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Photooxygenation of 4,4′-dimethybiphenyl with oxygen occurs efficiently in the presence of 9-phenyl-10-
methylacridinium perchlorate (AcrPh+ClO4

-) under visible light irradiation in O2-saturated chloroform (CHCl3)
to yield 4-(4′-methylphenyl)benzaldehyde as a main oxygenated product. Prolonged photoirradiation afforded
the further oxygenated product, 4,4′-diformylbiphenyl. The reactive radical intermediates involved in the
photocatalytic cycle have successfully been detected by laser flash photolysis and electron spin resonance
(ESR) measurements. The photocatalytic mechanism for the oxygenation of 4,4′-dimethybiphenyl via
photoinduced electron transfer from 4,4′-dimethybiphenyl to the singlet excited state of AcrPh+ is clarified
based on the dependence of quantum yields on concentrations of substrates and the detected radical
intermediates.

Introduction

The selective oxygenation of substrates is one of the most
fundamental transformations in both laboratory and industrial
synthetic chemistry because the corresponding carbonyl com-
pounds serve as important and versatile intermediates for the
synthesis of fine chemicals as pharmaceutical drugs and
functional materials.1 As an oxidant, oxygen is an ideal reagent
because of its abundant ability and nontoxicity. The use of
oxygen as an oxidant enables us to avoid the use of stoichio-
metric amounts of inorganic oxidants such as permanganate and
dichromate.2-4 Among a variety of oxygenation reactions,
oxygenation of 4,4′-dimethylbiphenyl to yield 4-(4′-methylphe-
nyl)benzaldehyde and 4,4′-diformylbiphenyl is particularly
important because they are key chemical intermediates for
production of fluorescent organic nanoparticles,5 liquid crystals,6

and muscular nicotinic receptor antagonists.7 4-(4′-Methylphe-
nyl)benzaldehyde has so far been synthesized via bromination
reaction of 4,4′-dimethylbiphenyl withN-bromosuccinimide and
the subsequent formylation with hexamethylenetetramine.5 4,4′-
Diformylbiphenyl was also synthesized by bromination of 4,4′-
dimethylbiphenyl with hydrogen bromide and the subsequent
formylation with NaHCO3.8,9 Thus, it is highly desired to
develop one-step catalytic oxygenation of 4,4′-dimethylbiphenyl
with molecular oxygen.

We have previously reported that selective photoinduced
oxygenation of ring-substituted toluenes containing electron-
donating or -withdrawing substituents with molecular oxygen
is achieved by choosing appropriate photosensitizers that can
act as photocatalysts via photoinduced electron transfer from
ring-substituted toluenes to the excited state of sensitizers.10 The
judicious choice of photocatalysts and solvents is required
depending on substrates to be selectively oxygenated by
molecular oxygen.10 However, the photocatalytic selective
oxygenation of 4,4′-dimethylbiphenyl with molecular oxygen
has yet to be achieved. The key step of the photocatalytic

oxygenation reactions is the deprotonation of substrate radical
cations in relatively nonpolar solvents such as chloroform
(CHCl3) to produce deprotonated radicals that can readily react
with molecular oxygen.10 Although the deprotonation dynamics
of substituted toluenes has been examined in detail in an aqueous
solution,11,12the deprotonation dynamics in aprotic or nonpolar
solvents has yet to be reported.

We report herein the selective photocatalytic oxygenation
reaction of 4,4′-dimethylbiphenyl with molecular oxygen to
afford 4-(4′-methylphenyl)benzaldehyde and 4,4′-diformylbi-
phenyl using 9-phenyl-10-methylacridinium perchlorate (AcrPh+-
ClO4

-) as an appropriate photocatalylst in CHCl3, which was
found to be the best solvent. The deprotonation step in CHCl3

has successfully been monitored by laser flash photolysis
measurements. The radical intermediates involved in the pho-
tocatalytic oxygenation reaction have also been detected by
electron spin resonance (ESR) measurements under photoirra-
diation at low temperature. The quantum yield determination
combined with the direct detection of the radical intermediates
by laser flash photolysis and ESR measurements has enabled
us to clarify the detailed photocatalytic mechanism.

