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Abstract: A ring-substituted toluene with an electron-withdrawing substituent, p-tolunitrile, is oxygenated
by molecular oxygen to yield the corresponding aldehyde with tetrafluoro-p-dicyanobenzene as a
photocatalyst under photoirradiation with an Hg lamp (4 > 300 nm). The oxygenation of a ring-substituted
toluene with an electron-donating substituent, p-xylene, by molecular oxygen is also achieved with 10-
methyl-9-phenylacridinium ion as a photocatalyst under visible light irradiation, yielding p-tolualdehyde
exclusively as the final oxygenated product. Both the oxygenation reactions are initiated by photoinduced
electron transfer from the ring-substituted toluene to the singlet excited state of the photocatalyst. The
reason for the high selectivity in the photocatalytic oxygenation of various toluene derivatives by molecular
oxygen is discussed on the basis of the photoinduced electron transfer mechanism that does not involve
the autoxidation process (radical chain reactions). The reactive intermediates in the photocatalytic cycle
are successfully detected as the transient absorption spectra and the electron spin resonance spectra.

Introduction selective oxygenation of ring-substituted toluenes to aromatic
aldehydes has merited special attention because of useful
applications of aromatic aldehydes as key chemical intermediates
for production of a variety of fine or specialty chemicals such
as pharmaceutical drugs, dyestuffs, pesticides, and perfume
compositions. A number of methods using inorganic oxidants
such as chromium(I\§,cobalt(l11),°> manganese(l113° cerium-
(IV),11 benzeneseleninic anhydriéfeor peroxydisulfate/copper
ion'® have so far been reported for oxygenation of ring-
substituted toluenes to aromatic aldehydes. However, their
synthetic utility has been limited because of low yield and poor

Molecular oxygen is an ideal reagent for economical and
environmental benign oxygenation reactions because of its
abundant availability and nontoxicily? Since direct concerted
reactions between singlet molecules and triplet oxygé» (
3%47) are spin-forbidden, activation of oxygen by transition
metal catalyst$, photoexcitation to produce singlet oxygen
(*O,),*5 or generation of radical species that can react With
directly (spin-allowedis required to use molecular oxygen as
a terminal oxidant. Among a variety of oxygenation reactions,

T Osaka University.
* Showa Denko.
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selectivity. Moreover, the use of stoichiometric amounts of
inorganic oxidants should be avoided because of the environ-
mental problemp-Tolunitrile, which has an electron-withdraw-
ing substituent (CN), is difficult to oxidize even by using
inorganic oxidants to obtaimp-cyanobenzaldehydé. p-Cy-
anobenzaldehyde has been synthesized industrially fpem
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cyanobenzoyl chlorid& p-cyanobenzyl halidé$ or dichloro-
methylbenzonitrile-’

well-clarified by the detection of reactive intermediates in the
photocatalytic oxygenation reaction with use of laser flash

Radical species that can react with molecular oxygen can bephotolysis and electron spin resonance (ESR) measurements as

readily generated by photoinduced electron-transfer readfiotts.
The radical cations of ring-substituted toluenes readily depro-

well as the analyses of the quantum yield determination.

tonate to give the corresponding benzyl radicals, which can reactExperimental Section

with oxygen directly to produce benzyl peroxyl radicals, leading
to the final oxygenated products.Rates of intermolecular

photoinduced electron transfer reactions normally increase with

increasing driving force of electron transfer (i.e., increasingly

Materials. 1,4-Dicyanobenzene, 1,2,4,5-tetracyanobenzene, and
halogenated dicyanobenzenes were purchased commercially. Toluene,
p-, m, ando-xylenes, 2,5-dimethoxytolueng;, m-, and o-tolualde-
hydes, p-tolunitrile, and p-tolualdehyde were also obtained com-

negative free energy change of electron transfer) to reach amercially. 10-Methylacridinium iodide (AcrH ) was prepared by the

diffusion-limited value??-25 The free energy change of electron

reaction of acridine with methyl iodide in acetone, converted to the

transfer is determined by the difference between the one-electronperchlorate salt (AcrHClO,7) by the addition of magnesium perchlorate

oxidation potentials of electron donors and the one-electron
reduction potentials of electron acceptors. When the driving
force of electron transfer is small, the rate is highly sensitive to
minor changes in the driving force of electron trangfef> For

instance, only a 0.1 eV change in the driving force causes a 49

times difference in the electron-transfer r&teThus, the
photoinduced electron transfer rates are finely controlled by
choosing photocatalysts with different one-electron redox
potentials. Since the one-electron oxidation potential of the
oxygenated product is significantly more difficult (i.e., shifted

to AcrH*I~ in ethanol, and purified by recrystallization from metha-
nol282%Likewise, 1-methyl-3-cyanoquinolinium, 1-methylquinolinium,
1,4-dimethylquinolinium, and 1,2-dimethylquinolinium perchlorate salts
were prepared by the reaction of the corresponding quinoline derivatives
with methyl iodide in acetone, followed by the metathesis with Mg-
(ClO4),.282°10-Methyl-9-phenylacridinium perchlorate salt (ActelO, ")

was prepared by the reaction of 10-methylacridone with the phenyl-
magnesium bromide in dichloromethaiiéotassium ferrioxalate used

as an actinometer was prepared according to the literature and purified
by recrystallization from hot watét. Acetonitrile (MeCN), dichlo-
romethane (CkCly), and chloroform (CHG) used as solvents were

to a more positive oxidation potential) than the reactant (electron purified and dried by standard proceduizBeuterated?Hs]acetonitrile
donor), an appropriate choice of substrate and photocatalyst(CDsCN) and deuteratedtfii]chloroform (CDCh) were obtained from

would enable selective oxygenation of the substrate via pho-
toinduced electron transfer from the substrate electron donor

to the excited state of the photocatalyst.
We report herein selective photoinduced oxygenation of ring-
substituted toluenes with electron-donating or -withdrawing

substituents by molecular oxygen that is achieved by choosing

appropriate photocatalysts for efficient photoinduced electron

transfer from ring-substituted toluenes to the excited state of

sensitizerg’ In contrast to oxidation by inorganic oxidants, no
further oxidation of the initial oxygenated product occurs via
photoinduced electron transfer to the sensitizer, leading to
formation of the initial oxygenated product as the sole oxygen-

Euri SO-TOP, CEA, France, and used as received.

