Marcus theory was originally developed to explain the outer-sphere 
(non-adiabatic) electron transfer.

Among the two possible regimes, nonadiabatic and adiabatic
electron transfers, it is the value of the electronic coupling term
between reactant (R) and product (P) states, given by the
resonance integral V,30,37 that differentiates them (Figure 3).
As an electron is transferred from one molecule to another,

the reaction changes from one surface (R) to another (P), thus
intersecting a point, which represents two configurations of
identical electronic energies, but with a deformed nuclear
geometry. The probability of electron transfer at this point is
governed by the interaction between initial (R) and final (P)
states. The extent of this interaction is established by the
resonance integral V, which determines the splitting of energy
surfaces.37 In one extreme situation, an important energy
barrier can separate the passage of the electron from a donor to
an acceptor orbital. As a consequence, this reflects in a very
small electronic interaction (V is closer to 0), and the
probability for the electron transfer is equally small. In this
case, if and when an electron transfer occurs, the change of
reaction coordinates from R to P is an abrupt event. This
process is called nonadiabatic. On the other hand, if strong
electronic interaction energies are present, the electron transfer
occurs smoothly. This process is named adiabatic.
In a nonadiabatic regime (nonbonded system), the

resonance integral V within an EDA complex is typically
small, V ≈ 100−300 cm−1. This mechanistic frame is
commonly observed for hindered [D,A]EDA, where the
interplanar distance between the components is given by rDA
≈ 5−6 Å. In addition, such EDA complexes are not significantly
stabilized by resonance, thus making its formation constant
(KEDA) small, and often hampering experimental measurements
(Scheme 5).28

Considering a nonadiabatic process, the formula for the rate
of electron transfer is generally accepted as38

π
λ

λ
λ= ℏ − + Δ⎡

⎣⎢
⎤
⎦⎥k V

k T
G

k T
exp ( )

4et

2

B

0 2

B (1)

Rate for electron transfer in a nonadiabatic process.
In eq 1, λ is the reorganization energy. It is defined as the

energy needed for a vertical electron transition without changes
in the nuclear configuration (cf. Franck−Condon principle,
which is a consequence of the Born−Oppenheimer approx-
imation: electronic transfer occurs much faster, ∼10−16 s, than

nuclear vibration, ∼ 10−13 s). kB is the Boltzmann constant, ℏ is
the reduced Planck constant, T is the absolute temperature.
As a corollary of eq 1, one can plot a function of log kET with

ΔG0, thus producing a concave curve. This curve defines three
domains: (i) ΔG0 > − λ, where log kET increases if ΔG0

decreases (Normal Marcus region), (ii) ΔG0 = −λ, where the
reaction becomes barrierless, diffusion controlled, and (iii) ΔG0

< − λ, where log kET decreases with the decrease of ΔG0

(inverse Marcus region) (Figure 4).

Overall, Marcus theory can be generally applied for
nonbonded (outer-sphere, nonadiabatic) transition states,
thus successfully providing a theoretical guide for such
electron-transfer rates.19,36,38

On the other hand, bonded (inner-sphere) electron transfers
have no general theoretical model, due to the great difficulty in
identifying structural parameters associated with the isolation of
the putative encounter complex.28,39,40

Within an adiabatic regime (bonded system), the distance
between D and A in the encounter complex [D,A]EDA is
typically smaller, rDA ≈ 3.0−3.3 Å (appreciably shorter than the
sum of the van der Waals radii of D and A), and the resonance
integral assumes values of V ≈ 1000−3000 cm−1 for medially
coupled potential-energy surfaces and higher values for strongly
coupled potential-energy surfaces.28 In medially coupled
potential energy surfaces, the reaction barrier is approximately
half of the value of a nonadiabatic regime. Due to a more
important stabilization of EDA complexes in this regime (with
KEDA ≈ 0.1−1.0 M−1), now they are observable in solution. In
strongly coupled potential-energy surfaces, the electron-transfer
occurs in the absence of an activation barrier. The process is
controlled by diffusive dynamics and leads the encounter
complex [D,A]EDA directly to [D•+,A•−]SOLV

28

Remarkably, in photoredox catalysis promoted by metal
complexes, such as Ru(bpy)3

2+, the electron transfer generally
occurs via an outer-sphere mechanism.9b,24 In contrast,
electron-transfers proceeding via excited EDA complexes
often occur via inner-sphere pathways. Intriguingly, in such

Figure 3. Potential-energy surfaces for electron transfers follow two possible regimes: nonadiabatic and adiabatic.

Scheme 5. Equilibrium Formation of EDA Complex

Figure 4. Dependence of the logarithm of the electron-transfer rate
constant with ΔG0, according to Marcus theory.

ACS Catalysis Review

DOI: 10.1021/acscatal.5b02386
ACS Catal. 2016, 6, 1389−1407
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Overall, Marcus theory can be generally applied for
nonbonded (outer-sphere, nonadiabatic) transition states,
thus successfully providing a theoretical guide for such
electron-transfer rates.19,36,38

On the other hand, bonded (inner-sphere) electron transfers
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identifying structural parameters associated with the isolation of
the putative encounter complex.28,39,40

Within an adiabatic regime (bonded system), the distance
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integral assumes values of V ≈ 1000−3000 cm−1 for medially
coupled potential-energy surfaces and higher values for strongly
coupled potential-energy surfaces.28 In medially coupled
potential energy surfaces, the reaction barrier is approximately
half of the value of a nonadiabatic regime. Due to a more
important stabilization of EDA complexes in this regime (with
KEDA ≈ 0.1−1.0 M−1), now they are observable in solution. In
strongly coupled potential-energy surfaces, the electron-transfer
occurs in the absence of an activation barrier. The process is
controlled by diffusive dynamics and leads the encounter
complex [D,A]EDA directly to [D•+,A•−]SOLV

28

Remarkably, in photoredox catalysis promoted by metal
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[Inner-sphere mechanism]
• Adiabatic process
• HDA> 0

Paixaõ et al. ACS Catal. 2016, 6, 1389.
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[Self-exchange reactions (with isotopic labelling)]

Fe2+ Fe3+

Fe3+ Fe2+

Fe3+ Fe2+

+

+ +

Energy

Structural 
relaxationSET

Fe2+ Fe3+ Fe3+ Fe2++ +

δ-δ+
solvent

Reorganization energy (𝝀); Energy needed for a vertical electron transition
without changes in the nuclear configuration.

𝝀 = 𝝀𝒊𝒏𝒏𝒆𝒓(structure) +𝝀𝒐𝒖𝒕𝒆𝒓(solvent)

∗; Isotopic labelling

[Reorganization of structure] [Reorganization of solvents]

[*FeII(H2O)6]2+ [FeIII(H2O)6]3++ + [FeII(H2O)6]2+[*FeIII(H2O)6]3+



Marcus theory
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[Marcus’s model][Libby’s model]

λ

R PR P

λ Δ𝐺‡

λ
4 = Δ𝐺‡

• Requires a great deal of energy.
→ Contradictory to the fact that this

reaction proceeds even in the dark.

• Electron transfer occurs at the 
intersection of the two potential 
energy surface.



Effects of reorganization energy
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λ

R P

λ
4 = Δ𝐺‡

[*RuII(bpy)3]2+ [RuIII(bpy)3]3++ + [RuII(bpy)3]2+[*RuIII(bpy)3]3+

[*FeII(H2O)6]2+ [FeIII(H2O)6]3++ + [FeII(H2O)6]2+[*FeIII(H2O)6]3+

[Self exchange reactions]

Parameters [FeIII/II(OH2)6]3+/2+ [RuIII/II(bpy)3]3+/2+

radii (+2), Å 3.52 5.9

radii (+3), Å 3.39 5.9

𝝀𝒊𝒏𝒏𝒆𝒓 (eV) 1.25 0

𝝀𝒐𝒖𝒕𝒆𝒓 (eV) 1.16 0.67

Δ𝑮𝟎 (eV) 0 0

Δ𝑮‡ (eV) 0.60 0.27

𝐤𝐄𝐓 (s-1) 𝟓𝟎 𝟒. 𝟗×𝟏𝟎𝟖

The reorganization energy has a significant effect on these electron transfers.
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Marcus inverted region
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−Δ𝐺# = λ

Δ𝐺‡
−Δ𝐺#

(i) Normal region
−𝜟𝑮𝒐 < 𝝀, 𝜟𝑮‡ > 𝟎

(ii) Barrierless (Top region)
−𝜟𝑮𝒐 = 𝝀, 𝜟𝑮‡ = 𝟎

(iii) Inverted region
−𝜟𝑮𝒐 > 𝝀, 𝜟𝑮‡ > 𝟎

−Δ𝐺#

Δ𝐺‡

Δ𝐺‡ =
Δ𝐺# + λ ,

4λ

𝑘-. =
2π
ħ $

𝐻/0,

4πλ𝑘"𝑇
$ exp −

Δ𝐺# + λ ,

4λ𝑘"𝑇

Bell-shaped 𝑣 − Δ𝐺#graph



Experimental observation of inverted region
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logkET

ΔG0
λ

Observed rate

Marcus theory

Diffusion limit

Highly exergonic, difficult to achieve.