Experimental Section

Materials. 4,4′-Dimethylbiphenyl was purchased from Tokyo
Kasei Kogyo Co., Ltd. and was purified by successive chro-
matography on aluminum oxide (Merck, aluminum oxide 90
active neutral) with benzene as eluent.13 4,4′-Diformylbiphenyl
was supplied from Ihara Chemical Co. 4-(4′-Methylphenyl)-
benzaldehyde and chlorobenzene (C6H5Cl) were purchased from
Tokyo Kasei Kogyo Co., Ltd. Acetonitrile (CH3CN) and
chloroform (CHCl3) were purchased from Nacalai Tesque, Inc.
Acetic acid was purchased from Wako Pure Chemical Ind., Ltd.
9-Phenyl-10-methylacridinium perchlorate (AcrPh+ClO4

-) was
prepared by the reaction of 10-methylacridone with phenyl-
magnesium bromide in dichloromethane and then addition of
sodium hydroxide for the hydrolysis and perchloric acid for the
neutralization and purified by recrystallization from ethanol-
diethyl ether. Potassium ferrioxalate used as an actinometer was
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prepared according to the literature and purified by recrystal-
lization from hot water.14 Deuterated [2H3]acetonitrile (CD3-
CN, 99.8%) and deuterated [2H]chloroform (CDCl3, 99.8%)
were purchased from EURI SO-TOP, CEA, France and used
as received. 9,10-Dihydro-10-methylacridine (AcrH2) was pre-
pared from 10-methylacridinium iodide (AcrH+I-) by reduction
with NaBH4 in methanol and purified by recrystallization from
ethanol.15,164-(4′-Methylphenyl)benzyl alcohol was prepared by
the reaction of 4-(4′-methylphenyl)benzaldehyde with the Li-
AlH4 as follows. A solution of 4-(4′-methylphenyl)benzaldehyde
(0.5 g, 2.6× 10-3 mol) in absolute diethyl ether (1 cm3) was
added dropwise to a stirred solution of lithium aluminum hydride
(0.03 g, 8.0× 10-4 mol) in absolute diethyl ether (1 cm3) under
an argon atmosphere. After completion of the addition, the gray
reaction mixture was refluxed for 30 min and was cooled to
room temperature. It was then treated with diethyl ether (20
cm3) and water (20 cm3). The organic phase was separated,
washed with water, and dried over anhydrous magnesium
sulfated. Evaporation of the solvents in vacuo afforded a gray
solid residue which upon chromatographic purification on silica
gel with CHCl3 as eluent afforded 4-(4′-methylphenyl)benzyl
alcohol as a white powder (0.38 g, 75%).

Reaction Procedure.Typically, a CDCl3 solution (0.6 cm3)
containing AcrPh+ (4.0 × 10-3 M) and 4,4′-dimethylbiphenyl
(3.0 × 10-2 M) in an NMR tube sealed with a rubber septum
was saturated with oxygen by bubbling with oxygen through a
stainless steel needle for 5 min. The solution was then irradiated
with a mercury lamp through an acetophenone-methanol filter
transmittingλ > 300 nm at room temperature. The products of
the photooxidation of 4,4′-dimethylbiphenyl (3.0× 10-2 M)
with AcrPh+ (4.0 × 10-3 M) in O2-saturated CDCl3 (0.6 cm3)
were determined by1H NMR. The1H NMR measurements were
performed using a JEOL JMN-AL300 (300 MHz) NMR
spectrometer.1H NMR (300 MHz, CDCl3): 4-(4′-methylphe-
nyl)benzaldehyde:δ 2.40 (s, 3H), 7.29 (d, 2H,J ) 7.9 Hz),
7.55 (d, 2H,J ) 7.9 Hz), 7.74 (d, 2H,J ) 8.4 Hz), 7.94 (d,
2H, J ) 8.4 Hz), 10.00 (s, 1H); 4,4′-diformylbiphenyl: δ 7.66
(d, 4H, J ) 8.3 Hz), 8.15 (d, 4H,J ) 8.3 Hz), 10.09 (s, 2H);
4-(4′-methylphenyl)benzyl hydroperoxide:δ 2.40 (s, 3H), 4.64
(s, 2H), 7.24-8.00 (m, 8H); 4-(4′-methylphenyl)benzyl alco-
hol: δ 2.40 (s, 3H), 4.74 (s, 2H), 7.22-7.57 (m, 8H); 4-(4′-
formylphenyl)benzyl hydroperoxide:δ 2.40 (s, 3H), 4.66 (s,
2H), 7.27-8.23 (m, 8H), 10.12 (s, 1H); 4-(4′-formylphenyl)-
benzyl alcohol: δ 2.40 (s, 3H), 4.78 (s, 2H), 7.27-8.23 (m,
8H), 10.06 (s, 1H). The amount of the hydroperoxide was
determined by titration with iodide ion.17 The aliquots of the
product mixture in CH3CN was treated with excess NaI, and
the amount of I3- formed was determined by the UV-visible
absorption spectrum (λmax ) 361 nm,εmax ) 2.5 × 104 M-1

cm-1)18 using a Hewlett-Packard 8453 diode array spectropho-
tometer with a quartz cuvette (path length) 2 mm) at 298 K.