Reaction Procedure. Typically, an MeCN solution (0.6 cfp
containing tetrafluorg-dicyanobenzene (1.0< 102 M) and p-
tolunitrile (3.0 x 1072 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 acetophenonmethanol filter transmitting > 300
nm at room temperature. The irradiated solution was analyzed periodi-
cally by *H NMR spectroscopy. ThéH NMR measurements were
performed on a Japan Electron Optics JMN-AL300 (300 MHz) NMR
spectrometer. The products of the photooxygenation of toluenes (3.0
x 1072 M) with AcrPh™ClO,~ (1.0 x 1072 M) in oxygen-saturated
CDCl; (0.6 cn?) were determined b¥H NMR spectralH NMR (300

ated product. The photoinduced electron-transfer mechanism ofMHz, CDCL): p-tolualdehydeg 2.43 (s, 3H), 7.3-7.8 (m, 4H), 9.98

the photocatalytic oxygenation of ring-substituted toluenes is
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Soc.1953 75, 1125.
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A.; Chanon, M.Applied Homogeneous Catalysis with Organometallic
Compounds Cornils, B., Herrmann, W. A., Ed.; VCH: Weinheim,
Germany, 1996; pp 929948.
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Am. Chem. Sod991 113 3601.
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118 8566.

(22) (a) Rehm, A.; Weller, ABer. Bunsen-Ges. Phys. Cheh®69 73, 834.
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J. Am. Chem. So2001 123 8459.

(24) (a) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 155. (b) Marcus, R.
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(25) Eberson, LElectron-Transfer Reactions in Organic ChemistBpringer-
Verlag: Berlin, 1987.
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(s, 1H); mtolualdehyde¢ 2.39 (s, 3H), 7.3-7.7 (m, 4H), 9.95 (s, 1H);
o-tolualdehyde,é 2.64 (s, 3H), 7.27.8 (m, 4H), 10.24 (s, 1H);
benzaldehyde) 7.5-7.9 (m, 5H), 10.00 (s, 1H); isophthalaldehyde,
7.8-8.4 (m, 4H), 10.13 (s, 2H); phthalaldehyde7.8—8.0 (m, 4H),
10.53 (s, 2H). The product of the photooxygenationpeblunitrile
(3.0 x 102 M) with tetrafluorop-dicyanobenzene (1.2 1072 M) in
oxygen-saturated GICN (0.6 cnf) were determined byH NMR
spectralH NMR (300 MHz, CQ:CN): p-cyanobenzaldehydé,7.8—
8.1 (m, 4H), 10.05 (s, 1H)p-cyanobenzyl alcohok) 4.44 (s, 2H).
Quantum Yield Determination. A standard actinometer (potassium
ferrioxalate§* was used for the quantum yield determination of the
AcrH*-photosensitized oxygenation of a ring-substituted toluene with
oxygen. A square quartz cuvette (10 mm i.d.) that contained a €HCI
solution (3.0 crf) of AcrH*CIO;~ (1.0 x 1074 M) and p-xylene [(5.0
x 1072)—1.0 M] was irradiated with monochromatized light bf=
358 nm from a Shimadzu RF-5300PC fluorescence spectrophotometer.

(28) Roberts, R. M. G.; OstoVi®.; Kreevoy, M. M.Faraday Discuss. Chem.
So0c.1982 74, 257.
(29)
)
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1987 109, 305.

(30) Fukuzumi, S.; Ohkubo, K.; Tokuda, Y.; Suenobu, JT Am. Chem. Soc.
200Q 122 4286.

(31) Hatchard, C. G.; Parker, C. Rroc. R. Soc. London, Ser. ¥956 235,
518

(32) Per'rin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of Laboratory
Chemicals 4th ed.; Pergamon Press: Elmsford, NY, 1996.
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Under the conditions of the actinometry experiments, both the acti- Laser Flash Photolysis.The measurements of transient absorption
nometer and AcrBiCIO,~ absorbed essentially all the incident light.  spectra in the AcrPhphotosensitized oxygenation pfxylene with

The light intensity of monochromatized light df = 358 nm was oxygen were performed according to the following procedures. The
determined as 2.78 1078 einstein s* with a slit width of 20 nm. The argon-, air-, or @saturated MeCN or CHegIsolution containing
photochemical reaction was monitored on a Shimadzu UV-3100PC p-xylene (1.0x 107 M) and AcrPh (1.0 x 1074 M) was excited by
spectrophotometer by using diluted the reaction solution. The quantum a Nd:YAG laser (Continuum, SLII-10,46 ns fwhm) ati = 355 nm
yields were determined from an increase in absorbance due towith the power of 30 mJ/pulse. Photoinduced events were estimated
p-tolualdehyde £ = 290 nm,e = 1.4 x 10° M~ cm™?) and by use of a continuous Xe lamp (150 W) and an InGaR&N

p-cyanobenzaldehydel (= 309 nm,e = 2.7 x 1* M~ cm™). To photodiode (Hamamatsu 2949) as a probe light and a detector,
avoid the contribution by light absorption of the products, only the respectively. The output from the photodiodes and a photomultiplier
initial rates were used for determination of the quantum yields. tube was recorded with a digitizing oscilloscope (Tektronix, TDS3032,

