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Abstract: Photoinduced electron transfer from a variety of electron donors including alkylbenzenes to the
singlet excited state of acridine and pyrene is accelerated significantly by the presence of scandium triflate
[Sc(OTH)s] in acetonitrile, whereas no photoinduced electron transfer from alkylbenzenes to the singlet excited
state of acridine or pyrene takes place in the absence of Sc(OTf);. The rate constants of the Sc(OTf)s-
promoted photoinduced electron-transfer reactions (ke) of acridine to afford the complex between acridine
radical anion and Sc(OTf); remain constant under the conditions such that all the acridine molecules form
the complex with Sc(OTf)s. In contrast to the case of acridine, the ke value of the Sc(OTf)s-promoted
photoinduced electron transfer of pyrene increases with an increase in concentration of Sc(OTf); to exhibit
first-order dependence on [Sc(OTf)3] at low concentrations, changing to second-order dependence at high
concentrations. The first-order and second-order dependence of ke on [Sc(OTf)3] is ascribed to the 1:1
and 1:2 complexes formation between pyrene radical anion and Sc(OTf)s. The positive shifts of the one-
electron redox potentials for the couple between the singlet excited state and the ground-state radical
anion of acridine and pyrene in the presence of Sc(OTf); as compared to those in the absence of Sc(OTf);
have been determined by adapting the free energy relationship for the photoinduced electron-transfer
reactions. The Sc(OTf)s-promoted photoinduced electron transfer from hexamethylbenzene to the singlet
excited state of acridine or pyrene leads to efficient oxygenation of hexamethylbenzene to produce
pentamethylbenzyl alcohol which is further oxygenated under prolonged photoirradiation of an O,-saturated
acetonitrile solution of hexamethylbenzene in the presence of acridine or pyrene which acts as a
photocatalyst together with Sc(OTf)s. The photocatalytic oxygenation mechanism has been proposed based
on the studies on the quantum yields, the fluorescence quenching, and direct detection of the reaction
intermediates by ESR and laser flash photolysis.

Introduction duced electron-transfer reactions of carbonyl compo@n#s.
Photoexcitation of carbonyl compounds with lowest* singlet
excited states generally results in formation of the nonfluorescent
triplet excited state via the fast intersystem crossfghus,

the most photochemical reactions of carbonyl compounds are
known to undergo via the triplet excited stafe®? In the case

Since photoexcitation induces significant enhancement in the
reactivity of electron transfer, photochemical reactions via
photoinduced electron transfer have been explored extensively.

In particular, there have been a number of reports on photoin-
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99. (9) (a) Mattay, J.; Gersdorf, J.; Freudenberg,T@trahedron Lett1984 25,
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of photoinduced electron transfer reactions, however, the experiments, and direct detection of the reaction intermediates
oxidizing power of the triplet excited state is generally lower by ESR and laser flash photolysis.
than that of the singlet excited state because of the lower Experimental Section

excitation energy. Accordingly, electron donors which can be
employed in the photoinduced electron transfer reactions of

Materials. 10-Methyl-9,10-dihydroacridine (Acri}l was prepared
from 10-methyl-acridinium iodide (AcrH ™), which was obtained by

carbonyl compounds have been limited to relatively strong the reaction of acridine with methyl iodide in acetone, by reduction

reductants such as ketene silyl acetdlallylic stannane$!18
and amined? The promoting effects of metal ions on the

with NaBH, in methanol and purified by recrystallization from ethattol.
p-MeO-N,N-dimethylaniline was prepared according to the literatfire.

photoinduced electron transfer have made it possible to expandThe dimeric 1-benzyl-1,4-dihydronicotinamide dimer [(BNRAvas

the scope of photoinduced electron-transfer reactions of carbonylprepared according to the literatdfePyrene (Py), acridine (AcrN),
compoundg®-23 However, such promoting effects of metal ions ferroceneN,N-dimethylaniline, 1,4-dimethoxybenzene, 1,3-dimethoxy-
on photoinduced electron transfer have so far been limited to Penzene, 1,2,4-trimethoxybenzene, hexamethylbenzene, pentamethyl-

carbonyl compounds which can form the ground-state complexes
with metal ions. As such, no photocatalytic system using
sensitizers which have no interaction with metal ions at the

ground state has ever been reported.

We report herein remarkable promoting effects of scandium
triflate, Sc(OTf}, on photoinduced electron transfer from a
variety of electron donors to the singlet excited state of not only
acridine which can form the ground-state complex with Sc(@Tf)

but also pyrene which has no interaction with Sc(Q@Ti)the

ground state. Although the oxidizing ability of the singlet excited
state of pyrene or acridine is too weak to oxidize alkylben-
zeneg*the Sc(OTf}-promoted photoinduced electron transfer

benzene, naphthalene, 1,2,4,5-tetramethylbenzene and 1,2,3,5-tetra-
methylbenzene, 1,2,3,4-tetramethylbenzene, 1,2,4-trimethylbenzene,
1,2,3-trimethylbenzeney-xylene, o-xylene, m-xylene, ethylbenzene,
toluene, and benzene were obtained commercially and purified by the
standard method®.1,1-Dimethylferrocene, 1,2,4,5-tetramethyl-1,4-cy-
clohexadiene, pentamethylbenzyl alcohol and 1,2,4-trimethoxybenzene
were obtained from Aldrich. Sodium iodide (Nal) was obtained from
Nakalai Tesque, Inc. Scandium trifluoromethanesulfonate, Sc{OTf)
(99%, F. W.= 492.16) was obtained from Pacific Metals Co., Ltd.
(Taiheiyo Kinzoku). 1,4-Dioxane was obtained commercially from To-
kyo Kasei Organic Chemicals. Tetrebutylammonium hexafluoro-
phosphate used as a supporting electrolyte for the electrochemical
measurements also obtained commercially from Tokyo Kasei Organic
Chemicals. Acetonitrile (MeCN) and propionitrile (EtCN) used as

from hexamethylbenzene to the singlet excited state of pyrenesolvents were purified and dried by the standard proce#ure.
and acridine leads to efficient oxygenation of hexamethylben- [2Hs]Acetonitrile (CD;CN) was obtained from EURI SO-TOP, CEA,
zene to produce pentamethylbenzyl alcohol as the primary France.

oxygenated product. Without Sc(OZfpyrene or acridine has

no ability to photocatalyze the oxygenation of hexamethylben-

zene. Thus, the essential role of Sc(QTii) the photocatalytic

reaction found in this study will expand the scope of photo-
catalytic reactions via photoinduced electron transfer. The

