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Abstract: The lowest excited state of aromatic carbonyl compounds (naphthaldehydes, acetonaphthones, and
10-methylacridone) is changed from therntriplet to thes,st* singlet which becomes lower in energy than

the ng* triplet by the complexation with metal ions such as Mg(g@and Sc(OTf) (OTf = triflate), which

act as Lewis acids. Remarkable positive shifts of the one-electron reduction potentials of the singlet excited
states of the Lewis acidcarbonyl complexes (e.g., 1.3 V for the 1-naphthaldemy®ie(OTf complex) as
compared to those of the triplet excited states of uncomplexed carbonyl compounds result in a significant
increase in the redox reactivity of the Lewis acid complexes vs uncomplexed carbonyl compounds in the
photoinduced electron-transfer reactions. Such enhancement of the redox reactivity of the Lewis acid complexes
leads to the efficient €C bond formation between benzyltrimethylsilane and aromatic carbonyl compounds
via the Lewis-acid-promoted photoinduced electron transfer. The quantum yield determinations, the fluorescence
guenching, and direct detection of the reaction intermediates by means of laser flash photolysis experiments
indicate that the Lewis acid-catalyzed photoaddition reactions proceed via photoinduced electron transfer from
benzyltrimethylsilane to the singlet excited states of Lewis-acatbonyl complexes.
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reagents have so far been limited to luminescent electronacetonaphthones are generally nonfluorescent but phosphores-
acceptors such as iminium cations and cyanoaromatics, whichcent because of the fast intersystem crossing to generate the

have more positive one-electron reduction potenti&le{) at
the excited states than the one-electron oxidation poterfi&|g (
of organometallic reagents1©

lowest nz* triplet excited stat@® However, it is found that the
lowest excited state is completely changed from the trjplet
to the w,t* singlet which becomes lower in energy than the

Since the lifetimes of excited states are usually very short n* triplet due to the complexation with metal ions such as
and accordingly any reaction of the excited state should be fastMg(ClO,4), and Sc(OTf) (OTf = triflate), which act as Lewis
enough to compete the decay of the excited state to the groundacids?’ Efficient photoaddition of benzyltrimethylsilane (PhgH
state, there seems to be little chance for a catalyst to accelerat&iMe;) with aromatic carbonyl compounds is made possible by
further the reactions of excited states, which are already fast.the complexation of the photoexcited states with metal f8ns.
There are many cases, however, such that photochemicalThe catalytic mechanism for the photoaddition reaction is
reactions can be accelerated by some added substances whictevealed on the basis of the studies done on the complex
act as catalysts in the photochemical reactidn¥' The formation between carbonyl compounds and Lewis acids, the
photoexcitation induces significant enhancement in the reactivity quantum yield determinations, the fluorescence quenching by
of electron transfer, and thereby photochemical reactions via electron donors, and direct detection of the reaction intermedi-
photoinduced electron transfer have been reported exten8iv&ly.  ates by means of laser flash photolysis experiments.

There have been some examples for photoinduced electron- ) )

transfer reactions which are catalyzed significaiti32 since Experimental Section

remarkable enhancement of the redox reactivity of photoexcited Materials. 1-Naphthaldehyde (1-NA), 2-naphthaldehyde (2-NA),
states of flavin analogues due to the complex formation with 1-acetonaphthone (1-AN), 2-acetonaphthone (2-AN), 10-methylacri-

Mg(ClOy), was first reported® There remains a wealth of

done, and alkylbenzene derivatives were obtained commercially and

hotoinduced electron transfer reactions, which has been onl ) ' ety . ’
P r)]/mermally and used as received. A dimeric 1-benzyl-1,4-dihydronico-

partially explored in the past, and which certainly deserves muc
more detailed attentiof:22

We report herein the first systematic studies on the change

trifluoromethanesulfonate, and tetramethyltin were also obtained com-

tinamide [(BNA)Y] was prepared according to the literatét&candium
triflate [Sc(OTf)] was prepared by the following procedure according
to the literatureé® A deionized aqueous solution was mixed (1:1 v/v)

of the spin state as well as enhancement of redox reactivity of yjith trifluoromethanesulfonic acid99.5%, 10.6 mL) obtained from
photoexcited states of aromatic carbonyl compounds due to thethe Central Glass, Co., Ltd., Japan. The trifluoromethanesulfonic acid

complexation with metal ions acting as Lewis aciiEnhance-

solution was slowly added to a flask which contained scandium oxide

ment of fluorescence intensity has previously been reported for (S&0s) (>99.9%, 30 mmol) obtained from Shin Etsu Chemical, Co.,

2-quinolones complexed with BFacting as a Lewis aci#p.

Ltd., Japan. The mixture was refluxed at I@for 3 days. After cen-

Aromatic carbonyl compounds such as naphthaldehydes andtrifugation of the reaction mixture, the solution containing scandium

(9) (a) Fukuzumi, S.; Fujita, M.; Otera, J.; Fujita, ¥..Am. Chem. Soc.
1992 114, 10271. (b) Fukuzumi, S.; Fujita, M.; Otera, . Org. Chem.
1993 58, 5405. (c) Mikami, K.; Matsumoto, S.; Ishida, A.; Takamuku, S.;
Suenobu, T.; Fukuzumi, S. Am. Chem. So&995 117, 11134. (d) Mikami,
K.; Matsumoto, S.; Okubo, Y.; Fujitsuka, M.; Ito, O.; Suenobu, T.;
Fukuzumi, SJ. Am. Chem. So@00Q 122 2236.

(10) For thermal electron-transfer reactions involving main-group orga-
nometallics, see: (a) Kaim, WAcc. Chem. Re4.985 18, 160. (b) Kochi,

J. K. Angew. Chem., Int. Ed. Endl988 27, 1227.

(11) (a) Wubbels, G. GAcc. Chem. Red 983 16, 285. (b) Wubbels,
G. G.; Celander, D. WJ. Am. Chem. S0d.981, 103 7669.

(12) Albini, A. J. Chem. Educ1986 63, 383.

(13) (a) Photocatalysis, Fundamentals and Applicatio8grpone, N.,
Pelizzetti, E., Eds.; Wiley: New York, 1989. (bjomogeneous Photoca-
talysis Chanon, M., Ed.; Wiley: Chichester, UK, 1997.

(14) (a) Lewis, F. D.; Howard, D. K.; Oxman, J. D. Am. Chem. Soc.
1983 105 3344. (b) Lewis, F. D.; Oxman, J. 0. Am. Chem. S0d.984
106, 466. (c) Lewis, F. D.; Oxman, J. D.; Gibson, L. L.; Hampsch, H. L,;
Quillen, S. L.J. Am. Chem. So986 108 3005. (d) Lewis, F. D.; Howard,
D. K.; Oxman, J. D.; Upthagrove, A. L.; Quillen, S. . Am. Chem. Soc.
1986 108 5964. (e) Lewis, F. D.; Quillen, S. L.; Hale, P. D.; Oxman, J.
D. J. Am. Chem. S0d.988 110, 1261. (f) Lewis, F. D.; Barancyk, S. V.
J. Am. Chem. Socl989 111, 8653. (g) Lewis, F. D.; Elbert, J. E;
Upthagrove, A. L.; Hale, P. Dl. Org. Chem1991 56, 553. (h) Lewis, F.
D.; Barancyk, S. V.; Burch, E. LJ. Am. Chem. S0d.992 114, 3866.

(15) Fox, M. A.; Chanon, M., EdsPhotoinduced Electron Transfer
Elsevier: Amsterdam, The Netherlands, 1988; PartdDA

(16) Julliard, M.; Chanon, MChem. Re. 1983 83, 425.

(17) Kavarnos, G. J.; Turro, N. &hem. Re. 1986 86, 401.

(18) Muller, F.; Mattay, J.Chem. Re. 1993 93, 99.

(19) Rathore, R.; Kochi, J. KAdv. Phys. Org. Chen00Q 35, 193.

(20) Ho, T.-l.; Ho, J.-H.; Wu, J.-YJ. Am. Chem. So@00Q 122 8575.

(21) Fukuzumi, S.; Itoh, S. IAdvances in Photochemistrileckers, D.
C., Volman, D. H., von Boau, G., Eds.; John Wiley & Sons: New York,
1999; Vol. 25, p 107.