Fluorescence QuenchingQuenching experiments of the fluores- 300 MHz). The transient spectra were recorded for fresh solutions in
cence of photocatalysts by ring-substituted toluenes were performedeach laser excitation. All experiments were performed at 298 K.
on a Shimadzu RF-5300PC fluorescence spectrophotometer. The Electron-Transfer Reduction of AcrPh*. 10-Methyl-9-phenyl-
monitoring wavelength was that corresponding to the maximum of the acridinyl radical (AcrPt in CHCl; or MeCN was prepared by the
emission band of the photocatalyst. The solutions were deoxygenatedelectron-transfer reduction of AcrPBIO,~ (1.7 x 104 M) with
by argon purging for 10 min prior to the measurements. Relative tetramethylsemiquinone radical anior{D.7 x 104 M) generated by

emission intensities were measured for MeCN or CH&ilutions proportionation of tetramethyl-benzoquinone and tetramethylhydro-
containing a photocatalyst (e.g., AcrPl5.0 x 10-6 M) with electron quinone with tetrabutylammonium hydroxié&?’ _
donors at various concentrations—8.0 x 1072 M). There was no ESR Measurements. An oxygen- or argon-saturated dichlo-

change in the shape but there was a change in the intensity of theromethane solution of AcrPh(1.0 x 102 M) and p-xylene (5.0
fluorescence spectrum by the addition of an electron donor. The-Stern 10 M) was irradiated at 203 K with a high-pressure mercury lamp
Volmer relationship (USH-1005D) through a UV cutoff filterA( < 310 nm) focused at the
sample cell in the ESR cavity. The ESR spectra were taken on a Jeol
I/l = 1+ Kg[D] 1) 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.

was obtained for the ratio of the emission intensities in the absence The g values were calibrated by use of an Mmarker.

and presence of ring-substituted toluenig#)(and the concentrations
of quenchers [D]. The fluorescence lifetime3 ére 37 and 30 ns for Results and Discussion

AcrH™ and 1.5 and 2.2 ns for AcrPhin MeCN and CHG, . A
respectively?12333The lifetimes in the presence of electron donors were Photoinduced Electron-Transfer Reactivities of Photo-

determined by single photon counting on a Horiba NAES-1100 time- sensiFizers.First, photoi_qduced electron-tfansfer_ reacti.vif[ies of
resolved spectrofluorophotometer. The fluorescence lifetimes of halo- & Variety of photosensitizers were examined wgifolunitrile
genated dicyanobenzenes were measured by a Photon Technolog@S an electron donor, which is difficult to oxidize because of
International GL-3300 with a Photon Technology International GL- the electron-withdrawing substituent (CN), to find an appropriate
302, nitrogen laser/pumped dye laser system, equipped with a four- photosensitizer. The investigated photosensitizers are fluoro-,
channel digital delay/pulse generator (Stanford Research System Inc.chloro-, and cyano-substituted benzenes, 1-methylquinolinium,
DG535) and a motor driver (Photon Technology International MD-  gng 10-methylacridinium ions as shown in Chart 1.

5020). The excitation wavelength was 1_337 nm. The observed quenching  The redox and photophysical properties of the photosensitizers
rate constant (= Ksve™) were obtained from the Sterf/olmer were determined by electrochemical and photophysical mea-

constantKsy and the emission lifetimes . . -
) i surements (see Experimental Section), and data are summarized
Electrochemical MeasurementsCyclic voltammetry (CV) mea- in Table 1

surements were performed at 298 K on a BAS 100 W electrochemical Irradiation of the absorotion band of the photosensitizers
analyzer in deaerated MeCN containing 0.1 MyBGIO, (TBAP) as P P

supporting electrolyte. A conventional three-electrode cell was used results in 'flluorescence in MeCN. Thg fluorescence of the
with a platinum working electrode (surface area of 0.3%nand a photosensitizers was quenchedgsolunitrile, and the quench-
platinum wire as the counter electrode. The Pt working electrode (BAS) iNg rate constantskf) were determined from the slopes of the
was routinely polished with a BAS polishing alumina suspension and Stern—Volmer plots and lifetimes of the singlet excited state
rinsed with acetone before use. The second harmonic ac voltammetryof the photosensitizers (typical data are shown in Supporting
(SHACV) measuremerits® of toluene derivatives were performed on  Information, Figure S1). Th&, values thus obtained are also

a BAS 100B electrochemical analyzer. The measured potentials weresymmarized in Table 1.

recorded with respect to the Ag/AgN@.01 M) reference electrode. The free energy change of photoinduced electron transfer

The redox potentials (vs Ag/AgNpare converted to those vs SCE g0 b tolunitrile to the singlet excited states of photosensitizers
by adding 0.29 \E°All electrochemical measurements were carried out (AG% in electronvolts) is given
et

under an atmospheric pressure of argon.

0 _ 0 0 *
(33) van Willigen, H.; Jones, G., II; Farahat, M. B.Phys. Chem1996 100, AG et e(E ox E red) (2)
3312

(34) Bard; A. J.; Faulkner, L. RElectrochemical Methods, Fundamental and X 0 *
Applications John Wiley & Sons: New York, 2001; Chapt. 10, pp 368 wheree is elementary charge ariePox andE%.4 are the one-
416. i At ; 3 s _
(35) The SHACV method provides a superior approach to directly evaluating electron oxidation potential gftolunitrile and the one-electron
the one-electron redox potentials in the presence of a follow-up chemical
reaction, relative to the better-known dc and fundamental harmonic ac (37) (a) Fukuzumi, S.; Nakanishi, I.; Maruta, J.; Yorisue, T.; Suenobu, T.; Itoh,

methods: (a) Bond, A. M.; Smith, D. Anal. Chem1974 46, 1946. (b) S.; Arakawa, R.; Kadish, K. MJ. Am. Chem. So0d.998 120, 6673. (b)
Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, J.<P.Am. Chem. Fukuzumi, S.; Nakanishi, I.; Suenobu, T.; Kadish, K. 81.Am. Chem.
So0c.199Q 112 344. Soc.1999 121, 3468.

