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Abstract: Addition of alkylbenzenes with 10-methylacridinium ion (ActHoccurs efficiently under visible light
irradiation in deaerated acetonitrile containingHo yield 9-alkyl-10-methyl-9,10-dihydroacridine selectively. On

the other hand, the photochemical reaction of Acrtith alkylbenzenes in the presence of perchloric acid in deaerated
acetonitrile yields 10-methyl-9,10-dihydroacridine, accompanied by the oxygenation of alkylbenzenes to the
corresponding benzyl alcohols. The photooxygenation of alkylbenzenes occurs also in the presence of oxygen, when
AcrH™ acts as an efficient photocatalyst. The studies on the quantum yields and fluorescence quenching of AcrH
by alkylbenzenes as well as the laser flash photolysis have revealed that the photochemical reactions witAcrH
alkylbenzenes in both the absence and presence of oxygen proceed via photoinduced electron transfer from
alkylbenzenes to the singlet excited state of Atitd produce alkylbenzene radical cations and 10-methylacridinyl
radical (AcrH). The competition between the deprotonation of alkylbenzene radical cations and the back electron
transfer from AcrH to the radical cations determines the limiting quantum yields. In the absence of oxygen, the
coupling of the deprotonated radicals with Acrfields the adducts. The photoinduced hydride reduction of AcrH

in the presence of perchloric acid proceeds via the protonation of acridinyl radical produced by the photoinduced
electron transfer from alkylbenzenes. In the presence of oxygen, however, the deprotonated radicals are trapped
efficiently by oxygen to give the corresponding peroxyl radicals which are reduced by the back electron transfer
from AcrH* to regenerate Acrit followed by the protonation to yield the corresponding hydroperoxide. The ratios

of the deprotonation reactivity from different alkyl groups of alkylbenzene radical cations were determined from
both the intra- and intermolecular competitions of the deprotonation from two alkyl groups of alkylbenzene radical
cations. The reactivity of the deprotonation from alkylbenzene radical cations increases generally in the order methyl
< ethyl < isopropyl. The strong stereoelectronic effects on the deprotonation from isopropyl group of alkylbenzene
radical cations appear in the case of thmethyl isomer.

Introduction light irradiation via photoinduced electron transfer. Benzylation
of aromatic nitriles can also be effected by UV irradiation in
‘the presence of alkylbenzenes via photoinduced electron
transfer®=10 In these cases alkybenzene radical cations formed
by the photoinduced electron transfer oxidation of alkylbenzenes
are believed to act as reactive and important intermediates. Since
alkylbenzene radical cations are known as extremely strong
carbon acids in solutioft, they undergo proton loss from an
a-carbon to yield benzyl radical and analdgs!® Such

Recent advancement in photoinduced electron transfer chem
istry has uncovered a large number of useful chemical and
biological processes which involve electron transfer being a key
step accompanied by the cleavage and formation of chemical
bonds!?2 We have recently demonstrated that visible light
irradiation of the absorption band of 10-methylacridinium ion
(AcrH™, green color) in the presence of organometallic com-
pounds as well as alkenes results in efficient @ bond
formation between these electron donors and Acrtda (6) Mariano. P. S. InPhotoinduced Electron TransfeFox, M. A,,
photoinduced electron transfer from the donors to the singlet Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part C, p 372.
excited state of AcrH to yield the alkylated or allylated adducts Ma(r7i;r(12) Eorg’ JRA'\rﬂ'; gﬁ:&kegggfggi (iagl_aznszs' J(b)Yta%uigenJ' SY -
selec_tlvely?."5 Mariano et aP’ hE_:lV(_e $hown that photoaddition Heucker7oth., R. O M.ariano, P. S. Am. Chem. SonSZ 109,‘27.38: (cy
reactions of alkylbenzenes to iminium salts occur under UV Lan, A. J. Y.; Quillen, S. L.; Heuckeroth, R. O.; Mariano, P.J5.Am.
Chem. Soc1984 106, 6439.
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deprotonation processes from alkylbenzenes have attractedzenes and iminium ions, requiring irradiation with UV light.
considerable interest not only because of the mechanistic aspectSuch high-energy photochemistry has usually afforded a mixture

but also in view of the practical utility.

In particular, the role of stereoelectronic effects (the rate of
deprotonation could be influenced by the relative orientation
of the G,—H bond and the aromatie systems)f~18 has been

of various products.

