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Abstract: The selective one-electron reduction gh@® Csg~ is attained through photoinduced electron transfer
from an NADH analogue, 1-benzyl-1,4-dihydronicotinamide (BNAH), and the dimer analogue [gBMA)

the triplet excited state of & The limiting quantum yield for formation of g~ in the case of (BNA)
exceeds unity®., = 1.3. In this case, the initial electron transfer from (BNAQ the triplet excited state
(3Ce0*) is followed by fast G-C bond cleavage in the resulting (BNA) to give BNA and BNA™ and the
second electron transfer from BN# Cgo yields BNAT and Gg'~, when (BNA) acts as a two-electron donor

to produce 2 equiv of g~. When BNAH is replaced by #ert-butylated BNAH ¢-BuBNAH), the
photochemical reaction withggyields not Gg'~ but instead theert-butylated aniontfBuCsy~) selectively.

In this case, the initial electron transfer frarBuBNAH to 3Cgg* is also followed by fast &C bond cleavage

in t-BUBNAH"" to givet-Bu*, which is coupled with g~ produced in the electron transfer to yiet8uCeo™.

The selective two-electron reduction ogQo 1,2-dihydro[60]fullerene (1,2-4gH,) is also attained with the

use of another NADH analogue, 10-methyl-9,10-dihydroacridine (Axgrtider visible light irradiation in
deaerated benzonitrile solution containing trifluoroacetic acid. The studies on the quantum yields, the kinetic
deuterium isotope effects, and the quenching of the triglgtlet absorption of g by AcrH, have revealed

that the photochemical reduction proceeds via photoinduced electron transfer from 10-methyl-9,10-
dihydroacridine to the triplet excited state ofgCwhich is followed by proton transfer from Acett to Ceo™™

and a second electron transfer from the deprotonated acridinyl radical {jAtert€sH* in the presence of
trifluoroacetic acid to yield the final products 10-methylacridinium ion (Atytdnd 1,2-GeH,. The transient
spectra of the radical ion pair formed in the photoinduced electron transfer have been detected successfully in
laser flash photolysis of each NADH analogt@so system. The mechanistic difference between the selective
one- and two-electron reductions ofgds discussed on the basis of the difference in the redox and-aeise
properties of NADH and the dimer analogues.

Introduction

Buckminsterfullerene (gg) and its homologues are known
to act as electrophiles, and thus much attention has been focuse
on their functionalization with various nucleophifes. The use
of the photoexcited state ofs&has further expanded the scope
of the reactions with nucleophiles since the early work by Foote

et al>® We have recently reported that the photoinduced
electron-transfer process from ketene silyl acetat€gg* gives

the fullerene with an ester functionality. The selective
photochemical allylation of gg with allylic stannanes has also
been establisheld. It is now well-known that the triplet excited
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state of Go is formed by efficient intersystem crossihéZ The
triplet excited state of § has a reduction potential & eq =

J. Am. Chem. Soc., Vol. 120, No. 32, 198961

The dideuterated compound, 10-methyl[F9;]acridine (AcrD,) was
prepared from 10-methylacridone by reduction with LiARD Prepara-

1.14 V versus SCE and can therefore be reduced by a varietyﬂon of 1-benzyl-1,4-dihydronicotinamide (BNAH) was described

of organic compounds giving thegEradical aniorf.1314 A
long-lived transient of g~ has been reported to be formed in
photoinduced electron transfer from ZnO or Fi&&miconductor
colloids to Go.!® In homogeneous systems, however, the
lifetime of the generated g~ is generally extremely short as

a result of fast back electron transfer to the reactant pair,
resulting in no net formation of .1617 We report herein
that the photoinduced electron transfer from an NADH analogue,
1-benzyl-1,4-dihydronicotinamide (BNAH), and the dimer
analogue [(BNA)] to the triplet excited state of g (°Cgo*)
yields stable G~ in benzonitrile solution with a surprisingly
high quantum yield, exceeding unity in the latter ca®e=

1.3. We also report the selective two-electron reductionegpf C
to thetert-butylated Go anion ¢-BuCeo-) and 1,2-dihydro[Gg-
fullerene (1,2-GoH>) via photoinduced electron transfer from
4-tert-butyl-1-benzyl-1,4-dihydronicotinamid&BuBNAH) and
10-methyl-9,10-dihydroacridine (Aceito 3Csg*, respectively:s
The reduction of & has so far been achieved by the use of
strong reductants such as BHvhich yields not only GH»

but also polyhydride mixture$:2° The use of the triplet excited
state of o has enabled us to attain the selective two-electron
reduction of Go to 1,2-GH by using Acrh, which is a mild
hydride donor. In this study we could observe the transient
absorption spectra in the visible and near-IR region to confirm
the formation of the radical ion pair produced upon photo-
induced electron transfer from NADH analogues to the triplet
excited state of €. This study provides an excellent op-
portunity to develop mechanistic insight into the selective one-
and two-electron reductions of g6 depending on different
NADH analogues.