Determination of O2 Concentrations in CHCl3. A square
quartz cuvette (10 mm id) was filled with a deaerated CHCl3

solution (5.5 cm3) containing 10-methyl-9,10-dihydroacridine
(AcrH2, 3.0 × 10-2 M) and acetic acid (1.6× 10-3 M), and
then air-saturated CHCl3 (0.055 cm3) was added. When the
absorption band of AcrH2 (λ ) 285 nm) was irradiated with
monochromatized light using a Shimazu spectrofluorophotom-
eter (RF-5300PC), the absorption band due to AcrH+ (λ ) 361
nm, ε ) 1.8 × 104 M-1 cm-1) appeared, and the absorbance
reached a limiting value after prolonged photoirradiation. Since
AcrH2 is oxidized by an equivalent amount of oxygen to produce
AcrH+ in the presence of an acid under photoirradiation,19 the
concentration of oxygen in air-saturated CHCl3 was determined

as 8.0× 10-3 M from the limiting value of the absorbance and
the ε value of AcrH+ in CHCl3. The O2 concentration in the
O2-saturated CHCl3 was estimated as 5-fold of that in air-
saturated CHCl3.19

Quantum Yield Determination. A standard actinometer
(potassium ferrioxalate)14 was used for the quantum yield
determination of formation of 4-(4′-methylphenyl)benzaldehyde
by the AcrPh+-photosensitized oxygenation of 4,4′-dimethyl-
biphenyl with oxygen. A square quartz cuvette (10 mm id)
which contained a CHCl3, C6H5Cl, or CH3CN solution (3.0 cm3)
of AcrPh+ (3.7 × 10-4 M) and 4,4′-dimethylbiphenyl (1.0×
10-2-4.0× 10-2 M) was irradiated with monochromatized light
of λ ) 430 nm from a Shimadzu RF-5300PC fluorescence
spectrophotometer. Under the conditions of actinometry experi-
ments, both the actinometer and AcrPh+ absorbed essentially
all the incident light. The light intensity of monochromatized
light of λ ) 430 nm was determined as 1.61× 10-10 einstein
s-1 with the slit width of 20 nm. The photochemical reaction
was monitored using a Shimadzu UV-3100PC spectrophotom-
eter. The quantum yields of the oxygenation reactions were
determined from an increase in the yield of 4-(4′-methylphenyl)-
benzaldehyde (λ ) 300 nm,ε ) 21 000 M-1 cm-1). To avoid
the contribution of light absorption of the products, only the
initial rates were determined for determination of the quantum
yields.

Fluorescence Quenching.Quenching experiments of the
fluorescence of AcrPh+ by 4,4′-dimethylbiphenyl were per-
formed using a Shimadzu RF-5300PC fluorescence spectro-
photometer with the excitation wavelength (363 nm in CHCl3).
The monitoring wavelength was that corresponding to the
maximum of the emission band (508 nm in CHCl3).10 The
solutions were deoxygenated by argon purging for 10 min prior
to the measurements. Relative emission intensities were mea-
sured for solutions containing AcrPh+ (5.0× 10-6 M) and 4,4′-
dimethylbiphenyl (0-1.5 × 10-2 M) in CHCl3, C6H5Cl, and
CH3CN. There was no change in the shape, but there was a
change in the intensity of the fluorescence spectrum by the
addition of 4,4′-dimethylbiphenyl. The Stern-Volmer relation-
ship (eq 1) was obtained for the ratio of the emission intensities

in the absence and presence of electron donor (I0/I) and the
concentrations of quenchers [D]. The fluorescence lifetimesτ
of AcrPh+ in the various solvents were determined by using a
Photon Technology International GL-3300 with a Photon
Technology International GL-302, nitrogen laser/pumped dye
laser system (50 ps pulse duration), equipped with a four channel
digital delay/pulse generator (Stanford Research System Inc.
DG535) and a motor driver (Photon Technology International
MD-5020). All samples were excited at 430 nm with a repetition
rate of 10 Hz (pulse width 3-4 ns) using POPOP (Wako Pure
Chemical Ind. Ltd., Japan) as a dye in toluene, and the
fluorescence signal was analyzed after passing through a
monochromator set at the peak emission of the corresponding
sample. The observed quenching rate constantskq () KSVτ-1)
were obtained from the Stern-Volmer constantsKSV and the
fluorescence lifetimesτ.