Reaction Procedure.Typically, hexamethylbenzene (20 102
M) was added to an NMR tube that contained asCR solution (600
uL) of Py (2.0x 1075 M) or AcrN (2.0 x 10°° M) in the presence of
Sc(OTf) (4.0 x 1072 M) under atmospheric pressure of oxygen. The
solution was flushed with oxygen gas for 8 min, and the NMR tube
was sealed with a rubber septum. Then, the solution was irradiated

photocatalytic mechanism is examined in detail based on theyith uv-visible light from a xenon lamp (Ushio Model V1-501C)
studies on the quantum yields, the fluorescence quenchingthrough a cut-off filter (Toshiba UV-31) transmitting> 300 nm at

(12) (a) Fukuzumi, S.; Fujita, M.; Otera, J. Org. Chem1993 58, 5405. (b)
Suga, K.; Ohkubo, K.; Fukuzumi, 9. Phys. Chem. 2003 107, 4339.
(c) Fukuzumi, S.; Okamoto, T.; Ohkubo, K. Phys. Chem. 2003 107,
5412. (d) Ohkubo, K.; Suga, K.; Morikawa, K.; FukuzumiJSAm. Chem.
S0c.2003 125 12 850.

(13) Hasegawa, E.; Ishiyama, K.; Horaguchi, T.; ShimizuT @rahedron Lett.
1991, 32, 2029.

(14) (a) Bockman, T. M.; Perrier, S.; Kochi, J. K.Chem. Soc., Perkin Trans.
21993 595. (b) Bockman, T. M.; Shukla, D.; Kochi, J. B. Chem. Sog.
Perkin Trans. 21996 1623.

(15) (a) Kawata, H.; Shimada, K.; Kumagai, T.; NiizumaT&rahedron Lett.
1993 34, 1935. (b) Kawata, H.; Shimada, K.; Kumagai, T.; NiizumaJS.
Chem. Sog.Perkin Trans. 21993 1395.

(16) (a) Boldridge, D. W.; Justus, B. L.; Scott, G. W.Chem. Phys1984 80,
3179. (b) Samanta, A.; Fessenden, R. @hem. Phys. Lett1988 153
406.

(17) Fukuzumi, S.; Fujita, M.; Otera, J.; Fujita, ¥. Am. Chem. Sod 992
114, 10271.

(18) Fukuzumi, SRes. Chem. Intermed997, 23, 519.

(19) Pandey, G. Ifopics in Current Chemistry; Photoinduced Electron-Transfer
V; Springer-Verlag: Berlin, 1993; Vol. 168, pp 17221.

(20) (a) Fukuzumi, S., IrfElectron Transfer in ChemistnyBalzani, V., Ed.;
Wiley-VCH: New York, 2001; Vol. 4, pp 367. (b) Fukuzumi, SOrg.
Biomol. Chem2003 1, 609. (c) Fukuzumi, SPure Appl. Chem2003
75, 577.

(21) (a) Fukuzumi, S.; Itoh, S. lAdvances in Photochemistriteckers, D. C.;
Volman, D. H. Eds.; John Wiley & Sons: New York, 1999; Vol. 25, p
107. (b) Fukuzumi, SBull. Chem. Soc. Jpri.997, 70, 1. (c) Fukuzumi, S.
J. Phys. Org. ChenR002 15, 448. (d) Fukuzumi, S.; Mori, H.; Imahori,
H.; Suenobu, T.; Araki, Y.; Ito, O.; Kadish, K. M. Am. Chem. So2001,
123 12458.

(22) (a) Fukuzumi, S.; Kuroda, S.; Tanaka,J.Am. Chem. Sod.985 107,
3020. (b) Fukuzumi, S.; Okamoto, T.; OteraJJAm. Chem. S0d.994
116, 5503.

(23) Fukuzumi, S.; Satoh, N.; Okamoto, T.; Yasui, K.; Suenobu, T.; Seko, Y.;

Fujitsuka, M.; Ito, O.J. Am. Chem. So@001, 123 7756.
(24) (a) Rehm, A.; Weller, ABer. Bunsen-Ges. Phys. Cheh®69 73, 834.
(b) Rehm, A.; Weller, Alsr. J. Chem.197Q 8, 259.
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298 K for 5 h. The reaction solution was analyzed ¥y NMR
spectroscopy. The product from photooxygenation of hexamethylben-
zene with Q in the presence of Sc(OEfjvas identified by comparing

the 'H NMR spectra with that of a CELN solution of pentamethyl-
benzyl alcohol in the presence of Sc(QsIfJhe yield of the reaction
was determined based on the concentration of the internal standard,
1,4-dioxane (5.0« 1073 M). *H NMR measurements were performed
with a Japan Electron Optics JNM-GSX-400 (400 MHz) NMR
spectrometer at 298 KH NMR (CD3CN, 298 K); 6(MesSi, ppm):

4.60 (d,J = 4.0 Hz, 2H), 2.23 (s, 6H), 2.21 (s, 9H). The isolation of
the preparative scale photocatalytic oxygenation product of hexameth-
ylbenzene was performed as follows. Typically, an MeCN solution of
hexamethylbenzene (10 1072 M, 50 mL) was added to the reaction
vessel containing an MeCN solution (50 mL) of AcrN (40105 M)

in the presence of Sc(OEf{2.0 x 102 M). The solution was flushed
with oxygen gas for 20 min. Then, the solution was irradiated with
UV —visible light from a xenon lamp (Ushio Model V1-501C) through

a cut-off filter (Toshiba UV-31) transmitting > 300 nm at 298 K for

7 h. Deionized water (100 mL) was added to the resulting solution
containing the products, and the MeCN was removed by vacuum
evaporation. The resulting suspension was washed with chloroform.
The organic layer was separated and the solvent was removed from

(25) Roberts, R. M. G.; Ostovic, D.; Kreevoy, M. Maraday Discuss. Chem.
So0c.1982,74, 257.

(26) Gennari, C. IrSelectiities in Lewis Acid Promoted ReactigrSchinzer,
D., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1989;
Chapter 4, p 53.

(27) Wallenfels, K.; Gellrich, MChem. Ber1959 92, 1406.

(28) Perrin, D. D.; Armarego, W. L. RRurification of Laboratory Chemicals;
Butterworth-Heinemann: Oxford, 1998.
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the reaction mixture by distillation at 313 K under vacuum. The residue
was purified by silica gel column chromatography (chloroform as an
eluent) to afford pentamethylbenzyl alcohol as a white solid. The

isolated yield of pentamethylbenzyl alcohol was determined to be 30%.