This study reports that 10-methylacridinium perchlorate which
has an absorption maximum at 358 and 417 nm is highly
effective for the selective photoaddition of various alkylbenzenes

one of the central issues of radical cation chemistry. Contro- and that the oxygenation of alkylbenzenes occurs in the presence
versial results have so far been obtained on the role of of oxygen when AcrH acts as an efficient photocataly&fThe
stereoelectronic effects. Serious doubts have been raised orbxygenation of alkylbenzenes has also been made possible
the actual role of stereoelectronic effects in the competitive without oxygen by the photoinduced hydride transfer from

deprotonation between methyl and isopropyl groups of the
radical cation of-cymene'® although convincing experimental

alkylbenzenes to AcrHin the presence of perchloric acil.
The novel oxygenation mechanism without oxygen will be

evidence has recently been reported to support the existence ofevealed in relation to the photoaddition mechanism. The clean

stereoelectronic effects in the deprotonation from 9-ethyl-
anthracene radical catiéf. Certainly more data on the depro-
tonation from alkylbenzene radical cations in definitive systems

and simple products formed by the photoreduction of AtrH
by alkylbenzenes together with the excellent stability of AtrH
as a photocatalyst for the photooxygenation reactions provide

are required to gain a more comprehensive and confirmative a nice opportunity to gain a more comprehensive and confir-

understanding of the reality of stereoelectronic effects.

mative understanding of the photoinduced electron transfer

Since benzyl radicals and analogs produced by the deproto-reactions of alkylbenzenes as well as the reality of the

nation of alkylbenzenes are readily trapped by oxy§ethgere

stereoelectronic effects on the deprotonation from alkylbenzene

have been extensive studies concerning the oxygenation ofradical cations.

alkylbenzenes initiated by photoinduced electron trarfstér4

However, most of the photoinduced electron transfer reactions Experimental Section

of alkylbenzenes have so far been limited to those with
sensitizers having high-energy excited sates such as dicyanobe
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Soc., Chem. Commuh984 445. (f) Baciocchi, E.; Giacco, T. D.; Rol, C.;
Sebastiani, G. VTetrahedron Lett1985 26, 3353. (g) Baciocchi, E.;
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1996 133.
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Am. Chem. Soc199], 113 4974. (b) Zimina, G. M.; Kovacs, L. P
Putirskaya, G. VRadiochem. Radioanal. Left98Q 44, 413. (c) Maillard,
B.; Ingold, K. U.; Scaiano, J. CQ1. Am. Chem. S0d.983 105 5095. (d)
Tokumura, K.; Nosaka, H.; Ozaki, TThem. Phys. Lettl99Q 169 321.
(e) Ebata, T.; Obi, K.; Tanaka,Chem. Phys. Letl.981, 77, 480. (f) Nelson,
H. H.; McDonald, J. RJ. Phys. Cheml982 86, 1242.
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Materials. 10-Methylacridinium iodide was prepared by the reaction
N5t acridine with methyl iodide in acetone, and it was converted to the
perchlorate salt (AcrCIO,™) by addition of magnesium perchlorate
to the iodide salt, and purified by recrystallization from meth&hol.
Alkylbenzenes and perchloric acid (HCIO70%) were obtained
commercially. Acetonitrile and methanol used as solvents were purified
and dried by the standard procedéfte.

Reaction Procedure. Typically, a deaeratedlifisJacetonitrile (CR-
CN)/deuterium oxide (BD) (7:1 v/v) solution (0.8 mL) containing
AcrH™ (8.0 x 1072 M) was added to an NMR tube sealed with a rubber
septum under an atmospheric pressure of argon. After PhMex(4.0
1072 M) was added to the solution by means of a microsyringe and
mixed, the solution was irradiated with a high-pressure mercury lamp
through an acetophenorenethanol filter transmitting > 300 nm at
room temperature. After the reaction was complete, when the solution
became colorless, the products were analyzetHdyMR spectroscopy.
The *H NMR measurements were performed using Japan Electron
Optics INM-PS-100 (100 MHz) and JNM-GSX-400 (400 MHz) NMR
spectrometers’H NMR (CDsCN/D;O (7:1 v/v): (AcrHCHPh)6 2.76
(d, 2H,J = 7.3 Hz), 3.27 (s, 3H), 4.16 (t, 1H,= 7.3 Hz), 6.77.3
(m, 13H); (AcrHCH(Me)Ph) 1.10 (d, 3H,J = 7.3 Hz), 2.84 (quintet,
1H,J = 7.3 Hz), 3.14 (s, 3H), 3.99 (d, 1H,= 7.3 Hz), 6.77.3 (m,
13H); (AcrHCMePh)6 1.17 (s, 6H), 3.01 (s, 3H), 4.05 (s, 1H), 6.8
7.3 (m, 13H); (AcrHCH(OMe)Ph 3.02 (d, 3HJ = 4.9 Hz), 3.46 (s,
3H), 4.11 (d, 1HJ = 6.8 Hz), 4.29 (d, 1HJ = 6.8 Hz), 6.7-7.4 (m,
13H); (AcrHCHPh) 6 3.45 (s, 3H), 4.06 (d, 1H) = 10.7 Hz), 4.80
(d, 1H,J=10.7 Hz), 6.6-7.4 (M, 18H); (AcrHCH¢-C3Hs)Ph)6 0.20—

