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Photooxygenation of 4'4limethybiphenyl with oxygen occurs efficiently in the presence of 9-phenyl-10-
methylacridinium perchlorate (AcrPEIO,~) under visible light irradiation in @saturated chloroform (CHg)I

to yield 4-(4-methylphenyl)benzaldehyde as a main oxygenated product. Prolonged photoirradiation afforded
the further oxygenated product, 4diformylbiphenyl. 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 'afiMethybiphenyl via
photoinduced electron transfer from 4dimethybiphenyl to the singlet excited state of ActR# clarified

based on the dependence of quantum vyields on concentrations of substrates and the detected radical
intermediates.

Introduction oxygenation reactions is the deprotonation of substrate radical
cations in relatively nonpolar solvents such as chloroform

The selective oxygenation of substrates is one of the most (CHCIg) to produce deprotonated radicals that can readily react

fundam_ental tra_msformatlons in both Iaborat(_)ry and industrial with molecular oxygeA? Although the deprotonation dynamics
synthetic chemistry because the corresponding carbonyl com-

ounds serve as important and versatile intermediates for theof substituted toluenes has been examined in detail in an aqueous
P . - porta . solution!2the deprotonation dynamics in aprotic or nonpolar
synthesis of fine chemicals as pharmaceutical drugs and

functional materiald.As an oxidant, oxygen is an ideal reagent solvents has yet to be reported.
because of its abundant ability and nontoxicity. The use of We report herein the selective photocatalytic oxygenation

oxygen as an oxidant enables us to avoid the use of stoichio-reac’[ion of 4,%dimethylbiphenyl with molecular oxygen to
. ) S fford 4-(4-methylphenyl)benzaldehyde and ‘4giformylbi-
metric amounts of inorganic oxidants such as permanganate an : o
dichromate—4 Amon ga variety of ox enrftion regctions henyl using 9-phenyl-10-methylacridinium perchlorate (A¢rPh
S e 9 ety Y9 '’ ClO47) as an appropriate photocatalylst in CHGVhich was
ox?/%enatch); (r)]f 3,4d|mgthylglphen31Ltor3]/|eldl 4-(’4methyl|c|)hei- found to be the best solvent. The deprotonation step in @HCI
nyl)benzaldehyde and 4;diformylbiphenyl is particular " .
inxgortant bec)éuse they are kez cﬁemizal intgrmediateé forhaS successfully been monitored by laser flash photolysis
X X N measurements. The radical intermediates involved in the pho-
roduction of fluorescent organic nanopartididiguid crystals® : . .
gnd muscular nicotinic recgptor antag%n?s&(ZgMetLyylphe- tocatalytic oxygenation reaction have also been detected by
X - . . electron spin resonance (ESR) measurements under photoirra-
nyl)benzaldehyde has so far been synthesized via bromination . ~ ; N
reya)ction of4 Zl-élimethylbiphenyl WitH\l)-/bromosuccinimide and d|at|o_n at lO\.N temperature. Thg guantum ylgld Qeterm|nqt|on
the subsequ;ant formylation with hexamethylenetetrafihd- combined with the direct detection of the radical intermediates
Diformylbiphenyl was also synthesized by bromination of 4,4 SZ {gS;;::%S?hgTégﬁzg ;Qgtoii;&ia;lgfg ?]?Strsnhas enabled
dimethylbiphenyl with hydrogen bromide and the subsequent '
formylation with NaHCQ.8° Thus, it is highly desired to
develop one-step catalytic oxygenation of 4j#nethylbiphenyl _ _ )
with molecular oxygen. Materials. 4,4-Dimethylbiphenyl was purchased from Tokyo
We have previously reported that selective photoinduced Kasei Kogyo Co., Ltd. and was purified by successive chro-
oxygenation of ring-substituted toluenes containing electron- Matography on aluminum oxide (Merclf, aluminum oxide 90
donating or -withdrawing substituents with molecular oxygen active neutral) with benzene as eluéht, 4-Diformylbiphenyl
is achieved by choosing appropriate photosensitizers that canas supplied from Ihara Chemical Co. 4-(4ethylphenyl)-
act as photocatalysts via photoinduced electron transfer fromPenzaldehyde and chlorobenzengHgCI) were purchased from
ring-substituted toluenes to the excited state of sensiti?ditse Tokyo Kasei Kogyo Co., Ltd. Acetonitrile (CG4N) and
judicious choice of photocatalysts and solvents is required chloroform (CHC4) were purchased from Nacalai Tesque, Inc.
depending on substrates to be selectively oxygenated byACetic acid was purcha.sefd. from Wako Pure Chemical Ind., Ltd.
molecular oxyged® However, the photocatalytic selective ~9-Phenyl-10-methylacridinium perchlorate (Acri@i0,”) was
oxygenation of 4 4dimethylbiphenyl with molecular oxygen ~ Prepared by the reaction of 10-methylacridone with phenyl-
has yet to be achieved. The key step of the photocatalytic Magnesium bromide in dichloromethane and then addition of
sodium hydroxide for the hydrolysis and perchloric acid for the