Experimental Section

Materials. Cso (>99.95% pure) was purchased from Science
Laboratories Co., Ltd., Japan, and used as received.oft99.99%
purity was obtained from Texas Fullerenes Corp. and used for the
spectral measurements. 10-Methyl-9,10-dihydroacridine (Aontds
prepared from 10-methylacridinium iodide (ActH) by reduction with
NaBH, in methanol and was purified by recrystallization from eth&hol.
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previously?* Thetert-butylated BNAH (-BuBNAH) was prepared by

a Grignard reaction with BNACI~.222 The BNA dimer was prepared
by the following procedure according to the literatét€> To a stirred
solution of 12 g of Zn dust in 20 mL of wate4 g of cupric sulfate in

40 mL of water and then 20 mL of concentrated N\&hd 100 mL of
MeOH are added. While the solution was being stirred strongly, 10 g
of BNATCI™ in 40 mL of water is added. The solution immediately
turns yellow. After 20 min, the mixture is filtered and the precipitate
is extracted four times with 40 mL of hot ethanol under NFrom the
combined EtOH solutions EtOH is removed at 3B23 K under
reduced pressure until the product starts to fall out. The solution is
cooled to 253 K, and the product is filtered (still undes) N Yield:
17.5%, light yellow crystals. The dimer is very sensitive to acid and
somewhat sensitive to light and oxygen, especially in solution. UV
(MeOH): 268 nm ¢ =6.3x 16°M~tcm™?), 348 nm € = 7.3 x 1C°
M~1cm1). Benzonitrile (PhCN, 99.9%) was purchased from Aldrich
and purified by successive distillation ovesQ2 prior to use.

Reaction Procedure. Typically, to a solution of G (10.1 mg, 0.014
mmol) in deaerated PhCN (50 mL) under an atmospheric pressure of
argon was added 10-methyl-9,10-dihydroacridine (2.7 mg, 0.014 mmol),
and the solution was irradiated with a Xe lamipX 540 nm) equipped
with a Toshiba O-54 cut filter for 30 min. After the solvent was
evaporated under reduced pressure, the residue was separated by
washing it with acetonitrile and centrifuged to give 1,84 in 70%
yield, and the recoveredsgwas measured by HPLC equipped with
an analytical “Buckyclutcher I” column (Regis, Morton Grove, IL). A
hexane-toluene mixture was used as the eluent with a flow rate of 2
mL min~%. The product was monitored at 434 nm with a Yvis
detector. *H NMR spectra were measured on a JEOL GSX-400 (400
MHz) spectrometer. Chemical shifts #i NMR were expressed in
parts per million downfield from tetramethylsilane as an internal
standard ¢ = 0). 'H NMR (400 MHz, GDg): 6 5.91 (s, 2H). The
UV —vis spectra were measured on a Hewlett-Packard 8453 photodiode
array spectrophotometer. UWis (Amax, PhCN): 434, 714 nm.

Similarly, a deaerated PhCN solution (50 mL) containing (€0.1
mg, 0.014 mmol) ané-BuBNAH (0.014 mmol) was irradiated with a
Xe lamp ¢ > 370 nm) equipped with a Toshiba UV-37 cut filter for
1 h. The successive reaction with ££FOOH (0.018 mmol) in deaerated
PhCN at room temperature gaveekt-butyl-1,2-dihydro[60]fullerene
(1,24-BuCsoH), which was isolated on an aluminum column using
hexane as an eluent. 1tBuCsoH (typically 60% yield) along with
unreacted gy was obtained. FAB-MS: mass calcd fog810, 778.8;
found, 778.7.*H NMR (CS/CDCl; 3:1 viv, 298 K): d 2.06 (s, 9H),
6.64 (s, H). UV-Vis (Amax CS): 437 nm.

Addition of PhCHBr instead of CECOOH to the photolyzed PhCN
solution of Go andt-BuBNAH gave ltert-butyl-4-benzyl-1,4-dihydro-
[60]fullerene [1,4+Bu(PhCH)Csq. The final product was isolated and
characterized by FAB-MS ariti NMR spectroscopy. FAB-MS: mass
calcd for GiHie, 868.9; found, 868.7.*H NMR (CS,/CDCl; 3:1 vlv,

298 K): 6 1.98 (s, 9H), 4.29 (d, 1H]xp = 13.2 Hz), 4.51 (d, 1HJx
=13.2 Hz), 7.26 (m, 1H), 7.32 (m, 2H), 7.50 (m, 2H). BVis (max
CS): 447 nm.

