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Irradiation of the absorption band of the 10-methylacridinium ion (AcrH+) in acetonitrile containing allylic
silanes and stannanes results in the efficient and selective reduction of the 10-methylacridinium ion to yield
the allylated dihydroacridines. In the photochemical reactions of AcrH+ with unsymmetric allylsilanes, the
allylic groups are introduced selectively at theR position. Likewise, the reactions with unsymmetric
allylstannanes afforded theR adducts predominantly, but theγ adducts were also obtained as minor products.
In contrast to this, the thermal reduction of AcrH+ and the 1-methylquinolinium ion (QuH+) by unsymmetric
allylstannanes gave only theγ adducts. The thermal reduction of QuH+ by tributyltin hydride or hydrosilanes
in the presence of a fluoride anion also occurs to yield 1-methyl-1,2-dihydroquinoline selectively. On the
other hand, the photoreduction of QuH+ derivatives by tributyltin hydride and tris(trimethylsilyl)silane yields
the corresponding 1,4-dihydroquinolines exclusively. The difference in the mechanisms for the regioreversed
thermal and photochemical reduction of AcrH+ and QuH+ is discussed in terms of nucleophilic vs electron-
transfer pathways. The photochemical reactions proceed via photoinduced electron transfer from organosilanes
and organostannanes to the singlet excited states of AcrH+ and QuH+, followed by the radical coupling of
the resulting radical pair in competition with the back electron transfer to the ground state. The rate constants
of photoinduced electron transfer obtained from the fluorescence quenching of AcrH+ and QuH+ by
organosilane and organostannane donors agree with those obtained from the dependence of the quantum
yields on the donor concentrations for the photochemical reactions. The electron-transfer rate constants are
well analyzed in light of the Marcus theory of adiabatic outer-sphere electron transfer, leading to the evaluation
of the reorganization energy (λ ) 0.90 eV) of the electron-transfer reactions. The transient spectra of the
radical pair produced by the photoinduced electron transfer from organosilanes to the singlet excited state of
AcrH+ have been successfully detected in laser-flash photolysis of the AcrH+-organosilane systems. The
rate constants of back electron transfer to the ground state have been determined, leading to the evaluation
of the reorganization energy for the back electron transfer, which agrees with the value for the forward electron
transfer.

Introduction

The carbon-carbon bond formation via photoinduced electron-
transfer reactions of organosilanes and organostannanes has
attracted growing interest not only because of the mechanistic
aspects but also in view of their synthetic utility.1-6 A pioneering
work by Mariano and co-workers1,2 has demonstrated that
desilylation processes from organosilanes attendant upon the
photoinduced electron-transfer oxidation constitute effective
methods for site-selective generation of organic radicals which
can serve as intermediates for the C-C bond formation. On
the other hand, organosilanes and organostannanes have been
frequently used as key reagents for many synthetically important
transformations. In particular, Lewis acid promoted carbon-

carbon bond formation reactions of organosilanes and orga-
nostannanes have found considerable interest in organic syn-
thesis in recent years.7-12 Hydrosilanes and hydrostannanes are
also commonly used as convenient hydride reagents in the
reduction of various substrates.10-13 Although these metal
hydrides are also regarded as potential electron donors as well
as hydride or hydrogen donors,14 little is known about the actual
roles in the electron transfer reactions. No mechanistic com-
parison has so far been made between the thermal and
photochemical reactions of organosilanes and organostannanes
with the same substrates. Of many hydride acceptors, nicoti-
namide adenine dinucleotide (NAD+) and its analogues are
particularly important in regard to the vital role in biological
redox processes. The regioselective reduction of NAD+ ana-
logues has attracted considerable interest in relation with the
biological hydride reduction occurring selectively at the C-4
position.15,16

We report herein that the photochemical reduction of the 10-
methylacridinium ion (AcrH+) by allylic silanes and stannanes
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occurs efficiently and regioselectively to afford the allylated
dihydroacridines in which the allylic group is introduced at the
R position but that the thermal reduction by allylic stannanes
occurs with the reversed regioselectivities to give theγ
adducts.17 ReVersedregioselectivities in the photoreduction of
NAD+ analogues (1-methylquinolinium ions) by hydrostannanes
and hydrosilanes are also reported as compared to those in the
thermal reduction by hydrostannanes and hydrosilanes. We could
observe the transient absorption spectra in the visible region
successfully to clarify the detailed mechanism of the regiose-
lective photochemical reduction of AcrH+ by organosilanes.
Thus, this study provides excellent opportunities to compare
directly the regioselectivities in both the thermal and photo-
chemical reduction of NAD+ analogues by the organometallic
compounds and to gain comprehensive and confirmative
understanding for their mechanistic difference which leads to
the regioreversed addition.

Experimental Section

Materials. 10-Methylacridinium iodide was prepared by the
reaction of acridine with methyl iodide in acetone and was
converted to the perchlorate salt (AcrH+ClO4

-) by the addition
of magnesium perchlorate to the iodide salt. AcrH+ClO4

- was
purified by recrystallization from methanol.18,19 Likewise,
1-methylquinolinium perchlorate (QuH+ClO4

-), 1,2-dimethyl-
quinolinium perchlorate (2-MeQuH+ClO4

-), and 1,4-dimethyl-
quinolinium perchlorate (4-MeQuH+ClO4

-) were prepared by
the reaction of the corresponding quinoline derivatives with
methyl iodide in acetone, followed by the metathesis with
magnesium perchlorate.18,19 Allyltrimethylsilane and benzyl-
trimethylsilane were obtained commercially. The other organo-
silane and organostannane compounds were prepared according
to the literature method.20 Hydrosilanes employed in this study
are commercially available. An inorganic oxidant used in this
study, tris(1,10-phenanthroline)iron(III) hexafluorophosphate,
[Fe(phen)3](PF6)3, was prepared according to the literature.21

Organic oxidants 9,10-dicyanoanthracene, naphthalene, pyrene,
and 2,3-dichloro-5,6-dicyano-p-benzoquinone were obtained
commercially and purified by the standard method.22 Tetrabu-
tylammonium fluoride was also obtained commercially. Aceto-
nitrile and dichloromethane used as solvents were purified and
dried by the standard procedure.22 [2H3]acetonitrile (99.5%,
Aldrich) was used without further purification.

Reaction Procedure.Typically, an [2H3]acetonitrile (CD3-
CN) solution (0.8 cm3) containing AcrH+ (1.0 × 10-2 M) in
an NMR tube sealed with a rubber septum was deaerated by
bubbling with argon gas through a stainless steel needle for 5
min. After an organosilane or organostannane compound (2-5
µL) was added to the solution by means of a microsyringe and
mixed, the solution was irradiated with a high-pressure mercury
lamp through an acetophenone-methanol filter transmittingλ
> 300 nm at room temperature or in refrigerant methanol
thermostated at 233 K by Cryocool CC-100. After the reaction
was completed, when the solution became colorless, the reaction
solution was analyzed by1H NMR spectroscopy. When dichlo-
romethane was used as a solvent, the solvent was pumped off
after the reaction. The residue was dried in vacuo and dissolved
in CD3CN, which was then analyzed by1H NMR.

Thermal reduction of AcrH+ by an organostannane compound
was started by adding an organostannane compound (2× 10-2

M) to an [2H3]acetonitrile (CD3CN) solution (0.8 cm3) contain-
ing AcrH+ (1 × 10-2 M) in an NMR tube. After the reactions
were completed, the products were also analyzed by1H NMR.