* To whom correspondence should be addressed. E-mail: fukuzumi@ Neutralization and purified by recrystallization from ethanol-
chem.eng.osaka-u.ac.jp. 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 watet* Deuterated JHsz]acetonitrile (CQ-
CN, 99.8%) and deuteratedH]chloroform (CDC}, 99.8%)
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as 8.0x 1073 M from the limiting value of the absorbance and
the € value of AcrH" in CHCls. The G concentration in the
O,-saturated CHGlwas estimated as 5-fold of that in air-

were purchased from EURI SO-TOP, CEA, France and used saturated CHGI*®

as received. 9,10-Dihydro-10-methylacridine (AgrMas pre-
pared from 10-methylacridinium iodide (Act™) by reduction
with NaBH, in methanol and purified by recrystallization from
ethanolt>164-(4-Methylphenyl)benzyl alcohol was prepared by
the reaction of 4-(4methylphenyl)benzaldehyde with the Li-
AlH 4 as follows. A solution of 4-(4methylphenyl)benzaldehyde
(0.5 g, 2.6x 103 mol) in absolute diethyl ether (1 dnwas
added dropwise to a stirred solution of lithium aluminum hydride
(0.08 g, 8.0x 10~*mol) in absolute diethyl ether (1 Gnunder

Quantum Yield Determination. A standard actinometer
(potassium ferrioxalaté) was used for the quantum yield
determination of formation of 4-(4nethylphenyl)benzaldehyde
by the AcrPH-photosensitized oxygenation of 4dimethyl-
biphenyl with oxygen. A square quartz cuvette (10 mm id)
which contained a CHG, CgHsCl, or CH,CN solution (3.0 crf)
of AcrPht (3.7 x 1074 M) and 4,4-dimethylbiphenyl (1.0x
1072-4.0 x 1072 M) was irradiated with monochromatized light
of 1 = 430 nm from a Shimadzu RF-5300PC fluorescence

an argon atmosphere. After completion of the addition, the gray spectrophotometer. Under the conditions of actinometry experi-

reaction mixture was refluxed for 30 min and was cooled to
room temperature. It was then treated with diethyl ether (20
cm?®) and water (20 cf). The organic phase was separated,

ments, both the actinometer and ActPabsorbed essentially
all the incident light. The light intensity of monochromatized
light of 2 = 430 nm was determined as 1.61101° einstein

washed with water, and dried over anhydrous magnesium s™! with the slit width of 20 nm. The photochemical reaction

sulfated. Evaporation of the solvents in vacuo afforded a gray
solid residue which upon chromatographic purification on silica
gel with CHCE as eluent afforded 4-(4nethylphenyl)benzyl
alcohol as a white powder (0.38 g, 75%).