Quantum Yield Determinations. A standard actinometer (potas-
sium ferrioxalate’ was used for the quantum yield determination of
the photoreduction of & by electron donors. Square quartz cuvettes
(10 mm i.d.) that contained a deaerated PhCN solution (3% ofm
Cso (3.0 x 107* M) with NADH and the dimer analogues at various
concentrations were irradiated with monochromatized lighit f546
nm from a Shimadzu RF-5000 fluorescence spectrophotometer. Under
the conditions of actinometry experiments, the actinometer apd C
absorbed essentially all the incident light bf= 546 nm. The light

(22) Anne, A.Heterocyclesl992 34, 2331.
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235 518.
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intensity of the monochromatized light f= 546 nm was determined 1.5
to be 4.99x 1070 einstein s* with a slit width of 5 nm. The
photochemical reaction was monitored using a Hewlett-Packard 8452A —o
diode-array spectrophotometer. The quantum yields were determined
from the increase in absorbance due to theadducts at 434 nm and
Cso~ at 1080 nm, where theggabsorbance at 434 nm has been taken
into account. To avoid the contribution of light absorption of the
products, only the initial rates were determined for determination of
the quantum yields. S
Laser Flash Photolysis. The procedure and the equipment for the
measurements of the triptetriplet absorption spectrum 8€qs* were
described previousli. The detailed procedures for the measurements 0.5
of transient absorption spectra &€s* and G~ are available in
Supporting Information.
ESR Measurements. ESR spectra of the photolyzed PhCN solution
of Cgo and (BNA) were taken on a JEOL JES-RE1XE and were

1.0

recorded under nonsaturating microwave power conditions. The 0 L L
magnitude of the modulation was chosen to optimize the resolution 0 0.5 1.0 1.5
and the signal-to-noise ratio (S/N) of the observed spectra.gTakies 10%[(BNA),], M

were calibrated using a Mh marker. Figure 1. Dependence of the quantum yields on [(BNAjor the

photoreduction of & (2.8 x 1074 M) by (BNA). in deaerated PhCN

Results and Discussion at 298 K.
Selective One-Electron Re_duct_ion of G via Photoinduced The quantum yields®) for the one-electron photoreduction
Electron Transfer. When a dimeric NADH analogue [(BNA)) of Cgo Were determined from an increase in absorbance due to

is used as an electron donor, irradiation of a PhCN solution Ces'~ by using a ferrioxalate actinometéunder irradiation of
containing (BNA) and Go with daylight results in efficient one-  monochromatized light of = 546 nm. Thed value for the
electron reduction of g to Ceo'™ (eq 1). No reaction occurs  photoreduction of g by (BNA), in PhCN increases with an
in the dark. The formation of £~ is detected by the typical  increase in the concentration of (BNAD reach a limiting value
NIR spectrum fmax= 1080 nm)” The Go'~ generatedinthe  (¢,) as shown in Figure 1. It should be noted that the
photochemical reaction is stable in deaerated PhCN, and theygj e exceeds unityp., = 1.3. Such a large quantum yield
stoichiometry of the reaction is established as shown in eq 1, exceeding unity is consistent with the stoichiometry in eq 1,
where (BNA) acts as a two-electron donor to reduce 2 equiv where (BNA) can reduce 2 equiv ofds The dependence of
of Ceo to Ceo'~.?® The formation of Go~ was also confirmed ¢ on the BNAH concentration was also examined, anddhae

by ESR spectroscopy after the photochemical reactionsgf C yg|yes for (BNA) and BNAH are listed in Table 1.

with (BNA)2. A characteristic broad signal gt= 2.0000 is The singlet excited state of ¢6 produced initially upon
irradiation is known to be efficiently converted to the triplet
excited state by the fast intersystem cross$itg.The transient
absorption spectra in the visible and near-IR region are observed

S T @’CONHZ v 200 by the laser flash photolysis of a deaerated PhCN solution of
PhCN N Cso containing BNAH with 532 nm laser light as shown in
Bz Figure 2. The triplettriplet absorption band ofCs* at 740
Bz nm appearing immediately after nanosecond laser exposure
(BNA), decays accompanied by concomitant appearance of new absorp-

tion bands at 600 and 1080 nm (Figure 2). The absorption band
observed together with a sharp spike signal, which is always at 1080 nm in the near-IR region in Figure 2 is readily assigned
observed in the ESR spectrum ofsC.2° Similarly, the to Ceo.2” The absorption band at 600 nm in the visible region
photochemical reaction of &g with the monomeric NADH can be assigned as BNAH since the radical cation of an
analogue, 1-benzyl-1,4-dihydronicotinamide (BNAH), occurs to NADH analogue has a similar absorption bakét The
yield Cso*~ efficiently under irradiation with visible light from  transient absorption spectrum o§fC is also observed by the
a Xe lamp 4 > 540 nm) equipped with a Toshiba O-54 cut laser flash photolysis of a deaerated PhCN solution gf C
filter (eq 2). containing (BNA). The lifetime of the transieCso* triplet—

triplet (T—T) absorption atlmax = 740 nm is significantly

Mo con " CONH. reduced by the presence of (BNAr BNAH. The bimolecular
(j/ 2, 2Cep @ 2+ 2Cq + H @ quenching rate constantky) of 3Cgo* b_y (B_NA)Z and BNAH

N PhCN N were determined from the decay kinetics of transiertTT
Br?fm Bz absorption at 740 nm. In each case, the first-order decay rate

constant ofCgg* (kg) increases linearly with an increase in the

- ) concentration of (BNA) or BNAH as shown in Figure 3 for
(27) Lawson, D. R.; Feldheim, D. L.; Foss, C. A.; Dorhout, P. K.; Elliot, (BNA),