Electrochemical Measurements.The second harmonic ac
voltammetry (SHACV)20 measurements of 4,4′-dimethylbiphe-
nyl were performed on a BAS 100B electrochemical analyzer
in deaerated CH3CN containing 0.10 M Bu4NClO4 as a
supporting electrolyte at 298 K. The platinum working electrode
(BAS) was polished with BAS polishing alumina suspension

I0/I ) 1 + KSV[D] (1)
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and rinsed with acetone before use. The counter electrode was
a platinum wire (BAS). The measured potentials were recorded
with respect to the Ag/AgNO3 (0.01 M) reference electrode.
TheEox andEred values (vs Ag/Ag+) are converted to those vs
SCE by adding 0.29 V.21

ESR Measurements.An O2-saturated dichloromethane (CH2-
Cl2) solution of AcrPh+ (4.0 × 10-3 M) and 4,4′-dimethylbi-
phenyl (1.0× 10-1 M) was irradiated at 198 K with a high-
pressure mercury lamp (USH-1005D) through a water filter
focusing at the sample cell in the ESR cavity. The ESR spectra
were taken on a JEOL JES-RE1XE and were recorded under
nonsaturating microwave power conditions. The magnitude of
the modulation was chosen to optimize the resolution and the
signal-to-noise ratio (S/N) of the observed spectra. Theg values
were calibrated using an Mn2+ marker.

Laser Flash Photolysis.Nanosecond laser flash photolysis
measurements of the AcrPh+-photosensitized reactions of 4,4′-
dimethylbiphenyl in the absence and presence of oxygen were
performed as follows. An O2-saturated or deaerated CHCl3

solution containing 4,4′-dimethylbiphenyl (1.0× 10-1 M) and
AcrPh+ (5.6 × 10-5 M) was excited by an Nd:YAG laser
(Continuum, SLII-10, 4-6 ns fwhm) atλ ) 355 nm with the
power of 30 mJ per pulse. Transient absorption spectra were
measured by using a continuous Xe-lamp (150 W) and an
InGaAs-PIN photodiode (Hamamatsu 2949) as a probe light
and a detector, respectively. The output from the photodiodes
and a photomultiplier tube was recorded with a digitizing
oscilloscope (Tektronix, TDS3032, 300 MHz). Femtosecond
laser flash photolysis was conducted using a Clark-MXR 2010
laser system and an optical detection system provided by
Ultrafast Systems (Helios). The source for the pump and probe
pulses were derived from the fundamental output of Clark laser
system (775 nm, 1 mJ/pulse and fwhm) 150 fs) at a repetition
rate of 1 kHz. A second harmonic generator introduced in the
path of the laser beam provided 387 nm laser pulses for
excitation. 95% of the fundamental output of the laser (775 nm)
was used to generate the second harmonic, while 5% of the
deflected output was used for white light generation. Prior to
generating the probe continuum, the laser pulse was fed to a
delay line that provided an experimental time window of 1.6
ns with a maximum step resolution of 7 fs. The pump beam
was attenuated at 5µJ/pulse with a spot size of 2 mm diameter
at the sample cell where it was merged with the white probe
pulse in a close angle (<10°). The probe beam after passing
through the 2 mm sample cell was focused on a 200µm fiber
optic cable which was connected to a CCD spectrograph (Ocean
Optics, S2000-UV-vis) for recording the time-resolved spectra
(425-800 nm). Typically, 5000 excitation pulses were averaged
to obtain the transient spectrum at a set delay time. Kinetic traces
at appropriate wavelengths were assembled from the time-
resolved spectral data. All measurements were performed using
fresh solutions in each laser excitation at 298 K.

Results and Discussions

Photocatalytic Oxygenation of Dimethylbiphenyl with
Oxygen.First, the photocatalytic reactivity of some photosen-
sitizers [1,4-dicyanobenzene, 2,3,5,6-tetrafluoro-1,4-dicyanoben-
zene, and 9-phenylacridinium ion (AcrPh+)] was examined for
the photocatalytic oxygenation of 4,4′-dimethylbiphenyl to 4-(4′-
methylphenyl)benzaldehyde in various solvents (eq 2).22 Among
the photosensitizers

AcrPh+ was the most effective photocatalyst in CDCl3 (see the
Supporting Information Figure S1 for the photocatalytic reactiv-
ity of the other photosensitizers).23 The time course is shown
in Figure 1, where the product yields were determined by1H
NMR (see the Experimental Section).24 4-(4′-Methylphenyl)-
benzaldehyde is initially formed together with the small amounts
of 4-(4′-methylphenyl)benzyl hydroperoxide and 4-(4′-meth-
ylphenyl)benzyl alcohol, accompanied by the disappearance of
4,4′-dimethylbiphenyl. The yield of 4-(4′-methylphenyl)benzyl
hydroperoxide at 1 h photoirradiation was also determined as
4% by the iodometric titration (see the Experimental Section).
The hydroperoxide disappeared after a prolonged irradiation
time. This suggests that the hydroperoxide is an intermediate
for the formation of 4-(4′-methylphenyl)benzaldehyde. It was
confirmed that no corresponding carboxylic acid was formed
during the photocatalytic reaction.25