Quantum Yield Determination. A standard actinometer (potassium
ferrioxalate¥® was used for the quantum yield determination of the
photooxygenation of hexamethylbenzene hyiiOthe presence of Sc-
(OTf)s; and Py. A square quartz cuvette (10 mm i.d.) which contained
an O-saturated MeCN (3.0 cihof hexamethylbenzene (20 1072
—5.0x 102 M), Py (1.0 x 104 M), and Sc(OTH (4.0 x 102 M)
was irradiated by monochromatized light #f= 335 nm from a

presence of Sc(OTfvere carried out with a BAS 100B electrochemical
analyzer in deaerated MeCN containing 0.10H8uN*PR~ (TBAPR)
as a supporting electrolyte at 298 K. The gold working electrode was
polished with BAS polishing alumina suspension and rinsed with
acetone before use. The counter electrode was a platinum wire. The
measured potentials were recorded with respect to an Ag/A¢BlO1
M) reference electrode. TH&.q values (vs Ag/AgNG) are converted
into those vs SCE by addition of 0.29%.

Laser Flash Photolysis.A deaerated MeCN solution containing

AcrN and hexamethylbenzene was excited by a Nd:YAG laser
(Continuum, SLII-10, 46 ns fwhm) atl = 355 nm with the power of

Shimadzu spectrofluorophotometer (RF-5000). Under the condition of 20 mJ per pulse. The transient absorption spectra in the photoinduced
actinometry experiments, both the actinometer and Py absorbed es-electron-transfer reactions were measured by using a continuous Xe-

sentially all the incident light of = 335 nm. The light intensity of
monochromatized light of = 335 nm was determined as 931077
einstein dm® s, 1.8 x 107% einstein dm® s and 5.7x 107° einstein
dm~3 s~ with the slit width of 10, 15, and 20 nm. The photochemical

lamp (150 W) and a photomultiplier tube (Hamamatsu 2949) as a probe
light and a detector, respectively. The output from the photomultiplier
tube was recorded with a digitizing oscilloscope (Tektronix, TDS3032,
300 MHz). The transient spectra were recorded using fresh solutions

reaction was monitored using a Shimadzu GC-17A gas chromatographin each laser excitation at 298 K.
and Shimadzu MS-QPS000 mass spectrometer. The quantum yields gsr MmeasurementsThe ESR spectra of the scandium complexes

were determined from the decrease in the amount of hexamethylben-

zene.
Fluorescence QuenchingQuenching experiments of the fluores-

of acridine radical anion (AcrN) and pyrene radical anion (Py were
recorded on a JEOL JES-A100 spectrometer under irradiation of a
high-pressure mercury lamp (USH-1005D) which is focused at the

cence of AcrN and Py were carried out on a Shimadzu spectrofluoro- sample cell containing a deaerated EtCN solution of AcrN or Py,
photometer (RF-5000). The excitation wavelength of AcrN and (BNA), and Sc(OTf) (400 uL) in the ESR cavity at 203 K. ESR
(AcrN)2—Sc(OTf complex wasi = 355 nm. The monitoring  spectra of electrochemically generated Ryere taken on a JEOL JES
wavelengths were those corresponding to the maxima of the emissionFA100 by using an electrolysis cell designed for ESR measurerffents.
band atlmax= 397 nm (AcrN) andimax= 480 nm [(AcrN}—Sc(OTf}]. The ESR cell is composed of a helical gold wire with large surface
The excitation wavelength of Py wals= 335 nm in MeCN. The  area (12 crf) as the working electrode, which can generate enough
monitoring wavelength was that corresponding to the maximum of the py- to detect the ESR spectra, a platinum wire as a counter electrode,
emission band atmax= 390 nm. Typically, an MeCN solution of ACrN  and a silver wire as a reference electrode. The controlled potential
or Py was deaerated by argon purging for 8 min prior to the eglectrolysis of Py was carried out in anhydrous deaerated EtCN con-
measurements. Relative fluorescence intensities were measured fO'taining 0.20 Mn-Bu;NPFs as supporting electrolyte in the ESR cavity.

MeCN solutions containing Py (1.8 106 M) with various electron
donors (6.5x 1075 — 4.0 x 10°* M) in the presence of Sc(OTEf{0—

1.5 x 107 M). Relative fluorescence intensities were also measured
for MeCN solutions containing AcrN (1.& 104 M) with various
electron donors (2.5 1072 — 1.5 M) in the presence of Sc(OEf4.0

The ESR spectrum of the Sc(OF€omplex of superoxide radical anion
(Or7) was measured at 203 K by using a JEOL THER100 with
low-temperature cooling apparatus. The mixed solution of hexameth-
ylbenzene (6.2« 1072 M), Py (1.0 x 1071 M), and Sc(OTH (5.0 x

1072 M) in Oz-saturated EtCN at 203 K was irradiated by using a high-

x 1072 M). There was no change in the shape but there was a changepressure mercury lamp (USH-1005D) focusing at the sample cell in

in the intensity of the fluorescence spectrum by the addition of a
guencher (D). The StetriVolmer relationship (eq 1) was obtained for

I/l =1+ Kg\[D] (1)

the ESR cavity. All the ESR spectra were recorded under nonsaturating
microwave power conditions. The magnitude of modulation was chosen
to optimize the resolution and signal-to-noise (S/N) ratio of the observed
spectra. Theg values and hyperfine splitting constants (hfs) were
calibrated by using an M marker. Computer simulation of the ESR

the ratio of the emission intensities in the absence and presence ofSpectra was carried out by using EBR/ersion 1.2 (Calleo Scientific
Sc(OTfy and concentrations of various electron donors (D) used as Software Publisher) on a Macintosh personal computer.

quenchers. The fluorescence lifetimes of A&ahd (AcrNy—Sc(OTfy
complex were determined as= 31.0 and 32.2 ns, respectively in

Spectral MeasurementsThe amount of hydrogen peroxide 4Bk)
was determined by titration with iodide iGhThe aliquots of the product

deaerated MeCN solution at 298 K by single photon counting using a mixture in MeCN was treated with excess Nal and the amoungof |

Horiba NAES-1100 time-resolved spectrofluorophotometer. The fluo-
rescence lifetimes of Py in the abseficand in the presence of Sc-
(OTf)3 (4.0 x 1072, 8.0x 1072 1.2x 107, and 1.5x 10t M) were
determined as = 295, 256, 171, 163, and 104 ns, respectively, in a
deaerated MeCN solution at 298 K. The fluorescence lifetime of Py in
the presence of Sc(OEff4.0 x 1072 M) was also determined as=

4.1 ns in Q-saturated MeCN at 298 K. The observed quenching rate
constantsg (Ksvz~1) were obtained from the StefVolmer constants
(Ksv) and the fluorescence lifetime

Electrochemical Measurements.The second harmonic ac volta-

mmetry (SHACV) measurements of Py and AcrN in the absence and

(29) (a) Hatchard, C. G.; Parker, C. Rroc. R. Soc. London, Sek.1956 235
518. (b) Calvert, J. C.; Pitts, J. RhotochemistriyWilly: New York, 1966;
p 786.