Reaction Procedure.Typically, a CDC} solution (0.6 crf)
containing AcrPH (4.0 x 10-3 M) and 4,4-dimethylbiphenyl
(3.0 x 1072 M) in an NMR tube sealed with a rubber septum
was saturated with oxygen by bubbling with oxygen through a

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+fdethylphenyl)-
benzaldehydeA(= 300 nm,e = 21 000 Mt 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 QuenchingQuenching experiments of the

stainless steel needle for 5 min. The solution was then irradiatedfluorescence of AcrPh by 4,4-dimethylbiphenyl were per-

with a mercury lamp through an acetophenengethanol filter
transmittingZ > 300 nm at room temperature. The products of
the photooxidation of 4;4dimethylbiphenyl (3.0x 1072 M)
with AcrPht (4.0 x 1072 M) in Oz-saturated CDGI(0.6 cn)
were determined b{H NMR. ThelH NMR measurements were
performed using a JEOL JMN-AL300 (300 MHz) NMR
spectrometertH NMR (300 MHz, CDC}): 4-(4-methylphe-
nyl)benzaldehyde:é 2.40 (s, 3H), 7.29 (d, 2H]) = 7.9 Hz),
7.55 (d, 2H,J = 7.9 Hz), 7.74 (d, 2H,) = 8.4 Hz), 7.94 (d,
2H,J = 8.4 Hz), 10.00 (s, 1H); 4,4diformylbiphenyl: 6 7.66

(d, 4H,J = 8.3 Hz), 8.15 (d, 4HJ = 8.3 Hz), 10.09 (s, 2H);
4-(4-methylphenyl)benzyl hydroperoxide 2.40 (s, 3H), 4.64
(s, 2H), 7.24-8.00 (m, 8H); 4-(4methylphenyl)benzyl alco-
hol: 6 2.40 (s, 3H), 4.74 (s, 2H), 7.2Z.57 (m, 8H); 4-(&
formylphenyl)benzyl hydroperoxided 2.40 (s, 3H), 4.66 (s,
2H), 7.27-8.23 (m, 8H), 10.12 (s, 1H); 4-(dormylphenyl)-
benzyl alcohol: 6 2.40 (s, 3H), 4.78 (s, 2H), 7.28.23 (m,
8H), 10.06 (s, 1H). The amount of the hydroperoxide was
determined by titration with iodide ioH. The aliquots of the
product mixture in CHCN was treated with excess Nal, and
the amount of 4~ formed was determined by the W\Wisible
absorption spectrumlfax = 361 NM,emax = 2.5 x 10* M1
cm~1)18 using a Hewlett-Packard 8453 diode array spectropho-
tometer with a quartz cuvette (path length2 mm) at 298 K.

Determination of O, Concentrations in CHCIlz. A square
quartz cuvette (10 mm id) was filled with a deaerated GHCI
solution (5.5 crd) containing 10-methyl-9,10-dihydroacridine
(AcrHz, 3.0 x 1072 M) and acetic acid (1.6< 103 M), and
then air-saturated CHEI(0.055 cni) was added. When the
absorption band of Acri(4 = 285 nm) was irradiated with
monochromatized light using a Shimazu spectrofluorophotom-
eter (RF-5300PC), the absorption band due to ActH= 361
nm, e = 1.8 x 10* M~1 cm™1) appeared, and the absorbance
reached a limiting value after prolonged photoirradiation. Since
AcrH; is oxidized by an equivalent amount of oxygen to produce
AcrH™ in the presence of an acid under photoirradiatibthe
concentration of oxygen in air-saturated Chl®@hs determined

formed using a Shimadzu RF-5300PC fluorescence spectro-
photometer with the excitation wavelength (363 nm in C§ICI
The monitoring wavelength was that corresponding to the
maximum of the emission band (508 nm in CHGP The
solutions were deoxygenated by argon purging for 10 min prior
to the measurements. Relative emission intensities were mea-
sured for solutions containing AcrPl5.0 x 10°6 M) and 4,4-
dimethylbiphenyl (6-1.5 x 1072 M) in CHCl;, CsHsCl, 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 SternVolmer relation-
ship (eq 1) was obtained for the ratio of the emission intensities
/1 =1+ Kg,[D] Q)

in the absence and presence of electron dohgh) @nd the
concentrations of quenchers [D]. The fluorescence lifetimes
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-34 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 constants Ksyz 1)
were obtained from the SterfVolmer constant¥Ksy and the
fluorescence lifetimes.