The photocatalytic oxidation of 4-(4′-methylphenyl)benzyl
alcohol to 4-(4′-methylphenyl)benzaldehyde with oxygen was
independently examined, and it was found that the AcrPh+-
photocatalyzed oxidation of the alcohol proceeds more ef-
ficiently as compared with the photocatalytic oxygenation of
4,4′-dimethylbiphenyl (see the Supporting Information Figure
S2).26

The monoaldehyde is further oxygenated to yield 4,4′-
diformylbiphenyl after prolonged photoirradiation (Figure 1).
After the photoirradiation for 4.0 h, the maximum yield of 4-(4′-
methylphenyl)benzaldehyde is obtained (74%). Thus, AcrPh+

acts as an efficient photocatalyst for the photoinduced oxygen-
ation of 4,4′-dimethylbiphenyl with oxygen.

The AcrPh+-photocatalytic oxygenation was also examined
by using 4-(4′-methylphenyl)benzaldehyde as the starting mate-
rial as shown in Figure 2, where 4-(4′-methylphenyl)benzalde-
hyde is further oxygenated with oxygen to yield 4,4′-
diformylbiphenyl as the main oxygenated product.24

Photoinduced Electron Transfer from 4,4′-Dimethylbi-
phenyl to 1AcrPh+*. Irradiation of the absorption band of
AcrPh+ results in fluorescence at 508 nm in CHCl3.10 The
fluorescence of the singlet excited state of AcrPh+ (1AcrPh+*)
is known to be quenched efficiently by a variety of aromatic
electron donors via electron transfer from aromatic electron
donors to1AcrPh+*.10 The quenching rate constantskq were

Figure 1. Time profiles of the disappearance of the reactant [4,4′-
dimethylbiphenyl (O)] and formation of the products, 4-(4′-methlphe-
nyl)benzaldehyde (0), 4,4′-diformylbiphenyl (2), 4-(4′-methlphenyl)-
benzyl alcohol (×), and 4-(4′-methlphenyl)benzyl hydroperoxide (b),
in the photocatalytic oxygenation of 4,4′-dimethylbiphenyl (3.0× 10-2

M) in the presence of AcrPh+ (4.0 × 10-3 M) in O2-saturated CHCl3

at 298 K. The amounts of the reactant and products are given as % in
reference to the initial amount of 4,4′-dimethylbiphenyl.
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determined from the slopes of the Stern-Volmer plots and the
lifetime of the singlet excited state,1AcrPh+* in different
solvents (see the Supporting Information Figure S3). Thekq

values thus obtained are summarized in Table 1.
The free energy change of photoinduced electron transfer

from 4,4′-dimethylbiphenyl to1AcrPh+* (∆Get in eV) is given
by eq 3

wheree is the elementary charge andEox andEred
* are the one-

electron oxidation potential of 4,4′-dimethylbiphenyl (1.57 V
vs SCE in CHCl3) and the one-electron reduction potential of
1AcrPh+* (2.19 V vs SCE in CHCl3), respectively. Since the
Eox values of 4,4′-dimethylbiphenyl andEred

* values of Acr-
Ph+* in several solvents have been determined, the∆Get values
are given from eq 3, as listed in Table 2. Judging from the
exergonic nature of the photoinduced electron transfer (∆Get

, 0), the photoinduced electron transfer is expected to occur
at the diffusion-limited rate,27,28 and this is well verified
experimentally (Table 1).

Detection of Radical Intermediates. The occurrence of
photoinduced electron transfer from 4,4′-dimethylbiphenyl to
1AcrPh+* is confirmed by the laser flash photolysis experiments.
Laser flash excitation (355 nm from an Nd:YAG laser) of an
O2-saturated CHCl3 solution containing AcrPh+ (5.6 × 10-5

M) and 4,4′-dimethylbiphenyl (1.0× 10-1 M) affords a new
transient absorption band atλmax ) 690 nm due to the radical
cation of 4,4′-dimethylbiphenyl29-31 and that atλmax ) 520 nm
due to AcrPh•,32 as shown in Figure 3a. Both absorption bands
appear immediately after the nanosecond laser exposure.

Figure 4a shows the disappearance of absorbance at 690 nm
in deaerated and O2-saturated CHCl3. The absorption band due
to the radical cation of 4,4′-dimethylbiphenyl decays obeying
first-order kinetics with the identical slope in the deaerated and
O2-saturated solution (Figure 4b), although the deviation from
the linear plot is observed at the initial stage of the reaction
due to the bimolecular back electron transfer from AcrPh• to
the radical cation.33 Since benzyl radical is known to react with
oxygen to give benzylperoxyl radical with the rate constant of
(2-4) × 109 M-1 s-1 in solution,34 the lifetime of the benzyl
radical in an O2-saturated CHCl3 solution ([O2] ) 4.0 × 10-2