(30) Williams, J. O.; Clarke, B. P.; Shaw, M. Ghem. Phys. Lettl976 39,
142

(31) Baggotto, J. E.; Pilling, M. JI. Chem. Soc., Faraday Trans.1983 79,
221.

formed was determined by the U\Wisible spectrumAmax = 365 nm,
€max = 28 000 Mt cm1)22 using a Hewlett-Packard 8453 diode array
spectrophotometer with a quartz cuvette (path lergth mm) at 298

K.

Results and Discussion

Sc(OTf)s-Promoted Photoinduced Electron Transfer.Acri-
dine (AcrN) forms a 2:1 complex with Sc(OTEf{eq 2) as
indicated by the spectral titration in MeCN (Figure 1a).

A
ohe

c(OTf)
I
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A
2 | / + Sc(OTHy ——>
N

(AcrN)
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(a) Table 1. Oxidation Potentials (E%y) of Various Electron Donors
0.8 and Fluorescence Quenching Rate Constants (kg) of AcrN (1.0 x
08 T 104 M) by Various Electron Donors in the Absence and Presence
o H of Sc(OTf); (4.0 x 1072 M) in Deaerated MeCN at 298 K
@ 07
% ' inthe absence  in the presence
£ o8y ' E%,V  of Sc(OT); of Sc(OTfs
g § 05k E no. electron donor VSSCE ke M1s7? kg M1t
5 ; 1 1,I-dimethylferrocene 0.26 1.2 10 2.6x 10
£ o4 g : 2 ferrocene 0.37 12100 2.9x 100
2 0o 025 05 05 3 10-methyl-9,10-dihydroacridine 0.81 10101 1.5x 100
2 [Sc(OT)s)ACHN] 4 1,2 4-trimethoxybenzene 112 K7E a
5 1,4-dimethoxybenzene 1.34 46107 2
T 6 hexamethylbenzene 1.49 151010
7 1,2,34-tetramethylbenzene 1.71 %400
8  1,2,4-trimethylbenzene 1.79 13101
9  1,2,3-trimethylbenzene 1.88 13100
400 450 10 p-xylene 1.93 1.4 1010
Wavelenath 11 o-xylene 1.98 1.2« 10
avelength, nm 12 mxylene 2.02 9.6¢ 10°
(b) 13 ethylbenzene 2.14 70108
. 14 toluene 2.20 6.6 10
' 15 benzene 2.35 74 10°
3
:L . aNot determined due to complex formation between electron donors and
. £ , Sct.
3 £ ’ :
o .2 o 1 . .
> Sl . ' quenched by benzene and other alkylbenzene derivatives (see
? ' Supporting Information S2). The fluorescence quenching occurs
.‘I:.% 025 050 075 by photoinduced electron transfer from benzene to singlet
= [Sc(0T:MAcrN) excited state of the (AcrM)}-Sc(OTfy complex (eq 3) as
discussed below.
D

400 450 500 550 600 N O hv
Wavelength, nm c(OTf)3

Figure 1. (a) UV—visible absorption spectral changes and (b) fluorescence / l

mepw

spectral changes observed upon addition of Sc(&xdfan MeCN solution N
of AcrN (3.5 x 107> M) at 298 K. Inset: (a) absorption changesiat
356 nm and (b) fluorescence changed a 479 nm.

LD

There is weak fluorescence of AcrN at 380 nm (Supporting \
Information S1). When AcrN forms a complex with Sc(O3ff) Sc(OThs| * 3)
(AcrN),—Sc(OTf), strong fluorescence of the Sc(OF€pmplex /'
of AcrN appears at 480 nm (Figure 1b). The formation of a 2:1 \ |

complex is confirmed by the titration of the fluorescence spectra

(inset of Figure 1b). The fluorescence quenching rate constakyjsii the absence
In contrast to the case of AcrN, there was no change in the g presence of Sc(OEff4.0 x 102 M) are summarized in
absorption and fluorescence spectra of pyrene (Py) in the Taple 1, together with the one-electron oxidation potentials of
presence of Sc(OT4) This indicates that there is no interaction  the electron donorsl,y) employed in this study. A plot of log
of Sc(OTf with Py and the singlet excited staté¢*). kq Vs E%y is shown in Figure 2, where the, value increases
No fluorescence quenching of AcrN by benzene is observed with decreasing th&% value to reach a diffusion-limited value
in MeCN. When AcrN forms the complex with Sc(OZfthe (2.0 x 109 M~1 s71).24 This indicates that the fluorescence
fluorescence maximum is shifted fio= 480 nm (Figure 1b) guenching proceeds via electron transfer from the electron
and the fluorescence lifetime of the (AceN)Sc(OTfy complex donors toAcrN* and Y[(AcrN),—Sc(OTf)]* in the absence
(32.2 ns) becomes slightly longer as compared to that of the and presence of Sc(OEf)respectively.
singlet excited-state AcrNAcrN*) (31.0 ns) (see Experimental The dependence of the activation Gibbs energy of photoin-
Section). In contrast to the case in the absence of Sc{h# duced electron transfenG™) on the Gibbs energy change of

fluorescence of the (AcrM)-Sc(OTfs complex is efficiently electron transfer AG%y) has well been established as given
by the Gibbs energy relationship (eq#)where AG™ is the

(32) Mann, C. K.; Barnes, K. K. liElectrochemical Reaction in Nonaqueous ) 0 0 ) o1
SystemsMarcel Dekker: New York, 1970. —

(33) Ohya-Nishiguchi, HBul. Chem. Soc. JprL979 52, 2064. AG™ = (AG{2) + [(AG{2)" + (AG )] (4)

(34) Méair, R. D.; Graupner, A. JAnal. Chem1964 36, 151'94.