C. M.; Martin, C. R.; Parkinson, Bl. Electrochem. Sod.992 139, L68.

(28) The stoichiometry of the photochemical reaction gf\@ith (BNA), The kq values of (BNA) and BNAH are listed in Table 1,
was confirmed by the spectral titration. where the oxidation potential&{) of (BNA),* and BNAH
(29) Allemand, P.-M.; Srdanov, G.; Koch, A.; Khemani, K.; Wudl, F.;
Rubin, Y.; Diederich, F.; Alvarez, M. M.; Anz, S. J.; Whetten, R. L. (30) Fukuzumi, S.; Tokuda, Y.; Kitano, T.; Okamoto, T.; Otera,].J.
Am. Chem. S0d.991, 113 2780. Dubois, D.; Kadish, K. M.; Flanagan, S.;  Am. Chem. Sod 993 115 8960.
Haufler, R. E.; Chibante, L. P. F.; Wilson, L. J. Am. Chem. S0d.991, (31) Fukuzumi, S.; Tanaka, T. hotoinduced Electron Transfefox,

113 4364. Stinchcombe, J.; Rieaud, A.; Bhyrappa, P.; Boyd, P. D. W.; M. A., Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part C, pp-578
Reed, C. AJ. Am. Chem. S0d.993 115 5212. 635.
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Table 1. Free Energy ChangAG%; and Rate Constants; of
Photoinduced Electron Transfer from NADH AnalogueS@ag*,
Triplet Quenching Rate Constarig and Limiting Quantum Yields
@, in the Photoreduction of & by NADH Analogues in PhCN at
298 K

b
NADH analogue E° vs SCE, AG®," kg ke @
v kcal mol”' M s! Mgt
HNO
— H —
Bz-N_ Y A_NBz 026 203 34x10° 35x10° 130
CONHz pna),
H
CONH,
[ | 0.57 431 29x10°  41x10° 0380
"32 BNAH
t-Bu
CONH,
E@/ 0.71 99 21x10° 36x10° 021
|
Bz t-BuBNAH
H
| l 0.81 76  43x10°  46x10° 033
Me AcrH,

aObtained from theE%y values of NADH analogués?® and the
EC%q value of3Cse* (1.14 V vs SCE) by using the equatiohG%%; =
F(E%x — E%d). ® Experimental error is=5%. ¢ Evaluated by using the
Rehm-Weller equation (eq 4% The AG™, values of the electron
transfer are taken as 4.0, 2.6, 4.0, and 5.5 kcalfor t-BuBNAH,
AcrH,, BNAH, and (BNA), respectively?> The diffusion-limited
electron-transfer rate constant is taken as».60° M~1 s71.5

0.15

e 100 ns
o 1us
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=
—
o
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o
=]
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Figure 3. Plots ofkq vs [(BNA);] for the quenching ofCes¢* (2.8 x
10°° M) by (BNA); in deaerated PhCN at 298 K.
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has well been established as given by the Rekivieller free-
energy relation (eq #%33where AG%, is the intrinsic barrier

NG, = (AG’2) + [(AG’2F + (AG')T™ (&)

that represents the activation free energy when the driving force
of electron transfer is zero, that KG*s; = AG¥ at AG%; = 0.

The AG*; values are related to the rate constant of electron
transfer k) as given by eq 5, wheizis the collision frequency
that is taken as & 10! M~1 s71; F is the Faraday constant,

AG', = 2.3RTlog[Z(ky * — kg )] (5)

andkgi is the diffusion rate constant in PhCN (5610° M1
s71).5 Then, theke values can be calculated from theG0%;
andAG*, valueg'2>by using eqs 4 and 5. THe, values thus
evaluated are listed in Table 1 and agree well with the observed
kq values (Table 1).

Such an agreement between theandk, values as well as
the direct observation of the products of electron transfer
indicates that the photochemical reaction proceeds via photo-
induced electron transfer #Cgo* as shown in Scheme 1 for
the case of (BNA) The photoinduced electron transfer from
(BNA); to 3Ceg* gives (BNA) and G~ in competition with
the decay to the ground state. This step is followed by a fast
cleavage of the €C bond of the dimer k) to produce
N-benzylnicotinamide radical (BNAand BNA™.25 The sub-
sequent second electron transfer from BN@é Cgo should be
faster by far than the first, as BNAs a strong reductan&fox

Figure 2. Transient absorption spectra observed in the photoreduction = —1 08 V vs SCE®! Thus, once photoinduced electron

of Ceo (1.0 x 107* M) by BNAH (1.1 x 1072 M) at 100 ns @) and 1
us (O) after laser excitation in deaerated PhCN at 295 K.

as well as the free energy change of electron transfer from the

donor t03Ce* (AG%y) are also given. The\G% value is

obtained from the one-electron oxidation potential of the donor

(E%x) and the one-electron reduction potentiaPG§e* (E%eq)
by eq 3. TheE%, values (vs SCE) of (BNA)(0.26 V¥® and
BNAH (0.57 V)?! have been reported previously, and Beq