M, see the Experimental Section) may be less than 0.1µs. In
such a case, the deprotonated benzyl type radical is not detected
under the present experimental conditions.35 From the linear
plot of ln(∆Abs at 690 nm) vs time in Figure 4b is obtained
the deprotonation rate constant as 1.0× 105 s-1. This value is
much smaller than the deprotonation rate constant of toluene
radical cation in an aqueous solution (1.0× 107 s-1).12a The
deprotonation rate constant is known to decrease with decreasing
the ionization potential of the parent methylated benzene.12,

Thus, the slower deprotonation rate from the radical cation of
4,4′-dimethylbiphenyl results from the lower one-electron oxida-
tion potential than toluene.10

Laser flash excitation of AcrPh+ in deaerated CHCl3 solution
containing 4,4′-dimethylbiphenyl affords virtually the same
transient absorption bands (Figure 3b) as in the presence of
oxygen (Figure 3a).

To detect the peroxyl radical produced by the reaction of the
deprotonated benzyl type radical with oxygen, the ESR spectrum
of an O2-saturated CH2Cl2 solution containing AcrPh+ (4.0 ×
10-3 M) and 4,4′-dimethylbiphenyl (1.0× 10-1 M) was
measured under photoirradiation with a high-pressure mercury
lamp at low temperature (see the Experimental Section). Figure
5 shows the detected ESR spectrum, which consists of two
isotropic signals atg ) 2.0153 and 2.0034. The former signal
is readily assigned to 4-(4′-methylphenyl)benzylperoxyl radical
because theg value is diagnostic of peroxyl radicals.36,37 The
latter signal is assigned to AcrPh• by comparison with the
reported ESR spectrum.10

Photocatalytic Oxygenation Mechanism.Based on the
above results, the reaction mechanism for the AcrPh+-photo-
sensitized oxygenation of 4,4′-dimethylbiphenyl is summarized
as shown in Scheme 1. Photoinduced electron transfer from 4,4′-
dimethylbiphenyl (RH) to1AcrPh+* occurs to produce the
radical pair (AcrPh• RH•+) as indicated by the efficient
fluorescence quenching (Table 1). The geminate radical pair
diffuses from the solvent cage to produce free radicals, AcrPh•

and RH•+, which were successfully detected as the transient
absorption spectra in Figure 3. The deprotonation dynamics from
RH•+ was directly monitored by the decay of absorbance at 690
nm due to RH•+ (Figure 4). The bimolecular back electron

Figure 2. Time profiles of the disappearance of the reactant [4-(4′-
methlphenyl)-benzaldehyde (0)] and formation of the products, 4,4′-
diformylbiphenyl (2) and 4-(4′-formylphenyl)benzyl alcohol (×), and
4-(4′-formylphenyl)benzyl hydroperoxide (b), in the photocatalytic
oxygenation of 4-(4′-methlphenyl)benzaldehyde (3.0× 10-2 M) in the
presence of AcrPh+ (4.0 × 10-3 M) in O2-saturated CHCl3 at 298 K.
The amounts of the reactant and products are given as % in reference
to the initial amount of 4-(4′-methlphenyl)benzaldehyde.

TABLE 1: Fluorescence Lifetimes (τ) of ArcPh+,
Fluorescence Quenching Rate Constants (kq) of AcrPh+ by
4,4′-Dimethylbiphenyl, One-Electron Reduction
Potentials (Ered) of AcrPh+, and One-Electron Reduction
Potentials(Ered

/ ) of 1AcrPh+* in Various Solvents

solvent τ, ns kq, M-1 s-1
Ered vs SCE,

V
Ered
/ vs SCE,

V

chloroform 2.6 1.1× 1010 -0.47 2.19
chlorobenzene 4.6 8.9× 109 -0.45 2.20
dichloromethane 2.2 2.1× 1010 -0.49 2.17
tetrahydrofuran 1.6 1.7× 1010 -0.50 2.18
acetonitrile 1.4 2.2× 1010 -0.55 2.15

TABLE 2: One-Electron Oxidation Potentials (Eox) of
4,4′-Dimethylbiphenyl, Free Energy Change (∆Get) of
Electron Transfer from 4,4′-Dimethylbiphenyl to 1AcrPh+*,
and Limiting Quantum Yields ( Φ∞) of the Photocatalytic
Oxygenation of 4,4′-Dimethylbiphenyl with Oxygen in
Different Solvents

solvent Eox vs SCE, V ∆Get, eV Φ∞

chloroform 1.57 -0.62 0.12
chlorobenzene 1.56 -0.64 0.051
acetonitrile 1.54 -0.61 <0.01a

a Too small to be determined accurately.