(35) Sé* probably promotes intersystem crossing proce$Byf and diminishes intringi ; ati ;
the fluorescence lifetime of the Py. However such interaction is not so mmns_lc_bamer that represents the ac_tlvatlon _Glbbs energy when
strong to form a complex. the driving force of electron transfer is zero, i&G™ = AG™p
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Figure 2. Plots of logky vs E%y for the fluorescence quenching of AcrN
(1.0 x 1074 M) by various electron donors in the absenGg &nd presence
of Sc(OTfg (4.0 x 1072 M, W) in deaerated MeCN at 298 K. Numbers at
each point correspond to those in Table 1.

at AG%; = 0. On the otherhand G~ values are related to the
rate constant of electron transfdg) as given by eq 5, where

AG” = (2.3RTIF) log[Z(ke, " — kgt V)] (5)

Zis the collision frequency that is taken as<110'* M~ s74,

F is the Faraday constant, akgk is the diffusion rate constant

in MeCN (2.0x 109 M1 s71) .24 The AG%; value is obtained
from the one-electron oxidation potentials of electron donors
(E%) and the one-electron reduction potentiatAtrN* in the
absence and presence of Sc(QTB%d"). The plot of Figure

2 is fitted using egs 4 and 5 as shown by the solid line, which
agrees with the experimental results. The best fit lines shown
in Figure 2 give theE% 4" values (1.29 V vs SCE in the absence
of Sc(OTfy and 2.23 V vs SCE in the presence of Sc(Q)Tf)
and AG™, value (3.94 kcal motlt in the absence of Sc(Of)
and 2.64 kcal mot! in the presence of Sc(O&jf) As compared

to the one-electron reduction potential8icrN* in the absence

of Sc(OTfk, the E%¢ value of (AcrN),—Sc(OTfg]* is
significantly shifted to the positive direction (0.94 V). Such a
large positive shift in the one-electron reduction potential
indicates that the electron acceptor ability ®kcrN* is
drastically enhanced by the complex formation with Sc-
(OTH)s.

Such a large positive shift in the one-electron reduction
potential oft!AcrN* in the presence of Sc(OT4)s also observed
in the case of:Py*. Irradiation of the absorption band of Py
results in fluorescence at = 391 nm in MeCN. The
fluorescence of Py is quenched efficiently by relatively strong
electron donors such as methoxybenzeNgs;dimethylanilines
and ferrocenes (see typical Stetviolmer plots in Supporting
Information S3). When relatively weak electron donors such

Table 2. Oxidation Potentials (E%y) of Various Electron Donors
and Fluorescence Quenching Rate Constants (kg) of Py (1.3 x
10-% M) by Various Electron Donors in the Absence and Presence
of Sc(OTf); (4.0 x 1072 M) in Deaerated MeCN at 298 K

in the absence in the presence

E%x V of Sc(OTf); of Sc(OTf);
no. electron donor VSSCE ke M1s7? kg M1t
1 1,Z-dimethylferrocene 0.26 2010 19x 10
2 ferrocene 0.37 1.%100 1.9x 10%
3 N,N-dimethylaniline 071 1.%100 a
4 10-methyl-9,10-dihydroacridine 0.81 13100 6.8x 10°
5 1,2,4-trimethoxybenzene 112 6410° 2
6  1,4-dimethoxybenzene 1.34 1610° 2
7 1,2,4,5-tetramethyl

—1,4-cyclohexadiene 138 2210
8 1,2-dimethoxybenzene 145 37106 2
9 1,3-dimethoxybenzene 149 20106 2
10 hexamethylbenzene 1.49 3107
11 pentamethylbenzene 1.58 xno
12 naphthalene 1.60 26107
13 1,2,4,5-tetramethylbenzene 1.63 2.107
14 1,2,3,5-tetramethylbenzene 1.71 5.90°

aNot determined due to complex formation between electron donors and
SE*. P Not determined.

efficiently by 1,2,3,5-tetramethylbenzene in the presence of Sc-
(OThs (eq 6).

OO‘O * /Ebi Sc(];le)g,
- "
OO nin Sc(OTf)g  + /@i (6)

l ! n=1, 2

Other weak electron donors can also quench the Py fluores-
cence in the presence of Sc(O33ee Supporting Information
S3). Theky values in the absence and presence of a constant
concentration of Sc(OT4)(4.0 x 1072 M) are summarized in
Table 2, where the one-electron oxidation potentials of the
electron donorsE%,) employed in this study are also listed.

The plots of logkg vs E%x are shown in Figure 3, where the
kq value increases with decreasing tB#, value to reach a
diffusion-limited value (2.0« 10'°°M~1s1).24 Such dependence
of kg on E% is typical for photoinduced electron-transfer
reactiong* and thus, the fluorescence quenching may proceed
via electron transfer from the electron donors to'fRg* in the
absence and presence of Sc(QTf)

The plots of Figure 3 can also be fitted using egs 4 and 5 as
shown by the solid line, which agrees with the experimental
results. The best fit lines shown in Figure 3 give Bigd* values
(1.24 V vs SCE in the absence of Sc(Gsldnd 1.83 V vs SCE
in the presence of Sc(O&j)andAG™, (2.46 kcal mottin the
absence of Sc(OT{)and 7.08 kcal mot in the presence of
Sc(OTfy). As compared with the one-electron reduction po-
tential of IPy* (1.24 V), theE%.4" in the presence of Sc(OTy)

as 1,2,3,5-tetramethylbenzene are employed, no fluorescencé4.0 x 10-2 M) is significantly shifted to the positive direction

guenching is observed. When Sc(QT#.0 x 1072 M) is added

(0.59 V). Such a large positive shift in the one-electron reduction

to this system, however, the Py fluorescence is quenchedpotential indicates that the electron acceptor abilityRyf* as

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7589
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Figure 3. Plots of logkg vs E% for the fluorescence quenching of Py (1.3 () 1.0
x 1076 M) by various electron donors in the absencg énd presence of
Sc(OTfl (4.0 x 1072 M, W) in deaerated MeCN at 298 K. Numbers
correspond to those in Table 2. 08 -
well as [(AcrN),—Sc(OTfg]* is significantly enhanced as " "
compared to that in the absence of Sc(Q¥¥) e 06 - o
The kq value for photoinduced electron transfer from ethyl- K K
benzene tdAcrN* in the presence of excess Sc(OFfglative g 04 2
to AcrN remains constant independent of [Sc(Qifls shown - -
in Figure 4a. This indicates the photoinduced electron transfer 0z |
occurs from the singlet excited state of the 2:1 complex with ’
St ((AcrN),—Sc(OTf)). In the case of photoinduced electron

transfer from 1,2,3,5-tetramethylbenzene and the other electron 0 . . . . 0
donors to'Py*, the dependence &f on [SE*] are quite different 0 04 08 12 16
from the case ofAcrN*. The kq value for photoinduced electron 10[Sc(OTf)z], M

transfer from 1,2,3,5-tetramethylbenzene and the other electronfigure 4. (a) Dependence ok; on [Sc(OTfy] for the fluorescence