0.25 (m, 2H), 0.42-0.46 (m, 2H), 1.+1.2 (m, 1H), 1.85 (dd, 1H] =
6.4, 10.3 Hz), 3.00 (s, 3H), 4.26 (d, 1H,= 6.4 Hz), 6.6-7.3 (m,
13H); (AcrHCHCH=CHPh)6 2.41 (t, 2H,J = 6.6 Hz), 3.35 (s, 3H),
4.09 (t, 1H,J = 6.6 Hz), 5.9-6.1 (m, 2H), 6.9-7.4 (m, 13H);
(ACrHCH,CeH4-p-Me) 6 2.24 (s, 3H), 2.71 (d, 2H] = 7.3 Hz), 3.27
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(s, 3H), 4.13 (t, 1HJ = 7.3 Hz), 6.6-7.2 (m, 12H); (AcrHCHCH3-
3,5-Me) 4 2.13 (s, 6H), 2.66 (d, 2H] = 6.8 Hz), 3.27 (s, 3H), 4.11
(t, 1H,J = 6.8 Hz), 6.3-7.2 (m, 11H); (AcrHCHC¢H4-p-Et) 6 1.16
(t, 3H,J = 7.3 Hz), 2.54 (q, 2H,) = 7.3 Hz), 2.72 (d, 2H] = 6.8
Hz), 3.24 (s, 3H), 4.14 (t, 1H) = 6.8 Hz), 6.6-7.3 (m, 12H);
(AcrHCH,CeH4-m-Et) 0 1.07 (t, 3H,J = 7.3 Hz), 2.45 (q, 2HJ = 7.3
Hz), 2.73 (d, 2HJ = 6.8 Hz), 3.23 (s, 3H), 4.14 (t, 1H,= 6.8 Hz),
6.5-7.3 (m, 12H); (AcrHCHCsHs-0-Et) 6 0.97 (t, 3H,J = 7.8 Hz),
2.26 (9, 2HJ = 7.8 Hz), 2.79 (d, 2HJ = 7.3 Hz), 3.37 (s, 3H), 4.11
(t, 1H,J = 7.3 Hz), 6.5-7.3 (M, 12H); (AcrHCH(Me)GH4-p-Me) 6
1.07 (d, 3H,J = 6.8 Hz), 2.22 (s, 3H), 2.81 (quint, 1H,= 7.3 Hz),
3.14 (s, 3H), 3.97 (d, 1H] = 7.3 Hz), 6.6-7.3 (m, 12H); (AcrHCH-
(Me)CeHs-m-Me) 6 1.08 (d, 3HJ = 7.3 Hz), 2.15 (s, 3H), 2.80 (quint,
1H,J = 6.8 Hz), 3.12 (s, 3H), 3.98 (d, 1H,= 6.8 Hz), 6.5-7.3 (m,
12H); (AcrHCH(Me)GH4-0-Me) 6 1.02 (d, 3H,J = 7.3 Hz), 1.66 (s,
3H), 3.21 (quint, 1HJ = 7.3 Hz), 3.28 (s, 3H), 3.96 (d, 1H,= 7.8
Hz), 6.5-7.3 (m, 12H); (AcrHCHCgsH4-p-Pr) 6 1.17 (d, 6H,J = 6.8
Hz), 2.73 (d, 2HJ = 6.8 Hz), 2.81 (sept, 1H] = 6.8 Hz), 3.20 (s,
3H), 4.16 (t, 1HJ = 6.8 Hz), 6.77.2 (m, 12H); (AcrHCHCsHs-m-
Pr) 6 1.08 (d, 6H,J = 6.8 Hz), 2.69 (sept, 1H] = 6.8 Hz), 2.73 (d,
2H,J = 6.8 Hz), 3.22 (s, 3H), 4.14 (t, 1H,= 6.8 Hz), 6.4-7.3 (M,
12H); (AcrHCH,C¢H4-0-Pr) 6 0.96 (d, 6H,J = 6.8 Hz), 2.82 (d, 2H,
J=7.3 Hz), 2.84 (sept, 1H] = 6.8 Hz), 3.38 (s, 3H), 4.10 (t, 1H,
= 7.7 Hz), 6.77.3 (m, 12H); (AcrHCMgCsH-p-Me) 6 1.15 (s, 6H),
2.25 (s, 3H), 2.99 (s, 3H), 4.01 (s, 1H), 6:7.2 (m, 12H);
(AcrHCMe,CsHs-m-Me) 6 1.16 (s, 6H), 2.18 (s, 3H), 2.98 (s, 3H),
4.01 (s, 1H), 6.47.3 (m, 12H); (PBCHCHPh) ¢ 5.08 (s, 2H). H
NMR (CDsOD): (AcrHCH,CeH4-p-Et) 6 1.19 (t, 3H,J = 7.8 Hz),
2.57 (q, 2HJ = 7.8 Hz), 2.71 (d, 2HJ = 6.8 Hz), 3.20 (s, 3H), 4.06
(t, 1H,J = 6.8 Hz), 6.5-7.2 (M, 12H); (AcrHCHCsH,-m-Et) 6 1.07
(t, 3H,J = 7.8 Hz), 2.58 (q, 2H,) = 7.8 Hz), 2.72 (d, 2H) = 6.4
Hz), 3.19 (s, 3H), 4.07 (t, 1H) = 6.4 Hz), 6.3-7.3 (m, 12H);
(AcrHCH,CgH4-0-Et) 6 0.97 (t, 3H,J = 7.8 Hz), 2.21 (q, 2HJ = 7.8
Hz), 2.79 (d, 2HJ = 7.3 Hz), 3.35 (s, 3H), 4.04 (t, 1H,= 7.3 Hz),
6.5-7.3 (m, 12H); (AcrHCH(Me)GH4-p-Me) 6 1.10 (d, 3H,J = 7.3
Hz), 2.22 (s, 3H), 2.79 (quint, 1H,= 7.1 Hz), 3.09 (s, 3H), 3.90 (d,
1H,J= 6.8 Hz), 6.5-7.2 (M, 12H); (AcrtHCH(Me)@H,-m-Me) 6 1.12
(d, 3H,J = 6.8 Hz), 2.13 (s, 3H), 2.79 (quint, 1Hd,= 6.8 Hz), 3.08
(s, 3H), 3.90 (d, 1HJ = 6.8 Hz), 6.3-7.3 (m, 12H); (AcrHCH(Me)-
CsHa-0-Me) 6 1.05 (d, 3H,J = 7.3 Hz), 1.61 (s, 3H), 3.2 (m, 1H),
3.25 (s, 3H), 3.89 (d, 1HJ = 8.3 Hz), 6.57.3 (m, 12H);
(AcrHCH,CeH4-p-Pr) 6 1.21 (d, 6H,J = 6.8 Hz), 2.72 (d, 2H) = 6.8
Hz), 2.83 (sept, 1H) = 6.8 Hz), 3.16 (s, 3H), 4.07 (t, 1H, = 6.8
Hz), 6.5-7.2 (M, 12H); (AcrHCHCsH,-m-P1) 6 1.07 (d, 6H,J = 6.8
Hz), 2.65 (sept, 1HJ = 6.8 Hz), 2.73 (d, 2H]) = 6.8 Hz), 3.17 (s,
3H), 4.08 (t, 1H,J = 6.8 Hz), 6.5-7.2 (m, 12H); (AcrHCHC¢H,-0-
Pr) 6 0.96 (d, 6H,J = 6.8 Hz), 2.78 (sept, 1H] = 6.8 Hz), 2.82 (d,
2H,J = 7.3 Hz), 3.36 (s, 3H), 4.04 (t, 1H,= 7.3 Hz), 6.77.3 (m,
12H); (AcrHCMeCgHs-p-Me) 6 1.17 (s, 6H), 2.25 (s, 3H), 2.96 (s,
3H), 3.93 (s, 1H), 6.57.2 (m, 12H); (AcrHCMgCgHs,-m-Me) 6 1.19
(s, 6H), 2.16 (s, 3H), 2.94 (s, 3H), 3.93 (s, 1H), 653 (m, 12H).