(36) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Nonaqueous (38) Kavarnos, G. JFundamentals of Photoinduced Electron TransWiley-
SystemsMercel Dekker: New York, 1970. VCH: New York, 1993.
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Chart 1

N N N
F. F R F F. CN
F F F CN F F
CN F F
N N
Cl Cl Cl Cl
Cl Cl Cl CN
CN Cl
NC; ?CN fN
NC  CN N
R 4
X N’
LI LR
) i
Me Me
AcrR* RQuH*
(R=H, Ph) (R =H, 2-Me, 4-Me, 3-CN)

reduction potential of the singlet excited state of photosensitizers,
respectively?®40

Figure 1 shows a plot of logy vs E%ed in MeCN, which
exhibits a typical feature of an electron-transfer process: the
log kq value increases with an increase Efeq, which
corresponds to a decreaseAit%; in eq 2, to reach a plateau
value corresponding to the diffusion rate constant in MeCN (2.0
x 1019°M~1s71) as the photoinduced electron transfer becomes
energetically more favorable (i.e., more exergoftéf The
dependence df; on AG%; for adiabatic outer-sphere electron
transfer has well been established by Marcus as given by

1_1., 1
Ky it Z exp[—(A/4)(1+ AG’JA) kg T]

©)

wherekgi is the diffusion rate constant, taken as Z010°
M~1s71in MeCN; Z is the collision frequency, taken asxl
10"t M~1s7% 1 is the reorganization energy of electron transfer;
andkg is the Boltzmann consta#t:38 The solid line in Figure
1 calculated from eqs 2 and 3 with thevalue of 0.33 eV and
E%x value of 2.64 V agrees with the experimeritghalues
Thus, the fluorescence quenching of photosensitizergp-by
tolunitrile occurs via electron transfer from tpetolunitrile to
the singlet excited states of photosensitizers.
Photocatalytic Oxygenation ofp-Tolunitrile with Oxygen
by Use of Tetrafluoro-p-dicyanobenzene.Tetrafluorop-di-

containingp-tolunitrile (30 mM) with an Hg lamp results in
formation ofp-cyanobenzaldehyde accompanied by disappear-
ance ofp-tolunitrile (eq 4). The product yield increase with

hv

NC—@—Me + 0y —m NC—@—CHO + H0

N
F

“)
F

F F

CN

photoirradiation time is shown in Table*243

The quantum yields®) of the tetrafluorop-dicyanobenzene-
photocatalyzed oxygenation gb-tolunitrile with O, were
determined from the product formation rate under irradiation
of monochromatized light of = 312 nm (see Experimental
Section). The sam@ values are obtained for the phoooxygen-
ation reaction at different concentrations of Bigure 2a). The
& values increase with an increase in concentratiorp-of
tolunitrile [D] to approach a limiting value®.,) in accordance
with eq 5

® = DKy dDJ/(1 + KypdD]) (5)
as shown in Figure 2a. Equation 5 is rewritten as eq 6
@ =, {1+ (KedDD ] (6)

and the linear plots o —lversus [D}? is shown in Figure 2b.
The ®., andKqpsvalues are obtained from the slope and intercept
in Figure 2b as 0.47 and 14, respectively. Théyps value
can be converted to the corresponding rate constagt) (
provided that the excited state of tetraflugralicyanobenzene
involved in the photocatalytic reaction is a singlétp§ =
Kobg ™1, T = 3.2 ns). Thekypsvalue (4.6x 10° M~1s71) agrees
well with the correspondingy, value determined independently
by the fluorescence quenching (4<910° M~ s~1; Supporting
Information, Figure S1). Such agreement strongly indicates that
the photocatalytic reaction proceeds via photoinduced electron
transfer from p-tolunitrile to the singlet excited state of
tetrafluorop-dicyanobenzene as shown in Scheme 1.
Electron transfer occurs fromp-tolunitrile to the singlet
excited state of tetrafluorp-dicyanobenzenek{) to give the
radical ion pair. Deprotonation gd-tolunitrile radical cation
(RH*) occurs in competition with the back electron transfer
from tetrafluorop-dicyanobenzene radical aniongéolunitrile
radical cation. Benzyl radical (R which is the deprotonation
product of p-tolunitrile radical cation, reacts with molecular
oxygen to give the peroxyl radical (Scheme 1). Protonation of
the peroxyl radical occurs to give the hydroperoxide, which

cyanobenzene was chosen as a photocatalyst for oxygenatiolecomposes tp-cyanobenzaldehyde.

of p-tolunitrile with molecular oxygen, since the photoinduced
electron transfer fronp-tolunitrile to the singlet excited state
of tetrafluorop-dicyanobenzene occurs efficiently (Table 2).
Photoirradiation of the absorption band of tetrafluprdicy-
anobenzeneifax = 312 nm) in oxygen-saturated acetonitrile

(39) Fukuzumi, S.; Tanaka, T. Bhotoinduced Electron Transfdfox, M. A.,
Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part C, p 578.

(40) (a) Fukuzumi, S.; Kitano, T. Chem. Soc., Perkin Trans.1®91, 41. (b)
Fukuzumi, S.; Noura, SJ. Chem. Soc., Chem. Commui994 287. (c)
Fukuzumi, S.; Fujita, M.; Noura, S.; Ohkubo, K.; Suenobu, T.; Araki, Y.;
Ito, O. J. Phys. Chem. R001, 105 1857.

(41) TheE% value ofp-tolunitrile in MeCN could not be determined directly
by the electrochemical measurement because of the high oxidation potential
and the irreversible oxidation.

According to Scheme 1, the quantum yieldis given as a
function of concentrations gs-tolunitrile [D] by

D = kake[D/ (kg + Kpe) (1 + kot[D]) @)

which agrees with the experimental observation (eq 5). $he
value is independent of concentrations of €ince the limiting

(42) At prolonged reaction timeg-cyanobenzyl alcohol is also produced,
probably due to the autoxidation process.