AG'Oet = I:(Eoox - Eored) (3)

value of3Cgo* is known to be 1.14 \A. In each case thAG%:

transfer from (BNA) to 3Cso* occurs, two G~ molecules are
produced

By application of the steady-state approximation to the
reactive specie$Cqo*, (BNA) '+, and BNA in Scheme 1, the
dependence ab on [(BNA);] can be derived as given by eq 6,
which agrees with the observed dependenc® @ [(BNA),]
in Figure 2. The limiting quantum yield. corresponds to

D = D kar[(BNA) J/(1 + kar[(BNA)]) (6)

2k/ (ke + kp). Thus, thed., value exceeding unityp, = 1.3,

(32) Rehm, A.; Weller, Alsr. J. Chem197Q 8, 259.
(33) Fukuzumi, S.; Fujita, M.; Otera, J.; Fujita, ¥. Am. Chem. Soc.

value is highly negative, suggesting that the rate of the electron-1992 114, 10271.

transfer reaction may be diffusion-limited. The dependence of

(34) Although electron transfer from BNAo Csg'~ may occur to produce
Cso?~, the fast comproportionation betweeg© and Go should take place

the activation free energy of photoinduced electron transfer ;g yield Css~ as the final product. Once allsgis converted to G, there

AG'¢ on the free energy change of electron transie&{)

would be no further photoinduced electron transfer from (BNA)Cso' ™.
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may be ascribed to the efficient competition of-C bond
cleavage in (BNAy™ (ko) with the back electron transfer process
(kp). Once Go'~ is produced, it is stable under the present
experimental conditions.

The one-electron photoreduction oy BNAH may also
proceed via photoinduced electron transfer from BNARGg*
(Scheme 2). In this case, the deprotonation of BNABives
BNA-*, which can further reduceggto Ceo .

Selective Two-Electron Photoreduction of Gy to t-BuCgo .
When BNAH is replaced by 4ert-butylated BNAH {-BuB-
NAH), no one-electron reduction ofsgby t-BUBNAH occurs,
but instead the selective two-electron reduction gf © the
tert-butylated aniontfBuCsg ™) is attained accompanied by the
two-electron oxidation of BNAH to BNA (eq 7). Figure 4
shows the visiblenear-IR spectral change observed in the
photochemical reaction dfFBuBNAH with Cgp in deaerated

+-B

H u
CONH, hv N CONH2
| | v Gy — 4y + tBuCeq ™
N N
Bz Bz

t-BuBNAH

PhCN. The new absorption bands at 660 and 955 nm seen in

Figure 4 agree with those ofBuCgy .3°3¢ In fact, the

(35) Fukuzumi, S.; Suenobu, T.; Hirasaka, T.; Gao, X.; Van Caemel-

becke, E.; Kadish, K. M. IiRecent Adances in the Chemistry and Physics
of Fullerenes Ruoff, R. S., Kadish, K. M., Eds.; Pennington: NJ, 1997;
Vol. 4, pp 173-185.

Fukuzumi et al.
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Figure 4. Electronic absorption spectra observed in the photochemical
reaction of Go (2.8 x 1074 M) with t-BUBNAH (2.8 x 107* M) in
deaerated PhCN under irradiation of visible light{ 540 nm) at 298

K.

Scheme 3

CF;COOH 1,2-t-BuCgoH

1 ,4-t-Bu(PhCH2)C60

subsequent trap of the photoproduct bysCBOH and PhCht

Br gavet-BuCsgH andt-Bu(PhCH)Cqgo, respectively (Scheme
3, see Experimental Section), as reported for the reactions of
t-BuCso~ with electrophiles’ The isolated-Bu(PhCH)Cgo has

a broad absorption band at 447 nm, which is similar to that
seen in the spectrum of 1,4-(Ph@bCeo, the X-ray structure

of which has been disclosed recerffyTheH NMR spectrum

of the isolated-BuCsgH agrees with that of 1,2BuCgseH, which

is readily distinguished from that of 114BuCsoH (see Experi-
mental Section§?4° The t-BuCso~ has so far been prepared
by using a strong alkylating reagent, that tisrt-butyllithium

in toluene3” Thus, the photochemical reaction (eq 7) provides
a unique and new way to prepateBuCso~ with use of
t-BuBNAH, which is a mild alkylating reagent under neutral
conditions.

The quantum yields®) for the photochemical formation of
t-BuCso~ were determined from an increase in absorbance due
to t-BuCso~ under irradiation by monochromatized light bf
= 546 nm. Thed® value for the photoreduction of ¢ by
t-BuBNAH in PhCN increases with an increase in the concen-
tration of t-BuBNAH to reach a limiting value®..) as in the

(36) Kitagawa, T.; Tanaka, T.; Takata, Y.; Takeuchi, K.; Komatsu, K.
Tetrahedronl997 53, 9965. Murata, Y.; Motoyama, K.; Komatsu, K.; Wan,
T. S. M. Tetrahedron1996 52, 5077.

(37) Hirsch, A.; Soi, A.; Karfunkel, H. RAngew. Chem., Int. Ed. Engl
1992 31, 766. Kitagawa, T.; Tanaka, T.; Takata, Y.; TakeuchiJKOrg.
Chem.1995 60, 1490. Tanaka, T.; Kitagawa, T.; Komatsu, K.; Takeuchi,
K. J. Am. Chem. S0d.997 119, 9313.