(22) Fukuzumi, S. IrElectron Transfer in ChemistnBalzani, V., Ed.;
Wiley-VCH: Weinheim, Germany, 2001; Vol. 4, pp-87.

(23) (a) Fukuzumi. S.; Kuroda, S.; Tanaka,JTAm. Chem. Sod.985
107, 3020. (b) Fukuzumi. S.; Kuroda, S.; Tanaka,dhem. Lett.1984
417.

(24) A preliminary report has appeared: Fukuzumi, S.; Okamoto, T.;
Otera, JJ. Am. Chem. S0d.994 116, 5503.

triflate was separated and water was removed by vacuum evaporation
for 40 h. Similarly, lutetium triflate and ytterbium triflate were prepared
by the reaction of lutetium oxide and ytterbium oxide with an aqueous
solution of trifluoromethanesulfonic acid. Lanthanum triflate was ob-
tained from Aldrich as the hexahydrate form and used after drying under
vacuum evacuation for 40 h. Magnesium triflate [Mg(QJfyas ob-
tained from Aldrich and used as received. Anhydrous magnesium per-
chlorate [Mg(ClQ),] was obtained from Nacalai Tesque. Potassium
ferrioxalate used as an actinometer was prepared according to the lit-
erature3! and purified by recrystallization from hot water. Tetrabutyl-
ammonium hexafluorophosphate used as a supporting electrolyte for
the electrochemical measurements was obtained commercially and pur-
ified by the standard methdd Acetonitrile, propionitrile and dichlor-
omethane as solvents were purified and dried by the standard pro-
cedure?® Acetonitrile-d;s was obtained from EURI SO-TOP, CEA,
France.

Reaction Procedures Photoaddition of benzyltrimethylsilane with
aromatic carbonyl compounds was performed in the presence of Mg-

(25) Lewis, F. D.; Reddy, G. D.; Elbert, J. E.; Tillberg, B. E.; Meltzer,
J. A.; Kojima, M.J. Org. Chem1991, 56, 5311.

(26) Turro, N. JMolecular PhotochemistryV. A. Benjamin, Inc.: New
York, 1967.

(27) Heavy metal cations in zeolites have been reported to accelerate
spin-state interconversion (singtédtiplet intersystem crossing) of excited
guest molecules. See: (a) Ramamurthy, V.; Caspar, J. V.; Eaton, D. F;
Kuo, E. W.; Corbin, D. RJ. Am. Chem. S0d.992 114, 3882. (b) Uppili,

S.; Marti, V.; Nikolaus, A.; Jockusch, S.; Adam, W.; Engel, P. S.; Turro,
N. J.; Ramamurthy, VJ. Am. Chem. So200Q 122 11025.

(28) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Butterworth-Heinemann: Oxford, England, 1988.

(29) Wallenfels, K.; Gellerich, MChem. Ber1959 92, 1406.

(30) (a) Forsberg, J. H.; Spaziano, V. T.; Balasubramanian, T. M.; Liu,
G. K.; Kinsley, S. A.; Duckworth, C. A.; Poteruca, J. J.; Brown, P. S
Miller, J. L. J. Org. Chem1987, 52, 1017. (b) Kobayashi, S.; Hachiya, I.
J. Org. Chem1994 59, 3590. (c) Kobayashi, S.; Hachiya, I.; Ishitani, H.;
Araki, M. Synlett1993 472.

(31) (a) Hatchard, C. G.; Parker, C. Rroc. R. Soc. LondqgrSer. A
1956 235 518. (b) Calvert, J. G.; Pitts, J. RhotochemistryWiley: New
York, 1966; p 783.
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(ClO4)2 in MeCN. Typically, benzyltrimethylsilane (1.2 107! M) was
added by means of a microsyringe to a LN solution (0.7 mL)
containing 2-NA (5.0x 102 M) and Mg(CIQ), (2.0 x 10* M) in a

Fukuzumi et al.

emission band atmax = 474 nm. The MeCN solutions were deaerated
by argon purging for 7 min prior to the measurements. Relative
fluorescence intensities were measured for MeCN solutions containing

square quartz cuvette (1 mm i.d.) and the solution was deaerated byan aromatic carbonyl compound (2:0 104 M) with a quencher at

bubbling with argon gas for 5 min. The solution was irradiated with
monochromatized light from a xenon lamp of a Shimadzu RF-5000

various concentrations in the presence of 1.0 M Mg(HC(Relative
fluorescence intensities were measured for MeCN solutions containing

spectrofluorophotometer for 6.5 h. The experimental details for other 1-NA (3.0 x 1074 M) with various alkylbenzenes (1.2 1072 to 9.6

photochemical reactions are given in the Supporting Information (S1).

The products were identified by comparison of e NMR spectra
with those of the authentic sampR®s? No homo-coupling products
such as dibenzyl have been detected. The isolated yield was'FD%.

x 1071 M) in the presence of metal ions (Sc(OFfL.0 x 1072 M;
Mg(ClOy)2, 1.0 x 107t M). Relative fluorescence intensities were also
measured for an MeCN solution containing Acr€8c(OTf) (5.0 x
1075 M) with various electron donors (2.0 1073to 7.0x 107t M) in

NMR measurements were performed with a Japan Electron Optics the presence of Sc(OEfB.0 x 1073 to 8.0 x 1072 M) or a CHCl,

JNM-GSX-400 (400 MHz) NMR spectrometer at 298 ¥ NMR
(CDsCN, 298 K) 6 (MesSi, ppm): (GoH7[2-CH(CH,Ph)(OSiMeg)])
0.14 (s, 9H), 3.13 (dd, 1H = 13.9, 6.1 Hz), 3.15 (dd, 1H = 13.9,
7.6 Hz) 5.05-5.11 (m, 1H), 7.147.22 (m, 5H), 7.46-7.58 (m, 3H),
7.79-7.92 (m, 4H); (GoH7[1-CH(CH,Ph)(OSiMg)], 65%) 0.14 (s, 9H),
3.11 (dd, 1H,J = 13.9, 8.4 Hz), 3.24 (dd, 1H] = 13.9, 4.6 Hz),
5.67-5.72 (m, 1H), 7.26-7.33 (m, 5H), 7.56-8.26 (M, 7H); (GoH7[2-
CMe(CHPh)(0OSiMae)], 72%) 0.14 (s, 9H), 1.62 (s, 3H), 3.15, 3.20
(ABq, 2H,J = 13.2 Hz), 7.14-7.19 (m, 5H), 7.46-7.52 (m, 3H), 7.82
7.90 (M, 4H); (GoH7[1-CMe(CHPh)(OSiMe)], 32%) 0.17 (s, 9H),
1.76 (s, 3H), 3.46 (s, 2H), 7.347.44 (m, 5H), 7.548.12 (m, 7H);
(C1oH7[1-CH(Me)(OSnMe)], 100%) 0.21 (s, 9H), 1.09 (d, 3H), =
4.6 Hz), 4.97 (m, 1H), 7.167.27 (m, 4H), 7.56:7.77 (m, 3H); (Acr-
(CH,Ph)", 100%) 4.79 (s, 3H), 5.35 (s, 2H), 8:9.5 (m, 13H).
Spectral MeasurementsThe formation of metal ion complexes with

solution containing AcrC&MesSiOTf (1.0 x 10°4 M) with various
electron donors (1.% 103to 7.7 x 107 M) in the presence of Me
SiOTf (2.0 x 1072 M). There was no change in the shape but there
was a change in the intensity of the fluorescence spectrum by the
addition of a quencher. The SterWolmer relationship (eq 1) was
obtained for the ratio of the fluorescence intensitlgd)(in the absence

I/l =1+ K,[D] 1)
and presence of electron donors and the concentrations of donors used
as quenchers [D]. The fluorescence lifetime$ ¢f the metal ion
complexes of aromatic carbonyl compounds were determined in
deaerated MeCN and GHI; at 298 K by single photon counting using
a Horiba NAES-1100 time-resolved spectrofluorophotometer. The
observed quenching rate constakité=Kqz ') were obtained from the

naphthaldehydes and acetonaphthones was examined from the changk, andt values.

in the UV—vis spectra in the presence of various concentrations of

metal ions (M*) by using a Hewlett-Packard 8452A diode array

Electrochemical Measurements Electrochemical measurements
were performed on a BAS 100B electrochemical analyzer in deaerated

spectrophotometer. The formation constants were determined fromMeCN containing 0.10 Mn-Bu/N*PFRs~ (TBAPFs) as a supporting

linear plots of A — Ag)~*vs [M™] 71, whereA andA, are the absorbance

electrolyte at 298 K. The platinum working electrode was polished with

atAmaxin the presence of the metal ion and the absorbance at the sameBAS polishing alumina suspension and rinsed with acetone before use.

wavelength in the absence of the metal ion, respectively.