(43) In the case of 1,4-dicyanobenzene, photooxygenatiprtafinitrile hardly
occurred under the same experimental conditions as employed for the case
of tetrafluorop-dicyanobenzene used as a photocatalyst. This is consistent
with the much smallerk; value of 1,4-dicyanobenzene than that of
tetrafluorop-dicyanobenzene (Table 1).
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Table 1. One-Electron Reduction Potentials, Fluorescence Lifetimes, Singlet Excited Energies, and Quenching Rate Constants in MeCN

photosensitizer E%q (V) vs SCE E%q* ° (V) vs SCE 7°(ns) Eo(S) (V) ket (M~1s7Y)
1 1,2,4,5-tetracyanobenzene —0.74 3.17 4.3 3.81 1.5 1010
2 1-methyl-3-cyanoquinolinium ion —0.60 272 45 3.32 7.3x 10¢°
3 tetrafluorop-dicyanobenzene -1.10 2.66 3.2 3.76 4.9 10¢°
4 tetrafluoroe-dicyanobenzene —-1.62 2.66 2.6 4.18 3.4 10°
5 tetrafluorom-dicyanobenzene —-1.33 2.61 3.9 3.99 3.3 1¢°
6 1,4-dicyanobenzene —1.46 2.55 9.7 4.01 7.4 10°
7 1-methylquinolinium ion —0.96 2.54 20 3.50 2.2x 108
8 1,4-dimethylquinolinium ion —1.07 251 19 3.58 1.2x 108
9 1,2-dimethylquinolinium ion —1.08 2.46 15 3.51 8.7 x 10/
10 10-methylacridinium ion —0.43 2.32 3m 273 h
11 tetrachlorgs-dicyanobenzene —-0.95 2.55 0.25 3.50 i
12 tetrachloram-dicyanobenzene j 0.20 3.71 i

aOne-electron reduction potential of ground st&t@ne-electron reduction potential of singlet excited stafuorescence lifetime of dicyanobenzene
derivatives 9 Singlet excited energy of dicyanobenzene derivati¥€uenching rate constants of the photoinduced electron transfergmunitrile to
photosensitizer in MeCN.Taken from ref 409 Taken from ref 23" Too slow to be determined accurateljNo quenchi Irreversible CV wave.

1

log (kg, M™'s™)

7 1 1 1

2.6 2.8 3.0

E%eq Vs SCE, V

Figure 1. Plots of logky vsE%d for the fluorescence quenching of various
photosensitizers bp-tolunitrile in deaerated MeCN at 298 K. The curves
represent the best fit to eqs 2 andE3,x = 2.64 V vs SCE and = 7.6
kcal mol~L. Numbers refer to photosensitizers in Table 1.

3.2

Table 2. Reactant Conversion and Product Yields in
Photooxygenation of p-Tolunitrile (3.0 x 10-2 M), Catalyzed by
Tetrafluoro-p-Dicyanobenzene (1.0 x 1072 M) in O,-Saturated
MeCN

time, h conversion, % yield, %
50 CH,OH

CN CN
0 0 0 0
1 6 6 0
2 9 9 1
4 18 15 3
8 27 22 4

quantum yield®., is determined by competition between the
deprotonation of the radical catiokgf and the back electron
transfer Kpe): @ = Ky /(Ka + koey). It should be noted that no
radical chain process (autoxidation) is involved in Scheme 1.
Selective Photocatalytic Oxygenation ofp-Xylene with
Oxygen by Use of 10-Methyl-9-phenylacridinium Perchlo-
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Figure 2. (a) Dependence of the quantum yiet)(of p-cyanobenzalde-
hyde for the tetrafluorg-dicyanobenzene-catalyzed (14 1074 M)
photooxygenation op-tolunitrile in oxygen- @) and air- O) saturated
MeCN at 298 K. (b) Plots ofp~! vs [p-tolunitrile] L.

50

rate. The oxygenation of a ring-substituted toluene with an
electron-donating substituerg;xylene, by molecular oxygen

is also achieved by use of 10-methylacridinium perchlorate
(AcrH*CIO47) as a photocatalyst. Visible light irradiation of
the absorption bandifax = 358 and 417 nm) of AcrH (10
mM) in oxygen-saturated acetonitrile containipgylene (30
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Scheme 1

—H,0
NCOCHO ~—— ROOH

Table 3. Photooxygenation Yields of Xylenes and Toluene (3.0 x
1072 M), Catalyzed by AcrPh* (1.0 x 1072 M) with Oz in
O,-Saturated Chloroform at 298 K2

yield

oH
\GCHO (_cHo

conversion

p-xylene 100 % 100 % 0%
m-xylene 67 % 99 % 1%
o-xylene 70 % 94 % 6%
toluene 3% 100 %P

0% 0%

p-tolualdehyde

a|rradiation time is 10 h? Benzaldehyde.

mM) with a xenon lamp through a UV cutoff filtedl (< 310

nm) results in formation of-tolualdehyde accompanied by
disappearance gi-xylene. The product was identified by the
IH NMR spectrum (see Experimental Section). After 24 h of
irradiation, the yield ofp-tolualdehyde was 37%. The product
yield is improved to 66% when acetonitrile is replaced by a
less polar solvent, chloroform, under otherwise the same
experimental conditions. The photooxygenated product yield is
further improved to 100% when AcrHis replaced by AcrPh

in chloroform (eq 8) as shown in Table 3. There were no

hv
Me—@—Me + 0y — Me—@—CHO + H,0
Ph
X
oHe
W
Me

@®)

dioxygenated products such pgphthalaldehyde ang-toluic
acid after prolonged photoirradiation. It was confirmed that there
was no adduct formation between the photocatalyst, AcrPh
and p-xylene. Thus, the 100% selective photooxygenation of
p-xylene top-tolualdehyde has been accomplished by use of
AcrPht as a photocatalyst in chloroform. The photoirradiation
time to obtain 100% yield of-tolualdehyde (3.0« 102 M)

was reduced from 24 to 10 h when a xenon lamp was replaced

by a high-pressure mercury lamp (1000 W) through an aceto-
phenone-methanol filter £ < 300 nm).