(38) Subramanian, R.; Kadish, K. M.; Vijayashree, M. N.; Gao, X.; Jones,
M. T.; Miller, M. D.; Krause, K. L.; Suenobu, T.; Fukuzumi, $. Phys.
Chem.1996 100, 16327.

(39) Banim, F.; Cardin, D. J.; Heath, Bhem. Commurl997, 25.

(40) The initial product of 1,4-BuCgsoH was rearranged to the 1,2-isomer
during the isolation procedure to give the 1,2-isomer exclusively (see ref
39).
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Figure 5. Decay of the absorbance at 740 nm duéQg* (a) and the
rise of the absorbance at 1080 nm due & C(b) observed in the
photoreduction of & (1.0 x 104 M) by t-BuBNAH (2.0 x 1073 M)
after laser excitation in deaerated PhCN at 295 K.

1.6

case of (BNA) in Figure 2. The®,, value fort-BuBNAH is
also listed in Table 1.
Although no one-electron reduction oo Csg~ occurs
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Scheme 4
CONH,
t-Bu +Bu + m
CONHQ N
Bz (BNAY)
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t-BuBNAH has recently been confirmed by applying a rapid-
mixing flow electron spin resonance (ESR) techniétielhus,
the photoinduced electron transfer frestBUBNAH to 3Ceg* to
give t-BuBNAH** and Gg¢~ may be followed by the facile
C(4)-C bond cleavage of-BuBNAH"*, giving t-Bu* that is
coupled immediately with g5~ to yield the final producttf
BuGCsg ) in competition with the back electron transfer as shown
in Scheme 5.

Selective Two-Electron Reduction of G to CgoH2 via
Photoinduced Electron Transfer. When another NADH
analogue, 10-methyl-9,10-dihydroacridine (AgfHs employed
in the photochemical reaction withgg, the selective two-
electron reduction of g to CgoHy is attained accompanied by

under a steady-state visible light irradiation (Figure 4), the the two-electron oxidation of Acrito AcrH" in the presence

formation of G¢'~ is detected as a reactive intermediate in the of trifluoroacetic acid (eq 8).

two-electron reduction of & by t-BUuBNAH to t-BuCso~ by
the laser flash photolysis of a deaerated PhCN solutiongpf C
in the presence dfBuBNAH. The decay of the absorbance at
740 nm due t6Cqo* 0beys pseudo-first-order kinetics, coincid-
ing with the rise of the absorbance at 1080 nm dued® Gs

shown in Figure 5. Thus, it is confirmed that the photochemical mental Section).

reaction of Gy with t-BUBNAH proceeds via photoinduced
electron transfer fro-BuBNAH to 3Cg¢*. The rate constant
for the reaction ofCgg* with BNAH was determined as 2.
1® M~1s1 as listed in Table 1.

We have previously reported that cleavage of the €@)
bond of the radical cation of an NADH analoguetedt-butyl-
10-methyl-9,10-dihydroacridine (AcriHBuU)), occurs selectively
rather than the cleavage of the C{3 bond in the electron-
transfer oxidation of AcrH{Bu) by Fé" complexes® Saveant

et al. have also reported that the electrochemical oxidation of

t-BUuBNAH results in the selective C(4)C bond cleavage of

t-BUBNAH*.4! Although there are two possible modes of the

Irradiation of a solution 0§C
(20.1 mg, 0.014 mmol) in deaerated PhCN (50 mL), 10-methyl-
9,10-dihydroacridine (Acrgl 2.7 mg, 0.014 mmol), and
CRCOOH (0.014 mmol) with a Xe lampA(> 540 nm)
equipped with a O-54 cut filter for 30 min resulted in the
formation of 1,2-GoH exclusively in 70% yield (see Experi-

In the dark, however, no reaction has occurred

(Acer) )
hv N
" . l BOE ®)
N
Me
(AC['H+) 1’2'C6OH2

carbon-carbon bond cleavage in such reactions to generate (a)

t-Bus and BNA" or (b) t-But and BNA as shown in Scheme
4, the formation oft-Bu* in the one-electron oxidation of

(41) Anne, A.; Moiroux, J.; Sa\ant, J.-M.J. Am. ChemSoc.1993 115
10224.

(42) In the presence of Dt-Bu* can be trapped efficiently by Cto
yield tert-butylperoxyl radical t BuOO), the formation of which, upon the
oxidation oft-BUBNAH (5.0 x 10~ M) by [Fe(phenj]3* (5.0 x 1074 M)
in aerated MeCN, was confirmed by the ESR spectrgrs .016) with a
rapid mixing flow apparatus; see ref 23.
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Figure 6. Electronic absorption spectra observed in the photoreduction 0 | ] | ]
of Ceo (2.8 x 1074 M) by AcrH; (2.8 x 107* M) in the presence of 0 0.5 1.0 1.5 2.0 5 5