• Inverted region can’t be observed to the extent that 𝒌𝑬𝑻 is bigger than 𝒌𝒅𝒊𝒇.

• Observation of intramolecular single electron transfer.
• Observation of back electron transfer in radical ion pair.
• Suppress the diffusion with highly viscous solvent.



First observation of Marcus inverted region
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Acceptor group (A) −Δ𝑮𝟎 (eV) 𝒌𝒊𝒏𝒕𝒓𝒂 (s-1)
4-biphenyl 0 5.6×10-

2-naphthyl 0.05 (1.5 ± 0.5)×10.

9-phenanthryl 0.16 (1.25 ± 0.2)×10/

1-pyrenyl 0.52 (1.5 ± 0.5)×100

Hexahydronaphthoquinon-2-yl 1.23 > 2×100

2-naphthoquinonyl 1.93 (3.8 ± 1)×101

2-benzoquinonyl 2.10 (2.5 ± 0.3)×101

5-chlorobenzoquinon-5-yl 2.29 (1.7 ± 0.2)×101

5,6-dichlorobenzoquinon-2-yl 2.40 (7 ± 3)×10/

• Intramolecular electron transfer

Solvent ; 2-Me-THF

A A

Intramolecular 
electron transfer



Photocatalyst with long-lived charge-separated state
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excellent approaches to the application of the basic physical and
chemical principles of photosynthesis to artificial systems.4−11

Herein we describe our recent development of rational design
to control ET systems, focusing on models of the photo-
synthetic reaction center in light of the Marcus theory of ET.

Rational Design to Mimic Photosynthetic Reaction Center

The primary step of photosynthesis is photoinduced ET from
the singlet excited state of an electron donor (D) to an electron
acceptor (A) in the D−A system (Figure 1a). The most
important point for efficient energy conversion is to achieve the
charge-separated (CS) state which has a sufficiently long
lifetime for subsequent charge-separation steps in competition
with the charge-recombination (CR) process to the ground
state. According to the Marcus theory (eq 1),1 the log kET value

increases with increasing ET driving force (−ΔGET) as shown
in Figure 1b. When the magnitude of the driving force becomes
the same as the reorganization energy (−ΔGET ∼ λ; Figure 1b),
the reaction rate reaches a maximum and is basically controlled
by the magnitude of electronic coupling (V) between the donor
and acceptor moieties (eq 1). Upon passing this thermody-
namic maximum, the highly exothermic region of the parabola
−ΔGET > λ; Figure 1b) is entered, in which an additional
increase of the driving force results in an actual slow-down of
the reaction rate, due to an increasingly poor vibrational overlap
of the product and reactant wave functions. This highly
exergonic range is generally referred to as the Marcus inverted
region.1−3 In such a case the magnitude of the reorganization
energy is the key parameter to control the ET process. The
smaller the reorganization energy, the faster is the forward

Figure 1. (a) Schematic diagram of photoinduced electron transfer of an electron donor−acceptor (D−A) dyad. (b) Driving force dependence of log
kET with different λ values (for the meaning of λ, see text).

Figure 2. Electron donor−acceptor dyads of porphyrins, 2 and 6; chlorines, 3, 4, and 5; and a bacteriochlorin 1 with the CS lifetimes in PhCN and
Marcus plots for (a) 5, (b) 1−4, and (c) 6.16−19

Accounts of Chemical Research Article

dx.doi.org/10.1021/ar400200u | Acc. Chem. Res. 2014, 47, 1455−14641456

Suenobu et al. Acc. Chem. Res. 2014, 47, 1455.

[Artificial photosynthesis]

Lemmetyinen et al. J. Am. Chem. Soc. 2004, 126, 1600.

[Fukuzumi’s catalyst]

• Rigid frameworks such as Mes-Acr+ and 
fullerene minimize the reorganization 
energy.

𝑘-. = 2.4×10788 𝑠78
𝑘"-. = 98 𝑠78

PhCN, 298K  (intramolecular ET)

(a)

(a) 5
(b)1-4
(c) 6
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[Conventional method (Cumene process)]

× Low yield. (~5%)
× High energy is required.H+

O OHO2 OH

H+Δ

Selective photocatalytic synthesis of phenol from benzene is highly valuable.

[Inorganic photocatalyst]
Byproducts

× Low yield by overoxidation
of phenol.

OH OH

HO

O

O CO2, ,

O2 or H2OTiO2 or ZnO

hν

Fukuzumi et al. J. Am. Chem. Soc. 2013, 135, 5368.
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Visible-Light-Induced Oxygenation of Benzene by the Triplet Excited
State of 2,3-Dichloro-5,6-dicyano‑p‑benzoquinone
Kei Ohkubo,† Atsushi Fujimoto,† and Shunichi Fukuzumi*,†,‡

†Department of Material and Life Science, Graduate School of Engineering, Osaka University, and ALCA, Japan Science and
Technology (JST), Suita, Osaka 565-0871, Japan
‡Department of Bioinspired Science, Ewha Womans University, Seoul 120-750, Korea

*S Supporting Information

ABSTRACT: Photocatalytic oxygenation of benzene to
phenol occurs under visible-light irradiation of 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ) in an oxy-
gen-saturated acetonitrile solution of benzene and tert-
butyl nitrite. The photocatalytic reaction is initiated by
photoinduced electron transfer from benzene to the triplet
excited state of DDQ.

Phenol is an important precursor for many chemicals and
industrial products. The one-step oxygenation of benzene

to phenol, which is one of the dream chemical reactions, has
been extensively studied to develop new catalytic systems using
heterogeneous inorganic catalysts.1−11 However, their synthetic
utility has been limited because of low yield, poor selectivity,
and the requirement of high temperature. Photochemical
oxygenation of benzene to phenol in the gas and liquid phases
has also been studied, but under high-energy UV irradiation
conditions.2−13 Selective production of phenol from benzene is
very difficult without further oxygenation of phenol to
hydroquinone and COx because oxidation of phenol is much
easier than that of benzene. Thus, there has been no report on
the direct selective oxygenation of benzene to phenol under the
conditions of low-energy visible-light irradiation.
Recently, metal-free transformations using organophotocata-

lysts have been widely investigated.14−16 2,3-Dichloro-5,6-
dicyano-p-benzoquinone (DDQ) is a well-known and powerful
organic oxidizing reagent for a number of organic trans-
formations.17 However, electron-transfer oxidation of benzene
by DDQ is impossible because the one-electron reduction
potential of DDQ (Ered = 0.51 V vs SCE)18 is much lower than
the one-electron oxidation potential of benzene (2.48 V).19

Visible-light-excited DDQ spontaneously relaxes to the long-
lived n−π* triplet excited state by intersystem crossing.20

Triplet-excited DDQ has a very strong oxidizing ability20 and
can oxidize benzene by electron transfer.
We report herein the direct oxygenation of benzene to

phenol under visible-light irradiation of DDQ in an oxygen-
saturated acetonitrile solution of benzene. The photooxygena-
tion reaction is initiated by efficient photoinduced electron
transfer from benzene to the triplet excited state of DDQ to
give phenol and 2,3-dichloro-5,6-dicyanohydroquinone
(DDQH2), where DDQ acts a stoichiometric oxidant. tert-
Butyl nitrite (TBN) can then be used as a recycle reagent to
convert DDQH2 to DDQ under aerobic conditions.21 The

photocatalytic oxygenation of benzene to phenol was also
examined by adding TBN.
Photooxygenation of benzene occurs under visible-light

irradiation of DDQ (40 mM) in oxygen-saturated MeCN
containing benzene (30 mM) and H2O (0.5 M) using a xenon
lamp (500 W) with a color glass filter (λ = 390−600 nm) to
produce phenol and DDQH2 (eq 1), as shown in Figure 1. The
yield of phenol was 99%, with 99% conversion (>99%
selectivity).