Other isomersp- andm-xylene, are also converted ¢e and
m-tolualdehyde, respectively (Table 4). The product yields of

Table 4. Fluorescence Quenching Rate Constants of AcrH™ and
AcrPh* by Ring-Substituted Toluenes and Aldehydes in Deaerated
MeCN at 298 K

kq, Mgt
AcrH* AcrPh®

\<>—:Me \C—:CHO \<>—:Me \<>—:CHO
p-xylene 8.6x10° <10° 1.4x 10" <108

42x10%? (6.9 x 10%?
m-xylene 7.7x10° 52x107 4.7x10° <108
o-xylene 7.9x10° 3.8x 108 6.5x10° <10%
toluene 2.4x108 <10 <108 <10%®

aValues in parentheses were determined in GHOBenzaldehyde.

o-, m, and p-tolualdehyde and benzaldehyde after 10 h of
photoirradiation of an oxygen-saturated chloroform solution of
xylenes and toluene (3.9 10-2 M) containing AcrPH (1.0 x

1072 M) with a mercury lamp 4 < 300 nm) decreases in the
order p-xylene > o-, mxylene > toluene. The selectivity for
tolualdehyde decreases in the orge(100%) > m- (99%) >
o-xylene (94%). The further oxygenation of and o-xylene
occurs to yield small amounts of the corresponding phthalal-
dehyde.

Detection of Reaction Intermediates.The occurrence of
photoinduced electron transfer fropaxylene to!AcrPh™ is
confirmed by laser flash photolysis experiments (see Experi-
mental Section). Laser excitatioh € 355 nm from a Nd:YAG
laser) of AcrPH (1.0 x 1074 M) in deaerated acetonitrile
solution containingy-xylene (1.0x 10~1 M) affords a transient
absorption spectrum ats with appearance of new absorption
bands at 330, 430, 520, and 700 nm with bleaching of AtrPh
at 360 and 420 nm as shown in Figure 3a. Similar transient
absorption spectra are also observed in GH&te Supporting
Information, Figure S2). The transient absorption banéhat
= 520 nm is assigned to AcrBlsince the absorption spectrum
of AcrPh produced independently by the electron-transfer
reduction of AcrPh by tetramethylsemiquinone radical anion
(Figure 3b) agrees with the transient absorption spectrum (Figure
3a). The absorption band at 330 nm is assigneg-xglenyl
radical, which may be produced by deprotonatiorpodylene
radical catiorf*4> The broad absorption band &tax = 700
nm may be assigned tp-xylene dimer radical cation, since
similar broad transient absorption bands at a long-wavelength
region have been reported for the radical cations of toluene and
other aromatic compound§&:4°

(44) Izumida, T.; Ichikawa, T.; Yoshida, H. Phys. Chem198Q 84, 60.

(45) (a) Sehested, K.; Holcman,l.Phys. Chenil978 82, 651. (b) Hatanaka,
K.; Itoh, T.; Asahi, T.; Ichinose, N.; Kawanishi, S.; Sasuga, T.; Fukumura,
H.; Masuhara, HJ. Phys. Chem. A999 103 11257.

(46) Liu, A.; Sauer, M. C., Jr.; Loffro, D. M.; Trifunac, A. Dl. Photochem.
Photobiol. A: Chem1992 67, 197.

(47) (a) Kochi, J. K.; Rathore, R.; Magtes, P. L.J. Org. Chem200Q 65,
6826. (b) Yokoi, H.; Hatta, A.; Ishiguro, K.; Sawaki, Y. Am. Chem.
So0c.1998 120, 12728.

(48) (a) Bally, T.; Roth, K.; Straub, Rl. Am. Chem. S0d.988 110, 1639. (b)
Badger, B.; Brocklehurst, Birans. Faraday Sod.969 65, 2582 and 2588.
(c) Gerson, F.; Kaupp, G.; Ohya-Nishiguchi, ®ngew. Chem., Int. Ed.
Engl. 1977, 16, 657. (d) Badger, B.; Brocklehurst, Brans. Faraday Soc.
197Q 66, 2939. (e) Rodgers, M. A. J. Chem. Soc., Faraday Trark972
68, 1278. (f) Inokuchi, Y.; Naitoh, Y.; Ohashi, K.; Saitow, K.-I.; Yoshihara,
K.; Nishi, N. Chem. Phys. Lettl997, 269, 298.

(49) For dimer radical anions of electron acceptors, see Ganesan, V.; Rosokha,
S. V.; Kochi, J. K.J. Am. Chem. So@003 125, 2559.
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Wavelength, nm Figure 4. (a) Plots ofAAbs at 700 nm vsg-xylene] in the photoinduced

Figure 3. (a) Transient absorption spectra observed by photoexcitation of electron transfer fronp-xylene to AcrPH in deaerated CHGlat 1.0us
the argon- ©), air- (A), and oxygen- @) saturated MeCN solution of after laser excitation at 298 K. (b) Plots AfAbs™! vs [p-xylene] L.
AcrPh™ (1.0 x 1074 M) and p-xylene (1.0x 1071 M) at 1 us after laser

excitation at 298 K. (b) Spectral change upon addition of®e (0, 2.8 When oxygen is introduced to the AcrPhp-xylene system

x 1075, 56x 105 84x 105 1.1x 104 1.4x 104 and 1.7x 1074 : rn ;

M) to a deaerated MeCN solution of AcrPKL.7 x 1074 M) at 298 K. in acetonitrile, the broad absorption band at 700 nm due to
p-xylene dimer radical cation disappears as shown in Figure 3a

(air- and oxygen-saturated solution), whereas the absorption

dependence akAbs at 700 nm on the concentrationpkylene band due to Ac_rPhat 520 nm remains. This indicates that
was examined in CHGlas shown in Figure 4a, wheneAbs at oxygen reacts witlp-xylenyl radical produced by deprotonation

700 nm increases with an increase in the concentration of of p-xylene radical cation, which is in equilibrium with the dimer
g radical cation, rather than with AcrRiThe deprotonation of

radical cations of toluene anp-xylene is known to occur
efficiently #5550 In the presence of oxygem-xylenyl radical
reacts with oxygen in competition with the back electron transfer
from AcrPh to p-xylene radical cation to give the peroxyl