Quantum Yield Determinations. A standard actinometer (potassium
ferrioxalate§* was used for the quantum yield determinations. In the
case of photoaddition of PhGBHiMe; with aromatic carbonyl com-
pounds, an MeCN solution (3.0 mL) containing an aromatic carbonyl
compound (5.1x 1074 — 1.0 x 1073 M), PhCHSiMe; (7.1 x 103to
1.7 x 1071 M), and Mg(CIQ), (1.0 M) in a square quartz cuvette (10
mm i.d.) was deaerated thoroughly with a stream of argon for 7 min,
and it was irradiated with monochromatized lightlof= 340 nm from

The counter electrode was a platinum wire. The measured potentials
were recorded with respect to an Ag/Aghl@.01 M) reference
electrode. The second-harmonic alternating current voltammetry
(SHACV)* measurements of alkylbenzenes, 2-NA, 1-NA, AcrCO, and
the AcrCO-Sc(OTfl complex were carried out with a BAS 100B
electrochemical analyzer in deaerated MeCN containing 0.10 M
TBAPF; as a supporting electrolyte at 298 K. TE&.q values (vs Ag/
AgNQOs) are converted into those vs SCE by addition of 0.2% V.
Laser Flash Photolysis Triplet—triplet transient absorption spectra

a Shimadzu RF-5000 fluorescence spectrophotometer with the slit width of 1-NA and _l-NA—Mg(CIO4)2 com_plexes were measured by laser
of 20 nm. Under the conditions of actinometry experiments, both the flash photolysis of the MeCN solution containing 1-NA (1x01073
actinometer and aromatic carbonyl compounds absorbed essentially allM) in the absence and presence of Mg(QkJ1.0 M), respectively.

the incident light ofA = 340 nm. The light intensity of monochroma-
tized light of A = 340 nm was determined as 7.98 1076 einstein
dm=2 s~ with the slit width of 20 nm. The photochemical reaction

was monitored using a Hewlett-Packard 8452A diode-array spectro-

photometer. The quantum yields for the photoaddition of benzyltrim-
ethylsilane to 2-NA, 1-NA, 2-AN, and 1-AN in the presence of
Mg(CIO4), (1.0 M) in deaerated MeCN were determined from the
decrease in absorbancelat= 346 nm € = 2.3 x 1 M~tcm™?), 4
=350MmM € =37x 1M tcm?), A =342 nm ¢ =19 x 10°
M~tcm™), andA = 350 nm ¢ = 1.1 x 10° M~ cm™), respectively.

To observe transient absorption spectra in the photochemical reaction
of the 1-NA-Mg(ClO4), complex with PhCHSiMe;, a deaerated
MeCN solution containing 1-NA (2.& 104 M), PhCHSiMe; (1.7 x

107t M), and Mg(CIQ), (1.0 M) was excited by a Nd:YAG laser
(Continuum, Surelite 11-10) at 355 nm with the power of 15 mJ at 298
K. For the detection of transient absorption spectra in the photochemical
reaction of the AcrCoSc(OTfs complex with PhCHSiMes;, a
deaerated MeCN solution containing AcrCO (k@0 * M), PhCH-
SiMe; (2.5 x 107t M), and Sc(OTf} (8.0 x 1072 M) was excited by

an optical parametric oscillation (Continuum Surelite OPO, fwhm 4

The detailed procedures for other photochemical reactions are givenns, 440 nm) pumped by a Nd:YAG laser (Continuum, Surelite 11-10)

in the Supporting Information (S1S2).
Fluorescence QuenchingQuenching experiments of the fluores-

with the power of 10 mJ. For the photoinduced electron transfer from
(BNA); to the 1-NA-Mg(CIlO,), complex and the AcrCOSc(OTfs

cence of metal ion complexes of aromatic carbonyl compounds were €omplex, (BNA} (2.0 x 107* M) was employed in place of PhGH

carried out by using a Shimadzu spectrofluorophotometer (RF-5000).

The excitation wavelengths for 2-NA, 1-NA, 2-AN, and 1-AN were
375, 375, 370, and 350 nm in the presence of Mg(&IQL.0 M) in
deaerated MeCN, respectively. The excitation wavelength for 1-NA in
the presence of Sc(OEf(1.0 x 1072 M) was 380 nm in deaerated

SiMe; under otherwise the same experimental conditions. The transient
spectra were recorded using fresh solutions in each laser excitation.

(33) The SHACV method provides a superior approach to directly
evaluating the one-electron redox potentials in the presence of a follow-up
chemical reaction, relative to the better-known dc and fundamental harmonic

MeCN. The monitoring wavelengths were those corresponding to the ac methods. See: (a) McCord, T. G.; Smith, D ABal. Chem1969 41,

maxima of the emission bands. The excitation wavelength of AerCO
Sc(OTfy and AcrCO-MesSiOTf was 413 nm in MeCN and GEl..

1423. (b) Bond, A. M.; Smith, D. EAnal. Chem.1974 46, 1946. (c)
Wasielewski, M. R.; Breslow, Rl. Am. Chem. Sod.976 98, 4222. (d)
Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, J.<P.Am. Chem.

The monitoring wavelength was corresponding to the maximum of the goc 1990 112, 344. (e) Patz, M.; Mayr, H.; Maruta, J.; Fukuzumi/Sigew.

(32) Fukuzumi, S.; Tokuda, Y.; Kitano, T.; Okamoto, T.; OteraJ.J.
Am. Chem. Sod 993 115 8960.

Chem., Int. Ed. Engl1995 34, 1225.
(34) Mann, C. K.; Barnes, K. K. InElectrochemical Reaction in
Nonaqueous Systepidarcel Dekker: New York, 1970.
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Figure 1. Spectral change observed upon addition of Mg(J4@o Wavelength, nm

an MeCN solution of 2-naphthaldehyde (6561072 M) in a 1 mm ) ) .

quartz cell ((Mg(ClQ);] = 0, 0.20, 0.40, 0.60, 0.80, and 1.0 M) and Figure 2. T-T absorpt|03n spectra by laser-flash photolysis of

the fluorescence spectrum of the Mg(G)£complex (broken line) in 1-naphthaldehyde (1.0 10" M) in the absenceq) and presenc?)

the presence of Mg(CI{ (1.0 M) in MeCN at 298 K. of Mg(ClOg4); (1.0 M) in deaerated MeCN at 298 K at 22010’ s
after laser irradiation at = 355 nm.

Table 1. Formation Constant{], Fluorescence Maxima.ay),

Fluorescence Lifetimes), the One-Electron Reduction Potentials 100
(E%d") of the Singlet Excited States of Mg(Cl}2 and Sc(OTH)
Complexes of Aromatic Carbonyl Compounds, and Intrinsic
Barriers of Electron TransfeiAG") 75

aromatic carbonyt K2 Ama, T, Eled VS AGHP 5
metal ion salt complex M~* nm ns SCEP®V kcal mol? p

1-NA—Mg(CIOs), 0.17 437 6.7 1.97(0.83) 2.3 2 50

1-NA—Sc(OTf} 2.8 487 10.0 2.11(0.83) 2.3 g

2-NA-Mg(ClOy), 0.27 440 10.3 1.87(0.90) 2.3 £

1-AN—Mg(ClO4)2 432 3.3 1.90(0.60) 2.7 -

2-AN—Mg(ClO,), 051 430 11.8 1.77 (0.65) 2.3 25

aDetermined from the spectral change of aromatic carbonyl com-

pounds in the presence of Mg(G)@and Sc(OTf). ® Determined by 0o ) |
adaptation of the free energy relationship for photoinduced electron- 0 0.05 0.10

transfer reactions (see text)Values in parentheses are those for the

triplet excited states of uncomplexed compounds. [Sc(OTf);], M
Figure 3. Plots of the intensity ratio of fluorescenc@®)(at Amax =

All experiments were performed at 298 K. The detailed procedures for 487 nm at 298 K: phosphorescen® @t imax= 548 nm vs [Sc(OTH]
the measurements are available in the Supporting Information (S2 for 1-naphthaldehyde (1.5 1073 M) in 2-methyltetrahydrofuran at
s3). 77 K.