The reaction of QuH+ (1.0 × 10-1 M) and Ph3SiH (3.0 ×
10-1 M) was started by adding a CD3CN solution (0.3 cm3) of

tetrabutylammonium fluoride (2.0 M) to a deaerated CD3CN
solution (0.8 cm3) in an NMR tube sealed with a rubber septum
by means of a microsyringe. After the reaction was completed
in 1 h, the reaction solution was analyzed by1H NMR
spectroscopy. In the case of the photoreduction of the 1-methyl-
quinolinium ion (QuH+), a deaerated CD3CN solution (0.6 cm3)
of QuH+ (1.0 × 10-2 M) and tris(trimethylsilyl)silane (1.5×
10-2 M) in an NMR tube was irradiated with a high-pressure
mercury lamp for 50 min.

The 1H NMR measurements were performed using Japan
Electron Optics JNM-PS-100 (100 MHz) and JNM-GSX-400
(400 MHz) NMR spectrometers.1H NMR (CD3CN): AcrH-
(CH2CHdCH2) δ 2.26 (t, 2H,J ) 7.3 Hz), 3.36 (s, 3H), 3.96
(t, 1H, J ) 7.3 Hz), 4.76 (dd, 1H,J ) 2.0, 17 Hz), 4.87 (dd,
1H, J ) 2.0, 10.3 Hz), 5.68 (m, 1H), 6.9-7.2 (m, 8H); AcrH-
(CH2CHdCMe2) δ 0.89 (s, 3H), 0.93 (s, 3H), 2.21 (t, 2H,J )
7.3 Hz), 3.40 (s, 3H), 3.89 (t, 1H,J ) 7.3 Hz), 5.10 (t, 1H,J
) 7.3 Hz), 6.95-7.29 (m, 8H); AcrH(CMe2CHdCH2) δ 0.84
(s, 6H), 3.30 (s, 3H), 3.73 (s, 1H), 4.45 (dd, 1H,J ) 2.0, 17.6
Hz), 4.74 (dd, 1H,J ) 2.0, 10.7 Hz), 5.69 (dd, 1H,J ) 10.7,
17.6 Hz), 6.9-7.2 (m, 8H); AcrH(CH(Ph)CHdCH2) δ 3.24 (s,
3H), 3.39 (t, 1H,J ) 8.7 Hz), 4.19 (d, 1H,J ) 8.3 Hz), 4.65
(dd, 1H,J ) 2.0, 17.8 Hz), 4.84 (dd, 1H,J ) 2.0, 10.3 Hz),
6.0-6.2 (m, 1H), 6.6-7.4 (m, 13H); AcrH(CH2CHdCHPh)δ
2.2 (m, 2H), 3.37 (s, 3H), 4.10 (t, 1H,J ) 6.8 Hz), 6.0-7.4
(m, 15H); AcrH(cyclo-C6H11) δ 0.8-2.0 (m, 11H), 3.34 (s, 3H),
3.61 (d, 1H,J ) 8.7 Hz), 6.6-7.4 (m, 8H); AcrH(CH2Ph) δ
2.80 (d, 2H,J ) 7.3 Hz), 3.32 (s, 3H), 4.19 (t, 1H,J ) 7.3
Hz), 6.7-7.3 (m, 13H); 1,2-QuH2 δ 2.72 (s, 3H), 3.98 (d, 2H,
J ) 3.5 Hz), 5.73 (m, 1H), 6.32 (d, 1H,J ) 4.2 Hz), 6.5-7.1
(m, 4H); 1,4-QuH2 δ 3.01 (s, 3H), 3.52 (d, 2H,J ) 3.3 Hz),
4.51 (m, 1H), 5.73 (d, 1H,J ) 9.6 Hz), 6.7-7.2 (m, 4H); 2-Me-
1,2-QuH2 δ 1.05 (d, 3H,J ) 5.3 Hz), 2.81 (s, 3H), 4.08 (m,
1H), 5.72 (dd, 1H,J ) 9.1, 4.2 Hz), 6.31 (d, 1H,J ) 9.1 Hz),
6.5-7.1 (m, 4H); 2-Me-1,4-QuH2 δ 2.05 (s, 3H), 3.20 (s, 3H),
3.48 (d, 2H,J ) 3.3 Hz), 5.95 (m, 1H), 6.8-7.4 (m, 4H); 4-Me-
1.2-QuH2 δ 1.95 (s, 3H), 2.70 (s, 3H), 3.86 (d, 2H,J ) 4.1
Hz), 5.60 (t, 1H,J ) 4.1 Hz), 6.5-7.1 (m, 4H); 4-Me-1,4-
QuH2 δ 1.15 (d, 3H,J ) 6.5 Hz), 3.02 (s, 3H), 3.40 (m, 1H),
6.6-7.4 (m, 6H).

Kinetic Measurements. Kinetic measurements were per-
formed under deaerated conditions using a Shimadzu UV-160A,
UV-2200, or a Hewlett-Packard diode array spectrophotometer
(HP8452), which was thermostated at 298 K. Rates of the
electron-transfer reactions from organostannanes to the ferri-
cenium ion in MeCN were followed by the decrease in
absorbance because of ferricenium ion in the long-wavelength
region (600-700 nm).23 A typical procedure for the kinetic
measurements of the thermal reactions of AcrH+ and X-QuH+

with organostannanes is the following. An acetonitrile (0.40 cm3)
solution of 2.7× 10-3 M AcrH+ or X-QuH+ contained in a 1
mm quartz cuvette was placed in a cell holder of the spectro-
photometer, which was thermostated at 298 K. Allylstannane
was added (2-6 × 10-2 M) by means of a microsyringe with
shaking. Rates of the reduction of AcrH+ and X-QuH+ were
followed by the disappearance of the absorbance (λ ) 415 and
315 nm) due to AcrH+ and X-QuH+, respectively. The pseudo-
first-order plot for each reaction was linear for three or more
half-lives with the correlation coefficientF > 0.999.

Quantum Yield Determinations. A standard actinometer
(potassium ferrioxalate)24 was used for the quantum yield
determination of the photoreduction of AcrH+ and X-QuH+ by
organometallic compounds. A square quartz cuvette (10 mm
i.d.) which contained an acetonitrile solution (3.0 cm3) of AcrH+
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and X-QuH+ (3.1-6.0 × 10-4 M) and an organometallic
compound (5× 10-4-4 × 10-3 M) was irradiated with
monochromatized light ofλ ) 358 and 320 nm from a Hitachi
650-10S fluorescence spectrophotometer, respectively. Under
the conditions of the actinometry experiments, both the acti-
nometer and AcrH+ or X-QuH+ absorbed essentially all of the
incident light. The light intensity of monochromatized light of
λ ) 358 and 320 nm was determined as 1.1× 10-8 and 3.8×
10-8 einstein s-1 with the slit width of 20 nm, respectively.
The photochemical reaction was monitored by using a Shimadzu
UV-160A or UV-2200 spectrophotometer. The quantum yields
were determined from the decrease in the absorbance because
of AcrH+ (λ ) 396 nm,ε ) 3.5 × 103 M-1 cm-1) and QuH+

(λ ) 338 nm,ε ) 1.8× 103 M-1 cm-1). When the contribution
of thermal reactions cannot be neglected, the quantum yields
were determined by subtracting the rate of thermal reactions in
the dark from that of the photochemical reaction.