With the addition of TBN, which oxidizes DDQH2 to DDQ
in the presence of O2 (Figure S1 in the Supporting
Information),21 catalytic oxygenation occurred, affording
phenol in 93% yield with 98% conversion of benzene (30
mM) in the presence of DDQ (9.0 mM), TBN (1.5 mM), and
water (0.5 M) after photoirradiation for 30 h (eq 2).22 The
reaction time course monitored by 1H NMR spectroscopy is
shown in Figure 2. After the reaction, DDQ was completely
recovered as a result of the addition of a catalytic amount of
TBN under O2 atmosphere.
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Figure 1. (a) 1H NMR spectral changes in the photochemical
oxygenation of benzene (30 mM) with DDQ (40 mM) and D2O (0.5
M) in deaerated CD3CN (0.6 mL) at 298 K. (b) Reaction time
profiles of benzene and phenol.
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Figure S2. (a) GC-MS chart of reaction mixture after photoirradiation and (b) GC-MS 

spectra of phenol produced by photooxygenation of benzene with DDQ in nitrogen 

saturated MeCN at 298K: [benzene] = 10 mM; [DDQ] = 5.0 mM; [H2O] = 1.0 M 

[(blue) H2
16

O; (b) H2
18

O (98%, red)]. 

Blue; Reaction w/ H216O
Red; Reaction w/ H218O

[GC-MS][Photooxygenation by DDQ]
DDQ

1.3 eq

MeCN, H2O (0.5M)
r.t., 390~600 nm

OH

quant

O

O
CN

CN

Cl

Cl

O

O
CN

CN

Cl

Cl

*

3DDQ*

Ered≒+3.18 V
Ered=0.51 V vs SCE

Eox=2.48 V

DDQ

+

DDQH2

+

H2O OH

Fukuzumi et al. J. Am. Chem. Soc. 2013, 135, 5368.
König et al. Chem. Eur. J. 2017, 23, 18161.

The source of oxygen 
atom is H2O.
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Phenol was also detected by GC−MS. A mass peak was

observed at m/z = 94 in the crude solution after photo-
irradiation of an MeCN solution containing benzene, H2O, and
DDQ. When H2

16O was replaced by H2
18O to clarify the

oxygen source, the peak location increased to m/z = 96 (Figure
S2). Thus, the origin of the phenol oxygen was confirmed to be
water.
The mechanism of oxygenation of benzene was examined by

time-resolved transient absorption experiments. The triplet−
triplet absorption spectrum of DDQ was observed at 630 nm in
deaerated MeCN by nanosecond laser flash photolysis (λex =
430 nm) (Figure 3a). The lifetime of the triplet excited state of

DDQ (3DDQ*) was determined from the decay of the T−T
absorption band (Figure 3b) to be 2.4 μs. The transient
absorption spectrum of an MeCN solution containing benzene
and DDQ exhibited the formation of benzene π-dimer radical
cation (λmax = 900 nm)13,24 and DDQ•− (λmax = 595 nm),18

where benzene π-dimer radical cation was formed by the
reaction of benzene radical cation with the large excess of
neutral benzene (Figure 3a, red line). Thus, the photo-
oxygenation of benzene to phenol is initiated by intermolecular
photoinduced electron transfer from benzene to 3DDQ*,
because the free energy change for electron transfer is negative
(ΔGet = −0.70 eV), as determined from the one-electron
oxidation potential of benzene (Eox = 2.48 V vs SCE)19 and the
one-electron reduction potential of 3DDQ* (Ered = 3.18 V vs
SCE).25 The decay rate constant (kobs) of 3DDQ* increased
with increasing concentration of benzene (Figure 3b). The
electron-transfer rate constant of 3DDQ* with benzene (ket)
was determined from the slope of the plot of kobs versus [C6H6]
(Figure 3b inset) to be (5.3 ± 0.3) × 109 M−1 s−1.
DDQ•− and the benzene π-dimer radical cation disappeared

via back electron transfer to the ground state in dry MeCN.
The decay of the absorbance at 900 nm due to the benzene π-
dimer radical cation was accelerated by the addition of H2O.
The decay time profile obeyed first-order kinetics in the
presence of H2O (Figure 3c). The decay rate constant (kobs)
increased linearly with increasing concentration of H2O. The
rate constant for the reaction of benzene radical cation or the π-
dimer radical cation with H2O was determined from the slope
of kobs versus [H2O] to be kH2O = (5.5 ± 0.3) × 107 M−1 s−1.
On the basis of above-mentioned results, the catalytic

mechanism is summarized in Scheme 1. Benzene radical cation

formed by photoinduced electron transfer reacts with water to
yield the OH-adduct radical.13 On the other hand, DDQ•− can
react with the OH-adduct radical to form phenol and DDQH2.
DDQH2 is known to be oxidized by reaction with TBN and O2
via NO2 to regenerate DDQ.21

The quantum yields (Φ) for formation of phenol under
photoirradiation with monochromatized light (λ = 420 nm)
were determined by GC−MS from the phenol peak using an
actinometer. The dependence of Φ on the concentration of
H2O is shown in Figure 4. The value of Φ increases with
increasing concentration of H2O until it reaches a constant
value of 0.45, which is the highest value ever reported for direct
photooxygenation of benzene to phenol.
No further oxygenation of phenol as a product to form

diphenol, hydroquinone, or COx occurred under the present
catalytic conditions. Electron-transfer oxidation of phenol is

Figure 2. (a) 1H NMR spectral changes in the photochemical
oxygenation of benzene (30 mM) with DDQ (9.0 mM), D2O (0.5 M),
and TBN (1.5 mM) in O2-saturated CD3CN (0.6 mL) at 298 K. (b)
Reaction time profiles of benzene and phenol.

Figure 3. (a) Transient absorption spectra of DDQ (1.2 mM) in the
absence (black) and presence (red) of benzene (1.0 M) in deaerated
MeCN taken 0.4 μs after nanosecond laser excitation (λ = 355 nm).
(b) Decay time profiles at 630 nm due to 3DDQ* at various
concentrations of benzene. Inset: Plot of kobs vs [C6H6]. (c) Decay
time profiles at 900 nm due to benzene π-dimer radical cation
generated by photoinduced electron transfer from benzene to DDQ at
various concentrations of H2O. Inset: Plot of kobs vs [H2O].

Scheme 1

Journal of the American Chemical Society Communication
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[Reaction with TBN] [Proposed mechanism]

TBN

Catalytic cycle with TBN;
Hu et al. Adv. Synth. Catal. 2011, 353, 3031.

• Phenol was obtained in 93% yield without overoxidation.

OH
DDQ

0.3 eq ,
t-BuONO (TBN)

0.05 eq

O2-saturated MeCN, H2O (0.5 M),
 390~600 nm

y. 93%
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Phenol was also detected by GC−MS. A mass peak was
observed at m/z = 94 in the crude solution after photo-
irradiation of an MeCN solution containing benzene, H2O, and
DDQ. When H2

16O was replaced by H2
18O to clarify the

oxygen source, the peak location increased to m/z = 96 (Figure
S2). Thus, the origin of the phenol oxygen was confirmed to be
water.
The mechanism of oxygenation of benzene was examined by

time-resolved transient absorption experiments. The triplet−
triplet absorption spectrum of DDQ was observed at 630 nm in
deaerated MeCN by nanosecond laser flash photolysis (λex =
430 nm) (Figure 3a). The lifetime of the triplet excited state of