Phosphorescence Experimentd'he phosphorescence spectra were
measured on a Hitachi 850 fluorescence phosphorescence spectrophoFigure 1). When Mg(CIQ), is replaced by Sc(OT§) the
tometer. Typically, a 2-methyltetrahydrofuran solution (1 mL) contain-  flyorescence maximumifay) is red-shifted to 510 nm. Fluo-
ing 1-NA (1.5x 1072 M) in the presence of various concentrations of rescence is generally observed for other Mg(g#©carbonyl
Sc(OTf); (1.0 x 10°° to 2.9 x 10°% M) in the capillary cell was oo ieves The florescence lifetimes of the Mg(CIQy),—
degassed by bubbling with argon gas for 15 min. The solution was carbonyl complexes in MeCN at 298 K were determined by

irradiated with monochromatized light & 360 nm) from a xenon . . . .
lamp and phosphorescence spectra were measured at 77 K. Theingle-photon counting (see Experimental Section). Ths

phosphorescence spectra were measured from 400 to 600 nm. andz values are also listed in Table 1.
) ) The absence of the triplet excited state for the 1-NVig-
Results and Discussion (ClO4)2 complex is confirmed as the disappearance of the

Change in Spin State of Photoexcited States by Complex- triplet—triplet absprption of ;—NA at 500 nm in the'pres.ence of
ation with Metal lons. Addition of Mg(ClQy), to an MeCN 1.0 M Mg(CIQy), in MeCN (Figure 2). The change in spin state
solution of 2-naphthaldehyde (2-NA) results in a red shift of of the lowest e.XC|teq state from the triplet to the singlet due to
ca. 20 nm in the absorption band as shown in Figure 1. The the complexation with Sc(OTf)has also been demonstrated
appearance of a new absorption band at 360 nm is ascribed tglearly in Figure 3, where the phosphorescence intensity at 548
the 1:1 complex formation between Mg(G)@and the carbonyl nm measured'at 77 .K decreases accompanied by the |ncre§sed
compound. Mg(CIQ); also forms complexes with other aro- fluorescence intensity at 487 nm measured at 298 K with
matic carbonyl compounds, 2-naphthaldehyde (2-NA), 1-acet- increasing Sc(OT§)concentration in 2-methyltetrahydrofuran.
onaphthone (1-AN), and 2-acetonaphthone (2-AN). The for-  The change in the lowest excited state may be caused by the
mation constantsK) at 298 K are determined from the spectral complexation of aromatic carbonyl compounds with Mg(g$O
changes in the presence of various concentrations of Mgj&€lO  The nonbonding orbitals are more stabilized by the complex
(see Experimental Section), and #&alues are listed in Table  formation with Mg(CIlQ), thansr-orbitals due to the stronger
1. interaction between nonbonding electrons and Mg@Ela hus,

Although aromatic carbonyl compounds are nonfluorescent, the zz,7* excited state becomes the lowest excited state in the
irradiation of the new absorption band of 2-NA in the presence Mg(ClOg4), complex as compared with the lowestrnfriplet
of Mg(ClQO4), in MeCN causes strong fluorescence at 440 nm excited state in the uncomplexed carbonyl compound. The
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Table 2. Fluorescence Quenching Rate Constak{sdf the Mg(ClQ)), and Sc(OTfj Complexes of Aromatic Carbonyl Compounds by
Electron Donors in Deaerated MeCN at 298 K and One-Electron Oxidation Potefig)sdf the Donors

ki (M~ s7%) of the Mg(CIQy), complex of

alkylbenzene E%xVvs SCESV 1-NA 2-NA 1-AN 2-AN
toluene 2.20 d d d d
(2.0x 109)
ethylbenzene 2.14 d d d d
(1.2x 10°)
m-xylene 2.02 6.1x 10 d d d
(3.2x 10°)
o-xylene 1.98 (4.2< 1% d d d
p-cymene 1.96 2.6 10° 2.7x 108 3.5x 10 d
p-xylene 1.93 3. 10 43x 10° 35x 10 5.1x 10/
(5.6 x 109)
1,2,3-trimethylbenzene 1.88 4:010° e e 8.0 x 10’
1,2,4-trimethylbenzene 1.79 5:510° 3.9x 10 3.6x 10 9.9x 108
(7.9x 107
1,2,3,4-tetramethylbenzene 1.71 6.30° 5.3x 10° e 3.8x 1
1,2,3,5-tetramethylbenzene 1.71 e 5.2x 1° 4.6x 10° e
(8.2 x 109
pentamethylbenzene 1.58 e 6&3L0° e 5.5x 1¢°

2Values in parentheses are those for the Sc(inplex; [Sc(OTH] = 1.0 x 1072 M. ® The experimental errors are withiil 0%; [Mg(CIlQy),]
= 1.0 M. ¢ Measured by the second harmonic ac voltammetry using an Ag/Ag0lO1 M) reference electrode and converted to the value vs SCE.
All values obtained in deaerated MeCN containing 0.10 M tetrabutylammonium perchlorate at 298 K using a Pt working electrode and a Pt wire
auxiliary electrode at a scan rate of 4 mVAsAE(ac amplitude)= 25 mV, f(ac frequency)= 25 Hz.9Too slow to determine accurate§yNot
determined.

picosecond studies by Boldridge et3aklearly show that the 21
triplet 7,7+ state of naphthaldehydes is populated through the
triplet nyr* state formed from the first excited singletth state 2.0
by the fast intersystem crossing. Since the sirgiaplet energy >
gap is substantially larger in thes* state than the n} state, 3 19
the singletr,7* state being the lowest excited state in the Mg- g
(ClO4)2 complex becomes strongly fluorescent. T 18
Change in the Redox Potentials of Photoexcited States by t;
Complexation with Metal lons. The free energy change of 2.,
photoinduced electron transfer from electron donors to the ?E )

singlet excited stateAG%; in eV) is given by eq 2, whereis
elementary charg&%yx andE%.4* are the one-electron oxidation
potential of electron donors and the one-electron reduction

1.6

i
0 5 10 15 20 25 30 35
(el AG), eV

1.5
AGoet = e(Eoox - Eored*) 2

potentials of the excited states of electron acceptors, respectively Figure 4. Plots of E% — (AG'e/€) vs e/AG for electron transfer
The dependence of the activation free energy change offrom benzene derivatives to the singlet excited states of Mg{elO

. + 0 complexes of 1-naphthaldehyd®)( 2-naphthaldehyde®), 1-acet-
photoinduced electron transfekG’e) on AG’; has well been onaphthone/), and 2-acetonaphthona), and the singlet excited states

established as given by edByhereAG is the intrinsic barrier of Sc(OTfy complexes of 1-naphthaldehyda)( see eq 5 in text.
that represents the activation free energy change when the
- 0 0 2 = 212 2 (see Experimental Section). Thg value increases with a
AG™ = (AGf2) + [(AG/2)" + (AG )] (3) decrease in th&%, values of alkyl benzene donors to reach a
. ) e g diffusion-limited value as expected from eqs 2 (Table 2).
d“VOInQ force of elgctron transfer is zero, i. &G = AGY at The E%¢* values (vs SCE) of the singlet excited states of the
AG et=.0. TheAG*¢;values are obtained from the quorgspence Mg2*—carbonyl complexes can be determined from the depen-
quenching rate constarkeJ by eq 4, whereZ is the collision  gence ok, on E%, as follows. From eqs-24 is derived a linear
frequency that is taken asx1 10 M~1s71, kg is the Boltzmann relation betweerE%y — (AG*/€) and (AG*+/e) as given by
constant, andki is the diffusion rate constant in MeCN. eq 5. Thus, the unknown values BP..¢* and AG% can be