Fluorescence Quenching.Quenching experiments of the
fluorescence of the 10-methylacridinium ion, 9,10-dicyanoan-
thracene, naphthalene, and pyrene by organosilanes and orga-
nostannanes were performed using a Hitachi 650-10S fluores-
cence spectrophotometer. The excitation wavelengths were 360,
315, 390, 300, and 365 nm for AcrH+, QuH+, 9,10-dicyanoan-
thracene, naphthalene, and pyrene in MeCN, respectively. The
monitoring wavelengths were those corresponding to the
maxima of the emission bands atλ ) 488, 398, 460, 335, and
420 nm, respectively. The solutions were deoxygenated by argon
purging for 10 min prior to the measurements. Relative emission
intensities were measured for MeCN solution containing AcrH+

or QuH+ (5.0 × 10-5 M) with organometals at various
concentrations (1.5-6.2 × 10-2 M). There was no change in
the shape but there was a change in the intensity of the
fluorescence spectrum by the addition of an organometal. The
Stern-Volmer relationship (eq 1) was obtained for the ratio of
the emission intensities in the absence and presence of organo-

metals (I0/I) and the concentrations of organometals [D]. The
fluorescence lifetimeτ of AcrH+ was determined as 37 ns in
MeCN by single-photon counting using a Horiba NAES-1100
time-resolved spectrofluorophotometer. The observed quenching
rate constantskq () KSVτ-1) were obtained from the Stern-
Volmer constantsKSV and the emission lifetimesτ. When
organometals such as allyltributylstannane which reacts ther-
mally with AcrH+ are employed as quenchers, the Stern-
Volmer constant (KSV) was determined from the ratio of the
lifetime in the absence and presence of organometals (τ0/τ) by
use of a single-photon counting using a Horiba NAES-1100
time-resolved spectrofluorophotometer (eq 2).

Laser-Flash Photolysis. The measurements of transient
absorption spectra in the photochemical reactions of AcrH+ with
PhCH2SiMe3 or CH2dCHCH2SiMe3 in MeCN were performed
according to the following procedures. The MeCN solution was
deoxygenated by argon purging for 10 min prior to the
measurement. The deaerated MeCN solution containing AcrH+

(1.7× 10-3 M) and organosilanes (2.8× 10-2 M) was excited
by a Nd:YAG laser (Quanta-Ray, GCR-130, 6 ns fwhm) at 355
nm with the power of 30 mJ. A pulsed xenon flash lamp (Tokyo
Instruments, XF80-60, 15 J, 60 ms fwhm) was used for the probe
beam, which was detected with a Si PIN photodiode (Hamamat-
su, S1722-02) after passing through the photochemical quartz

vessel (10× 5 mm) and a monochromator. The output from
the Si PIN photodiode was recorded with a digitizing oscillo-
scope (HP 54510B, 300 MHz). The transient spectra were
recorded using fresh solutions in each laser excitation. All
experiments were performed at 298 K.

ESR Measurements. ESR spectra of the photolyzed
AcrH+ClO4

- and PhCH2SiMe3 (or ferrocene) in frozen MeCN
were taken on a JEOL JES-RE1XE and were recorded under
nonsaturating microwave power conditions. The magnitude of
the modulation was chosen to optimize the resolution and the
signal-to-noise ratio (S/N) of the observed spectra. Theg values
were calibrated using an Mn2+ marker.

Theoretical Calculations.Semiempirical calculations were
performed using the MOPAC program (version 6) which is
incorporated in the MOLMOLIS program (version 2.8) by
Daikin Industries, Co., Ltd. The PM3 Hamiltonian was used
for the semiempirical MO calculations.25 Final geometries and
energetics were optimized by minimizing the total molecular
energy with respect to all structural variables. The heats of
formation (∆Hf) were calculated with the restricted Hartree-
Fock (RHF) formalism using a key word “PRECISE”. The ab
initio calculations were performed at the Becke3LYP/6-31+G*
or MP2/6-31++G* level26,27 with Gaussian 98.28

Results and Discussion

Photoaddition of Organosilanes and Organostannanes
with the 10-Methylacridinium Ion. Irradiation of the absorp-
tion band of 10-methylacridinium perchlorate (AcrH+ClO4

-)
in a deaerated acetonitrile solution containing allylsilane for 3.5
h gave an adduct [AcrH(CH2CHdCH2)] as shown in eq 3. Such

photoaddition reactions with AcrH+ also occur efficiently using
other organosilanes and organostannanes. The products are well
identified by the 1H NMR spectra (see the Experimental
Section). The product yields under various reaction conditions
are summarized in Table 1. When an unsymmetrical allylic
silane, e.g, prenyltrimethylsilane, is employed, the allylic group
is introduced at theR position to yield AcrH(CH2CHdCMe2)
exclusively and noγ adduct [AcrH(CMe2CHdCH2)] has been
formed (eq 4). In the case of prenyltributylstannane, however,

γ adduct (20%) is formed as well asR adduct which is the
major product. Although the addition reaction of prenyltribu-
tylstannane with AcrH+ also occurs thermally to yield theγ
adduct exclusively as described later, the photoaddition reaction
was carried out under the experimental conditions such that the
contribution of the thermal reaction can be neglected. In fact,
essentially the same selectivity ratio of theR to γ adduct was

I0/I ) 1 + KSV[D] (1)

τ0/τ ) 1 + KSV[D] (2)
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obtained at a much lower reaction temperature (233 K) when
the contribution of the thermal reaction, if any, should be
completely neglected as compared to the reaction at 298 K
(Table 1). The yield ofγ adduct is increased to 43% which is
comparable with that of theR adduct (57%) when tributyl-trans-
cinnamylstannane is employed (Table 1).

When the butyl group of prenyltributylstannane is replaced
by the more-electron-donating cyclohexyl group, the adduct
derived from the cleavage of the Sn-cyclohexyl group is also
obtained together with theR andγ adducts of the allylic group
(Table 1). The ratio of theR to γ adduct increases when CH2-
Cl2 instead of MeCN is used as a solvent (Table 1).

The photoalkylation also occurs selectively in the case of
organosilanes containing an electron-donating alkyl group, e.g.,
benzyltrimethylsilane, to yield the benzyl adduct (Table 1). We
have previously reported that photoalkylation of AcrH+ by
tetraalkyltin compounds (R4Sn, R) Et, Bu, and Pri) to yield
AcrHR.29

Thermal Reduction of the 10-Methylacridinium Ion by
Allylic Stannanes.It is found that the 10-methylacridinium ion
(AcrH+) is readily reduced by allyltributyltin to yield selectively

9-allyl-10-methyl-9,10-dihydroacridine [AcrH(CH2CHdCH2)]
in MeCN as shown in Table 2. In contrast to the photochemical
reaction (Table 1), the thermal reaction of AcrH+ with prenyl-
tributylstannane yields only theγ adduct (eq 5). Likewise the

thermal reduction of AcrH+ by tributyl-trans-cinnamylstannane
also yield theγ adduct exclusively (Table 2).

Rates of the reduction of AcrH+ by allylic stannanes were
followed by the disappearance of the absorbance (λ ) 415 nm)
because of AcrH+ (see the Experimental Section). The rates
obeyed ordinary second-order kinetics, showing the first-order
dependence on the concentration of each reactant. The observed
second-order rate constants (kobs) are listed in Table 3. Thekobs

value decreases with theγ substitution by the bulky groups (Me2

and Ph), demonstrating a significant steric effect of the
substituent at the carbon where the C-C bond is formed with
AcrH+.