Electrochemical MeasurementsThe second harmonic ac
voltammetry (SHACV3® measurements of 4 4imethylbiphe-
nyl were performed on a BAS 100B electrochemical analyzer
in deaerated CECN containing 0.10 M BgNCIO, as a
supporting electrolyte at 298 K. The platinum working electrode
(BAS) was polished with BAS polishing alumina suspension
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and rinsed with acetone before use. The counter electrode was 1004
a platinum wire (BAS). The measured potentials were recorded
with respect to the Ag/AgN®(0.01 M) reference electrode.
The Eox andE;eq values (vs Ag/Ad) are converted to those vs
SCE by adding 0.29 !

ESR MeasurementsAn Oy-saturated dichloromethane (gH
Cly) solution of AcrPH (4.0 x 1072 M) and 4,4-dimethylbi-
phenyl (1.0x 10! 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 ratioyN) of the observed spectra. Thevalues 0 &
were calibrated using an Mh marker. 0 2 4 6

Laser Flash Photolysis.Nanosecond laser flash photolysis Time, h
measurements of the AcrPiphotosensitized reactions of 4,4 ~ Figure 1. Time profiles of the disappearance of the reactant'{4,4
dimethylbipheny! in the absence and presence of oxygen Weredmethylblphenyl ©)] and formation of the products, 4-¢tethlphe-

nyl)benzaldehyde), 4,4-diformylbiphenyl @), 4-(4-methlphenyl)-
performed as follows. An ©saturated or deaerated CHCI sy ajcohol &), and 4-(4methiphenybenzyl hydroperoxid®),

solution containing 4,4dimethylbiphenyl (1.0< 10! M) and in the photocatalytic oxygenation of 4-dimethylbiphenyl (3.0« 1072
AcrPht (5.6 x 107° M) was excited by an Nd:YAG laser M) in the presence of AcrPh(4.0 x 10°3 M) in O,-saturated CHGI
(Continuum, SLII-10, 46 ns fwhm) ati = 355 nm with the at 298 K. The amounts of the reactant and products are given as % in
power of 30 mJ per pulse. Transient absorption spectra werereference to the initial amount of 4;:dimethylbiphenyl.

measured by using a continuous Xe-lamp (150 W) and an

InGaAs-PIN photodiode (Hamamatsu 2949) as a probe light AcrPh™ was the most effective photocatalyst in CRee the
and a detector, respectively. The output from the photodiodes Supporting Information Figure S1 for the photocatalytic reactiv-
and a photomultiplier tube was recorded with a digitizing ity of the other photosensitizer3) The time course is shown
oscilloscope (Tektronix, TDS3032, 300 MHz). Femtosecond in Figure 1, where the product yields were determinedy
laser flash photolysis was conducted using a Clark-MXR 2010 NMR (see the Experimental Sectioi)4-(4-Methylphenyl)-
laser system and an opticai detection system provided by benzaldehyde is Inltla”y formed together with the small amounts
Ultrafast SystemsHelios). The source for the pump and probe  Of 4-(4-methylphenyl)benzyl hydroperoxide and 4-(deth-
pulses were derived from the fundamental output of Clark laser Ylphenyl)benzyl alcohol, accompanied by the disappearance of
system (775 nm, 1 mJ/pulse and fwhml50 fs) at a repetition ~ 4,4-dimethylbiphenyl. The yield of 4-(4methylphenyl)benzyl
rate of 1 kHz. A second harmonic generator introduced in the hydroperoxide &1 h photoirradiation was also determined as
path of the laser beam provided 387 nm laser puises for 4% by the iodometric titration (See the Experimental SeCtion).
excitation. 95% of the fundamental output of the laser (775 nm) The hydroperoxide disappeared after a prolonged irradiation
was used to generate the second harmonic, while 5% of thetime. This suggests that the hydroperoxide is an intermediate
deflected output was used for white light generation. Prior to for the formation of 4-(4methylphenyl)benzaldehyde. It was
generating the probe Continuum, the laser puise was fed to aCOﬂfirmEd that no Corresponding CarbOXyliC acid was formed
delay line that provided an experimental time window of 1.6 during the photocatalytic reactich.