_ _ determined from the intercept and slope of the linear plots of
AG = (23T/OloglZ(k, ' —kyy I (4)

The quenching rate constankg)(of the photoinduced electron
transfer from a series of alkylbenzene electron donors to the
Mg(ClO4), complexes of naphthaldehydes and acetonaphthones
were determined from the fluorescence quenching of the Mg-
(ClOg4),—carbonyl complexes by alkylbenzenes as listed in Table

*

Eop- (AG™o/6) = E%q - (AG™/)H(AG™fe)  (5)

E%x — (AG¥/€) vs (AG*e/e)~1 as shown in Figure & The
E%d andAG¥, values of the Mg(CIG),—carbonyl complexes
thus obtained are listed in Table 1. TB&eq values of ground
states of the carbonyl compounds were determined by the cyclic

80(?3)7 goldridge, D. W.; Justus, B. L.; Scott, G. \.Chem. Phys1984 voltammograms and the second-harmonic alternating current
‘(36) (é) Rehm, A.; Weller, ABer. Bunsen-Ges. Phys. Chet®69 73, (37) Thekgir value is taken as 8.2 10° M~ s7%, which is the maximum

834. (b) Rehm, A.; Weller, Alsr. J. Chem197Q 8, 259. value in Table 2.
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voltammograms (see Experimental Sectithhe E%4* values

of the triplet excited states are obtained by adding the triplet
excitation energié8 as also listed in Table 1. The comparison

of the E%¢* values between the triplet excited states of

uncomplexed carbonyl compounds and the singlet excited states

of the Mg(CIQy), complexes in Table 1 reveals the remarkable
positive shifts (ca. 1.2 V) of th&%.4* values of the singlet
excited states of the Mg(Clp—carbonyl complexes as com-
pared to those of the triplet excited states of uncomplexed
carbonyl compounds. Such large positive shifts of Eigq*
values result in a significant increase in the reactivity of the
Mg(ClOg4), complexes vs uncomplexed carbonyl compounds in

the photoinduced electron-transfer reactions as shown in Table

2.
The promoting effect of Mg(CIg). on the photoinduced

J. Am. Chem. Soc., Vol. 123, No. 32,72601

Table 3. Fluorescence Lifetimer] and Emission Maximalfay) of
AcrCO, AcrCO-M(OTf)s (M = Mg, La, Lu, and Sc) in MeCN,
and AcrCO-MesSiOTf in CH,Cl, and Lewis Acidity of Metal lon
Salts AE)?

Lewis acid AE, eV 7, NS Amax NM
0 6.1 413
Mg(OTf), 0.33 12.8 430
La(OTf)s 0.50 14.4 446
Lu(OTf)3 0.51 15.2 461
Sc(OTf) 0.68 16.9 474
MesSiOTf 20.3 474

a Derived from theg,rvalues of ESR spectra of superoxidmetal
ion salt complexes as the quantitative measure of the Lewis aéidity.

complex with AcrCO in competition with the coordination of
MeCN which is an abundant weak base. When AcrCO forms

electron-transfer reactions of aromatic carbonyl compounds is e complex with Sc(OT§) the fluorescence maximum is also

certainly related to the Lewis acidity of the metal ion salt. We
have recently reported that thg,-values of ESR spectra of
superoxide-metal ion complexes are highly sensitive to the
Lewis acidity of a variety of metal ions and that the binding
energies AE) readily derived from they,-values provide the
guantitative experimental measure of Lewis acidity of a wide
variety of metal ion$? The AE values have been shown to be
directly correlated with the promoting effects of metal ion salts
in electron-transfer reactiod8lt has been found that Sc(O%f)

is the strongest Lewis acid among monovalent, divalent, and
trivalent metal ion salt®? Thus, the rate constants of the

red-shifted from 413 to 474 nm and the fluorescence lifetime
becomes longer in the AcrCE5c(OTfi complex (16.9 ns for
the TAcrCO*—Sc(OTfl complex and 6.1 ns fokAcrCO*, see
Supporting Information, S5). Similarly the fluorescence maxima
(Amay) and the lifetimes 1) are changed when AcrCO forms
the complexes with various Lewis acids (Mg(G)& La(OTf)s,
Lu(OTf)s, and MeSiOTf). The results are summarized in Table
3, where the binding energieAE) derived from they,-values

of ESR spectra of superoxigenetal ion complexes are given
as the quantitative measure of Lewis acidity of the metaFfon.
The stronger the Lewis acidity of metal ions, the more red-

photoinduced electron transfer from a series of alkylbenzene gphifted is thei., value, and the longer is the excited-state

electron donors to the Sc(OEfromplex of 1-NA were also
determined from the fluorescence quenching of the Sc{Tf)
complex of 1-NA by alkylbenzenes as listed in Table 2.
Although no quenching of the fluorescence of an Mg(g4O
complex of 1-NA occurs with toluene, which is the weakest
electron donor among alkylbenzene donors employed in this
study, the fluorescence of the Sc(Osfomplex of 1-NA is
efficiently quenched by toluene (Table 2). TE®.4 andAG*
values of the singlet excited state of the 1-NBc(OTfs

complex are also determined from the intercept and slope of

the linear plots 0%y — (AG*e/€) vs (AG* /€)™ (Figure 4).
The comparison of thE%4* values in Table 1 reveals the further
positive shift (0.14 V) of theE%.4* value of the singlet excited
states of the 1-NASc(OTf complex as compared with the
value of the singlet excited state to the 1-NKg(ClO,),
complex. The overall positive shift from the value of the triplet
excited state of 1-NA is as large as 1.3 V, which corresponds
to 1C?? times acceleration in terms of the rate constant of
photoinduced electron transfer in the endergonic reghd®%%;

> 0)_40

In contrast to the case of naphthaldehydes and acetonaph

thones, irradiation of the absorption band of 10-methylacridone
(AcrCO) results in fluorescence at 413 nm in MeCN. Thus,

AcrCO is chosen as an aromatic carbonyl compound to examine
the change in the redox potentials of the singlet excited state

by complexation with Lewis acids. When Sc(OJi% added to

an MeCN solution of AcrCO, the absorption bands of 10-
methylacridone are red-shifted due to the 1:1 complex formation
between AcrCO and Sc(OTfjsee Supporting Information, S4).
The formation constantK( is determined from the spectral
change as 1.x 10° M~ (see Experimental Section). Thus,
the Lewis acidity of Sc(OT§ is strong enough to form the

(38) Herkstroeter, W. G.; Lamola, A. A.; Hammond, GJSAm. Chem.
So0c.1964 86, 4537.

(39) Fukuzumi, S.; Ohkubo, KChem. Eur. J200Q 6, 4532.

(40) The difference in the lode: value is given by the following
equation: Alog ket = —AAG%{(2.3%gT) = 22 (at 298 K).

lifetime (7). The AcrCO-Sc(OTfl complex in MeCN and the
AcrCO—Me;SiOTf complex in CHCI, have the longestmax
value. Thus, we have examined the change in the redox
potentials of the singlet excited state of AcrCO by complexation
with Sc(OTfl in MeCN and MgSiOTf in CH,CI; (vide infra).

The fluorescence quenching rate constakgs ¢f the pho-
toinduced electron transfer from a series of electron donors to
the AcrCO-Sc(OTfy complex in MeCN and the AcrCoMes-
SiOTf complex in CHCI, were determined from the fluores-
cence quenching by the donors (see Experimental Section). The
kq values are constant independent of [Sc(GTd) [MesSiOTH]
in the concentration region where all AcrCO molecules form
the complex. Thé&g values are summarized in Table 4, together
with the E% values of donors in MeCN and GHl,.