DDQ (3DDQ*) was determined from the decay of the T−T
absorption band (Figure 3b) to be 2.4 μs. The transient
absorption spectrum of an MeCN solution containing benzene
and DDQ exhibited the formation of benzene π-dimer radical
cation (λmax = 900 nm)13,24 and DDQ•− (λmax = 595 nm),18

where benzene π-dimer radical cation was formed by the
reaction of benzene radical cation with the large excess of
neutral benzene (Figure 3a, red line). Thus, the photo-
oxygenation of benzene to phenol is initiated by intermolecular
photoinduced electron transfer from benzene to 3DDQ*,
because the free energy change for electron transfer is negative
(ΔGet = −0.70 eV), as determined from the one-electron
oxidation potential of benzene (Eox = 2.48 V vs SCE)19 and the
one-electron reduction potential of 3DDQ* (Ered = 3.18 V vs
SCE).25 The decay rate constant (kobs) of 3DDQ* increased
with increasing concentration of benzene (Figure 3b). The
electron-transfer rate constant of 3DDQ* with benzene (ket)
was determined from the slope of the plot of kobs versus [C6H6]
(Figure 3b inset) to be (5.3 ± 0.3) × 109 M−1 s−1.
DDQ•− and the benzene π-dimer radical cation disappeared

via back electron transfer to the ground state in dry MeCN.
The decay of the absorbance at 900 nm due to the benzene π-
dimer radical cation was accelerated by the addition of H2O.
The decay time profile obeyed first-order kinetics in the
presence of H2O (Figure 3c). The decay rate constant (kobs)
increased linearly with increasing concentration of H2O. The
rate constant for the reaction of benzene radical cation or the π-
dimer radical cation with H2O was determined from the slope
of kobs versus [H2O] to be kH2O = (5.5 ± 0.3) × 107 M−1 s−1.
On the basis of above-mentioned results, the catalytic

mechanism is summarized in Scheme 1. Benzene radical cation

formed by photoinduced electron transfer reacts with water to
yield the OH-adduct radical.13 On the other hand, DDQ•− can
react with the OH-adduct radical to form phenol and DDQH2.
DDQH2 is known to be oxidized by reaction with TBN and O2
via NO2 to regenerate DDQ.21

The quantum yields (Φ) for formation of phenol under
photoirradiation with monochromatized light (λ = 420 nm)
were determined by GC−MS from the phenol peak using an
actinometer. The dependence of Φ on the concentration of
H2O is shown in Figure 4. The value of Φ increases with
increasing concentration of H2O until it reaches a constant
value of 0.45, which is the highest value ever reported for direct
photooxygenation of benzene to phenol.
No further oxygenation of phenol as a product to form

diphenol, hydroquinone, or COx occurred under the present
catalytic conditions. Electron-transfer oxidation of phenol is

Figure 2. (a) 1H NMR spectral changes in the photochemical
oxygenation of benzene (30 mM) with DDQ (9.0 mM), D2O (0.5 M),
and TBN (1.5 mM) in O2-saturated CD3CN (0.6 mL) at 298 K. (b)
Reaction time profiles of benzene and phenol.

Figure 3. (a) Transient absorption spectra of DDQ (1.2 mM) in the
absence (black) and presence (red) of benzene (1.0 M) in deaerated
MeCN taken 0.4 μs after nanosecond laser excitation (λ = 355 nm).
(b) Decay time profiles at 630 nm due to 3DDQ* at various
concentrations of benzene. Inset: Plot of kobs vs [C6H6]. (c) Decay
time profiles at 900 nm due to benzene π-dimer radical cation
generated by photoinduced electron transfer from benzene to DDQ at
various concentrations of H2O. Inset: Plot of kobs vs [H2O].

Scheme 1

Journal of the American Chemical Society Communication
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Phenol was also detected by GC−MS. A mass peak was
observed at m/z = 94 in the crude solution after photo-
irradiation of an MeCN solution containing benzene, H2O, and
DDQ. When H2

16O was replaced by H2
18O to clarify the

oxygen source, the peak location increased to m/z = 96 (Figure
S2). Thus, the origin of the phenol oxygen was confirmed to be
water.
The mechanism of oxygenation of benzene was examined by

time-resolved transient absorption experiments. The triplet−
triplet absorption spectrum of DDQ was observed at 630 nm in
deaerated MeCN by nanosecond laser flash photolysis (λex =
430 nm) (Figure 3a). The lifetime of the triplet excited state of

DDQ (3DDQ*) was determined from the decay of the T−T
absorption band (Figure 3b) to be 2.4 μs. The transient
absorption spectrum of an MeCN solution containing benzene
and DDQ exhibited the formation of benzene π-dimer radical
cation (λmax = 900 nm)13,24 and DDQ•− (λmax = 595 nm),18

where benzene π-dimer radical cation was formed by the
reaction of benzene radical cation with the large excess of
neutral benzene (Figure 3a, red line). Thus, the photo-
oxygenation of benzene to phenol is initiated by intermolecular
photoinduced electron transfer from benzene to 3DDQ*,
because the free energy change for electron transfer is negative
(ΔGet = −0.70 eV), as determined from the one-electron
oxidation potential of benzene (Eox = 2.48 V vs SCE)19 and the
one-electron reduction potential of 3DDQ* (Ered = 3.18 V vs
SCE).25 The decay rate constant (kobs) of 3DDQ* increased
with increasing concentration of benzene (Figure 3b). The
electron-transfer rate constant of 3DDQ* with benzene (ket)
was determined from the slope of the plot of kobs versus [C6H6]
(Figure 3b inset) to be (5.3 ± 0.3) × 109 M−1 s−1.
DDQ•− and the benzene π-dimer radical cation disappeared

via back electron transfer to the ground state in dry MeCN.
The decay of the absorbance at 900 nm due to the benzene π-
dimer radical cation was accelerated by the addition of H2O.
The decay time profile obeyed first-order kinetics in the
presence of H2O (Figure 3c). The decay rate constant (kobs)
increased linearly with increasing concentration of H2O. The
rate constant for the reaction of benzene radical cation or the π-
dimer radical cation with H2O was determined from the slope
of kobs versus [H2O] to be kH2O = (5.5 ± 0.3) × 107 M−1 s−1.
On the basis of above-mentioned results, the catalytic

mechanism is summarized in Scheme 1. Benzene radical cation

formed by photoinduced electron transfer reacts with water to
yield the OH-adduct radical.13 On the other hand, DDQ•− can
react with the OH-adduct radical to form phenol and DDQH2.
DDQH2 is known to be oxidized by reaction with TBN and O2
via NO2 to regenerate DDQ.21

The quantum yields (Φ) for formation of phenol under
photoirradiation with monochromatized light (λ = 420 nm)
were determined by GC−MS from the phenol peak using an
actinometer. The dependence of Φ on the concentration of
H2O is shown in Figure 4. The value of Φ increases with
increasing concentration of H2O until it reaches a constant
value of 0.45, which is the highest value ever reported for direct
photooxygenation of benzene to phenol.
No further oxygenation of phenol as a product to form

diphenol, hydroquinone, or COx occurred under the present
catalytic conditions. Electron-transfer oxidation of phenol is

Figure 2. (a) 1H NMR spectral changes in the photochemical
oxygenation of benzene (30 mM) with DDQ (9.0 mM), D2O (0.5 M),
and TBN (1.5 mM) in O2-saturated CD3CN (0.6 mL) at 298 K. (b)
Reaction time profiles of benzene and phenol.

Figure 3. (a) Transient absorption spectra of DDQ (1.2 mM) in the
absence (black) and presence (red) of benzene (1.0 M) in deaerated
MeCN taken 0.4 μs after nanosecond laser excitation (λ = 355 nm).
(b) Decay time profiles at 630 nm due to 3DDQ* at various
concentrations of benzene. Inset: Plot of kobs vs [C6H6]. (c) Decay
time profiles at 900 nm due to benzene π-dimer radical cation
generated by photoinduced electron transfer from benzene to DDQ at
various concentrations of H2O. Inset: Plot of kobs vs [H2O].