ns with a maximum step resolution of 7 fs. The pump beam  The photocatalytic oxidation of 4-(4nethylphenyl)benzyl
was attenuated at/&)/pulse with a spot size of 2 mm diameter alcohol to 4-(4methylphenyl)benzaldehyde with oxygen was
at the sample cell where it was merged with the white probe independently examined, and it was found that the A¢rPh
pulse in a close angle<(10°). The probe beam after passing Photocatalyzed oxidation of the alcohol proceeds more ef-
through the 2 mm sample cell was focused on a 200fiber ficiently as compared with the photocatalytic oxygenation of
optic cable which was connected to a CCD spectrograph (Ocean?,4-dimethylbiphenyl (see the Supporting Information Figure
Optics, S2000-UW-vis) for recording the time-resolved spectra S2)2¢

(425-800 nm). Typically, 5000 excitation pulses were averaged ~ The monoaldehyde is further oxygenated to yield'4,4
to obtain the transient spectrum at a set delay time. Kinetic tracesdiformylbiphenyl after prolonged photoirradiation (Figure 1).
at appropriate Wa\/eiengths were assembled from the time_After the photoirradiation for 4.0 h, the maximum yle'd of 4-(4
resolved spectral data. All measurements were performed usingnethylphenyl)benzaldehyde is obtained (74%). Thus, AtrPh
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fresh solutions in each laser excitation at 298 K. acts as an efficient photocatalyst for the photoinduced oxygen-
ation of 4,4-dimethylbiphenyl with oxygen.
Results and Discussions The AcrPh-photocatalytic oxygenation was also examined

by using 4-(4methylphenyl)benzaldehyde as the starting mate-
rial as shown in Figure 2, where 44eethylphenyl)benzalde-
hyde is further oxygenated with oxygen to vyield '4,4
diformylbiphenyl as the main oxygenated prod#ct.
Photoinduced Electron Transfer from 4,4-Dimethylbi-
phenyl to AcrPh**. Irradiation of the absorption band of
AcrPh' results in fluorescence at 508 nm in CH& The
fluorescence of the singlet excited state of AcrRRAcrPh™)
is known to be quenched efficiently by a variety of aromatic

+02L» CHO+ H0 (2) electron donors via electron transfer from aromatic electron
photocatalyst

donors to'AcrPh™*.19 The quenching rate constarkg were

Photocatalytic Oxygenation of Dimethylbiphenyl with
Oxygen. First, the photocatalytic reactivity of some photosen-
sitizers [1,4dicyanobenzene, 2,3,5,6-tetrafluoro-1,4-dicyanoben-
zene, and 9-phenylacridinium ion (AcrPhwas examined for
the photocatalytic oxygenation of 4dimethylbiphenyl to 4-(4
methylphenyl)benzaldehyde in various solvents (€& 2mong
the photosensitizers
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Figure 2. Time profiles of the disappearance of the reactant [4-(4
methlphenyl)-benzaldehydél)] and formation of the products, 4;4
diformylbiphenyl @) and 4-(4-formylphenyl)benzyl alcoholx), and
4-(4-formylphenyl)benzyl hydroperoxide®), in the photocatalytic
oxygenation of 4-(4methlphenyl)benzaldehyde (3:01072 M) in the
presence of AcrPh(4.0 x 1072 M) in Op-saturated CHGlat 298 K.

The amounts of the reactant and products are given as % in referenc
to the initial amount of 4-(4methlphenyl)benzaldehyde.

TABLE 1: Fluorescence Lifetimes ) of ArcPh™,

Fluorescence Quenching Rate Constantk{) of AcrPh™ by

4,4-Dimethylbiphenyl, One-Electron Reduction
Potentials Eeq) of AcrPh™, and One-Electron Reduction

Potentials(E},4) of *AcrPh** in Various Solvents

EreaVs SCE, EjyVvs SCE,
V

solvent 7,ns kg, M1s? \Y
chloroform 2.6  1.1x 10w —0.47 2.19
chlorobenzene 46 8910C —0.45 2.20
dichloromethane 2.2 2% 101 —0.49 2.17
tetrahydrofuran 16 1.%10° —0.50 2.18
acetonitrile 1.4 2. 109 —0.55 2.15