The isolation of products was carried out with about 100 times as
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temperature. The oxidized products were identified by comparing the
I1H NMR spectra of the products with those of the authentic samples.

The photochemical reactions of Acthvith alkylbenzenes were also
carried out in the presence of HGI(Y0%) in acetonitrile. The products
were identified by comparison with authentic sample by using HPLC
and'H NMR. The increase of photoreduction products of Atrihd
the decrease of AcrHwere monitored by using HPLC and W\Wis,
respectively.

Quantum Yield Determinations. A standard actinometer (potas-
sium ferrioxalate®® was used for the quantum yield determination of
the photoaddition of alkylbenzenes with AcrHand the AcrH-
catalyzed photooxygenation of alkylbenzenes. Typically a square quartz
cuvette (10 mm i.d.) containing an MeCNH,O or MeOH solution
(3.0 cn?) of AcrH™ (3.0 x 1074 M) and alkylbenzenes (3.2 103 to
8.0 x 1072 M) was irradiated with monochromatized light bf= 358
nm from a Shimadzu RF-5000 fluorescence spectrophotometer. Under
the conditions of actinometry experiments, both the actinometer and
AcrH* absorbed essentially all the incident lightiof= 358 nm. The
light intensities of monochromatized light of = 358 nm were
determined as 1.88 108 and 5.35x 108 einstein s* with slit widths
of 10 and 20 nm, respectively. The photochemical reaction was
monitored using a Shimadzu UV-160A spectrophotometer. The
qguantum yields of the photoreduction of Acridy alkylbenzenes were
determined from the decrease in absorbance due to A¢tH= 396
nm,e = 3.5 x 10 M~* cm™?) and those of the photooxygenation with
oxygen were determined from the rate of formation of the oxygenated
products.