[ . . : quenching of AcrN (3.5x 10°° M) by ethylbenzene in the presence of
donors to’Py* increases with an increase in [Sc(Qjffjo Sc(OTfg in deaerated MeCN at 298 K. (b) Dependenciafn [Sc(OTfY]

exhibit first-order dependence on [Sc(O4fat low concentra- for the fluorescence quenching of Py (13 106 M) by 1,2,3,5-
tion changing to second-order dependence on [Sc@D&H tetramethylbenzened)), 1,2,4,5-tetramethylbenzen®); and pentameth-
shown in Figure 4b. Such first-order and second-order depen-YiPenzene &) in the presence of Sc(Okf)n deaerated MeCN at 298 K.

dence ofig on [SC(OTf)S] can be explained by the 1:1 ‘?”d 12 potential of Py in the presence of Sc(OF@E:ed) is shifted to
complex formatpn between Pyand Sc(OTf} as shown in egs ~ positive direction according to the Nernst equation (eq 9), where
7 and 8, respectively. In such a case, the one-electron reductionzo _ # is the one-electron reduction potential &y* in the

absence of Sc(OT4)K; andK; are the formation constants of

OO - K 1:1 and 1:2 complexes of Pygnd Sc(OTH, respectively. If
O‘ +Sc(0Tf)y ———— such a change in the energetics of electron transfer (eq 9)
Eedt = Eled T (2.3RTF)log{ K,[Sc(OTh,](1 +
CO KISC(OT} (9)
OO "8eiOTha @ is directly reflected in the transition state of electron transfer,

the dependence of the fluorescence quenching rate constant of
Sc(OTfi-promoted electron transfek on [Sc(OTfy] may be

OO Ko given by eq 10, wherk is the rate constant in the absence of
nnSc(0Tf)g + Sc(OTf)3

O‘ Sc(OTfk.

ky — ko = KoKy[Sc(OTHL](1 +K,[Sc(OTfy])  (10)

&O w2 Sc(OTf)3 (8) From the slopes and intercepts of linear plots laf{o)/[Sc-

(OTf)3] vs [Sc(OTf)] (Supporting Information S4) are obtained
the K, values which are listed in Table 3.
Direct Detection of Sc(OTfs Complexes with AcrN'~ and
36) A large positive shift in the one-electron reduction potentials of the ground- -
=9 stategArf)rN and Py in the presence of Sc(QT$) aﬁso observed bygthe Py The SC(OTfi'promOted electron transfer from electron
electrochemical study. donors to AcrN is expected to produce the Sc(@THmplex
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Scheme 1
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mn2Sc(OTf)3

+ Sc(OTh);

Table 3. Fluorescence Quenching Rate Constants (k) of Py (1.3
x 107% M) by 1,2,3,5-Tetramethylbenzene, 1,2,4,5-Tetramethyl-
benzene, and Pentamethylbenzene in the Presence of Sc(OTf)3
(4.0 x 1072 M), the Rate Constants (koK1), and the Formation
Constants of Py*~—2Sc(OTf)3 (K2) in Deaerated MeCN at 298 K

electron donor ke M1t koKy, M2 5712 Ky, M~1a
1,2,3,5-tetramethylbenzene 5910° 1.1x 1¢° 13.3
1,2,4,5-tetramethylbenzene 21107 3.7x 108 14.8
pentamethylbenzene 2x710°7 5.0x 108 11.6

a Determined from the dependencelgfon [Sc(OTf}].

with AcrN*~, that is (AcrNY'~—Sc(OTf; (eq 3). The ESR
detection of (AcrN)~—Sc(OTfs would provide valuable
information of the binding of Sc(OT§) with AcrN. The
(AcrN)z*~—Sc(OTf complex was produced by electron transfer
from dimeric 1-benzyl-1,4-dihydronicotinamide [(BNAJ’ to
AcrN in EtCN in the presence of Sc(O%fat 203 K (Scheme
1). The (BNAY) is known to act as a unique electron donor to
produce the radical anions of electron acceptdithe addition

of Sc(OTfy (4.4 x 1072 M) to the (BNA)—ACrN system results
in a drastic change in the hyperfine splitting pattern of AcrN
due to the complexation with 8t (Scheme 1) as shown in
Figure 5&° The ESR spectrum is well reproduced by the
computer simulation spectrum with the hfc valuesa(#N) =
6.95 G,a(2H) = 5.03 G,a(4H) = 0.45 G,a(4H) = 0.50 G,
anda(Sct) = 0.63 G (Figure 5b¥° The complete agreement
of the observed ESR spectrum (Figure 5a) with the computer
simulation spectrum (Figure 5b) indicates that Atrlforms a
2:1 complex with S&", which is bridged by Sc(OT$)

The 1:2 complex formation between ‘Pyand Sé" (Py——
2Sc(OTf)) can also be confirmed by ESR in the (BNAPY
system. The ESR spectrum of ‘Pyproduced by the electro-
chemical reduction of Py was measured using the electrolysis

cell designed for ESR measurements (see Experimental Section)s

as shown in Figure 6a. The hyperfine structures of the radical
anion species are well reproduced by the computer simulation

(37) Patz, M.; Kuwahara, Y.; Suenobu, T.; FukuzumiC&8em. Lett1997 567.

(38) (a) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S.; Fujitsuka,
M.; Ito, O.J. Am. Chem. S0d.998 120, 8060. (b) Fukuzumi, S.; Yuasa,
J.; Suenobu, TJ. Am. Chem. So@2002 124, 12566. (c) Fukuzumi, S.;
Ohkubo, K.; Okamoto, TJ. Am. Chem. So®002 124, 14147.

(39) In the presence of Sc(OEfelectron transfer from (BNA)o AcrN occurs
under dark via the Sc(OTfpromoted thermal electron-transfer process.

(40) The ESR spectrum of AcrN was reported previously, see: Chaudhuri,
J.; Kume, S.; Jagur-Grodzinski, J.; Szwarc, M.Am. Chem. S0d.968
90, 6421.