TABLE 2: One-Electron Oxidation Potentials (Eox) of

4,4-Dimethylbiphenyl, Free Energy Change AG) of
Electron Transfer from 4,4'-Dimethylbiphenyl to AcrPh**,

and Limiting Quantum Yields (®.,) of the Photocatalytic

Oxygenation of 4,4-Dimethylbiphenyl with Oxygen in

Different Solvents

solvent EoxVvs SCE, V AGg, eV [
chloroform 1.57 —0.62 0.12
chlorobenzene 1.56 —-0.64 0.051
acetonitrile 1.54 —-0.61 <0.0%

aToo small to be determined accurately.

determined from the slopes of the Steiolmer plots and the
lifetime of the singlet excited statéAcrPh* in different
solvents (see the Supporting Information Figure S3). Khe
values thus obtained are summarized in Table 1.
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< 0), the photoinduced electron transfer is expected to occur
at the diffusion-limited rat@7-?¢ and this is well verified
experimentally (Table 1).

Detection of Radical Intermediates. The occurrence of
photoinduced electron transfer from 4dimethylbiphenyl to
1AcrPht* is confirmed by the laser flash photolysis experiments.
Laser flash excitation (355 nm from an Nd:YAG laser) of an
Oz-saturated CHGIsolution containing AcrPh (5.6 x 1075
M) and 4,4-dimethylbiphenyl (1.0x 10~1 M) affords a new
transient absorption band &tax = 690 nm due to the radical
cation of 4,4-dimethylbiphenyd®-3! and that afljax= 520 nm
due to AcrPh32 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 &saturated CHGI The absorption band due
to the radical cation of 4,4imethylbiphenyl decays obeying
first-order kinetics with the identical slope in the deaerated and
O,-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 Acrteh

dhe radical catiorf2 Since benzyl radical is known to react with

oxygen to give benzylperoxyl radical with the rate constant of
(2—4) x 10° M~1 st in solution3* the lifetime of the benzyl
radical in an G@-saturated CHGlsolution ([)] = 4.0 x 1072

M, see the Experimental Section) may be less tharu8.1n

such a case, the deprotonated benzyl type radical is not detected
under the present experimental conditiéh&rom the linear

plot of In(AAbs at 690 nm) vs time in Figure 4b is obtained
the deprotonation rate constant as ¥.AC° s~1. This value is
much smaller than the deprotonation rate constant of toluene
radical cation in an agueous solution (1x010” s71).122 The
deprotonation rate constant is known to decrease with decreasing
the ionization potential of the parent methylated benZéne.
Thus, the slower deprotonation rate from the radical cation of
4,4-dimethylbiphenyl results from the lower one-electron oxida-
tion potential than toluen®.

Laser flash excitation of AcrPhin deaerated CHGbolution
containing 4,4dimethylbiphenyl 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 G-saturated CELCl; solution containing AcrPh (4.0 x
102 M) and 4,4-dimethylbiphenyl (1.0x 107! 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 aty = 2.0153 and 2.0034. The former signal
is readily assigned to 4-(4nethylphenyl)benzylperoxyl radical
because thg value is diagnostic of peroxyl radicald3’ The

The free energy change of photoinduced electron transfer latter signal is assigned to AcrPby comparison with the

from 4,4-dimethylbiphenyl totAcrPh™ (AGgtin eV) is given

by eq 3

wheree is the elementary charge afigy andE,., are the one-
electron oxidation potential of 44limethylbiphenyl (1.57 V
vs SCE in CHCJ) and the one-electron reduction potential of
1AcrPh™ (2.19 V vs SCE in CHG), respectively. Since the
Eox values of 4,4dimethylbiphenyl ancE,., values of Acr-
Pht* in several solvents have been determined Al®; values
are given from eq 3, as listed in Table 2. Judging from the
exergonic nature of the photoinduced electron transfése(

AGet = e(on - E:ed)

reported ESR spectruffi.