To confirm the generation gf-xylene dimer radical cation,

p-xylene to approach a limiting value. Such a saturate
dependence ohAbs on concentration gi-xylene indicates the

existence of an equilibrium between the monomer and the dimer
radical cation. The formation constant of the dimer radical cation

. ) -1 .
ffie}%rgp gﬁo?zflA-iblgll\cs [gg(r;;?]ee]fllog);ginrg tzs)fntercept radical, which was detected successfully by ESR (vide infra).
. An oxygen-saturated dichloromethane solutionpefylene
The absorption bands at 520 nm due to Acrfecays (5.0 x 10+ M) with AcrPh* (1.0 x 10-2 M) was irradiated by
obeying second-order kinetics. The second-order plot of [AtrPh a high-pressure mercury lamp at 203 K. The resulting ESR
obtained fr(ﬂn thi absorbe}nce a.t 520 nm W.'th ¢healue (.)f spectrum consists of two isotropic signalgyat 2.0151 and at
3'.9 x 10° M e can be fit to a line (Supportlng Ir)formatlon, g = 2.0034 (Figure 5a). The former signal is readily assigned
Figure S3). The value of AcrPhin CHCl; is determined from to p-xylenylperoxyl radical because thgvalue is diagnostic

the_ titrati_on of AcrPH with tetramethylsemiquinone radical _ of peroxyl radical$! The latter signal is assigned to AcrPh
anion (Figure S3). The second-order decay rate constant is

determined from the slope as 14 109 M~1 s71, which is (50) (a) Masnovi, J. M.; Kochi, J. KI. Am. Chem. Sod.985 107, 6781. (b)
nearly the same as the diffusion-limited value in CEI@L2 x Masnovi, J. M.: Kochi, 3. KJ. Phys. ChiemL.987 91, 1878, (Tcr)a“,f:%*gi'
10100 M~ g71) 38 1180. T ’ '
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(a)

(b)

Figure 5. ESR spectra observed under photoirradiation of (a) oxygen- and
(b) argon-saturated Gi&l, solution of AcrPH (1.0 x 1072 M) containing
p-xylene (5.0x 1071 M) at 203 K. The asterisk denotes an MrESR
marker.

Scheme 2
e H0 R
~2_R'OOH L
ohe
CHO N
(Achi*)
(Ach R'0O0O" ) TAcrR**
—RH | Koet é
Me
(RH)
ket
(Ach R" AcrH R H'*)
—H*
\_/
K + R'H‘ -RH

—’+

mm

(@)

0.10

0.08

0.06

0.04

0.02

0 1 1 1 1
0.4 0.6 0.8

[p-xylene], M

1.0

()

0 ] 1 I I
10 15 20

[p-xylene]™!, M~

25

Figure 6. (a) Dependence of the quantum yiethl)(of p-tolualdehyde for
the AcrPHh-catalyzed (1.1x 104 M) photooxygenation of-xylene in air-
(O) and oxygen- @) saturated CHGlat 298 K. (b) Plots of®~! vs
[p-xyleneT ™.

cation as seen in Figure 3a. This is followed by deprotonation
of p-xylene radical cation to givp-xylenyl radical in competi-
tion with the back electron transfédiy) to the reactant pair. In
the presence of oxygep;xylenyl radical is readily trapped by
oxygen to givep-xylenylperoxyl radical as observed in Figure
5a. Thep-xylenylperoxyl radical is reduced by back electron
transfer from AcrR to yield p-xylenyl hydroperoxide, ac-

on the basis of the agreement between the reported and observegompanied by regeneration of AcfRScheme 2). The hydro-

g value? In the absence of oxygen, only the latter signal is

observed under otherwise identical experimental conditions

(Figure 5b)%2

Photocatalytic Oxygenation Mechanism.Based on the
above results, the reaction mechanism for the AepRoto-
sensitized oxygenation (R H and Ph) ofp-xylene is given as
shown in Scheme 2. Photoinduced electron transfer fpom
xylene tolAcrR** (ke occurs to produce AcrRandp-xylene
radical cation, which is in equilibrium with the dimer radical

(51) Cumylperoxyl radical has been reportedgas 2.0156: (a) Bersohn, M.;
Thomas, J. RJ. Am. Chem. Sod964 86, 959. (b) Fukuzumi, S.; Ono, Y
J. Chem. Soc., Perkin Trans.1®77, 622.

(52) The ESR signal due to-xylene dimer radical cation may be overlapped
with that of AcrPh.

peroxide decomposes to yiefdtolualdehyde selectively.
According to Scheme 2, the quantum yied®) for the AcrR™-
catalyzed photooxygenation gi-xylene is expressed as a
function of concentration op-xylene as in the case of the
photocatalytic oxygenation gktolunitrile (eq 7). TheD values
of the AcrPhr-catalyzed photooxygenation pixylene with Q
in air- and oxygen-saturated CHGVere determined from the
product formation rate under irradiation of monochromatized
light of 1 = 358 nm (see Experimental Section). Thevalues
were the same at different oxygen concentrations (Figure 6a).
The ® value increases with an increase in concentration of
p-xylene to approach a limiting valué,) in accordance with
eq 7 (Figure 6a). The linear plot @~1 and [p-xylene[ ™ in
accordance with eq 8 as shown in Figure 6b. From the slope
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Scheme 3 in Table 4. Thus, the faster the photoinduced electron transfer,
v CHO <——— M CHA00H M Chy* the larger the product yield. However, tkgvalue forp-xylene
0 -~ O o determined in chloroform (4.2 10° M~1 s71) is smaller than
the value in acetonitrile in Table 4, in contrast to the improved
el e -0 product yield in chloroform as compared to that in the more
polar solvent acetonitrile (vide supra).
The improved product yield in chloroform may result from
a decrease in the reorganization energy for the electron transfer
with decreasing the solvent polarity, which results in the slower
the excited state of AcrPhinvolved in the photocatalytic back electron_ trarjsfer from AcrHo p-xylene ra_dical cation in
reaction is a singletkgps = Kobg L, 7 = 2.2 ns fortAcrPht™). Scheme 2 (vide infrad® Since the deprotonation gfxylene