TABLE 1: Photoreduction of AcrH + (1.0 × 10-2 M) by Organosilanes and Organostannanes (1.5× 10-2 M) in Deaerated
MeCN

allylmetal condition time (h) product (yield, %)

CH2dCHCH2SiMe3 a 3.5 AcrH(CH2CHdCH2) (60)
Me2CdCHCH2SiMe3 a 3.5 AcrH(CH2CHdCMe2) (60)
PhCH2SiMe3 a 1.5 AcrH(CH2Ph) (100)
CH2dCHCH2SnPh3 a 1.5 AcrH(CH2CHdCH2) (85)
PhCH2SnPh3 a 1.0 AcrH(CH2Ph) (100)
CH2dCHCH2SnBu3 a 0.5 AcrH(CH2CHdCH2) (100)
Me2CdCHCH2SnBu3 a 0.5 AcrH(CH2CHdCMe2) (80)

AcrH(CMe2CHdCH2) (20)
Me2CdCHCH2Sn(cyclo-C6H11)3 a 1.0 AcrH(CH2CHdCMe2) (67)

AcrH(CMe2CHdCH2) (16)
AcrH(cyclo-C6H11) (17)

PhCHdCHCH2SnBu3 a 0.5 AcrH(CH2CHdCHPh) (57)
AcrH(C(H)PhCHdCH2) (43)

Me2CdCHCH2SnBu3 b 1.0 AcrH(CH2CHdCMe2) (81)
AcrH(CMe2CHdCH2) (19)

Me2CdCHCH2SnBu3 c 1.0 AcrH(CH2CHdCMe2) (100)
Me2CdCHCH2Sn(cyclo-C6H11)3 c 1.0 AcrH(CH2CHdCMe2) (71)

AcrH(CMe2CHdCH2) (11)
AcrH(cyclo-C6H11) (18)

a In MeCN at 298 K.b In MeCN at 233 K.c [AcrH+] ) 6.1 × 10-3 M, [organometal]) 1 × 10-2 M in CH2Cl2 at 298 K.

TABLE 2: Addition Reaction of Allylic Stannanes with AcrH + in MeCN in the Dark

allylic stannane
(concentration; M) [AcrH+] (M) time (h) product (yield, %)

CH2dCHCH2SnBu3
a 6 × 10-2 1 AcrH(CH2CHdCH2) (100)

(8.0× 10-2)
Me2CdCHCH2SnBu3

a 1 × 10-2 10 AcrH(CMe2CHdCH2) (100)
(2.0× 10-2)
Me2CdCHCH2Sn(cyc-C6H11)3

a 1 × 10-2 10 AcrH(CMe2CHdCH2) (100)
(3.8× 10-2)
PhCHdCHCH2SnBu3

a 1 × 10-2 10 AcrH(C(H)PhCHdCH2) (100)
(1.5× 10-2)
Me2CdCHCH2SnBu3

b 4 × 10-3 10 AcrH(CMe2CHdCH2) (100)
(2.9× 10-2)
Me2CdCHCH2Sn(cyc-C6H11)3

b 4 × 10-3 10 AcrH(CMe2CHdCH2) (100)
(3.7× 10-2)

a In MeCN. b In CH2Cl2.

TABLE 3: Observed Rate Constants (kobs) of the Thermal
Reduction of AcrH+ (2.7 × 10-3 M) by Allylic Stannanes in
MeCN at 298 K

allylic stannane kobs (M-1 s-1)

CH2dCHCH2SnBu3 6.4× 10-2

Me2CdCHCH2SnBu3 1.4× 10-2

PhCHdCHCH2SnBu3 5.2× 10-3
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Thermal Hydride Reduction of NAD+ Analogues.Upon
mixing QuH+ (8.0× 10-5 mol) with Bu3SnH (1.9× 10-4 mol)
in acetonitrile (0.80 cm3) at 298 K, QuH+ was readily reduced
to yield initially 1-methyl-1,2-dihydroquinoline (1,2-QuH2; 80%
in 30 min), which was gradually isomerized to the corresponding
1,4 isomer (1,4-QuH2; 70% in 70 min) as shown in eq 6. The

1,2 and 1,4 isomers can also be differentiated by their absorption
spectra (λmax ) 350 and 250 nm, respectively). Figure 1 shows
the electronic spectra observed in the reduction of QuH+ by
Bu3SnH in MeCN. Under the experimental conditions of a low
concentration of QuH+ (2.0× 10-3 M), the absorbance due to
the initial product, the 1,2 isomer (λmax ) 350 nm), increases,
accompanied by the decrease in absorbance because of QuH+

(λmax ) 315 nm) with a clean isosbestic point. The reduction
of the 1,4-dimethylquinolinium ion (4-MeQuH+) by Bu3SnH
also occurs efficiently to yield exclusively the corresponding
1,2 isomer (4-Me-1,2-QuH2) which does not isomerize to the
1,4 isomer. These products were well identified from their1H
NMR spectra (see the Experimental Section). The isomerization
from 1,2-QuH2 to 1,4-QuH2 has been reported to occur by the
reaction of the 1,2 isomer with QuH+ in the reduction of
quinolinium salts with NaBH4.30 When QuH+ is replaced by
the 1,2-dimethylquinolinium ion (2-MeQuH+) in which the C-2
position is blocked by the methyl group, no reaction with Bu3-
SnH has occurred at 298 K.

Various hydrosilanes are known to be capable of reducing
carbonyl compounds in the presence of fluoride ions, when
pentacoordinate hydrosilicates [R3SiHF]- are formed as reactive
intermediates.31 In the present system as well, the addition of
fluoride ions (Bu4N+F-) to the Ph3SiH-QuH+ system results
in the efficient reduction of QuH+ to yield 1,2-QuH2 selectively
(eq 7), although hydrosilanes are inactive toward QuH+ without
F- in MeCN. The product yields of the reduction of QuH+,

2-MeQuH+, and 4-MeQuH+ by various hydrosilanes in the
presence of fluoride ion are listed in Table 4.

The isomerization from the initial product, 1,2-QuH2, to 1,4-
QuH2 is also observed in the reduction of QuH+ by Ph3SiH in
the presence of fluoride ions in MeCN (Table 4) as the case of
the reduction by Bu3SnH (eq 6). The reduction of 4-MeQuH+

by hydrosilanes also occurs efficiently in the presence of fluoride
ion in MeCN to yield exclusively 4-Me-1,2-QuH2 which does
not isomerize to the corresponding 1,4 isomer (Table 4). In
contrast with the case of Bu3SnH, the reduction of 2-MeQuH+

by hydrosilanes also occurs efficiently in the presence of fluoride
ion to yield 2-Me-1,2-QuH2 selectively (Table 4). Thus,
hydrosilanes in the presence of fluoride ions act as strong
hydride reagents as compared with the hydrostannane Bu3SnH.

The ∆Hf (heat of formation) values of 1,2-QuH2 and 1,4-
QuH2 are calculated as 37.3 and 34.1 kcal mol-1 by using the
PM3 semiempirical MO method with the geometrical parameters

optimized (see the Experimental Section). Thus, the initial
nucleophilic attack of Bu3SnH and hydrosilanes in the presence
of the fluoride ion occurs preferentially at the C-2 position in
the case of QuH+ to yield the 1,2 isomer, which then isomerizes
to the thermodynamically stable form, the 1,4 isomer.

Photochemical Reduction of Quinolinium Ions by Bu3SnH
and (TMS)3SiH. As described above, no thermal reduction of
2-MeQuH+ by Bu3SnH occurs because of the steric effect of
the methyl group at the C-2 position. Irradiation of the
absorption band of 2-MeQuH+ (λmax ) 315 nm) in deaerated
MeCN containing Bu3SnH with monochromatized light ofλ )
320 nm, however, results in the efficient reduction of 2-MeQuH+

to yield the corresponding 1,4 isomer (2-Me-1,4-QuH2) exclu-

Figure 1. Electronic absorption spectra observed in the reduction of
QuH+ (2.0× 10-3 M) by Bu3SnH (2.0× 10-2 M) in MeCN at 298 K.
Time interval: 0, 10, 30, 45, and 60 min.