∆Get ) e(Eox - Ered
* ) (3)
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transfer from AcrPh• to RH•+ (Scheme 1) also contributes to
the decay of absorbance at 690 nm (Figure 4b). In the presence
of oxygen, the deprotonated radical (R•) reacts with oxygen to
produce the corresponding peroxyl radical, which is detected
by ESR together with AcrPh• in Figure 5. The bimolecular back
electron transfer from AcrPh• (Ered ) -0.47 V vs SCE in
CHCl3)32 to the peroxyl radical is exergonic,38 thus occurring
with the diffusion-limited rate to produce ROOH after proto-
nation, accompanied by regeneration of AcrPh+ (Scheme 1).
This is confirmed by the second-order plot of the decay of the
absorbance at 520 nm due to AcrPh• in Figure 6. The second-
order rate constant of back electron transfer is determined as
1.3 × 109 M-1 s-1 in CHCl3 at 298 K.

The hydroperoxide decomposes to afford the corresponding
aldehyde [4-(4′-methylphenyl)benzaldehyde] together with the
corresponding alcohol [4-(4′-methylphenyl)benzyl alcohol] via

radical chain decomposition of the hydroperoxide: the bimo-
lecular reaction of RO2• gives two equiv of RO• which abstracts
hydrogen from ROOH to produce ROH, accompanied by
regeneration of RO2• (Scheme 1). The alcohol is further oxidized
via photoinduced electron transfer from the alcohol to1AcrPh+*
as reported for the photocatalytic oxidation of benzyl alcohol
with AcrH+ (see the Supporting Information Figure S2).26,39

The photocatalytic cycle is repeated by starting with 4-(4′-
methylphenyl)benzaldehyde instead of 4,4′-dimethylbiphenyl to
yield 4,4′-diformylbiphenyl (Figure 2). Since the one-electron
oxidation potential of the oxygenated product, 4-(4′-methylphe-
nyl)benzaldehyde (1.76 V, vs SCE in CHCl3), is still less

Figure 3. Transient absorption spectra observed by photoexcitation of (a) a deaerated and (b) an O2-saturated CHCl3 solution of AcrPh+ (5.6 ×
10-5 M) and 4,4′-dimethylbiphenyl (1.0× 10-1 M) at 0.4 µs (O), 4.0 µs (0), and 10µs (4) after laser excitation.

Figure 4. (a) Time dependence of absorbance at 690 nm observed by photoexcitation of a deaerated (O) and an O2-saturated (0) CHCl3 solution
of AcrPh+ (5.6 × 10-5 M) and 4,4′-dimethylbiphenyl (1.0× 10-1 M) at 298 K. (b) First-order plot.

Figure 5. ESR spectrum observed under photoirradiation of an O2-
saturated dichloromethane solution of AcrPh+ (4.0× 10-3 M) contain-
ing 4,4′-dimethylbiphenyl (1.0× 10-1 M) at 198 K. Asterisk denotes
Mn2+ marker.

SCHEME 1
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positive than the one-electron reduction potential of1AcrH+*
(2.19 V vs SCE in CHCl3, see Table 1), the further oxidation
of 4-(4′-methylphenyl)benzaldehyde still occurs efficiently via
photoinduced electron transfer from 4-(4′-methylphenyl)ben-
zaldehyde to1AcrPh+*.

Quantum Yields of the Photocatalytic Oxygenation Reac-
tion. The quantum yields (Φp) of the AcrPh+-catalyzed pho-
tooxygenation of 4,4′-dimethylbiphenyl with oxygen in O2-
saturated CHCl3 were determined from the formation rate of
4-(4′-dimethylbiphenyl)benzaldehyde under irradiation of mono-
chromatized light ofλ ) 430 nm (see the Experimental Section).
The Φp values increase with an increase in concentration of
4,4′-dimethylbiphenyl [RH] to reach a limiting value (Φp )
0.12) as shown in Figure 7.

According to Scheme 1, the photocatalytic reaction proceeds
via photoinduced electron transfer from RH to1AcrPh+* to
produce RH•+ and AcrPh•, when the dependence ofΦp on [RH]
is given by eq 4, and the limiting quantum yield (Φ∞) is
determined by the competition between the radical pair separa-
tion from the cage (ksep) and the back electron transfer (kbet)
process as given by eq 5. The observed saturated

dependence ofΦp on [RH] is well reproduced by eq 4 using

the kqτ value obtained from the fluorescence quenching of1-
AcrPh+* by 4,4′-dimethylbiphenyl, as indicated by the solid
line in Figure 7. This indicates that the photooxygenation of
4,4′-dimethylbiphenyl proceeds via the rate-limiting photoin-
duced electron transfer from 4,4′-dimethylbiphenyl to1AcrPh+*
and that no autoxidation process is involved in the photocatalytic
oxygenation reaction.40,41

TheΦ∞ values were determined in different solvents as listed
in Table 2. TheΦ∞ values are highly sensitive to the solvent
polarity. The reason for such significant solvent effects is
discussed below.