The kons value thus obtained (6.3 10° M~ s71) agrees well radical cation, which leads to the oxygenated product, competes
with thes correspondinks value (6'.9X 10° M1 571 determined with the back electron transfer, the slower back electron transfer

independently by fluorescence quenching. Such agreement©Sults in the larger product yield.

strongly supports the reaction mechanism in Scheme 2 where The smaller reorganization energy in CH@.27 eV) than

the photocatalytic reaction is initiated by photoinduced electron in acetonitrile (0.34 eV) has been confirmed by determining

transfer fromp-xylene to'AcrR*". the rate constants of electron-transfer self-exchange reactions
The thermal oxygenation reaction pfxylene with oxygen between 10-methyl-9-phenylacridinium ion (AcrPhand the

is proposed to proceed via radical chain processes as shown irfOrresponding one-electron-reduced radical (AgrRhaceto-
Scheme 335 The p-xylene radical cation is assumed to be Nitrile and chloroforn?? Since thel values (0.27, 0.34 eV) are

produced by direct electron transfer frgmxylene to oxygen much smaller than the driving force of the back electron transfer

in a charge-transfer complex between thenowever, the ~ (TAG%:t= 2.36 eV) from AcrH (E%x vs 2830E: —0.43 V§?
saturated dependence ®fon [D] in Figure 6a indicates that (O P-Xylene radical cationEeq = 1.93 V)?* the back electron
such an electron-transfer radical chain process (Scheme 3) idransfer is deeply in the Marcus inverted region, where the back

not operative as the major pathway in the present photocatalytic€!€ctron- transfer rate is expected to slow with decreasing
reaction. valuez324The slower back electron-transfer rate with decreasing

If the chain process in Scheme 3 were the major pathway, solvent polarity_leads to an increase i_n the produ_ct yie!d as
the ® value would increase linearly with increasing concentra- observed experimentally (see Supporting Information, Figure
tion of p-xylene. S5). ) . .

No photooxygenation of 2,5-dimethoxytoluene, the strongest Furth(_ar improvement of the product y!eld by employing
electron donor in this study, has occurred with ActRis a AcrPh' instead of AcrH can also be ascribed to the slower
photocatalyst in CHG| probably because of the slow depro- backoelectron-transfer rat% for the former than thg .Iatter. Since
tonation rate as compared with the fast back electron transferthe Ef%x value of AcrPh (E% vs SCE= —0.55 V® is more

i 0 = — 29
despite the efficient fluorescence quenching of AcrBi 2,5- negat!vg than the value of ACtHE’o vs SCE= —0.43 V),
dimethoxytolueneky = 1.2 x 101 ML s2). the driving force of the back electron transfer from Acrih48

eV) is larger than that from Acr{2.36 eV). The larger driving
force thereby results in slower back electron transfer, leading

and intercept in Figure 6b, thk, andKopsVvalues are obtained
as 0.10 and 14 W, respectively. TheKyps value can be
converted to the corresponding rate constigt)(provided that

The 100% selective photocatalytic oxygenatiorpefylene
is made possible by the difference in the reactivitypodylene . .
and the oxygenated produpttolualdehyde, as indicated by the to improved product yu_e!d.
following fluorescence quenching experiments. The fluorescence "€ enhanced stability of AcrPhas a photocatalyst as
lifetimes () of AcrH* (fem = 488 nm) in the absence and compared to AcrH is ascribed to the steric effect of the phenyl

presence of xylenes, toluene, or the corresponding aldehydeddrOUP Of AcrPh, which hampers the radical coupling with
were determined with the time-resolved fluorescence Spectro_deprotonated radicals that could be the deactivation process of

fluorophotometer. The rate constants of fluorescence quenchingt€ Photocatalyst in Scheme 2.

kq (= Kqz™2) by photoinduced electron transfer are determined ~ In conclusion, the use of AcrPhas a photocatalyst in
from the slopes of the linear Sterivolmer plots ofry/t (to = chloroform has enabled us to accomplish the 100% selective
37 ns in MeCN33vs the quencher concentration. Tiyevalues photooxygenation ofp-xylene to p-tolualdehyde as well as
thus determined are listed in Table 4 (see typical data in highly selective photooxygenation of other isomers to the
Supporting Information, Figure S4). corresponding aromatic aldehydes. Photooxygenation of a ring-
The AcrH*" fluorescence was quenched efficiently by Subsitituted toluene with an electron-withdrawing substituent

electron transfer from xylenes #crH**, whereas no quench-  (P-tolunitrile) by molecular oxygen is also made possible by

ing was observed bp-tolualdehyde K, < 1 x 107 M~1 s79). use of tetrafluorge-dicyanobenzene as the photocatalyst for the
The k, value decreases in the ordeixylene > o-xylene > photooxygenation of-tolunitrile. Thus, selective photooxy-
mxylene > o-tolualdehyde> toluene > m-tolualdehyde> genations of ring-substituted toluenes are finely controlled by

p-tolualdehyde (not observed). This order is consistent with the N00sing an appropriate photocatalyst with different one-electron
order of the monooxygenated and dioxygenated product yields "€dox potentials and solvents.

(53) Nelsen, S. F.; Kapp, D. L.; Akaba, R.; Evans, D.-HAm. Chem. Soc. Acknowledgment. This work was partially supported by a

1986 108, 6863. Grant-in-Aid for Scientific Research Priority Area (11228205)
54) Correa, P. E.; Hardy, G.; Riley, D. P. Org. Chem1988 53, 1695. o ; ;
2553 e R Y amaren & e oo, Sse) from the Ministry of Education, Culture, Sports, Science and
103 2098. Technology, Japan.
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Supporting Information Available: Five figures showing for the fluorescence quenching of AcrPhy ring-substituted
Stern-Volmer plot for the fluorescence quenching of various toluenes, and irradiation time dependence of the yield of
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