Plots of logky vs E%y for the AcrCO-Sc(OTfy complex in
MeCN and the AcrCE&MesSiOTf complex in CHCI, are
shown in Figure 5. In each case, tkgvalue increases with
decreasing th&% value to reach a diffusion-limited value. The
plots of Figure 5 are fitted using eqs-2 as shown by the solid
lines, which agree with the experimental results. The best fit

lines shown in Figure 5 give the’* values (1.64 and 1.89 V
vs SCE) andAG*, value (2.6 and 2.6 kcal mol) for the Sc-
(OTf)3—AcrCO complex in MeCN and the AcrC&MesSiOTf
complex in CHCl,, respectively. As compared to tHeed*
value ofTAcrCO" (1.13 V), theEC%¢* value of thelAcrCO"—
Sc(OTfs complex is significantly shifted to the positive direction
(0.51 V). TheE%g* value of the MgSiOTf—AcrCO complex
in CH,Cl; is further shifted (0.76 V). This indicates that e
SiOTf acts as a stronger Lewis acid than Sc(QTf)

The large positive shift in the one-electron reduction potential
of AcrCO—Sc(OTfl in MeCN is also observed in the ground
state as indicated by the electrochemical study. Figure 6 shows
the second harmonic ac voltammograms (SHAEgf AcrCO
in the absence and presence of Sc(@TPhe E%q value of
AcrCO (—1.92 V) is shifted to—1.21 V when AcrCO forms
the complex with Sc(OT§) The zere-zero excitation energy
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Table 4. Oxidation PotentialsE%,) of Electron Donors and Fluorescence Quenching Rate Constahtsf the AcrCO-Sc(OTfy Complex
(5.0 x 1075 M) and the AcrCO-MesSiOTf Complex by Electron Donors in MeCN and in @, at 298 K, Respectively

no. donor E%x vs SCE2V kePM™ts7t

1 10-methyl-9,10-dihydroacridine 0.80 (0.90) 610 (1.5 x 1010
2 9,10-dimethylanthracene 1.05 1x410%0

3 anthracene 1.19 13101

4 hexamethylbenzene 1.49 (1.60) 580°(8.2x 107
5 pentamethylbenzene 1.58 (1.68) 420 (7.6 x 10°
6 1,2,4,5-tetramethylbenzene 1.63 (1.75) 1.40° (6.6 x 10°)
7 1,2,3,5-tetramethylbenzene 1.71(1.77) 8.80° (4.7 x 10°)
8 1,2,3,4-tetramethylbenzene (1.81) (440)

9 1,2,4-trimethylbenzene 1.79 (1.89) X807 (8.2 x 10°)
10 1,2,3-trimethylbenzene (1.98) (9<110)

2Values in parentheses are determined in,Clll ® Values in parentheses are those for the Acr®@;SiOTf complex in CHCl,.

agrees with the value (1.88 V) evaluated from the fluorescence
quenching in Figure 5.

Lewis Acid-Catalyzed Photoaddition of Benzyltrimethyl-
silane via Photoinduced Electron Transfer Since theES 4"
values of the singlet excited states of naphthaldehyded
acetonaphthoreMg(ClO4), complexes (Table 1) become higher
than theE%; values of PhCESiMe; (1.38 V)22 the photoin-
duced electron transfer from Phg%iMe; to the singlet excited
states of Mg(Cl@),—carbonyl complexes would occur ef-
ficiently. In fact, the fluorescence of Mg(CKp—carbonyl
complexes is quenched efficiently by Phg3iMe; in MeCN
at 298 K. The quenching rate constarktg) (vere determined
from the fluorescence quenching as listed in Table 5 (see
Supporting Information, S6).

The AG values of photoinduced electron transfer from

E'o. vs SCE, V PhCHSiMe; to the singlet excited states can be evaluated by

Figure 5. Plots of logkg vs E%x for the fluorescence quenching of using egs 24, since theAG*, value for the photoinduced
AcrCO (5.0x 107° M) by various electron donors in the presence of electron transfer of Organosnanes such as PJ8iMe; has
Sc(OTf) (4.0 x 10°2 M) in deaerated MeCN®&) and in the presence  previously been determined as 4.6 kcal MSR The ke values

of Me;SIOT (2.0 x 102 M) in deaerated dry CICl, (a) at 298 K. which correspond to thie, values in eq 4 are calculated as listed
The numbers refer to compounds in Table 4. The solid lines are drawn in Table 5, where thie values indeed agree with tlk@values.
based on eqs-24. S .

Such an agreement indicates that the fluorescence quenching

log(ky, M~ s7")

1 1
0.5 1.0 1.5 2.0

15 015 of the Mg(ClQy),—carbonyl complexes by PhGHiMe; occurs
via electron transfer from PhGBiMes to the singlet excited
1ok {010 states of the Mg(CIQz—cqrbonyl complexes.
) @ ®) No photochemical reaction of naphthaldehydes or acetonaph-
thones with PhCEBiMe; has occurred, as expected from the
< 1%% higherE%y value of PhCHSiMes*than theE%q values of the
z - z triplet excited states in Table 1. In the presence of Mg@:iO
§ 0 0 § (0.94 M), however, irradiation of a deaerated MeCN solution
3 3 containing PhChSiMe; (1.7 x 1071 M) and 1-NA (1.4x 1073
05| 1-0.05 M) with monochromatized light of = 350 nm results in the
decrease in the absorbance due to 1-NA, accompanied by the
10} 1 -0.10 increase in the absorbance due to the photoproduct with a clean
isosbestic point at = 282 nm (see Supporting Information,
-15 . s . ~0.45 S7). The photoproduct is identified as the benzyl adduct as
-2.5 -2.0 -1.5 -1.0 -0.5 shown in eq 6 (see Experimental Sectiét}}*2The benzyl
E vs SCE, V adducts are also obtained in the photochemical reactions of other

Figure 6. SHACVs of (a) AcrCO (5.0 10~ M) in deaerated MecN  carbonyl compounds (2-NA, 1-AN, 2-AN) with PhGEiMe;
and (b) AcrCO in the presence of Sc(O3l5.0 x 1072 M) in deaerated in th.e presence of Mg(Clg, in MeCN (see Experimental
EtCN, 0.10 M TBAPK at 298 K. Scan rate= 4 mV s%, Section).

CHzPh
of 1AcrCO*—Sc(OTf) (AEo o) can be obtained as 2.81 V from CHO é(:)OSiMea

the absorption maximum (413 nm, 3.00 eV) and the fluorescence by

maximum (474 nm, 2.62 eV). Then, thE%. value of PhCH,SiMes  + OO S OO ®
1AcrCO" —Sc(OTfy is determined as 1.60 eV by subtracting Mg(CIO,),

the AEg o value from theE%q value of the ground-state complex.

This value agrees with the value (1.64 V) evaluated from the = The quantum yields®) of the photoaddition reactions in

fluorescence quenching in Figure 5. Similarly, &4 value the presence of Mg(CIg (1.0 M) increase with an increase
of 1AcrCO*—MesSiOTf is determined as 1.91 eV, which also in [PhCH:SiMej] to reach a constant valué(,) (see Supporting
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Table 5. Fluorescence Quenching Rate Constakils Rate Constantsg) of Photoinduced Electron Transfer from Ph{&&iMe; and MaSn
to the Singlet Excited States of Mg(Clf2— and Sc(OTf)—Carbonyl Complexes, and Observed Rate Constdag &nd Limiting Quantum
Yields (@.,) for Photoaddition of PhC§SiMe; and MaSn with Mg(CIQy),— and Sc(OTf)—Carbonyl Complexes in Deaerated MeCN at 298 K

reactant pair compd kp2M~1st Ket? M~1s71 Kobs® M1 572 D,°
PhCHSiMey/1-NA-Mg(CIOx), 4.9x 10° 43x 10° 5.4 % 10° 9.6x 102
PhCHSiMes/2-NA-Mg(ClOs) 43x 10 3.6x 10 46x 10 7.1x 1072
PhCHSiMey/1-AN—Mg(CIO,). 3.7x 10° 3.8x 10° 3.9x 10° 1.0x 101
PhCHSiMey/2-AN—Mg(CIO,), 3.0x 10° 2.6 x 10° 35x 10° 1.1x 101
MesSn/1-NA-Sc(OTf) 1.8x 1C° 1.6 x 107 15x 1C¢° 3.3x 101
(1.0x 109)
PhCHSiMes/AcrCO—Sc(OTfg 7.9x 108 9.6 x 10° 8.9x 10° 3.9x 102

aDetermined from SteraVolmer plots for the fluorescence quenching (eq 1, see Supporting Informatiorf, Gélgulated based on the free
energy relationship for the photoinduced electron transfer using-e4she value in parentheses is that calculated based on the Marcus equation
(eq 10, see texty. Determined from the dependence®fon the substrate concentration.