TABLE 4: Regioselective Reduction of QuH+ Derivatives by
Hydrosilanes in the Presence of Bu4N+F- (0.2 M) and by
Bu3SnH in MeCN at 298 K

metal hydride
(M)

QuH+ derivative
(0.1M)

time
(h)

product
(yield, %)

Ph3SiH (0.2) QuH+ 1 1,2-QuH2 (100)
3 1,2-QuH2 (94)

1,4-QuH2 (6)
24 1,2-QuH2 (58)

1,4-QuH2 (42)
100 1,2-QuH2 (39)

1,4-QuH2 (61)
Ph2SiH2 (0.3) QuH+ 1 1,2-QuH2 (55)

1,4-QuH2 (45)
PhMe2SiH (0.3) QuH+ 1 1,2-QuH2 (100)
(MeO)3SiH (0.3) QuH+ 2 1,2-QuH2 (100)
(TMS)3SiH (0.3) QuH+ 2 1,2-QuH2 (87)

1,4-QuH2 (13)
Bu3SnH (0.24)a QuH+ 1 1,2-QuH2 (40)

1,4-QuH2 (60)
Ph3SiH (0.2) 2-MeQuH+ 3 2-Me-1,2-QuH2 (100)
Ph2SiH2 (0.3) 2-MeQuH+ 1 2-Me-1,2-QuH2 (100)
PhMe2SiH (0.3) 2-MeQuH+ 1 2-Me-1,2-QuH2 (100)
(MeO)3SiH (0.3) 2-MeQuH+ 2 2-Me-1,2-QuH2 (100)
(TMS)3SiH (0.3) 2-MeQuH+ 2 2-Me-1,2-QuH2 (100)
Bu3SnH (0.24)a 2-MeQuH+ 1 no reaction
Ph3SiH (0.2) 4-MeQuH+ 3 4-Me-1,2-QuH2 (100)
Ph2SiH2 (0.3) 4-MeQuH+ 1 4-Me-1,2-QuH2 (100)
PhMe2SiH (0.3) 4-MeQuH+ 1 4-Me-1,2-QuH2 (100)
(MeO)3SiH (0.3) 4-MeQuH+ 2 4-Me-1,2-QuH2 (100)
(TMS)3SiH (0.3) 4-MeQuH+ 2 4-Me-1,2-QuH2 (100)
Bu3SnH (0.24)a 4-MeQuH+ 1 4-Me-1,2-QuH2 (100)

a In the absence of Bu4N+F-.
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sively (eq 8). In contrast to the thermal reduction of QuH+ by

Bu3SnH, no 1,2 isomer has been formed during the photochemi-
cal reaction. When Bu3SnH is replaced by (TMS)3SiH (TMS
) trimethylsilyl), no thermal reduction of X-QuH+ (X ) H,
2-Me, and 4-Me) by (TMS)3SiH has occurred at 298 K. As is
the case of the photochemical reaction of 2-MeQuH+ with Bu3-
SnH, irradiation of the absorption band of X-QuH+ in deaerated
MeCN containing (TMS)3SiH and H2O (5.0 M) results in the
efficient reduction of X-QuH+ to yield the corresponding 1,4
isomer (X-1,4-QuH2) exclusively (H2O was added to trap the
silyl cation). Figure 2 shows the electronic spectra observed in
the photoreduction of QuH+ by (TMS)3SiH in deaerated MeCN.
In contrast to the thermal reduction of QuH+ by Bu3SnH (Figure
1), the absorbance due to the initial product, the 1,4 isomer (λmax

) 250 nm), increases, accompanied by the decrease in absor-
bance because of QuH+ (λmax ) 315 nm) with a clean isosbestic
point. The photoreduction of 2-MeQuH+ and 4-MeQuH+ by
(TMS)3SiH also occurs efficiently to yield the corresponding
1,4 isomers. In the case of the photoreduction of the 10-
methylacridinium ion (AcrH+) by (TMS)3SiH, 10-methyl-9,-
10-dihydroacridine (AcrH2) is obtained exclusively. The product
yields of the photoreduction of these NAD+ analogues by
(TMS)3SiH are listed in Table 5.

Photoinduced Electron Transfer.Irradiation of the absorp-
tion bands of AcrH+ and QuH+ in MeCN causes fluorescence
at 488 and 398 nm, respectively. The fluorescence of AcrH+ is
known to be quenched by electron transfer from various organic
electron donors to the singlet excited state (AcrH+*).32 The
fluorescences of AcrH+, QuH+, 2-MeQuH+, and 4-MeQuH+

are also quenched efficiently by electron donors including
organosilanes and organostannanes employed in this study. The
rate constants (kobs) of the fluorescence quenching are deter-
mined from the slopes of the Stern-Volmer plots and lifetimes
of the singlet excited state [AcrH+* (τ ) 37 ns), QuH+* (20
ns), 2-MeQuH+* (15 ns), and 4-MeQuH+* (19 ns)], which were
determined by the single-photon counting measurements (see

the Experimental Section). The free-energy change of photo-
induced electron transfer from organosilanes and organostan-
nanes to these singlet excited states (∆G0

et in eV) is given by
eq 9:

where e is the elementary charge,E0
ox is the one-electron

oxidation potentials of organosilanes6a,33and organostannanes,17

andE0
red is the one-electron reduction potentials of the singlet

excited states, AcrH+* and X-QuH+* (X ) H, 2-Me, and
4-Me).34 The∆G0

et values are largely negative as listed in Table
6, indicating that the fluorescence quenching occurs efficiently
via photoinduced electron transfer from organosilanes and
organostannanes to AcrH+* and X-QuH+*. The rate constants
(kobs) of the fluorescence quenching via photoinduced electron
transfer are listed in Table 6, where thekobs values are in the
range of 1.0-1.7 × 1010 M-1 s-1, being close to the diffusion
limit in MeCN at 298 K.35 The kobs values for photoinduced
electron transfer and thermal electron transfer reactions of
organosilanes and organostannanes are also included in Table
6. A plot of log kobs vs ∆G0

et is shown in Figure 3, which
demonstrates a typical dependence of the rate constant for outer-
sphere electron-transfer reactions on the free-energy change of
electron transfer (∆G0

et); the log kobs value increases with a
decrease in∆G0

et to reach a diffusion-limited value (kobs ) 2.0
× 1010 M-1 s-1).35

A general scheme for photoinduced electron transfer from
an electron donor (D) to an excited-state acceptor (A*) is given
in eq 10:

wherek12 andk21 are diffusion and dissociation rate constants
in the encounter complex (D A*) andket andkbet are the rate
constants of forward electron transfer from D to A to produce
the radical ion pair (D•+ A•-) and back electron transfer to the
ground state.6a,35-37 The observed rate constant (kobs) of pho-
toinduced electron transfer is given by eq 11. The dependence

of ket on ∆G0
et for adiabatic outer-sphere electron transfer has

been well established by Marcus as given by eq 12:

wherek is the Boltzmann constant,h is the Planck constant,
andλ is the reorganization energy of electron transfer.38-40 From
eqs 11 and 12 is derived eq 13:

wherek12 in MeCN is known as 2.0× 1010 M-1 s-1 35 andZ
[) (kT/h)(k12/k21)] is the collision frequency taken as 1× 1011

M-1 s-1.38 A linear plot of [kT ln Z(kobs
-1 - k12

-1)]1/2

[) (∆Gq
et)1/2] vs ∆G0

et (eq 13) is shown in Figure 4, where the
kobsvalues with∆G0

et < -0.53 eV are not included because of
the large uncertainty of thekobs

-1 - k12
-1 values. From the

intercept at∆G0
et ) 0, theλ value is obtained as 0.90 eV. The

slope of the linear correlation in Figure 4 (0.48 eV-1/2) agrees
with the value expected from eq 13, 1/(2λ1/2) ) 0.48 eV-1/2.