The Crucial Effects of Solvent. Photoinduced-electron-
transfer reactions are normally performed in polar solvents
(usually CH3CN) because the solvation of the primary geminate
radical-ion pairs facilitates the separation into free radical ions
in solution.28 However, theΦ∞ value of the AcrPh+-sensitized
oxygenation reaction of 4,4′-dimethylbiphenyl decreases re-
markably with increasing the solvent polarity:Φ∞ ) 0.12
(CHCl3), 0.05 (C6H5Cl), and 0 (CH3CN) in Table 2.

According to eq 5, the large difference in theΦ∞ value
depending on the solvent polarity is determined mainly by the
variation of thekbet value of back electron transfer from AcrPh•

to RH•+ within the solvent cage, since theksep value of the
separation of the geminate radical pair may be rather solvent
independent.29,32 The absorbance at 690 nm due to RH•+

detected immediately after nanosecond laser flash excitation
(355 nm from an Nd:YAG laser) is compared in different
solvents as shown in Figure 8. The detected concentration of
RH•+ in different solvents decreases in the order CHCl3 > C6H5-
Cl . CH3CN, in agreement with the order of theΦ∞ value in
Table 2. Although the transient absorption band at 690 nm due
to RH•+ is hardly detected in CH3CN in the nanosecond laser
flash photolysis measurements, it is clearly observed at 30 ps
after the femtosecond laser excitation in CH3CN as well as in
CHCl3 and C6H5Cl as shown in Figure 9a.42 The absorbance at
690 nm due to RH•+ in CH3CN decays rapidly due to the back
electron transfer in the solvent cage as compared to the decay
in CHCl3 and C6H5Cl (Figure 9b).

Such drastic change in the back electron-transfer rate in the
solvent cage depending on the solvent polarity is explained by
the difference in the solvent reorganization energy of electron
transfer (vide infra).

It has now been well established that the reorganization
energy (λ) of electron transfer of charge-shift type of electron-

Figure 6. Decay time profile of absorbance at 520 nm observed by
the photoexcitation of an O2-saturated CHCl3 solution of AcrPh+ (5.6
× 10-5 M) and 4,4′-dimethylbiphenyl (0.10 M) at 298 K. Inset: Second-
order plot.

Figure 7. Dependence of the quantum yield (Φp) on concentration of
4,4′-dimethylbiphenyl [RH] for the AcrPh+-catalyzed photooxygenation
of 4,4′-dimethylbiphenyl in O2-saturated CHCl3 at 298 K.

Φp ) Φ∞ketτ[RH]/(1 + ketτ[RH]) (4)

Φ∞ ) ksep/(ksep+ kbet) (5)

Figure 8. Decay time profiles of absorbance at 690 nm observed by
photoexcitation of an O2-saturated CHCl3 (2), C6H5Cl (4), and CH3CN
(O) solution of AcrPh+ (5.6× 10-5 M) and 4,4′-dimethylbiphenyl (1.0
× 10-1 M) at 298 K.
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transfer such as from AcrPh• to RH•+ decreases with decreasing
the solvent polality.29,32On the other hand, the driving force of
the charge-shift type of electron transfer is rather solvent
independent.32 In such a case, the rate of electron transfer from
AcrPh• to RH+, which is deeply in the Marcus inverted
region,43,44 decreases with decreasing the solvent polarity,
because the rate of electron transfer decreases with decreasing
the reorganization energy of electron transfer in the Marcus
inverted region.32 Thus, the decrease in the back electron-transfer
rate with decreasing the reorganization energy as the solvent
polarity decreases results in the higher quantum yield of the
formation of RH•+ and AcrPh• in competition of the back
electron transfer in the geminate radical pair, leading to the
higher quantum yield of the oxygenated products.

Summary

The use of AcrPh+ as a photocatalyst in CHCl3 has enabled
us to achieve highly selective photooxygenation of 4,4′-
dimethylbiphenyl to 4-(4′-methylphenyl)benzaldehyde with mo-
lecular oxygen as an oxidant via photoinduced electron transfer
from 4,4′-dimethylbiphenyl to1AcrPh+* in CHCl3. A further
oxygenated product, 4,4′-diformylbiphenyl, was also obtained
as a major product at prolonged irradiation time. The radical
intermediates involved in the photocatalytic cycle were suc-
cessfully detected as the transient absorption and the electron
spin resonance spectra measurements. The high quantum yields
of the oxygenated products in the AcrPh+-photocatalyzed
oxygenation of 4,4′-dimethylbiphenyl in CHCl3 results from the
slow back electron transfer from AcrPh• to the radical cation
of 4,4′-dimethylbiphenyl in the Marcus inverted region.
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