Scheme 1
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[Transient absorption]

Phenol was also detected by GC−MS. A mass peak was
observed at m/z = 94 in the crude solution after photo-
irradiation of an MeCN solution containing benzene, H2O, and
DDQ. When H2

16O was replaced by H2
18O to clarify the

oxygen source, the peak location increased to m/z = 96 (Figure
S2). Thus, the origin of the phenol oxygen was confirmed to be
water.
The mechanism of oxygenation of benzene was examined by

time-resolved transient absorption experiments. The triplet−
triplet absorption spectrum of DDQ was observed at 630 nm in
deaerated MeCN by nanosecond laser flash photolysis (λex =
430 nm) (Figure 3a). The lifetime of the triplet excited state of

DDQ (3DDQ*) was determined from the decay of the T−T
absorption band (Figure 3b) to be 2.4 μs. The transient
absorption spectrum of an MeCN solution containing benzene
and DDQ exhibited the formation of benzene π-dimer radical
cation (λmax = 900 nm)13,24 and DDQ•− (λmax = 595 nm),18

where benzene π-dimer radical cation was formed by the
reaction of benzene radical cation with the large excess of
neutral benzene (Figure 3a, red line). Thus, the photo-
oxygenation of benzene to phenol is initiated by intermolecular
photoinduced electron transfer from benzene to 3DDQ*,
because the free energy change for electron transfer is negative
(ΔGet = −0.70 eV), as determined from the one-electron
oxidation potential of benzene (Eox = 2.48 V vs SCE)19 and the
one-electron reduction potential of 3DDQ* (Ered = 3.18 V vs
SCE).25 The decay rate constant (kobs) of 3DDQ* increased
with increasing concentration of benzene (Figure 3b). The
electron-transfer rate constant of 3DDQ* with benzene (ket)
was determined from the slope of the plot of kobs versus [C6H6]
(Figure 3b inset) to be (5.3 ± 0.3) × 109 M−1 s−1.
DDQ•− and the benzene π-dimer radical cation disappeared

via back electron transfer to the ground state in dry MeCN.
The decay of the absorbance at 900 nm due to the benzene π-
dimer radical cation was accelerated by the addition of H2O.
The decay time profile obeyed first-order kinetics in the
presence of H2O (Figure 3c). The decay rate constant (kobs)
increased linearly with increasing concentration of H2O. The
rate constant for the reaction of benzene radical cation or the π-
dimer radical cation with H2O was determined from the slope
of kobs versus [H2O] to be kH2O = (5.5 ± 0.3) × 107 M−1 s−1.
On the basis of above-mentioned results, the catalytic

mechanism is summarized in Scheme 1. Benzene radical cation

formed by photoinduced electron transfer reacts with water to
yield the OH-adduct radical.13 On the other hand, DDQ•− can
react with the OH-adduct radical to form phenol and DDQH2.
DDQH2 is known to be oxidized by reaction with TBN and O2
via NO2 to regenerate DDQ.21

The quantum yields (Φ) for formation of phenol under
photoirradiation with monochromatized light (λ = 420 nm)
were determined by GC−MS from the phenol peak using an
actinometer. The dependence of Φ on the concentration of
H2O is shown in Figure 4. The value of Φ increases with
increasing concentration of H2O until it reaches a constant
value of 0.45, which is the highest value ever reported for direct
photooxygenation of benzene to phenol.
No further oxygenation of phenol as a product to form

diphenol, hydroquinone, or COx occurred under the present
catalytic conditions. Electron-transfer oxidation of phenol is

Figure 2. (a) 1H NMR spectral changes in the photochemical
oxygenation of benzene (30 mM) with DDQ (9.0 mM), D2O (0.5 M),
and TBN (1.5 mM) in O2-saturated CD3CN (0.6 mL) at 298 K. (b)
Reaction time profiles of benzene and phenol.

Figure 3. (a) Transient absorption spectra of DDQ (1.2 mM) in the
absence (black) and presence (red) of benzene (1.0 M) in deaerated
MeCN taken 0.4 μs after nanosecond laser excitation (λ = 355 nm).
(b) Decay time profiles at 630 nm due to 3DDQ* at various
concentrations of benzene. Inset: Plot of kobs vs [C6H6]. (c) Decay
time profiles at 900 nm due to benzene π-dimer radical cation
generated by photoinduced electron transfer from benzene to DDQ at
various concentrations of H2O. Inset: Plot of kobs vs [H2O].

Scheme 1

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja402303k | J. Am. Chem. Soc. 2013, 135, 5368−53715369

[Decay time profile]
at 630nm at 900nm

3DDQ＊

Phenol was also detected by GC−MS. A mass peak was
observed at m/z = 94 in the crude solution after photo-
irradiation of an MeCN solution containing benzene, H2O, and
DDQ. When H2

16O was replaced by H2
18O to clarify the

oxygen source, the peak location increased to m/z = 96 (Figure
S2). Thus, the origin of the phenol oxygen was confirmed to be
water.
The mechanism of oxygenation of benzene was examined by

time-resolved transient absorption experiments. The triplet−
triplet absorption spectrum of DDQ was observed at 630 nm in
deaerated MeCN by nanosecond laser flash photolysis (λex =
430 nm) (Figure 3a). The lifetime of the triplet excited state of

DDQ (3DDQ*) was determined from the decay of the T−T
absorption band (Figure 3b) to be 2.4 μs. The transient
absorption spectrum of an MeCN solution containing benzene
and DDQ exhibited the formation of benzene π-dimer radical
cation (λmax = 900 nm)13,24 and DDQ•− (λmax = 595 nm),18

where benzene π-dimer radical cation was formed by the
reaction of benzene radical cation with the large excess of
neutral benzene (Figure 3a, red line). Thus, the photo-
oxygenation of benzene to phenol is initiated by intermolecular
photoinduced electron transfer from benzene to 3DDQ*,
because the free energy change for electron transfer is negative
(ΔGet = −0.70 eV), as determined from the one-electron
oxidation potential of benzene (Eox = 2.48 V vs SCE)19 and the
one-electron reduction potential of 3DDQ* (Ered = 3.18 V vs
SCE).25 The decay rate constant (kobs) of 3DDQ* increased
with increasing concentration of benzene (Figure 3b). The
electron-transfer rate constant of 3DDQ* with benzene (ket)
was determined from the slope of the plot of kobs versus [C6H6]
(Figure 3b inset) to be (5.3 ± 0.3) × 109 M−1 s−1.
DDQ•− and the benzene π-dimer radical cation disappeared

via back electron transfer to the ground state in dry MeCN.
The decay of the absorbance at 900 nm due to the benzene π-
dimer radical cation was accelerated by the addition of H2O.
The decay time profile obeyed first-order kinetics in the
presence of H2O (Figure 3c). The decay rate constant (kobs)
increased linearly with increasing concentration of H2O. The
rate constant for the reaction of benzene radical cation or the π-
dimer radical cation with H2O was determined from the slope
of kobs versus [H2O] to be kH2O = (5.5 ± 0.3) × 107 M−1 s−1.
On the basis of above-mentioned results, the catalytic

mechanism is summarized in Scheme 1. Benzene radical cation

formed by photoinduced electron transfer reacts with water to
yield the OH-adduct radical.13 On the other hand, DDQ•− can
react with the OH-adduct radical to form phenol and DDQH2.
DDQH2 is known to be oxidized by reaction with TBN and O2
via NO2 to regenerate DDQ.21

The quantum yields (Φ) for formation of phenol under
photoirradiation with monochromatized light (λ = 420 nm)
were determined by GC−MS from the phenol peak using an
actinometer. The dependence of Φ on the concentration of
H2O is shown in Figure 4. The value of Φ increases with
increasing concentration of H2O until it reaches a constant
value of 0.45, which is the highest value ever reported for direct
photooxygenation of benzene to phenol.
No further oxygenation of phenol as a product to form

diphenol, hydroquinone, or COx occurred under the present
catalytic conditions. Electron-transfer oxidation of phenol is

Figure 2. (a) 1H NMR spectral changes in the photochemical
oxygenation of benzene (30 mM) with DDQ (9.0 mM), D2O (0.5 M),
and TBN (1.5 mM) in O2-saturated CD3CN (0.6 mL) at 298 K. (b)
Reaction time profiles of benzene and phenol.

Figure 3. (a) Transient absorption spectra of DDQ (1.2 mM) in the
absence (black) and presence (red) of benzene (1.0 M) in deaerated
MeCN taken 0.4 μs after nanosecond laser excitation (λ = 355 nm).
(b) Decay time profiles at 630 nm due to 3DDQ* at various
concentrations of benzene. Inset: Plot of kobs vs [C6H6]. (c) Decay
time profiles at 900 nm due to benzene π-dimer radical cation
generated by photoinduced electron transfer from benzene to DDQ at
various concentrations of H2O. Inset: Plot of kobs vs [H2O].