(b)

X a(2N) = 6.95 G
N a(2H) =5.03 G
Seot), AMM=045G
H a(4H) = 0.50 G

| e | a(Sc*) =0.63 G
. AHmg=0.25 G
H

Figure 5. (a) ESR spectrum of a propionitrile solution containing (BNA)
(1.6 x 1072M) and AcrN (5.1x 1073 M) in the presence of Sc(OTEf|1.6
x 1071 M) at 203 K. (b) Computer simulation spectrum.

with the hyperfine splitting (hfs) valuesa(4H) = 4.9 G,a(4H)

= 2.0 G, anda(2H) = 1.1 G (Figure 6b), which agree with the
literature valued! In the presence of St, a drastic change in
the hyperfine pattern of Pydue to the complexation with $c

is observed as shown in Figure 6¢c. The broad triplet signal
indicates that two equivalent protons have a large hfs value of
9.4 G. The ESR spectrum is well reproduced by the computer
simulation spectrum with the hfc values af2H) = 9.4 G
(Figure 6d). This indicates that the unpaired electron is localized
largely on the C2 and C7 positions and that the negative charges
are located on the C5 and C10 positions, where twid 8ms
can bind as shown in Figure 6c. Thus, carbon atoms which
exhibit the smallest spin density in Pyaccommodate the largest
pin density in the Py—2Sc(OTfs complex??

The formation of (AcrN)'~—Sc(OTfs in the Sc(OTf)-
promoted electron transfer from an electron donor to AcrN is
also confirmed by the laser flash photolysis (vide infra). The
transient absorption spectrum obtained after the laser pulse
excitation of the AcrN-hexamethylbenzene (HMB) system in

(41) Hammerich, O.; Nielsen, M. F.; Zuilhof, H.; Mulder, P. P. J.; Lodder, G.;
Reiter, R. C.; Kage, D. E.; Rice, C. V.; Stevenson, CJDPhys. Chem.
1996 100, 3454.

(42) The example of rare earth metal ion-Py complexes, see: Thiele, K.-H.;
Bambirra, S.; Sieler, J.; Yelonek, 8ngew. Chem., Int. Ed. Engl998
37, 2886.
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Figure 6. (a) ESR spectrum of a propionitrile solution containing Py (3.3
x 1073 M) in the presence oh-BusNPFs; (0.2 M) at 203 K. (c) ESR
spectrum of a propionitrile solution containing (BNAR.0 x 1072 M)
and Py (6.6x 1072 M) in the presence of Sc(OTEf]0.5 M) irradiated with
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Figure 8. Plots of the conversion of HMBQ) and the yield of

pentamethylbenzyl alcoholdj vs time determined based on the¢ NMR
spectral change observed in the photosensitized oxygenation of HMB (2.0
x 1073 M) in the presence of AcrN (2.& 1075 M) and Sc(OTf} (4.0 x

102 M) under irradiation of UV~ visible light @ > 300 nm) in Q-saturated
MeCN at 298 K.

(AcrN)z*~—Sc(OTf), respectively (Figure 7). The transient
spectrum of the (AcrN)~—Sc(OTf) complex is independently
detected in the photoinduced electron transfer from ferrocene
to AcrN in the presence of Sc(OTfsee Supporting Informa-
tion, S5).

Photocatalytic Oxygenation of Hexamethylbenzene via Sc-
(OTf)s-Promoted Photoinduced Electron Transfer.The Sc-

a high-pressure mercury lamp at 203 K. The computer simulation spectra (OTf)s-promoted photoinduced electron transfer from HMB to

are shown in (b) and (d).

0.3 0.03
SAcrN®
HMB™  (AcrN),;-Sc(OTf)g

o 0.2 0.02 o
o (%]
£ i
2 2
] ]
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2 2
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Figure 7. Transient absorption spectra in the photoreduction of AcrN (6.0
x 1075 M) by HMB (5.6 x 1072 M) in the absence®) and presenceX)

of Sc(OTf) (9.6 x 1073 M) at 2.0us (@) and 8.Qus (O) after laser excitation
atA = 355 nm in deaerated MeCN at 298 K.

the absence and presence of Sc(@T$)shown in Figure 7.
The transient absorption band/at.x = 438 nm is observed in
the absence of Sc(OTf)closed circles). This is assigned to
the triplet excited state of AcrRE Thus, it is confirmed that no
photoinduced electron transfer occurs from HMBA@rN* in
the absence of Sc(OEf)In the presence of Sc(OEfhowever,
the transient absorption bands are observed at485 andi

= 510 nm, which are assignable to HMB radical catfgfiand

(43) Ezuml, K.; Kubota, T.; Miyazaki, H.; Yamakawa, Nl.Phys. Cheml976
80, 980.
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AcrN and Py (vide supra) has led us to develop a new
photocatalytic system using AcrN or Py as a photocatalyst in
the presence of Sc(OTEf)lrradiation of the absorption band with
UV —visible light 4 > 300 nm) of AcrN in an @-saturated
CDsCN solution containing hexamethylbenzene (HMB) and
AcrN results in no change in tHél NMR spectrum. When Sc-
(OTf)3 is added to an @saturated CECN solution of HMB
and AcrN, however, théH NMR signals due to HMB decreased
and new!H NMR signals due to the oxygenated product, i.e.,
pentamethylbenzyl alcohol appear during the photoirradiation
(eq 11)# The time course of the photochemical reaction is

hv (A> 300 nm)

§c(0Th),
N
L

CH,OH

+1/20,

1)

shown in Figure 8, where the disappearance of HMB is
accompanied by the formation of pentamethylbenzyl alcohol
which is further converted to the more oxygenated products

(44) Masnovi, J. M.; Sankararaman, S.; Kochi, J.JKAm. Chem. Sod.989
111, 2263.

(45) (a) Peacock, N. J.; Schuster, GJBAmM. Chem. S0d983 105 3632. (b)
Teng, H. H.; Dunbar, R. CJ. Chem. Phys1978 68, 3133.
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Figure 9. (a) Dependence of the quantum yields) ©on the light intensity
(In~12) for the photosensitized oxygenation of HMB (401072 M) in
the presence of Py (1.2 1074 M) and Sc(OTf} (4.0 x 1072 M) in O~
saturated MeCN at 298 K. (b) Dependence of the quantum yidilo(
[HMB] 32 for the photosensitized oxygenation of HMB in the presence of
Py (1.0x 1074 M) and Sc(OTf} (4.0 x 1072 M) in Oz-saturated MeCN at
298 K.