The dependence ofkobs on ∆G0
et is calculated based on eq

13 using theλ value (0.90 eV) as shown by the solid line in
Figure 3. Thekobs values with∆G0

et < -0.53 eV which were

Figure 2. Electronic absorption spectra observed in the photoreduction
of QuH+ (2.0 × 10-3 M) by (TMS)3SiH (2.0× 10-2 M) in MeCN at
298 K. Time interval: 0, 10, 30, 40, and 50 min.

∆G0
et ) e(E0

ox - E0
red) (9)

D + A* {\}
k12

k21
(D A*) 98

ket
(D•+ A•-) 98

kbet
D + A (10)

kobs) ketk12/(k21 + kbet) (11)

ket ) (kT/h) exp[-(λ/4)(1 + ∆G0
et/λ)2/kT] (12)

[kT ln Z(kobs
-1 - k12

-1)]1/2 ) λ1/2/2 + ∆G0
et/(2λ1/2) (13)
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not included in Figure 4 agree well with the calculated values
except for thekobsvalue at∆G0

et ) -1.43 eV, which is slightly
larger than the calculated value (Figure 3). The calculated

dependence ofkobs on ∆G0
et (eq 13) predicts a decrease in the

kobs value from a diffusion-limited value with increasing the
driving force of electron transfer (-∆G0

et) when thekobsvalues
become smaller than the diffusion-limited value in the Marcus

TABLE 5: Photoreduction of NAD + Analogues by (TMS)3SiH and Bu3SnH in Deaerated MeCN at 298 K under Irradiation of
Light of λ ) 320 nm

metal hydride
(0.02 M)

NAD+ analogue
(0.02 M)

irradiation time
(min)

product
(yield, %)

(TMS)3SiH AcrH+ 60 AcrH2 (100)
(TMS)3SiH QuH+ 50 1,2-QuH2 (0) 1,4-QuH2 (62)
(TMS)3SiH 2-MeQuH+ 60 2-Me-1,2-QuH2 (0) 2-Me-1,4-QuH2 (60)
(TMS)3SiH 4-MeQuH+ 50 4-Me-1,2-QuH2 (0) 4-Me-1,4-QuH2 (50)
Bu3SnH 2-MeQuH+ 60 2-Me-1,2-QuH2 (0) 2-Me-1,4-QuH2 (70)

TABLE 6. Free-Energy Change of Electron Transfer (∆G0
et), Rate Constants (kobs) of Electron Transfer, and Limiting

Quantum Yields (Φ∞) for the Photochemical Reactions of AcrH+ and QuH+ Derivatives with Organosilanes and
Organostannanes in MeCN at 298 K

acceptor
E0

red
a

(V) donorb
∆G0

et
c

(eV)
kobs

d

(M-1 s-1) kobs
e(M-1 s-1) Φ∞

e

AcrH+* 2.32 Me2CdCHCH2SnBu3 -1.43 1.8× 1010 1.4× 1010 1.8× 10-1

CH2dCHCH2SnBu3 -1.26 1.8× 1010 1.4× 1010 1.5× 10-1

(TMS)3SiH -1.02 1.2× 1010 1.7× 1010 8.0× 10-2

(TMS)3SiD -1.02 1.2× 1010 1.7× 1010 3.6× 10-2

PhCH2SiMe3 -0.94 1.2× 1010 1.0× 1010 1.7× 10-2

Me2CdCHCH2SiMe3 -0.93 9.0× 109 1.1× 1010 7.0× 10-3

CH2dCHCH2SiMe3 -0.82 1.2× 1010 1.0× 1010 8.0× 10-3

QuH+* 2.54 (TMS)3SiH -1.24 1.0× 1010 1.3× 1010 8.0× 10-2

(TMS)3SiD -1.24 1.0× 1010 1.3× 1010 4.2× 10-2

2-MeQuH+* 2.46 (TMS)3SiH -1.16 1.3× 1010 1.7× 1010 9.6× 10-2

4-MeQuH+* 2.51 (TMS)3SiH -1.21 1.0× 1010 1.2× 1010 7.6× 10-2

DCA* 1.91 Me2CdCHCH2SnBu3 -1.02 1.5× 1010

CH2dCHCH2SnBu3 -0.85 1.5× 1010

(TMS)3SiH -0.61 6.5× 109

PhCH2SiMe3 -0.53 6.7× 109

Me2CdCHCH2SiMe3 -0.52 9.0× 109

CH2dCHCH2SiMe3 -0.41 3.1× 109

naphthalene* 1.46 Me2CdCHCH2SnBu3 -0.57 6.8× 109

CH2dCHCH2SnBu3 -0.40 1.4× 109

Me2CdCHCH2SiMe3 -0.07 1.8× 108

CH2dCHCH2SiMe3 0.04 1.5× 107

pyrene* 1.23 Me2CdCHCH2SnBu3 -0.34 5.2× 109

CH2dCHCH2SnBu3 -0.17 1.5× 108

(TMS)3SiH 0.07 1.2× 107

PhCH2SiMe3 0.15 9.1× 106

Me2CdCHCH2SiMe3 0.16 2.3× 107

Fe(phen)33+ 0.98 (TMS)3SiH 0.32 1.0× 103

FeCp2+ 0.37 Me2CdCHCH2SnMe3 0.52 5.0
CH2dCHCH2SnBu3 0.69 8.0× 10-3

a E0
red vs SCE, taken from refs 6a, 33, and 34.b TheE0

ox values are taken from refs 6a and 17.c Determined from eq 9.d Determined from the
fluorescence-quenching rate constants for photoinduced electron transfer and electron transfer rate constants for thermal electron transfer reactions.
e Determined from the dependence of the quantum yield on the donor concentration.

Figure 3. Plot of log kobs vs ∆G0
et for photoinduced and thermal

electron transfer reactions of organosilanes and organostannanes in
MeCN at 298 K. The data are taken from Table 6. The solid line is
drawn on the basis of eq 12 usingλ ) 0.90 eV.

Figure 4. Plot of (∆Gq
et)1/2 () [kT ln Z(kobs

-1 - k12
-1)]1/2) vs ∆G0

et

(see eq 13). Thekobs values with∆G0
et < -0.53 eV in Table 6 are not

included because of the large uncertainty of thekobs
-1 - k12

-1 values.
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inverted region (∆G0
et < -λ), provided that theλ value is

constant in a series of electron transfer reactions.38 The absence
of a Marcus inverted region has well been recognized in forward
photoinduced electron transfer reactions.35 In the case of back
electron transfer reactions, however, the observation of the
Marcus-inverted region has been well established.41,42 The
absence of an inverted region in forward photoinduced electron
transfer reactions in the highly exergonic region (∆G0

et < -λ)
is explained by an increase in theλ value from the value for a
contact radical ion pair (CRIP) or a solvent separated radical
ion pair (SSRIP) which has a larger distance between the radical
ions in the highly exergonic region.41d,43 In the case of back
electron transfer reactions, electron transfer may occur in CRIP
as is discussed later.