Scheme 1
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much easier than that of benzene, because the one-electron
oxidation potential of phenol (Eox = 1.60 V vs SCE)26 is smaller
than that for benzene. Furthermore, as evidenced by nano-
second and femtosecond laser flash photolysis measurements
(Figures S3 and S4), photoinduced electron transfer from
phenol to 3DDQ* occurred efficiently with a rate constant of
(1.2 ± 0.2) × 1010 M−1 s−1, as determined from the slopes in
the insets of Figures S3 and S4. This value is larger than ket for
benzene [(5.3 ± 0.3) × 109 M−1 s−1]. In such a case, the fact
that no photocatalytic oxygenation of phenol to hydroquinone
occurred may result from the much slower reaction with H2O
compared with fast back electron transfer (vide infra).
The fast back electron transfer in the case of phenol was

confirmed by femtosecond laser flash photolysis measurements.
In contrast to the case of benzene, where the transient
absorption band at 900 nm due to benzene π-dimer radical
cation and that at 595 nm due to DDQ•− were clearly observed
(Figure 3a), no transient absorption due to phenol π-dimer
radical cation or DDQ•− was observed in the case of phenol
because of fast back electron transfer (Figure 5). Such

contrasting results are well-rationalized by the difference in
the driving forces for back electron transfer. The driving force
of back electron transfer from DDQ•− to benzene radical cation
(1.97 eV) is much larger than that from DDQ•− to phenol
radical cation (1.09 eV). Because the driving force in the case of
benzene radical cation is so large, the back electron transfer
may occur in the Marcus inverted region,27 where the back
electron transfer in the radical ion pair is much slower than the
dissociation of radical ions. On the contrary, the back electron
transfer from DDQ•− to phenol radical cation may occur in the
Marcus top region, where the back electron transfer is much
faster than the dissociation of radical ions. In such a case, no net

reaction would occur despite the diffusion-controlled photo-
induced transfer.
When benzene was replaced by halogenated benzenes

(fluoro-, chloro-, and bromobenzene), photooxygenation also
occurred with DDQ under similar reaction conditions to yield
the corresponding phenols (the GC data are shown in Figure
S5). The substrate conversions and product selectivities are
summarized in Table 1.

Selective photooxygenation was observed for chloro- and
bromobenzene. In contrast, photooxygenation of fluoroben-
zene gave phenol together with the fluorophenols. The product
selectivity depends on the electronic charge of the radical cation
species (Figure 6). The positive charge in fluorobenzene radical

cation is localized on C1 (+0.46) and C4 (+0.22). A water
molecule can be added at C1 to form phenol via
dehalogenation. In the case of chloro- and bromobenzene
radical cation, the positive charges on C1 are significantly
smaller than in fluorobenzene radical cation. Thus, addition of
OH− at the para position results in the formation of p-
halophenol selectively.
In conclusion, DDQ has been shown to act as an efficient

photocatalyst for the one-step oxygenation of benzene to
phenol under visible-light irradiation with a highest quantum
yield of 45%. The radical intermediates in the photocatalytic
oxygenation of benzene with H2O were successfully detected by
laser flash photolysis to clarify the photocatalytic mechanism.
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Figure 4. Plot of the quantum yield for formation of phenol (Φ) vs
[H2O].

Figure 5. Transient absorption spectra of DDQ with benzene (1.0 M,
black) and phenol (1.0 M, red) in deaerated MeCN taken 3.0 ns after
femtosecond laser excitation at 393 nm.

Table 1. Reactant Conversions and Product Selectivities in
Photooxygenation of Halogenated Benzene Derivatives

substrate (conversion, %) product: yield, % (selectivity, %)

fluorobenzene (44) phenol: 14 (32)
p-fluorophenol: 24 (55)
o-fluorophenol: 5.7 (13)

chlorobenzene (34) phenol: 0 (0)
p-chlorophenol: 28 (82)
o-chlorophenol: 6.1 (18)

bromobenzene (14) phenol: 0 (0)
p-bromophenol: 11 (80)
o-bromophenol: 2.8 (20)

Figure 6. Electronic charges on the carbon atoms in (a) fluoro- (b)
chloro-, and (c) bromobenzene radical cations calculated at the density
functional theory at the B3LYP/6-31+G(d,p) level with natural
population analysis.
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much easier than that of benzene, because the one-electron
oxidation potential of phenol (Eox = 1.60 V vs SCE)26 is smaller
than that for benzene. Furthermore, as evidenced by nano-
second and femtosecond laser flash photolysis measurements
(Figures S3 and S4), photoinduced electron transfer from
phenol to 3DDQ* occurred efficiently with a rate constant of
(1.2 ± 0.2) × 1010 M−1 s−1, as determined from the slopes in
the insets of Figures S3 and S4. This value is larger than ket for
benzene [(5.3 ± 0.3) × 109 M−1 s−1]. In such a case, the fact
that no photocatalytic oxygenation of phenol to hydroquinone
occurred may result from the much slower reaction with H2O
compared with fast back electron transfer (vide infra).
The fast back electron transfer in the case of phenol was

confirmed by femtosecond laser flash photolysis measurements.
In contrast to the case of benzene, where the transient
absorption band at 900 nm due to benzene π-dimer radical
cation and that at 595 nm due to DDQ•− were clearly observed
(Figure 3a), no transient absorption due to phenol π-dimer
radical cation or DDQ•− was observed in the case of phenol
because of fast back electron transfer (Figure 5). Such

contrasting results are well-rationalized by the difference in
the driving forces for back electron transfer. The driving force
of back electron transfer from DDQ•− to benzene radical cation
(1.97 eV) is much larger than that from DDQ•− to phenol
radical cation (1.09 eV). Because the driving force in the case of
benzene radical cation is so large, the back electron transfer
may occur in the Marcus inverted region,27 where the back
electron transfer in the radical ion pair is much slower than the
dissociation of radical ions. On the contrary, the back electron
transfer from DDQ•− to phenol radical cation may occur in the
Marcus top region, where the back electron transfer is much
faster than the dissociation of radical ions. In such a case, no net

reaction would occur despite the diffusion-controlled photo-
induced transfer.
When benzene was replaced by halogenated benzenes

(fluoro-, chloro-, and bromobenzene), photooxygenation also
occurred with DDQ under similar reaction conditions to yield
the corresponding phenols (the GC data are shown in Figure
S5). The substrate conversions and product selectivities are
summarized in Table 1.

Selective photooxygenation was observed for chloro- and
bromobenzene. In contrast, photooxygenation of fluoroben-
zene gave phenol together with the fluorophenols. The product
selectivity depends on the electronic charge of the radical cation
species (Figure 6). The positive charge in fluorobenzene radical

cation is localized on C1 (+0.46) and C4 (+0.22). A water
molecule can be added at C1 to form phenol via
dehalogenation. In the case of chloro- and bromobenzene
radical cation, the positive charges on C1 are significantly
smaller than in fluorobenzene radical cation. Thus, addition of
OH− at the para position results in the formation of p-
halophenol selectively.
In conclusion, DDQ has been shown to act as an efficient

photocatalyst for the one-step oxygenation of benzene to
phenol under visible-light irradiation with a highest quantum
yield of 45%. The radical intermediates in the photocatalytic
oxygenation of benzene with H2O were successfully detected by
laser flash photolysis to clarify the photocatalytic mechanism.
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black) and phenol (1.0 M, red) in deaerated MeCN taken 3.0 ns after
femtosecond laser excitation at 393 nm.
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substrate (conversion, %) product: yield, % (selectivity, %)

fluorobenzene (44) phenol: 14 (32)
p-fluorophenol: 24 (55)
o-fluorophenol: 5.7 (13)

chlorobenzene (34) phenol: 0 (0)
p-chlorophenol: 28 (82)
o-chlorophenol: 6.1 (18)

bromobenzene (14) phenol: 0 (0)
p-bromophenol: 11 (80)
o-bromophenol: 2.8 (20)