Fluorescence Quenching.Fluorescence measurements were carried
out on a Shimadzu RF-5000 spectrofluorophotometer. The excitation
wavelength of AcrHt was 360 nm in MeCN or MeOH. The monitoring
wavelength was that corresponding to the maxima of the emission band
at 488 nm. The solution was deoxygenated by argon purging for 10
min or saturated with oxygen prior to the measurements. Relative
emission intensities were measured for an MeCN or MeOH solution
containing AcrH (3.0 x 10° M) and alkylbenzene at various
concentrations (3.& 10-3to 8.0x 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 an alkylbenzene. The St&olmer
relationship (eq 1) was obtained for the ratio of the emission intensities

I/l = 1+ KJRH] 1)

in the absence and presence of alkylbenzkjig¢ &nd the concentrations
of alkylbenzene ([RH]). The fluorescence lifetimeof AcrH™ was
determined as 37 ns in MeCN by single photon counting using a Horiba
NAES-1100 time-resolved spectrofluorophotometer. The quenching
rate constantg; (=Kqz 1) in MeCN and MeOH were obtained from
the quenching constank, and the fluorescence lifetime;= 37 and
31 ns in MeCN and MeOH, respectivel.

Laser-Flash Photolysis. A sample is contained in a 10 10 mn?
quartz cell. Deaerated MeCN containing Acrkb.0 x 10-°> M) and
alkylbenzene was excited by third harmonic light (355 nm) of a Nd:

large a scale as compared to that of the procedure described aboveyag |aser (4-ns pulses; 180 mJ/pulse). The excitation light was parallel

Typically, a deaerated MeCN (50 mL)y& (15 mL) solution containing

AcrH*CIO,~ (100 mg) and PhMe (2.0 mL) was irradiated with a high-

pressure mercury lamp through an acetophernonethanol filter

transmittingl > 300 nm at room temperature. After the reaction was

to the analyzing light from a 450-W Xe lamp (Osram, XBO-450). The
analyzing light passing through a sample cell was focused on a
computer-controlled monochromator (CVI Digikrom-240) by two lenses
and four mirrors. The output light of the monochromator was monitored

complete, water was added to the resulting solution. The vacuum by a photomultiplier tube (PMT; Hamamatsu Photonix, R1417). The

concentration resulted in precipitation of the products. The isolated

products were analyzed by NMR spectroscopy in CDGI The

signal from a PMT was recorded on a transient digitizer (Tektronix,
7912AD with plug-ins, 7A19 and 7B92A). Total system control and

product was identified as 9-benzyl-10-methyl-9,10-dihydroacridine 56 processing were carried out with a microcomputer (Sharp, X-6800)

(AcrHCHzPh). The isolation yield was 93%. The elemental analysis
of the isolated products gave satisfactory results. Anal. Calcd for
C21HioN (AcrHCH,Ph): C, 88.38; H, 6.71; N, 4.91. Found: C, 88.38;

H, 6.62; N, 5.02. Anal. Calcd for £H2sN(AcrHC14H11): C, 90.04;
H, 6.21; N, 3.75. Found: C, 90.27; H, 6.10; N, 3.77.

The AcrHt-catalyzed photooxidation of alkylbenzenes with oxygen

was carried out in an oxygen-saturated L solution (0.80 mL)
containing AcrH (8.0 x 1072 M). After PhMe (3.0x 1072 M) was

added to the solution by means of a microsyringe and mixed, the

which was connected to the measurement components with-dBsP
interface.

Theoretical Calculations. The theoretical studies were performed
using the PM3 molecular orbital meth&t? The MOPAC program
(QCPE No. 455), which was revised as OS/2 Version 5.01 to adapt

(29) (a) Hatchard, C. G.; Parker, C. Rroc. R. Soc. London, Ser. A
1956 235 518. (b) Calvert, J. C.; Pitts, J. RhotochemistryWiley: New
York, 1966; p 783.