Quantum Yields. The quantum yields (Φ) of the photoad-
dition reactions of organometallic compounds with AcrH+ were
determined from the spectral change under irradiation of
monochromatized light ofλ ) 358 nm (see the Experimental
Section). TheΦ values increase with an increase in the
concentration of the organometallic compound [D], to approach
a limiting value (Φ∞) in accordance with eq 14 as shown in
Figure 5. Equation 14 is rewritten by eq 15, and the linear plots
of Φ-1 and [D]-1 are shown in Figure 6. From slopes and

intercepts are obtained theΦ∞ andKobsvalues. TheKobsvalues
can be converted to the corresponding rate constants (kobs)
provided that the excited state of AcrH+ involved in the
photochemical reaction is singlet (AcrH+*; kobs ) Kobsτ-1, τ )
37 ns). Thekobsvalues were also obtained for the photoreduction
of X-QuH+ by (TMS)3SiH from the linear plots ofΦ-1 and
[(TMS)3SiH]-1 (Figure 7). Thekobs values are listed in Table
6, where thekobsvalues agree well with the corresponding values
determined independently by the fluorescence quenching. Such
agreement strongly indicates that the photoreduction of AcrH+

and X-QuH+ by organosilanes and organostannanes proceeds
via photoinduced electron transfer from these organometallic
compounds to the singlet excited states, AcrH+* and X-QuH+*.

Regioreversal Addition via Photoinduced Electron Trans-
fer. On the basis of the above results, the reaction mechanism

for the photoaddition reactions of allylic silanes and stannanes
with AcrH+ is summarized as shown representatively for the
photoaddition of Me2CdCHCH2SnBu3 with AcrH+ in Scheme
1. The reaction is initiated by photoinduced electron transfer
(kobs) from the allylic stannane to the singlet excited state (1-
AcrH+*) to give the radical cation-acridinyl radical pair
(Me2CdCHCH2SnBu3

•+ AcrH•). The metal-carbon bonds of
radical cations of organostannanes and organosilanes are known
to be cleaved to give the alkyl or allyl radicals.15c,44-47 The bond
cleavage has been shown to occur via an SN2 reaction with a
nucleophilic solvent such as MeCN (Scheme 1).45-47 Thus, the
radicals produced by the photoinduced electron transfer oxida-
tion with AcrH+* may be coupled within the cage to yield the
adducts selectively without dimerization of free AcrH• radicals
escaped from the cage, in competition with the back electron
transfer to the ground state (kbet). A similar mechanism has been
proposed by Mariano and co-workers for the photoaddition
reaction of allylic silanes with pyrrolinium ions.1,2 The identical
regiochemical outcome in the photoaddition of 1,1- and 3,3-
dimethylallyl silanes to give the same adduct indicates that the
free allyl radical produced by desilylation of the organosilane
radical cation is responsible for the product formation step rather
than the carbon-carbon bond formation between the organosi-
lane radical cation and pyrrolidinyl radical.1,2 If the free allyl

Figure 5. Plots ofΦ vs [D] for the photoreduction of AcrH+ (3.1 ×
10-4 M) by the organometallic donors CH2dCHCH2SiMe3 (4),
Me2CdCHCH2SiMe3 (0), PhCH2SiMe3 (O), CH2dCHCH2SnPh3 (1),
PhCH2SnPh3 (b), CH2dCHCH2SnBu3 (2), and Me2CdCHCH2SnBu3

(9) in deaerated MeCN at 298 K.

Figure 6. Plots ofΦ-1 vs [D]-1 for the photoreduction of AcrH+ (3.1
× 10-4 M) by the organometallic donors CH2dCHCH2SiMe3 (4),
Me2CdCHCH2SiMe3 (0), and PhCH2SiMe3 (O) in deaerated MeCN
at 298 K.

Figure 7. Plots of Φ-1 vs [(TMS)3SiH]-1 for the photoreduction of
AcrH+ (2.9× 10-4 M; O), QuH+ (6.0× 10-4 M; b), 2-MeQuH+ (6.0
× 10-4 M; 4), and 4-MeQuH+ (6.0 × 10-4 M; 2) by (TMS)3SiH in
deaerated MeCN at 298 K.

Φ ) Φ∞Kobs[D]/(1 + Kobs[D]) (14)

Φ-1 ) Φ∞
-1[1 + (Kobs[D])-1] (15)
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radicals are responsible for the product formation step in the
photoaddition reactions with AcrH+, the regioselectivity would
be independent of the metal moieties. Although the regioselec-
tivity of the photoaddition of prenylsilane with AcrH+ is the
same as that of the photoaddition with the pyrrolinium ion (i.e.,
the selective formation ofγ-adduct, eq 2), the different
regioselectivities are obtained in the case of the photoaddition
of unsymmetrical allylic stannanes (Table 1). Moreover, the
ratios of the yields of theR to γ adducts vary depending on the
substituents of allylic stannanes (Table 1).48 Thus, the C-C bond
formation may occur in the cage in which the trialkylmetal ion
exists in proximity of AcrH•, affecting the regioselectivity for
the C-C bond formation with the prenyl radical (Scheme 1).
If the back electron transfer occurs in the cage as shown in
Scheme 1, the decay of AcrH• in the radical pair should follow
first-order kinetics rather than second-order kinetics for the out-
of-cage radicals. This was confirmed by the laser-flash experi-
ments (vide infra).

The direct observation of the radical pair of AcrH• in Scheme
1 has been hampered because of the strong fluorescence of
AcrH+ exhibiting a negative absorption at 488 nm in which
the transient absorption spectrum of AcrH• should be observed.49

Thus, the back electron transfer in Scheme 1 should be
sufficiently slow to be able to detect AcrH• produced in the
photoinduced electron transfer reactions from organosilanes and
organostannanes to AcrH+*. Laser-flash irradiation (355 nm
from a Nd:YAG laser) of AcrH+ (5.0× 10-5 M) in a deaerated
MeCN solution containing CH2dCHCH2SiMe3 and PhCH2-
SiMe3 gave a transient absorption band atλmax ) 500 nm
because of AcrH•,49 as is shown in Figure 8a,b, respectively.
The absorption band due to PhCH2SiMe3

•+ (λmax ) 530 nm)47

is overlapped in Figure 8b. The formation of AcrH• in
photoinduced electron transfer from PhCH2SiMe3 to AcrH+*
is also confirmed by the ESR spectrum measured under
irradiation of a frozen MeCN solution containing PhCH2SiMe3

and AcrH+ with a high-pressure mercury lamp at 143 K (Figure
9).50 The same ESR spectrum with theg value of 2.0032 was
obtained by photoirradiation of an MeCN solution containing
an electron donor (ferrocene) and AcrH+.51,52Thus, the observed

ESR signal in Figure 9 is assigned to AcrH• produced by
photoinduced electron transfer from PhCH2SiMe3 to AcrH+*.

The absorption atλ ) 500 nm decays obeying first-order
kinetics, as is shown in the insets of Figure 8 as expected for
the back electron transfer within the cage (Scheme 1). Thus,
the decay rate of the radical pair corresponds to the back electron
transfer to the ground state (kbet) and the bond-cleavage process

SCHEME 1

Figure 8. Transient absorption spectra observed in the photoreduction
of AcrH+ (1.7 × 10-4 M) with (a) CH2dCHCH2SiMe3 (2.8 × 10-2

M) at 160 (O), 200 (4) and 650 ns (0) and (b) PhCH2SiMe3 (2.8 ×
10-2 M) at 50 (O), 70 (4), and 100 ns (0) after laser excitation in
deaerated MeCN at 298 K. Inset: Kinetic trace for AcrH• produced in
the photoinduced electron transfer reactions from (a) CH2dCHCH2-
SiMe3 and (b) PhCH2SiMe3 to AcrH+* at λ ) 500 nm after laser
excitation in deaerated MeCN at 298 K.