Figure 6. Electronic charges on the carbon atoms in (a) fluoro- (b)
chloro-, and (c) bromobenzene radical cations calculated at the density
functional theory at the B3LYP/6-31+G(d,p) level with natural
population analysis.
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much easier than that of benzene, because the one-electron
oxidation potential of phenol (Eox = 1.60 V vs SCE)26 is smaller
than that for benzene. Furthermore, as evidenced by nano-
second and femtosecond laser flash photolysis measurements
(Figures S3 and S4), photoinduced electron transfer from
phenol to 3DDQ* occurred efficiently with a rate constant of
(1.2 ± 0.2) × 1010 M−1 s−1, as determined from the slopes in
the insets of Figures S3 and S4. This value is larger than ket for
benzene [(5.3 ± 0.3) × 109 M−1 s−1]. In such a case, the fact
that no photocatalytic oxygenation of phenol to hydroquinone
occurred may result from the much slower reaction with H2O
compared with fast back electron transfer (vide infra).
The fast back electron transfer in the case of phenol was

confirmed by femtosecond laser flash photolysis measurements.
In contrast to the case of benzene, where the transient
absorption band at 900 nm due to benzene π-dimer radical
cation and that at 595 nm due to DDQ•− were clearly observed
(Figure 3a), no transient absorption due to phenol π-dimer
radical cation or DDQ•− was observed in the case of phenol
because of fast back electron transfer (Figure 5). Such

contrasting results are well-rationalized by the difference in
the driving forces for back electron transfer. The driving force
of back electron transfer from DDQ•− to benzene radical cation
(1.97 eV) is much larger than that from DDQ•− to phenol
radical cation (1.09 eV). Because the driving force in the case of
benzene radical cation is so large, the back electron transfer
may occur in the Marcus inverted region,27 where the back
electron transfer in the radical ion pair is much slower than the
dissociation of radical ions. On the contrary, the back electron
transfer from DDQ•− to phenol radical cation may occur in the
Marcus top region, where the back electron transfer is much
faster than the dissociation of radical ions. In such a case, no net

reaction would occur despite the diffusion-controlled photo-
induced transfer.
When benzene was replaced by halogenated benzenes

(fluoro-, chloro-, and bromobenzene), photooxygenation also
occurred with DDQ under similar reaction conditions to yield
the corresponding phenols (the GC data are shown in Figure
S5). The substrate conversions and product selectivities are
summarized in Table 1.

Selective photooxygenation was observed for chloro- and
bromobenzene. In contrast, photooxygenation of fluoroben-
zene gave phenol together with the fluorophenols. The product
selectivity depends on the electronic charge of the radical cation
species (Figure 6). The positive charge in fluorobenzene radical

cation is localized on C1 (+0.46) and C4 (+0.22). A water
molecule can be added at C1 to form phenol via
dehalogenation. In the case of chloro- and bromobenzene
radical cation, the positive charges on C1 are significantly
smaller than in fluorobenzene radical cation. Thus, addition of
OH− at the para position results in the formation of p-
halophenol selectively.
In conclusion, DDQ has been shown to act as an efficient

photocatalyst for the one-step oxygenation of benzene to
phenol under visible-light irradiation with a highest quantum
yield of 45%. The radical intermediates in the photocatalytic
oxygenation of benzene with H2O were successfully detected by
laser flash photolysis to clarify the photocatalytic mechanism.

■ ASSOCIATED CONTENT
*S Supporting Information
UV−vis and GC-MS data and experimental details. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
fukuzumi@chem.eng.osaka-u.ac.jp

Figure 4. Plot of the quantum yield for formation of phenol (Φ) vs
[H2O].

Figure 5. Transient absorption spectra of DDQ with benzene (1.0 M,
black) and phenol (1.0 M, red) in deaerated MeCN taken 3.0 ns after
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Figure 6. Electronic charges on the carbon atoms in (a) fluoro- (b)
chloro-, and (c) bromobenzene radical cations calculated at the density
functional theory at the B3LYP/6-31+G(d,p) level with natural
population analysis.
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much easier than that of benzene, because the one-electron
oxidation potential of phenol (Eox = 1.60 V vs SCE)26 is smaller
than that for benzene. Furthermore, as evidenced by nano-
second and femtosecond laser flash photolysis measurements
(Figures S3 and S4), photoinduced electron transfer from
phenol to 3DDQ* occurred efficiently with a rate constant of
(1.2 ± 0.2) × 1010 M−1 s−1, as determined from the slopes in
the insets of Figures S3 and S4. This value is larger than ket for
benzene [(5.3 ± 0.3) × 109 M−1 s−1]. In such a case, the fact
that no photocatalytic oxygenation of phenol to hydroquinone
occurred may result from the much slower reaction with H2O
compared with fast back electron transfer (vide infra).
The fast back electron transfer in the case of phenol was

confirmed by femtosecond laser flash photolysis measurements.
In contrast to the case of benzene, where the transient
absorption band at 900 nm due to benzene π-dimer radical
cation and that at 595 nm due to DDQ•− were clearly observed
(Figure 3a), no transient absorption due to phenol π-dimer
radical cation or DDQ•− was observed in the case of phenol
because of fast back electron transfer (Figure 5). Such

contrasting results are well-rationalized by the difference in
the driving forces for back electron transfer. The driving force
of back electron transfer from DDQ•− to benzene radical cation
(1.97 eV) is much larger than that from DDQ•− to phenol
radical cation (1.09 eV). Because the driving force in the case of
benzene radical cation is so large, the back electron transfer
may occur in the Marcus inverted region,27 where the back
electron transfer in the radical ion pair is much slower than the
dissociation of radical ions. On the contrary, the back electron
transfer from DDQ•− to phenol radical cation may occur in the
Marcus top region, where the back electron transfer is much
faster than the dissociation of radical ions. In such a case, no net

reaction would occur despite the diffusion-controlled photo-
induced transfer.
When benzene was replaced by halogenated benzenes

(fluoro-, chloro-, and bromobenzene), photooxygenation also
occurred with DDQ under similar reaction conditions to yield
the corresponding phenols (the GC data are shown in Figure
S5). The substrate conversions and product selectivities are
summarized in Table 1.

Selective photooxygenation was observed for chloro- and
bromobenzene. In contrast, photooxygenation of fluoroben-
zene gave phenol together with the fluorophenols. The product
selectivity depends on the electronic charge of the radical cation
species (Figure 6). The positive charge in fluorobenzene radical

cation is localized on C1 (+0.46) and C4 (+0.22). A water
molecule can be added at C1 to form phenol via
dehalogenation. In the case of chloro- and bromobenzene
radical cation, the positive charges on C1 are significantly
smaller than in fluorobenzene radical cation. Thus, addition of
OH− at the para position results in the formation of p-
halophenol selectively.
In conclusion, DDQ has been shown to act as an efficient

photocatalyst for the one-step oxygenation of benzene to
phenol under visible-light irradiation with a highest quantum
yield of 45%. The radical intermediates in the photocatalytic
oxygenation of benzene with H2O were successfully detected by
laser flash photolysis to clarify the photocatalytic mechanism.
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reorganization energy requires revisiting the initial definition of
the potential energy surfaces.
In the case of inner-sphere components to the reorganiza-

tion energy, an increase in energy is expected for bond-length
displacement away from the equilibrium position as described
by Hooke’s law. For a particular bond, j, with a force constant,
f j, the corresponding square of the change in bond length is the
dominant contributor to λi given by eq 5.
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Here, dp and dr are the product and reactant equilibrium bond
lengths, and n is the number of bonds involved in the reaction.
Equation 5 predicts a large λi when significant bond-length
changes accompany electron transfer.
Outer-sphere contributions to the reorganization energy

correspond to the response of the solvent dielectric to the new
electronic density distribution. The solvent optical, εop, and
static, εs, dielectric constants as well as the geometric D−A
distance, R, and the radii of the donor, rD, and acceptor, rA, all
influence λo in dielectric continuum theory, eq 6.27,41
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In intramolecular electron transfer reactions, R is often much
larger than the sum of the donor and acceptor radii because the
covalent bridge fixes the positions of the reacting species.
Surprisingly, structural changes associated with electron
transfer are often minimal such that λ = λi + λo ≈ λo, and
outer-sphere contributions are dominant. Exceptions to this
expectation exist in redox reactions that involve significant
Jahn−Teller or other molecular distortions to reach the
transitions state.
Gibbs Free Energy and Activation Energy

When eqs 3 and 4 are set equal and used to determine the
energy at which the curves intersect, eq 7 results which relate
the barrier to the driving force, ΔG°, and reorganization
energy.