CRCOOH (5.6x 107 M) under irradiation of visible light{ > 540 4

nm) in deaerated PhCN at 298 K. The inset shows the time dependence 107 [AcrHy, AcrDz], M

of the concentration of &Hz in the absence and presence of Nal (1.9 Figure 7. Dependence of the quantum yields on [AgiHa) and

x 1072 M). [AcrD;] (b) for the photoreduction of & (2.8 x 1074 M) by AcrH,
and AcrD, respectively, in the presence of LFOOH (5.6x 1074 M)

even at high temperatures (e.g., 373 K). No appreciable in PhCN at 298 K.

amounts of polyadducts were obtained even after the prolonged

irradiation time under the present experimental conditions. The 0.5

IH NMR signal atd 5.91 (s, 2H) of 1,2-goH> (in CsDg) agrees

well with that reported previoushf. Irradiation of the absorp- 0.4

tion band of Gp in PhCN solution containing AcriHand b o

CRCOOH results in an increase in the absorbancds\at= b °
434 and 714 nm, which is known as a fingerprint of the 1,2- 0.3

monoadduct such as 1,24, resulting from 1,2-addition to a &

6—6 bond! A typical example of the electronic absorption 0.2 He

spectra observed in the photoreduction gf By AcrH; in the

presence of C&£OOH in deaerated PhCN is shown in Figure 0.1

4. When the photoreduction ofggis carried out in the pres- )

ence of Nal, which is a well-known triplet quencHérthe

reaction is strongly inhibited by Nal as shown in the inset in 0 0 0J5 1'0 15

Figure 6.

The quantum yields®) for the photoreduction of & by 10° [CF,COOH], M
AcrH; were determined from an increase in absorbance due toFigure 8. Dependence of the quantum yield on fCIOOH] in the
1,2-GsoH2 under irradiation of monochromatized light &f= photoreduction of & (2.8 x 10°* M) by AcrH, (2.8 x 107 M)
546 nm. The® value increases with an increase in the under irradiation of visible lightA( = 546 nm) in deaerated PhCN at
concentration of Acrkito reach a limiting valued®.,) as shown 298 K.
in Figure 7a. When Acrhlis replaced by the dideuterated ) _
compound (AcrD), the deuterium isotope effect is observed 10 Ceo™ . The rate constant for formation of(" determined
for the limiting quantum yield =/®>, = 1.2); compare from the rise of the absorbance at 1080 nm (8.20° M1
Figure 7a with Figure 7b. The effect of @EOOH on the s!) agrees within experimental error with thie, value
quantum yields was also examined as shown in Figure 8, wheredetermined from the quenching #Es¢* by AcrH (4.3 x 10°
the quantum yield is constant with variation of thesCPOH M~1s1lin Table 1). Atthe prolonged monitoring time-(Q.6
concentration. us) the absorbance at 1080 nm due ' Cdecays gradually

The transient absorption spectra of the radical ion pair (ca. 10%). The addition of GEOOH (1.0x 102 M) to the
(AcrHx*Cse) in the visible and near-IR regions are observed AcrH;—Ceso System resulted in no appreciable effect on the
by the laser flash photolysis of a deaerated PhCN solution of formation or decay rate ofdg™.
Ceoin the presence of Acriand CECOOH with 532 nm laser When Acrh was replaced by Acrp essentially the sanig
light as shown in Figure 9. The absorption band at 640 nm in yajye was obtained as for AcsH Thus, there is no kinetic
the visible region agrees with that reported for Agrtbbserved  jsotope effect on the quenching process. The rate constant of
as a transient specjrum in the electron-transfe_r oxidation of photoinduced electron transfer from Acrltb 3Css* (ke can
AcrHz by Fe(pheng’" (phen= 1,10-phenagthrollnéﬂ The also be evaluated from th&GP%; and AG*, valueg! using eqs
decay of the absorbance at 740 nm d“é‘?@ obeys pseudo- 4 ong5, Thek value thus evaluated (4:310° M~1s1) agrees
first-order kinetics, coinciding with the rise of the absorbance with the kq value (4.3x 10° M~1 s-%) listed in Table 1. The
at 640 nm due to Acrp!™ and the absorbance at 1080 nm due . o .

ket value for Acrh is the largest despite it having the least

(43) Fukuzumi, S.; Kuroda, S.; Tanaka,JT Am. Chem. S0d.985 107 negativeAG%; value. This results from it having the smallest
3020. AG¥, value (2.6 kcal matt).2
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Figure 9. Transient absorption spectra observed in the photoreduction
of Cgo (1.0 x 1074 M) by AcrH, (1.0 x 1072 M) at 100 ns @) and 1
us (O) after laser excitation in deaerated PhCN at 295 K.
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The agreement between tkg andky values together with
the direct observation of the radical ion pair by the laser flash
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produced in the initial photoinduced electron transfer from
AcrH; to Cgo could be protonated by the acid, and hydrogen
transfer from Acrbt to CsoH* gives the final products.
However, no increase in the quantum yield was observed with
an increase in the GEOOH concentration. In fact, the first
reduction potential of g has not been affected by the presence
of CR;COOH in PhCN (see Experimental Section). Thus, the
protonation process may not be involved in the rate-determining
step as shown in Scheme 6. The theoretical calculations suggest
that 1,2-GgH, is the most stable form among 23 different
regioisomerg? and it is thereby obtained selectively in the
photoreduction of g by AcrHa.