1.2

which were not analyzed here. The preparative scale photo-
catalytic oxygenation of HMB afforded pentamethylbenzyl
alcohol (isolated yield: 30%, see Experimental Sectidrih

in Figure 9 can only be explained by the radical chain reactions
initiated by the Sc(OT#promoted photoinduced electron
transfer from HMB to'Py* (Scheme 2).

The dramatically enhanced electron acceptor abilityRyf
in the presence of Sc(O&fas compared t&Py* in the absence
of Sc(OTf) (vide supra) makes it possible that electron transfer
from HMB to 'Py* occurs efficiently to produce the radical
ion pair [HMB** Py~—n Sc(OTf} (n = 1,2)]. In the presence
of O, the Py —nSc(OTfls complex may be rapidly oxidized
by O, to produce the @ —Sc(OTf) complex which has been
reported to be relatively stabféin fact, the ESR signal due to
the O~ —Sc(OTfl complex is observed during the photoirra-
diation of an @-saturated EtCN solution of HMB and Py in
the presence of Sc(OT&fps shown in Figure 10. The,O0—
Sc(OTfs complex generates £, via disproportionation reac-
tion (Supporting Information S7). Pentamethylbenzyl radical
produced by the deprotonation of HMBmay also be rapidly
trapped by @to give pentamethylbenzylperoxyl radical which
abstracts a hydrogen from HMB to produce pentamethylbenzyl
hydroperoxide, accompanied by regeneration of pentamethyl-
benzyl radical. The bimolecular reaction of pentamethylbenzyl-
peroxyl radicals affords penta-methylbenzyloxyl radicals, ac-
companied by generation of,® The pentamethylbenzyloxyl
radical can abstract a hydrogen atom from HMB to yield penta-
methylbenzyl alcohol, accompanied by regeneration of pen-
tamethylbenzyl radical to constitute the radical chain cycle
(Scheme 2). The bimolecular reaction of pentamethylbenzyl-
peroxyl radicals may also produce pentamethylbenzyl alcohol,
pentamethylbenzaldehyde, and oxygen, which is the termination
step in the radical chain reaction in Schem#&-Z. Since the
aldehyde has hardly been detected, the termination step is
negligible as compared with the efficient radical chain process
in Scheme 2.

By applying the steady-state approximation to the radical
species (pentamethylbenzyl radical cation;PynSc(OTf},
pentamethylbenzylperoxyl radical, etc.) in Scheme 2, the
dependence oP on [HMB] can be derived as given by eq 12.

@ = Kk [(Dokr[HMB])/2kIn(1 + ks[HMB])] “HMB] (12)

Under the experimental conditions such tkafHMB] < 1(k4t
=3.0x 10t ML, [HMB] = 5.0 x 1072 M), eq 12 is reduced

the case of Py, virtually the same results are obtained (seeto eq 13

Supporting Information S6).

The quantum yields®) of the photocatalytic oxygenation
of HMB using Py as a photocatalyst in the presence of Sc-
(OTf)3 were determined from a decrease in the HMB concentra-
tion by using GC-MS (see Experimental Section). Tthevalue
for the photooxygenation of HMB is found to vary depending
on the light intensity at fixed HMB concentration as shown in
Figure 9a, where thé value is proportional to the reciprocal
of the square root of light intensity (1¥2). The dependence of
@ on the HMB concentration was also examined and &he
value increases with increasing [HMB] exhibiting the 3/2-order
dependence on [HMB] as shown in Figure 9b, where a linear
correlation is seen betwe@nand [HMBP2 The® value much
larger than unity and unusual dependencé@amn In and [HMB]

(46) Photooxygenation of alkylbenzenes using 9, 10-dicyanoanthracene which
is a much stronger oxidant than pyrene or acridine has previously been
reported: (a) Saito, I.; Tamoto, K.; Matsuura, Tletrahedron. Lett1979
2889. In general, photosensitized oxygenation of aromatic compounds
involves generation of singlet oxygen, see: (b) Aubry, J.-M.; Pierlot, C.;

® = C[HMB]*¥In"12 (13)

whereC = ky(®okqt/2k)Y2. The dependence of tiie on [HVB]
and in Figure 9 agrees with eq 13. Such agreement confirms
the validity of Scheme 2.

Virtually the same radical chain mechanism can be applied
to the photocatalytic oxygenation of HMB via Sc(OFf)

Rigaudy, J.; Schmidt, RAcc. Chem. Re2003 36, 668. (c) Albini, A.;
Maurizio, F. INnCRC Handbook of Organic Photochemistry and Photobi-
ology(2nd Ed.); Wiliam, H., Francesco, L., Eds.; CRC Press: Boca Raton;
2004, 45/+45/19.
Hexamethylbenzene was converted to a mixture of oxidized products in
dye-sensitized photooxidation in benzene/methanol mixed solvent. However,
no pentamethylbenzyl alcohol was obtained, see: Wasserman, H. H;
Mariano, P. S.; Keehn, P. M. Org. Chem1971, 36, 1765.
(48) Fukuzumi, S.; Patz, M.; Suenobu, T.; Kuwahara, Y.; Itoh]. &m. Chem.
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Scheme 2

(b)
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Figure 10. ESR spectrum of (a) £ —Sc(OTf complex produced in
photosensitized oxygenation of HMB (62 10-2 M) in the presence of
Py (1.0x 101 M) and Sc(OTf} (5.0 x 1072 M) in Op-saturated EtCN at
203 K and (b) the computer simulation spectrum.

promoted photoinduced electron transfer from HMB to the
(AcrN),—Sc(OTfs complex. It should be emphasized that with-

out Sc(OTf} no photocatalytic oxygenation of HMB has occur-

red using Py or AcrN as a photosensitizer. Thus, Sc(géys

an essential role to improve the photocatalytic activity of Py

(51) Lindsay, D.; Howard, J. A.; Horswill, E. C.; Iton, L.; Ingold, K. U.; Cobbley,
T.; LI, A. Can. J. Chem1973 51, 870.

7594 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004

+ Py——nScd+ n=1,2
02

Py

05 —=Sc3+

Oz
X2

2H*

H202 + Oo + 283+

O2
X e
+

and AcrN significantly by promoting photoinduced electron
transfer from HMB to the singlet excited state of not only AcrN
which can form the ground-state complex with Sc(QTiut

also Py which has no interaction with Sc(Ogfi) the ground
state due to complexation of Sc(OFfyith Py~ and AcrN—,
respectively. Such remarkable promoting effects of Sc(©Tf)
in photoinduced electron-transfer reactions of photosensitizers
will expand the scope of photocatalytic reactions via photoin-
duced electron transfét.
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