λ
λΔ = Δ ° +⧧G G( )

4

2

(7)

This expression provides a rare and explicit connection
between chemical kinetics and reaction thermodynamics42

with a predicted parabolic dependence of ΔG⧧ on ΔG° that
gives rise to three kinetic regimes for electron transfer: (1)
normal, −ΔG° < λ; (2) activationless, −ΔG° = λ; and (3)
inverted, −ΔG° > λ. In other words, with increased driving
force, −ΔG°, the barrier will decrease, become zero, and then
subsequently increase as is shown in Figure 2. Hence, a
counterintuitive yet profound prediction of Marcus theory is
that very exergonic reactions slow down relative to lower
driving forces and a maximum rate constant is achieved when
the reaction becomes barrierless, at −ΔG° = λ when ΔG⧧ = 0.
Electronic Coupling

Molecular orbitals facilitate electron delocalization and D−A
wave function mixing prior to electron transfer. Delocalization
is expected to fundamentally alter the potential energy surfaces,
causing individual chemical identities and properties of the
redox centers to become intertwined. Behavior indicative of

electronic interaction is often associated with new spectro-
scopic features, altered reduction potentials, or even expected
from molecular structures.35,43 This phenomenon is referred to
as electronic coupling, HDA.
A prediction of quantum mechanics is that wave function

amplitudes decay exponentially with distance providing finite
overlap, even across long distances. Such coupling can facilitate
long distance nonadiabatic electron transfer, Figure 3A. An

exponential decay of electronic coupling as the donor and
acceptor wave function separation is captured through an
attenuation factor, β, which serves as a constant that may be
diagnostic of the electron transfer mechanism. Electronic
coupling when the donor/acceptor are at van der Waals
separation, Ro, is given by HDA° , eq 8.44,45

Figure 2. Types of electron transfer reactions as defined by the
reaction free energy, ΔG°, and reorganization energy, λ. (From left to
right) Self-exchange reactions between energetically degenerate
donors and acceptors. “Normal” electron transfer reactions, λ >
ΔG°. “Barrierless” reactions when λ = ΔG°, which corresponds to a
rate maximum. “Inverted” electron transfer when λ < ΔG° which is
predicted to result in a decrease in rate of electron transfer. Note that
λ is constant across the series.

Figure 3. (A) Descriptive orbital overlap that leads to electronic
coupling, HDA, between a molecular donor and acceptor. Wave
function amplitudes decay exponentially, and when a molecular bridge
does not facilitate overlap, electronic coupling is weak, yet remains
nonzero (left). When bridge orbitals facilitate D−A overlap, electronic
coupling increases and overlap can be considerable. Mixing facilitated
by a molecular bridge begins to impact the free energy surfaces. (B)
When free energy surfaces are sufficiently impacted by HDA, electron
motion becomes coupled to the nuclear configuration. Thus, the rate
of electron transfer is influenced by inner-sphere (vibrational) and
outer-sphere (solvent rotational) motion.
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render fullerenes, in general, and C60, in particular, perfect
electron acceptors for highly efficient, long lasting charge
transfer processes.

The total reorganization energy is at the heart of the Marcus
theory on electron transfer reactions. In brief, the Marcus theory
treats the dependence of the electron transfer rate (kET) on the free
energy changes (!DG"ET) of the electron transfer reaction as a
parabola (Fig. 2).11–13 In the resulting Marcus parabola, three
regions are identified. First, in the normal region, where the
electron transfer is weakly exergonic, the theory predicts an
increase in the rate constant with increasing thermodynamic
driving force (!DG"ET o l). Second, at the top of the parabola,
the driving force matches the reorganization energy (!DG"ET # l).
In this activation-less region, the rate constant is at its maximum
and it is mostly governed by the magnitude of the electronic
coupling (V) element between the electron donor and acceptor.
Third, in the highly exergonic region, which starts upon going
beyond the maximum, the rate constant starts to decrease with
increasing driving force (!DG"ET 4 l). Responsible for this trend
is a poor vibrational overlap between the wave functions of the
product and the reactant. It is often referred to as the inverted
region.

Efficient and long lasting electron transfer processes require
forward electron transfer (FET)/charge separation (CS) kinetics
close to the top of the Marcus curve and back electron transfer
(BET)/charge recombination (CR) kinetics deep in the inverted
region. To this end, molecular building blocks with small
l-values power faster CS and slower CR than those with large
l-values. In line with the aforementioned, lv of C60 as small as
0.06 eV prompts to its full potential in electron donor–acceptor
systems.14,15

3. Interfacing fullerenes and
porphyrins in covalently linked
electron donor–acceptor conjugates
To optimize charge separation, charge transport, and charge
collection in, for example, organic photovoltaics (OPV) or

organic field effect transistors (OFET), requires a profound
understanding of the interfacial processes. Considering, how-
ever, the complexity of interfaces, simpler model systems are
needed. This is where electron donor–acceptor systems based
on electron donating metalloporphyrins and electron accepting
fullerenes as p- and n-type materials, respectively, emerged as a
great asset.

Covalently linking metalloporphyrins and fullerenes assists
in eliminating diffusion as the rate limiting step in electron
transfer processes. The first of such examples were reported by
Gust et al. and Imahori et al.16,17 employing either bicyclic and
amide linkers. A closer look at the charge-separated state
reveals a significant stabilization. The synthesis of a plethora
of metalloporphyrin- and fullerene-based electron donor–
acceptor conjugates followed in the next few years.

Another milestone within the context of exploring the full
potential of C60 was the work in 199618 and later on in 2002.19

To illustrate the impact, which the nature of the electron acceptor
has on electron transfer processes, the work focused on conjugates
of metalloporphyrins with either C60 or benzoquinone as electron
acceptor. Substantial differences in the reduction strength of C60

and benzoquinone hampered, however, conclusive interpretations.
A better match was realized when using naphthalenediimide and
comparing it to C60. Comparable reduction potentials of the
electron acceptors, electron donor–acceptor distances, and electro-
nic couplings all result in similar !DG"ET. As such, any notable
kinetic difference must correlate with the diverse reorganization
energies of the electron acceptors. In fact, a l value obtained for the
C60 conjugate of 0.59 eV is significantly smaller than the one for the
naphthalenediimide conjugate with 1.41 eV. As such, the latter
study has corroborated the superior properties of C60 as a
3-dimensional electron acceptor.

The efficiency of charge collection in OPVs is tied to a rapid
separation of charges and a slow recombination (vide infra).
Spatial separation of charges is, for example, a promising
means to suppress their recombination. Larger separation
correlates, however, with weaker electronic coupling and, in
turn, with a slower electron transfer – too slow in some cases to
compete with alternate deactivation pathways. On the basis of a
superexchange mechanism, long-range electron transfer pro-
cesses are limited to distances of about 20 Å.20 Research on
electron donor–acceptor interactions have documented that cas-
cades of short distance electron transfer steps along well designed
redox gradients are promising to circumvent the aforementioned
limitations.99 Leading examples are the combination of several
redox active building blocks: ferrocene (Fc), free base porphyrin
(H2P), zinc porphyrin (ZnP), and C60 in the form of linear-shaped
Fc–ZnP–H2P–C60 (1) and Fc–ZnP–ZnP–C60 (2) conjugates (Fig. 3).
Notably, the final electron donor and the primary electron accep-
tor, that is, Fc and C60 respectively, are separated by distances of
nearly 50 Å.21 By means of light harvesting by the two porphyrins
and energy transfer between them, a cascade of multistep electron
transfer, that is, charge separation and charge shift, is the
inception of reducing C60 and oxidizing Fc.

As a matter of fact, the lifetimes of the underlying charge-
separated state is as long as 0.38 s.21 Even longer lifetimes of up

Fig. 2 Marcus plot of log(kET) as a function of free energy changes for
electron transfer reactions.
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• Clarified the relationship between electron transfer rate, Gibbs free energy change, and 
reorganization energy, and predicted the inverted region.

[Selective photocatalytic synthesis of phenol]

• Selective catalytic reaction was achieved using 
Marcus theory.

• It can also be applied to other useful conversions.

Guldi et al. Chem. Soc. Rev. 2018, 47, 702.
Meyer et al. J. Chem. Educ. 2019, 96, 2450.
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[Previous report]

Fukuzumi et al. Angew. Chem. Int. Ed. 2011, 50, 8652.