Scheme 1
Mg?* PhCHSiMeg

.
I ) ‘L’
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hv 71 ko
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+
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M gz+

Hz2Ph

PhCH,SiMe3 (H)OSiMeg

&7

Information, S8) in accordance with eq 7. From the linear plots
of ®~1 vs [PhCHSiMe;z] ! are obtained the values df., and

¢ = Pk, g[PhCH,SiMey)/(1 + k,,Z[PhCH,SiMey]) (7)

the rate constantsd,g, which are also listed in Table 5. The
kobs vValues agree well with both the andke; values. Such an

SiMes] can be derived as given by eq 8, which agrees with the
observed dependence d on [PhCHSiMes] (eq 7). The
observed rate constarigg) and the limiting quantum yield¥..)
correspond to the rate constakg) of photoinduced electron
transfer from PhCELBiMe; to the Mg(CIQ),—carbonyl com-
plexes andky/(k, + ky), respectively.

@ = [Ky(K, + k)]kz[PhCH,SiMe;/
(1 + k,zZ[PhCH,SiMej)) (8)

When PhCHSiMe; is replaced by a much weaker electron
donor such as tetramethyltin (Iy&n), no photoaddition of Me
Sn with the 1-NA-Mg(ClOg4), complex has occurred. In the
case of the 1-NASc(OTf complex, however, the photoad-
dition of MesSn occurs efficiently to yield the methyl adduct
(see Experimental Section and eq 9).

Me
CHO (’:(H)OSnMea

hv
MesSn + R
Sc(OThg

It has been reported that no photoinduced electron transfer

(©)]

agreement strongly indicates that the photoaddition reactions¢,,, Me:Sn to the singlet excited state of a flavin analogue

proceed via photoinduced electron transfer from Ph&iMe;
to the singlet excited states of the Mg(G)&-carbonyl
complexesKey), followed by the cleavage of the SC bond in
the radical catiof?#*4and the radical coupling with the carbonyl
radical anion Kp) to yield the adduct in competition with the
back electron transfer to the reactant pd#) (@s shown in
Scheme 1 for the case of the Ph{&&SiMes/2-NA-Mg(ClO,),
systent*®>46The rapid cleavage of the SC bond in the radical
catiorf344 is consistent with relatively large quantum yields
(Table 5) which are higher than one would normally expect for
singlet radical ion chemistry for which energy wasting back
electron transfer usually dominat€s.

By application of the steady-state approximation to the
reactive species in Scheme 1, the dependendearf [PhCH-

(E%d* = 1.96 V) occurs'® Since thisE%q* value is nearly the
same as the value of the singlet excited state of the +=NA
Mg(ClOg)2 complex E%¢ = 1.98 V), no photoinduced electron
transfer from MgSn to the singlet excited state of the 1-NA
Mg(ClOy4), complex would occur. In fact, no fluorescence
guenching of the 1-NAMQg(CIO,4), complex has occurred by
MesSn. In contrast to the Mg(Cl)» complex, the fluorescence
of the 1-NA—Sc(OTf) complex is quenched efficiently by Me
Sn. The quenching rate constdqtwas determined from the
fluorescence quenching as listed in Table 5.

(45) A referee pointed out the possibility of a photoinduced electron
transfer from the carbonyl compound to the Lewis acid, since some Lewis
acids are known to undergo electron-transfer reactions with substtédtes.
The radical cation thus formed may be responsible for the subsequent

(41) In this case, no homo-coupling products such as dibenzyl have beenelectron transfer from PhGISiMe; in Scheme 1. In the present case,
detected (see Experimental Section) in contrast with the case of the however, there is no indication of the occurrence of photoinduced electron
photoalkylation of 10-methylacridinium ion by a bulky electron donor such transfer between the carbonyl compound and the Lewis acid in the
as diphenylmethane via photoinduced electron transfer in which the hetero-fluorescence spectrum (Figure 1) and in the laser flash photolysis experi-
coupling between diphenylmethyl radical and acridinyl radical is retarded ments (Figure 2).
due to the steric effects to yield the homo-coupling product (13% yi#id.). (46) (a) Barton, D. H. R.; Dalko, P. |.; e, S. D.Tetrahedron Lett.

(42) Fujita, M.; Ishida, A.; Takamuku, S.; Fukuzumi, 5.Am. Chem. 1992 33, 1883. (b) Barton, D. H. R.; Haynes, R. K.; Leclerc, G.; Magnus,
So0c.1996 118 8566. P. D.; Menzies, |I. DJ. Chem. Soc., Perkin Trans1975 2055. (c) Barton,

(43) (a) Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould, I. R.; Todd, D. H. R.; Haynes, R. K.; Magnus, P. D.; Menzies, I. D.Chem. Soc.,

W. P.; Mattes, S. LJ. Am. Chem. S0d989 111, 8973. (b) Cermenati, L.; Chem. Commuril974 511.
Freccero, M.; Venturello, P.; Albini, Al. Am. Chem. So4995 117, 7869. (47) A referee suggested to add this discussion.

(44) Dockery, K. P.; Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould,  (48) Fukuzumi, S.; Kuroda, S.; Tanaka,J.Chem. Soc., Perkin Trans.

I. R.; Todd, W. P.J. Am. Chem. S0d.997 119 1876. 21986 25.
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The kops and @., values were also determined from the
dependence ob on [Me,Sn] (see Supporting Information, S9)
as listed in Table 5, where theps value agrees with théq
value. The rate constarks() of photoinduced electron transfer
from MesSn to the singlet excited state of the 1-N&c(OTfs
complex can be evaluated by using egs4? since theAG*
value for the electron transfer of M@n has previously been
determined as 10.2 kcal madl48-30 The k. value thus evaluated
is also listed in Table 5, where the; value (1.6x 10’ M1
s71) is smaller than th&, andkgpsvalues. When thG¥, value
is large, the Marcus equation (eq 10js known to fit better
with the experimental results than the RehWieller equation
(eq 3)48-52

AG', = AG[1 + (AG’J4AG)]? (10)

The calculatedke value (1.0x 10° M~1 s1) using eq 10

instead of eq 3 is given in parenthesis in Table 5. This value

agrees with the experimental valudg &nd ko9.5% Such an

agreement indicates that the photoaddition reaction proceeds

via photoinduced electron transfer from M to the singlet
excited state of the 1-NASc(OTfy complex, followed by the
cleavage of the SnC bond in the radical cation and the radical
coupling with the carbonyl radical anion as is the case for the
photoaddition of PhCESiMe; in Scheme 1.

Photoaddition of PhC§EiMe; with AcrCO is also made
possible when AcrCO forms the complex with Sc(QTdnd
MesSIOTf (vide infra). The photoirradiation of the absorption
band of the AcrCG-Sc(OTf complex in the presence of
PhCHSiMe; with monochromatized visible lighf(= 413 nm)
results in an efficient photochemical reaction of the Acr€O
Sc(OTfy complex with PhCHSiMe; to yield 9-benzyl-10-
methylacridinium ion as shown in eq 10 (see Experimental

I hv
I I + PhCH,SiMes -
N Sc(OTf)3 or Me3SiOTf

|\|/1€ HoO
HoPh

R
O +/ +MesSiOH  (10)
N

|
Me

Section). Essentially the same results were obtained when th
photochemical reaction was performed in the presence gf Me
SiOTf in dry CH,CI; instead of Sc(OTfin MeCN.

As is the case of Mg(Clg),- and Sc(OTf}-catalyzed pho-
toaddition reactions of PhCiSiMe; and MeSn described
above, thekg, kops and ®., values are determined as listed in

Table 5 (see Supporting Information, S10). The rate constants

(ke of photoinduced electron transfer from Ph&3iMe; to the
singlet excited state compleXAcrCO*—Sc(OTfy] can be
evaluated by using eqs—2 and the AG% value for the
photoinduced electron transfer of Phg3iMes; (4.6 kcal

(49) Fukuzumi, S.; Wong, C. L.; Kochi, J. K. Am. Chem. S0d.98Q
102, 2928.