(30) Poulos, A. T.; Hammond, G. S.; Burton, M. Photochem.

solution was irradiated with a high-pressure mercury lamp through an photobiol. 1981 34, 169.

acetophenonemethanol filter transmittingl > 300 nm at room

(31) Stewart, J. J. Rl. Comput. Cheml989 10, 209, 221.
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Table 1. Photoaddition of Alkylbenzenes (4 1072 to 2 x 1072 M) with AcrH* (8.5 x 10~3 M) in Deaerated CECN Containing RO at
298 K

time

no. alkylbenzene (h) product (yield, %)

1 PhMme 3 AcrHCH,Ph (100) [93]

2 PhE®P 3 AcrHCH(Me)Ph (100)

3 PhPF® 3 AcrHCMePh (100) [92]

4 p-Me;CeHy® 6 AcrHCH,CgH4-p-Me (100) [88]

5 1,3,5-MeCgH5° 17 AcrHCHC¢H3-3,5-Me; (100)

6 PhCHOMe® 3 AcrHCH(OMe)Ph (100)

7 PhCH2¢-C3Hs)b 3 AcrHCH(c-CsHs)Ph (100)

8 PhCHCH=CH," 3 AcrHCH,CH=CHPh (100)

9 PhCHPH 3 ACrHCHPh (77), (PhCH), (12), (AcrH) (12)
10 9,10-dihydroanthracehe 3 AcrHC,4H11 (84), (AcrH) (8)

aThe values in brackets refer to the isolated product yields {3%DsCN/D,O (7:1 v/v).¢ CDsCN/D,O (3:1 v/v).

for the use on a NEC PC computer, was obtained through the Japan
Chemistry Program Exchange (JCPE)The calculations were also —
performed by using the MOL-GRAPH program, Version 2.8, by Daikin / D/
Industries, Ltd. The structural output was recorded by using the MOPC -1 L [ ] :/
program (JCPE No. P038). The final geometry and energetics were S5 / 7
obtained by optimizing the total molecular energy with respect to all z n u/ rd
structural variables. The geometries of alkylbenzene benzyl radicals 3 B / / A —
were optimized using the unrestricted Hartré®ck (UHF) formalism. E " /”/‘ B

"g 5 | / D/‘ /A/ —®
Results and Discussion T '/‘ » ././0’

7
Photoaddition of Alkylbenzenes with 10-Methylacridinium -/ /ﬁ/°/. o—0—0—0—0—

lon. Visible light irradiation of the absorption band of Ajo/0/°’°’
10-methylacridinium perchlorate (Acf€ClO,~) in deaerated 0 = L L
acetonitrile (MeCN)/HO (7:1 vol %) solution containing toluene o 5 10
for 3 h gave 9-benzyl-10-methyl-9,10-dihydroacridine (AcrHcH Irradiation Time (min)

Ph), as shown in eq 2. The products are well identified by the Figure 1. Photoaddition op-xylene (1.4x 102 M) with AcrH™ (3.0
x 1074 M) in deaerated MeCN containing,8: 0 M (O), 9.3 x 102

~ hv @h) PS4 M (®), 1.9 x 101 M (), 3.7 x 101 M (a), 5.6 x 10°* M (O), 5.6
| ¥ O + PhCHg | | + H (2 M (M) at 298 K; irradiation with monochromatized light #f= 358

N MeCN-H,0 N nm, slit width 20 nm from a xenon lamp of a Shimadzu RF-5000

Me (AcrH) Me [AcrH(CH,Ph)] fluorescence spectrophotometer.

'H NMR spectra and elemental analysis (see the Experimentaladdition of HO to the MeCN solution results in a remarkable
Section). The yield of AcrHCbLPh determined byH NMR acceleration of the rate to approach a constant rate with an
was 100%, and AcrHCHPh was isolated as the sole product increase in [HO]. As shown in eq 2, the photoaddition of
(the isolated yield was 93%); see the Experimental Section). Theglkylbenzenes with Acriis accompanied by the liberation of
AcrH* is also photoreduced by other alkylbenzenes to yield H+ from the benzyl position of alkylbenzenes. The liberation
the corresponding 9-substituted 10-methyl-9,10-dihydroacridine of H* is observed as the low-field shift of 8 protons in the
(AcrHR) as shown in Table 1. The presence of a sufficient 14 NMR spectra as the reaction proceeds. Thus, the acceleration
amount of HO is essential to obtain high yields of AcrHR. In  of the rate with an increase in §B] may be ascribed to that of
most cases the alkyl group which is deprotonated from the the deprotonation step, which may be involved as a rate-
benzyl position is introduced selectively at the C-9 position of getermining step for the photoaddition reaction, because of the
the acridine moiety (nos.-18 in Table 1). a-Cyclopropyl- strong solvation of H with H,O as discussed later.