Figure 9. ESR spectrum of frozen MeCN containing AcrH+ClO4
-

(1.0× 10-2 M) and PhCH2SiMe3 (5.0× 10-2 M) with a high-pressure
mercury lamp at 143 K. The asterisk (*) denotes an Mn2+ ESR marker.
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(kp) to yield the product. Becausekbet . kp (i.e., Φ∞ , 1 in eq
18), the first-order decay rates in insets of Figure 8a,b correspond
mainly to the back electron transfer from AcrH• to CH2dCHCH2-
SiMe3

•+ (kbet ) 2.9 × 107 s-1) and PhCH2SiMe3
•+ (kbet ) 7.9

× 107 s-1), respectively.53 From eq 12 is derived the reorganiza-
tion energy of back electron transfer as given by eq 16:

The λ values for the back electron transfer from AcrH• to
CH2dCHCH2SiMe3

•+ and PhCH2SiMe3
•+ are obtained from the

kbet values using eq 16 as 0.80 and 0.89 eV, respectively.54 The
λ values thus determined agree with the averagedλ value (0.90
eV) for forward photoinduced electron transfer from organosi-
lanes and organostannanes (Figure 4).

In accordance with Scheme 1, the quantum yield is expressed
by eq 17, which agrees well with the experimental result (eq
14).

The limiting quantum yieldΦ∞ is then expressed by eq 18:

where the competition between the rates of bond-cleavage of
the organometallic radical cation (kp) and the back electron
transfer (kbet) determines the limiting quantum yield. Thus, the
small Φ∞ values of organosilanes as compared to those of the
organostannane counterparts shown in Table 6 may well be
ascribed to the stronger Si-C bonds than the Sn-C bonds.50

The faster back electron transfer from AcrH• to organosilane
radical cations as expected from the more favorable energetics
judging from the higher oxidation potentials of organosilanes
than those of organostannane counterparts may also contribute
the smallerΦ∞ values.

The photoreduction of X-QuH+ by (TMS)3SiH may also
occur via photoinduced electron transfer from (TMS)3SiH to
1X-QuH+* as shown representatively for the reaction between
(TMS)3SiH and QuH+ in Scheme 2. The reaction is initiated
by photoinduced electron transfer from (TMS)3SiH to 1QuH+*
to give the metal hydride radical cation-quinolinyl radical pair,
followed by the hydrogen transfer in the cage, in competition
with the back electron transfer to the reactant pair, to yield the

hydride adduct selectively without dimerization of free QuH•

radicals escaped from the cage.
In accordance with Scheme 2, the dependence ofΦ on the

(TMS)3SiH concentration may be expressed by eq 19:

where kobs and kbet are the rate constants of photoinduced
electron transfer and the back electron transfer, respectively,τ
is the lifetime of 1X-QuH+*, and kH is the rate constant of
hydrogen transfer from (TMS)3SiH•+ to X-QuH•. The existence
of a rate-determining hydrogen transfer step following the
photoinduced electron transfer in Scheme 2 is confirmed by
the deuterium isotope effect determined asΦH/ΦD ) 1.9 (in
Table 6) from the ratio of the limiting quantum yieldsΦ∞ of
(TMS)3SiH and (TMS)3SiD, which corresponds to (kH/kD)[(kD

+ kbet)/(kH + kbet)] in eq 19. In contrast, no kinetic isotope effect
has been observed in thekobsvalues (Table 6). SimilarΦ∞ values
irrespective of methyl substituents in Table 6 show sharp
contrast with the diminished reactivity of 2-MeQuH+ in the
thermal reduction by Bu3SnH (eq 6). Thus, the thermal reduction
of X-QuH+ by Bu3SnH may proceed via a polar mechanism
exhibiting the significant steric effect of the methyl group at
the C-2 carbon where the C-H bond is formed with X-QuH+.
In contrast, no significant steric effect has been observed in the
photochemical reactions via the photoinduced electron transfer.
The spin density of QuH• with the optimized geometry is
calculated using density functional theory at the Becke3LYP/
6-31+G* level (see the Experimental Section).26,27Because the
spin density of QuH• is greatest at the C-4 position (0.54) as
compared to the value at the C-2 position (0.39), the hydrogen
transfer from the metal hydride radical cation to QuH• occurs
at the C-4 position to yield the corresponding 1,4-isomer
exclusively.55 In contrast to the spin density, the MP2/6-
31++G* calculation indicates that the charge density of QuH+

is greatest at the C-2 position (0.16) as compared to the value
at the C-4 position (0.003).56 Thus, the nucleophilic attack of
Bu3SnH occurs at the C-2 position to yield the corresponding
1,2-isomer selectively.

In conclusion, the photoinduced electron transfer from
organosilanes and organostannanes to AcrH+* and X-QuH+*
provides a unique reaction pathway for regioselective addition
of organosilanes and organostannanes, which is reversed in the
corresponding thermal nucleophilic addition reactions with
AcrH+ and X-QuH+.
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(51) The ESR signal due to PhCH2SiMe3
•+ may be overlapped with

the AcrH• signal, because theg value of PhCH2SiMe3
•+ (2.003)50 is nearly

the same as the value of AcrH•. The detected radicals are stable after cutting
off the light at 143 K. This indicates that an intermolecular electron transfer
occurs after the photoinduced electron transfer from the organosilane to
AcrH+* to give the organosilane radical cation and AcrH•, which are
separated with a long distance at 143 K, preventing the back electron transfer
to the ground state.

(52) The ESR signal due to the ferricenium ion was too broad to be
detected under the present experimental conditions.

(53) Thekbet value is apparently inconsistent with the large second-
order rate constant of the Si-C bond cleavage of PhCH2SiMe3

•+ with MeCN
(3.2× 109 M-1 s-1) in dichloromethane, which leads to a short lifetime of
the free radical cation (PhCH2SiMe3

•+) in neat MeCN (<10-9 s).47 However,
the Si-C bond cleavage rate of PhCH2SiMe3

•+ in the cage (Scheme 1)
may be much slower than the rate for the free radical cation to ensure the
observed back electron transfer from AcrH• to PhCH2SiMe3

•+ in the cage,

because the Si-C bond cleavage rate has been shown to be very sensitive
to the steric nature of the alkyl substituents at silicon.47

(54) The ∆G0
bet values of back electron transfer from AcrH• to

CH2dCHCH2SiMe3
•+ and PhCH2SiMe3

•+ are -1.93 and -1.86 eV
(obtained from theE0

ox value of AcrH• and theE0
ox values of CH2dCHCH2-

SiMe3 and PhCH2SiMe3),6a,19 respectively, and these are in the Marcus
inverted region (∆G0

bet < -λ). The other solution of eq 16 gives aλ value
in the normal region (∆G0

bet > -λ), which is inconsistent with the results
on the forward electron transfer reactions in Figure 3.

(55) In the photochemical reduction of QuH+ by (TMS)3SiH, no thermal
isomerization of 1,4-QuH2 to 1,2-QuH2 was observed. The thermal
isomerization rate is shown to be sensitive to the type of metal hydrides
used as hydride donors (see Table 4).

(56) The semiempirical MNDO calculation gave a similar result: the
charge density of QuH+ is greatest at the C-2 position (0.18) as compared
to the value at the C-4 position (0.098).
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