Photocatalytic Oxygenation Mechanism.Based on the
above results, the reaction mechanism for the Atrphoto-
sensitized oxygenation of 4;dimethylbiphenyl is summarized
as shown in Scheme 1. Photoinduced electron transfer frdm 4,4
dimethylbiphenyl (RH) to'AcrPh™ 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 RHT, 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 RK" (Figure 4). The bimolecular back electron
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Figure 3. Transient absorption spectra observed by photoexcitation of (a) a deaerated and gkgadur&@ed CHGIsolution of AcrPh (5.6 x
10°° M) and 4,4-dimethylbiphenyl (1.0x 107! M) at 0.4us (O), 4.0us @), and 10us (a) after laser excitation.

(a) 0.15 (b) -1
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Figure 4. (a) Time dependence of absorbance at 690 nm observed by photoexcitation of a de@gratetign @-saturated{l) CHCl; solution
of AcrPh™ (5.6 x 10° M) and 4,4-dimethylbiphenyl (1.0x 10~ M) at 298 K. (b) First-order plot.

—)—)-cH00° AcrPh’ SCHEME 1
g=2.0153 g=2.0034 Hsc—O—O—CHO

* l * x 112 T -H0
1/2 0, RO Ph
X2 +
ROO" N
ROH
H

)
CH, hv
+ (AcrPh*)

AcrPh®  + ROO’ 'AcrPh**
30G Ha
Figure 5. ESR spectrum observed under photoirradiation of an O o fou
saturated dichloromethane solution of ActRA.0 x 10-2 M) contain- e _RH
ing 4,4-dimethylbiphenyl (1.0x 107* M) at 198 K. Asterisk denotes -RH CH,
Mn2* marker. (RH)
AcrPh® + R (AcrPh® RH)

transfer from AcrPhto RH™ (Scheme 1) also contributes to
the decay of absorbance at 690 nm (Figure 4b). In the presence
of oxygen, the deprotonated radicalReacts with oxygen to W . ) Keep
produce the corresponding peroxyl radical, which is detected AcrPh® + RH™
by ESR together with AcrPlin Figure 5. The bimolecular back  radical chain decomposition of the hydroperoxide: the bimo-
electron transfer from AcrPhE,q = —0.47 V vs SCE in lecular reaction of R@ gives two equiv of ROwhich abstracts
CHCly)®? to the peroxyl radical is exergonié thus occurring hydrogen from ROOH to produce ROH, accompanied by
with the diffusion-limited rate to produce ROOH after proto- regeneration of R®(Scheme 1). The alcohol is further oxidized
nation, accompanied by regeneration of AcrRBcheme 1). via photoinduced electron transfer from the alcohd&orPht*
This is confirmed by the second-order plot of the decay of the as reported for the photocatalytic oxidation of benzyl alcohol
absorbance at 520 nm due to AcriFigure 6. The second-  with AcrH™ (see the Supporting Information Figure $2§°
order rate constant of back electron transfer is determined as The photocatalytic cycle is repeated by starting with 4-(4
1.3 x 1° M~1s1in CHCI; at 298 K. methylphenyl)benzaldehyde instead of 4#methylbiphenyl to
The hydroperoxide decomposes to afford the correspondingyield 4,4-diformylbiphenyl (Figure 2). Since the one-electron
aldehyde [4-(4methylphenyl)benzaldehyde] together with the oxidation potential of the oxygenated product, 4+@ethylphe-
corresponding alcohol [4-(4nethylphenyl)benzyl alcohol] via  nyl)benzaldehyde (1.76 V, vs SCE in CHElis still less
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Figure 6. Decay time profile of absorbance at 520 nm observed by

the photoexcitation of an $saturated CHGlsolution of AcrPH (5.6
x 1075 M) and 4,4-dimethylbiphenyl (0.10 M) at 298 K. Inset: Second-
order plot.
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Figure 7. Dependence of the quantum yiel@®{) on concentration of
4,4-dimethylbiphenyl [RH] for the AcrPh-catalyzed photooxygenation
of 4,4-dimethylbiphenyl in G-saturated CHGlat 298 K.