toluene was introduced at the C-9 position without opening the  The presence of a rate-determining deprotonation step is
cyclopropy! ring (no. 7). The photoaddition of allylbenzene confirmed by the deuterium isotope effects on the photoaddition
yields the cinnamy! adduct (no. 8). In the case of photoreduction reactions (eq 2). The deuterium isotope effett#Yo) on the

of AcrH* by diphenylmethane (no. 9) and 9,10-dihydro- deprotonation process are determined from intermolecular
anthracene (no. 10), however, 10;Himethyl-9,9,10,10- competition between toluerfg-and tolueneds as shown in eq

tetrahydro-9,9biacridine [(AcrH)] is also obtained as a minor 3, whereYy and Yp are the product yields of the toluehg-
product in the photoreduction of Acrd In this case, the same

amounts of the other homocoupling products, i.e., 1,1,2,2- H_ CHyCeHs H. CD,CeDs
tetraphenylethane and 9/8is(9,10-dihydroanthracene), as that . CeHsCHy Ay . @)
of (AcrH); are also obtained. A Gpeons N N
Irradiation of the absorption band of ActHAmax = 358 nm) Me (H) Me (D)
in deaerated MeCN containing alkylbenzene results in the
decrease in the absorption band of Atrehd the concomitant  adduct H) and tolueneds (D), respectively. The&u/Yp values
increase in the absorption banti{x = 285 nm) due to the of toluene and ethylbenzene are determined as 3.7 and 2.5,
adduct. The rate of formation of the adduct decreases graduallyrespectively.
with a progress of the photoaddition as shown in Figure 1. The  Photoinduced Electron Transfer. Irradiation of the absorp-
(32) (a) Dewar, M. J. S.. Thiel, Wi, Am. Chem. S0d977, 99, 4899. tion bands of AcrH causes fluo_rescence at 488 nm in MeCN.
(b) Dewar, M. J. S.: Thiel, WJ. Am. Chem. Sod.977, 99, 4907. The fluorescence oftAcrH** is quenched efficiently by
(33) Toyoda, JJCPE News Lett199Q 2, 37. alkylbenzenes. The quenching rate constigtse determined
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Table 2. Gibbs Energy ChangeAGey) of Photoinduced Electron Transfer from AlkylbenzenedAorH**, Fluorescence Quenching Rate
Constants k) of AcrH** by Alkylbenzenes, and Rate Constanks,d and Limiting Quantum Yieldsb., in the Photoaddition of
Alkylbenzenes with AcrH in Deaerated MeCN Containing,8 or in Deaerated MeOtat 298 K

alkylbenzene AGef (kcal mol?) ky(M~1s) kobs (M1 s71) D,
PhMe +0.7 3.4x 108 (6.0 x 1CF) 3.8x 108 (5.2 x 10F) 0.13(0.13)
p-MeCsHMed —-6.0 1.4x 1019 (1.2 x 109 1.1 x 1010 (1.1 x 10 0.04 (0.050)
p-Me(Et)GsHa (1.3x 109 (1.2 x 10 (0.057)
p-Me(PHCeHa (1.1 x 101 (7.5 x 10°) (0.051)
p-Et,CeHa (1.1x 10) (1.1 x 109 (0.078)
m-Me,CeHs (1.2 x 101 (1.0 x 101 (0.068)
m-Me(Et)GsHa (1.0 x 1049 (9.7 x 10°) (0.079)
1,3,5-MeCgHsMed —4.8 1.3x 1019 (1.3 x 109 e(1.1x 101 ~1073(0.033)
p-MeOGH4Me? 1.8x 10% e e
PhCHMe' -1.2 3.5x 108(5.7 x 10) 43x 108(5.2x 10F) 0.16 (0.17)
PhCHMef -0.7 1.6x 108(3.2 x 10F) 3.2x 10°(4.2 x 10F) 0.20 (0.18)
PhCHPH 8.5x 10° 9.2x 10° 0.22
PhCHCH=CH,' 25x 108 2.7x 10 0.04
PhCHOH (6.5x 109) (7.1x 109) (0.43)
p-MeCsH4CH,OH (9.0x 10°) (1.1 x 101 (0.30)

aThe values in parentheses are those obtained in M&@JHe E°. values of alkylbenzenes are taken from ref SgH,0] = 0.55 M. 4 [H,0O]
= 5.5 M. ¢Too slow to be determined accurately or no reactigh,O] = 0 M.

from the slopes of the Stert/olmer plots and lifetime of the
singlet excited statbAcrH™ (7 = 37 ns in MeCN and = 31

ns in MeOH). Thek, values thus determined are listed in Table
2. The Gibbs energy change of photoinduced electron transfer
from alkylbenzenes ttAcrH™* (AG®¢) is given by eq 4, where

AGoetz F(Eoox - Eored) (4)
E°ox and E°.q are the one-electron oxidation potentials of

alkylbenzenes and the one-electron reduction potential of
TAcrH™ (2.32 V). Since the one-electron oxidation potentials

of various alkylbenzenes have previously been repcftéue 000 500 500 700

AG°¢; values are determined by using eq 4 as listed in Table 2 Wavelength (nm)

for Sompanson' The Va.lue INcreases with a decrease in the Figure 2. Transient absorption spectra observed in laser flash
AG’ value to reach a diffusion limit value in MeCN (2:0 photolysis of AcrH (5 x 105 M) in deaerated MeCN containing