(50) Eberson, LAdv. Phys. Org. Cheml982 18, 79.

(51) (@) Marcus, R. AAnnu. Re. Phys. Cheml964 15, 155. (b) Marcus,
R. A. Angew. Chem., Int. Ed. Engl993 32, 1111.

(52) When theAG* value is small such thatG%; < —4AG¥, however,
eq 3 fits better with experimental results than e¢fa.0.

(53) Theke: values for the PhCpBiMes/Mg(ClO4),—carbonyl systems

e

Fukuzumi et al.

Scheme 2
1 Sc(OM)y | * QCHQSiMeg
o | =T CHy SiMe;*
S50 [N, I
N K,
the et So(OTi)s
hv 7! Ko
H+
Sc(0Th;,
0
LD O KL
N Sc(OTf)3
Me
K || sc0Thg CHPh

X
. + MesSIOH
N

(o]
L0 i
N

Me

mol~1).9854Theke value agrees with both thg andkysvalues
(Table 5). Such agreements strongly indicate that the photoad-
dition reaction proceeds via photoinduced electron transfer from
PhCHSiMe; to TAcrCO*—Sc(OTf) as shown in Scheme 2. The
drastically enhanced electron acceptor ability oftherCO*—
Sc(OTfi complex as compared técrCO* (vide supra) makes
it possible for electron transfer from Phg$iMes to TAcrCO*—
Sc(OTf)y to occur efficiently to produce the radical ion pair
(PhCHSiMest AcrCO~—Sc(OTfy). The Si-C bond is readily
cleaved by the reaction of PhG&iMes*™ with AcrCO"~—Sc-
(OTf)s in the radical ion pair to yield the siloxy addudg,) in
competition with the back electron transfer from AcrCo
Sc(OTfs to PhCHSiMes+. The carbor-oxygen bond of the
siloxy adduct is readily cleaved by an acid to yield the 9-benzyl-
10-methylacridinium ion as the final product.

Direct Detection of Radical lon Intermediates Formation
of the radical ion pair in photoinduced electron transfer from
PhCHSiMe; to thel(1-NA)*—Mg(ClO4), complex (Scheme 1)
and the!AcrCO*—Sc(OTfl complex (Scheme 2) was confirmed
by the laser flash experiments. The transient absorption spectra
obtained after the laser pulse excitation of the Ph&iMes/1-
NA—Mg(CIlO4), system are shown in Figure 7a. The transient
absorption band at 520 nm in Figure 7a may correspond to the
reported spectrum of PhGHiMes**, since no other possible
intermediate such as Ph@Hhas the absorption band in this
wavelength regioR*¢The additional band around 600 nm may
be attributed to the transient spectrum of the 1*NAMg-
(ClOy), complex. To confirm this assignment, a photoinduced
electron transfer from a dimeric 1-benzyl-1,4-dihydronicotina-
mide [(BNA),]" to the 1-NA-Mg(ClOg4), complex was exam-
ined by means of the laser flash photolysis. The (BN)

(54) The Ef%¢ value (1.60 V) evaluated from the electrochemical
measurements was used for the calculation.

(55) Fukuzumi, S.; Fujita, M.; Noura, S.; Ohkubo, K.; Suenobu, T.; Araki,
Y.; Ito, O. J. Phys. Chem. 2001, 105, 1857.

(56) The lifetime of PhCHSiMes*" in Figure 7 is apparently inconsistent
with the large second-order rate constant of theGibond cleavage of
PhCHSiMes"* with MeCN (3.2x 10° M1 s71) in dichloromethane, which
leads to a short lifetime of the free radical cation (PhSiMes ) in neat
MeCN (<1079 s)** However, the SiC bond cleavage rate of PhGH
SiMes"* in the cage (Scheme 2) may be much slower than the rate for the
free radical cation as observed in photoinduced electron transfer from

in Table 5, calculated based on eq 10, are somewhat larger than thosePhCHSiMe; to 10-methylacridinium ioff®

calculated based on eq 3 (e.g., %2L0° M~ s71 for the PhCHSiMey/1-
NA-Mg(ClO,), system).

(57) Patz, M.; Kuwahara, Y.; Suenobu, T.; Fukuzumi,Chem. Lett.
1997 567.
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Figure 7. (a) Transient absorption spectra observed in the photoreaction

of 1-naphthaldehydeMg(ClOs), complex formed between 1-naph-  Figure 8. (a) Transient absorption spectra observed in the photore-
thaldehyde (2.8« 104 M) and Mg(CIQy). (1.0 M) with PhCHSiMe; duction of AcrCG-Sc(OTfy complex formed between AcrCO (5.0 x
(1.7 x 10t M) at 1.2 @) and 4.0us (a) after laser excitation in ~ 107° M) and Sc(OTf} (8.0 x 1072 M) by PhCHSiMe; (2.5 x 107
deaerated MeCN at 298 K. (b) Transient absorption spectra observedM) at 50 us after laser excitation in deaerated MeCN at 298 K. (b)
in the photoreduction of 1-naphthaldehyddg(ClO,), complex formed Transient absorption spectra observed in the photoreduction of AerCO
between 1-naphthaldehyde (28104 M) and Mg(CIQ), (1.0 M) by Sc(OTf) complex formed between AcrCO (10 10™* M) and Sc-

(BNA), (2.0 x 104 M) at 2.0 @) and 12us (a) after laser excitation ~ (OTf)s (4.0 x 102 M) by (BNA)2 (1.0 x 1072 M) at 50us after laser
in deaerated MeCN at 298 K. excitation in deaerated MeCN at 298 K.

known to act as a unique two-electron donor to produce the absorption bands at 520 and 600 nm due to the =NMg-
radical anions of electron acceptéf$8The transient absorption  (ClO4), complex are overlapped with the absorption band at
spectra after the laser pulse excitation of the (BMANA— ca. 500 nm due to PhGSiMes'* in Figure 7a.
Mg(ClO,). system are shown in Figure 7b, where the absorption  The transient absorption spectrum is also obtained after the
bands at 520 and 600 nm are assigned to those of the*I-NA  |aser pulse excitation of the PhGBIMeyAcrCO—Sc(OTf)
Mg(ClO,), complex. It has been reported that the radical cation system as shown in Figure 8a. The transient absorption spectrum
of (BNA), cannot be detected at the microsecond time scale after the laser pulse excitation of the (BNAYCrCO—Sc(OTf)
due to the facile oxidation of (BNA)", which readily dissoci-  gystem is also shown in Figure 8b, where the absorption band
ates to BNA and BNA", then to 2 equiv of BNA 575 Thus, at 600 nm is assigned to that of the AcrCOSc(OTf)
the stoichiometry of the photoinduced electron transfer from complex. Thus, the transient absorption spectrum in Figure 8a
(BNA)2 to the 1-NA-Mg(CIO,). complex is given by eq 11.  ¢qngists of the absorption band due to PhSiMes™ at 500

nm, which is overlapped with the absorption band due to the

AcrCO~—Sc(OTfl complex at 600 nm.
CHO

+2 + 2Mg(CIOg)s Summary and Conclusions.
CONH,

As demonstrated above, photoinduced electron transfer reac-
tions of aromatic carbonyl compounds are remarkably acceler-
ated by the complexation with metal ions acting as Lewis acids.

Y CONH HO™-Mg(ClO4)2 A change in spin state of the lowest excited states from the

v 5 m z OO triplet to the singlet is generally observed for aromatic carbonyl
—_— _ +2 (11 ) : X

N compounds. Photochemical redox reactions which would oth-

Bz erwise be unlikely to occur are allowed to proceed efficiently

BNA* via Lewis acid-catalyzed photoinduced electron transfer by

) . . o . complexation of the photoexcited states with Lewis acids. The
Since BNA" has no absorption band in the visible region, only - one-electron reduction potentials of both the ground state and
the radical anion part is detected in Figure 7b. Thus, the excited state of aromatic carbonyl compounds are shown to be

(58) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S.: rgmarkaply shifted to the positive direction by complexation
Fujitsuka, M.; Ito, O.J. Am. Chem. Sod998 120, 8060. with Lewis acids.
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