By application of the steady-state approximation to the
reactive species’Ceo* and the radical ion pair in Scheme 6,
the dependence @b on the donor concentration [AcgHcan
be derived as given by eq 9, which agrees with the observed
dependence ab on [AcrHy] in Figure 7. The limiting quantum

@ = [ky/(ky + kp)lkerlACTH /(L + kor[AcrH,])  (9)

yield ®., corresponds tdy/(k, + kp). The observed isotope
effect in®., (Figure 7) is thereby ascribed to the proton-transfer
process from Acrit to Cee~. The small isotope effect is
consistent with theb,, value being significantly smaller than
unity, when the back electron transfég)(may be much faster
than the proton transfekd), that is,ky << kp.

The Mechanistic Difference in One-Electron and Two-
Electron Reduction of Cs. The one-electron reduction okg
by (BNA), (Scheme 1) and BNAH (Scheme 2) as well as the
two-electron reduction by AcrH(Scheme 6) proceeds via
photoinduced electron transfer from the electron donéCig'.
In the case of (BNA) in Scheme 1, the facile €C bond
cleavage of (BNAy™ to produce BNA that can reduce 5 to
Ceo'~ is responsible for the selective one-electron reduction of
Cso. On the other hand, the -€&C bond cleavage oft-
BuBNAH** to producet-Bu* that cannot reduce ggto Cso™™
but instead is coupled withgg ™ to yield t-BuCsy~ (Scheme 5)
is responsible for the selective two-electron reduction @ft@
t-BuCso . In the case of Acrblin Scheme 6, the strong acidity

photolysis indicates that a photoinduced electron-transfer mech-of AcrH,*+ causes a proton transfer from AcrH to Cse"~ to

anism may also be applied to the photoreduction ef &
AcrH; as shown in Scheme 6. The photoinduced electron
transfer from AcrH to 3Cso* (ke gives the radical ion pair
(AcrHz"Cqg™) in competition with the decay to the ground state
(kr =71 Y. The [K,of singly reduced & (CsoH*) encapsulated

in y-cyclodextrin (-CD) and dissolved in watetpropane-2-

produce a strong reductandxidant pair (AcrHCgoH*) fol-
lowed by the second electron transfer to yield two-electron
reduction of Gpto 1,2-GoH: in the presence of an acid. Since
the K, value of BNAHT (3.614%is significantly larger than
that of AcrH** (2.0)2130the proton transfer from BNAH to
Ce~ may be much slower than that from Acri. In addition,

ol has recently been determined as 4.5 on the basis of a specifi®NA* produced by the deprotonation of BNAHis a much

IR absorption band for g~ —y-CD.#* On the other hand, the
pKa of AcrHy't in water has previously been determined as
2.02130 Thus, proton transfer from Acr to Ceo~ (ky) is
significantly exergonié¢>46and it may occur efficiently in the
radical ion pair in competition with the back electron transfer
to the reactant pairkf), to give GoH*, which is converted to
1,2-GsoH2 by the fast electron transfer from AcrHn the
presence of CJ£ZOOH (Scheme 6Y Alternatively, Gg~

(44) Ohlendorf, V.; Willnow, A.; Hungerthler, H.; Guldi, D. M.; Asmus,
K.-D. J. Chem. Soc., Chem. Commad®95 759.
(45) The X, value in an aprotic solvent is expected to be much larger

stronger one-electron reductant than Atriddging from the
largely negativeE%y value of BNA (—1.08 VF! as com-
pared with that of Acri (—0.43 V)?' In such a case, the
deprotonation of BNAR"™ may be followed by the fast electron
transfer from BNA to Cgo to yield BNAT and Gg~ as shown

in Scheme 2. Thus, the difference in the redox and-abake
properties of the radical cations produced in the photoinduced
electron transfer may determine the subsequent reaction path-
way, leading to the one-electron reduction or the two-electron
reduction.

(47) In the absence of GEOOH, 1,2-GgH> (434 nm) was not formed,

than that in water because of the strong solvation of water to protons. The but instead a new broad absorption at 450 nm, which may be assigned to

pKavalue of AcrH** in acetonitrile is determined as in the range-6881,
depending on the #D concentratiod® On the other hand, thep value of

CeoH* has been estimated as 9 (see ref 46). Thus, the proton transfer from

AcrHzt to Cso"™ in an aprotic solvent may also be significantly exergonic.
(46) Niyazymbetov, M. E.; Evans, D. H.; Lerke, S. A.; Cahill, P. A
Henderson, C. CJ. Phys. Cheml1994 98, 13093.

aradical adduct, appears in the photochemical reaction. However, the radical
adduct remains to be characterized.

(48) Matsuzawa, N.; Dixon, D. A.; Fukunaga, J..Phys. Cheml992
96, 7594.

(49) Fukuzumi, S.; Kondo, Y.; Tanaka, J. Chem. Soc., Perkin Trans.
21984 673.
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