positive than the one-electron reduction potentiatAdrH™*
(2.19 V vs SCE in CHG| see Table 1), the further oxidation
of 4-(4-methylphenyl)benzaldehyde still occurs efficiently via
photoinduced electron transfer from 4-@ethylphenyl)ben-
zaldehyde tdAcrPht™,

Quantum Yields of the Photocatalytic Oxygenation Reac-
tion. The quantum yieldsd®,) of the AcrPh-catalyzed pho-
tooxygenation of 4,4dimethylbiphenyl with oxygen in &
saturated CHGlwere determined from the formation rate of

4-(4-dimethylbiphenyl)benzaldehyde under irradiation of mono-

chromatized light off = 430 nm (see the Experimental Section).
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Figure 8. Decay time profiles of absorbance at 690 nm observed by
photoexcitation of an @saturated CHGI(a), CsHsCl (), and CHCN

(O) solution of AcrPH (5.6 x 1075 M) and 4,4-dimethylbiphenyl (1.0

x 1071 M) at 298 K.

the kqz value obtained from the fluorescence quenching-of
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.dimethylbiphenyl tatAcrPh"*

and that no autoxidation process is involved in the photocatalytic
oxygenation reactioff-41

The @, values were determined in different solvents as listed
in Table 2. Thed., 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 CHCN) because the solvation of the primary geminate
radical-ion pairs facilitates the separation into free radical ions
in solution?® However, thed., value of the AcrPh-sensitized
oxygenation reaction of 4. 4limethylbiphenyl decreases re-
markably with increasing the solvent polarity®,, = 0.12
(CHCI3), 0.05 (GHsCI), and 0 (CHCN) in Table 2.

According to eq 5, the large difference in tlde, value
depending on the solvent polarity is determined mainly by the
variation of thekyet value of back electron transfer from AcrPh
to RH* within the solvent cage, since thee, value of the
separation of the geminate radical pair may be rather solvent
independent?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 GHECsHs-

The @, values increase with an increase in concentration of Cl> CHsCN, in agreement with the order of tli, value in

4,4-dimethylbiphenyl [RH] to reach a limiting valued{, =
0.12) as shown in Figure 7.

Table 2. Although the transient absorption band at 690 nm due
to RH" is hardly detected in C#CN in the nanosecond laser

According to Scheme 1, the photocatalytic reaction proceeds flash photolysis measurements, it is clearly observed at 30 ps

via photoinduced electron transfer from RH %acrPh™ to
produce RK" and AcrPh, when the dependence &, on [RH]
is given by eq 4, and the limiting quantum vyield4) is

after the femtosecond laser excitation in £TNl as well as in
CHCI; and GHsCl as shown in Figure 98 The absorbance at
690 nm due to RMH in CH3CN decays rapidly due to the back

determined by the competition between the radical pair separa-electron transfer in the solvent cage as compared to the decay

tion from the cagelsep) and the back electron transfet,d)
process as given by eq 5. The observed saturated

@, = ®_k,7[RHY(L + kg[RH]) @)
Do, = Ko (Ksept Kned )

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

in CHCIz and GHsCI (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 {) of electron transfer of charge-shift type of electron-
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Figure 9. (a) Transient absorption spectra observed by photoexcitation of deaerategd (@H@HsCl (A), and CHCN (O) solutions of AcrPh

(4.6 x 107* M) and 4,4-dimethylbiphenyl (2.0x 10! M) at 30 ps after the femtosecond laser excitation. (b) Time profiles of absorbance at 690

nm observed by photoexcitation of deaeratéy) CHCl; (a), CeHsCl
4,4-dimethylbiphenyl (2.0x 10~ M) at 298 K.

transfer such as from AcrPto RH* decreases with decreasing
the solvent polality’?-320n the other hand, the driving force of
the charge-shift type of electron transfer is rather solvent
independent? In such a case, the rate of electron transfer from
AcrPhr to RH', which is deeply in the Marcus inverted
region?344 decreases with decreasing the solvent polarity,

(a), and CHCN (O) solutions of AcrPh (4.6 x 104 M) and

Stern—Volmer plots for the fluorescence quenching of ActPh
by 4,4-dimethylbiphenyl (Figure S3). This material is available
free of charge via the Internet at http://pubs.acs.org.
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