1010 M*_1 s as the photoindgced electron tran_sfer becomes giphenylmethane (5 x 18 M). Spectra were recordedds (O), 7 us
energetically more favorable (i.e., more exergonic). Thus, the (@), and 17us () after the laser pulse.

fluorescence guenching &&crH* by alkylbenzenes may occur
via photoinduced electron transfer from alkylbenzenes (RH)  Photooxygenation of Alkylbenzenes with AcrH in the

acting as electron donors to the singlet excited stateH™* Presence of HCIQ. In contrast with the photoaddition of

(eq 5). alkylbenzenes with AcrH (eq 2), the photooxygenation of
ethylbenzene to 1-phenyl-1-ethanol occurs in the photochemical

RH + AcrH™ — RH™ + AcrH® (5) reaction of AcrH with ethylbenzene in the presence of

perchloric acid [HCIQ (70%); 1.2 M, containing 2.9 M 0]
Laser flash irradiation (355 nm from a Nd:YAG laser) of in deaerated MeCN as shown in eq 6, where Acisireduced
10-methylacridinium ion (5.0< 105 M) in deaerated MeCN

solution containing diphenylmethane (1,3 1072 M) gave ~ HoH
transient absorption of 10-methylacridinyl radical (Ac¢rta | +/ + PhCH,Me j | + PhCHMe (g)
broad absorption band between 450 and 54Chas) shown in N MeCN + N OH

Me HCIO4 + H,O Me (AcrH,)

Figure 2. When ethylbenzene is used instead of diphenyl-
methane, the transient absorption of Atiglobserved as well. . . )
The concomitant formation of alkylbenzene radical cations could to 10-methyl-9,10-dihydroacridine (AcgHinstead of the adduct.

not be confirmed because of the overlap of the absorption bands" the case of the other alkylbenzenes such as cumene and

(e.g., 445 nm for ethylbenzene radical cat®nith the diphenylmethane, the photoinduced hydride reduction of AcrH
depletion of AcrH. However, the direct observation of AcrH [0 AcrHz occurs in the presence of HGlGaccompanied by the
in Figure 2 confirms the occurrence of photoinduced electron ©XY9enation of alkylbenzenes to the corresponding benzyl

transfer from alkylbenzenes to the singlet excited StateH alcohol as shown in Table 3. When the HGltncentration
to yield AcrH and alkylbenzene radical cation. is reduced from 1.2 to 0.10 M in the photochemical reaction of

AcrH* with diphenylmethane, both Acg-ind AcrHCHPh are

(34) (@) Fukuzumi, S.; Kochi, J. K8ull. Chem. Soc. Jpri983 56, 969. obtained in the ratio 59:41. In the case of the photoinduced
() ouel, . O Concaves, 3 M. ATore, oK, W9 ycride reduction of ActH by diphenyimethane, the corre-
Nordblom, G. D.; Mayeda, E. Al. Org. Chem1972 37, 916. ' sponding dimer, i.e., 1,1,2,2-tetraphenylethane was also obtained

(35) (a) Peters, K. S.; Pang, E.; RudzkiJJAm. Chem. S0d982 104, in addition to benzhydrol. The vyield of 1,1,2,2-tetraphenyl-
5535. (b) Poulos, A. T.; Hammond, G. S.; Burton, M. Bhotochem.  athane in the presence of HGJ@orresponds to that of 1,1,2,2-

Photobiol. 1981, 34, 169. ! L
(36) Bockman, T. M.; Karpinski, Z. J.; Sankararaman, S.; Kochi, J. K. tetraphenylethane and 10'd0methyl-9,9-biacridine [(AcrH}]

J. Am. Chem. S0d.992 114 1970. in the absence of HCIQ Figure 3 shows that the formation of
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Table 3. Photochemical Reaction of AcfH1.5 x 1072 M) with
Alkylbenzenes (4.0< 1072 M) in the Presence of HCIQ(1.2 M) in
Deaerated CECN

yield (%)
alkylbenzene Acrbl alcohol dimer
PhCHMe 88 53 (PhCH(Me)OH)
PhCHMe 92 46 (PhCMgOH)
PhCHPh 78 44 (PHCHOH) 13 ((PhCH)2)
100
< 75}
&
3
2
> 50} £
Q A
25 / /%
4 o
0 L n -
0 20 40 60 80

Irradiation Time (min)
Figure 3. Photochemical reaction of AcrH(O, 2.4 x 10-2 M) with
diphenylmethane (6.6 1072 M) in the presence of HCIQ(1.2 M) in
deaerated CECN under irradiation witik > 366 nm light from a high-
pressure mercury lamp, monitored % NMR: AcrH; (®), PhCHOH
(»), and (PRCH), (a).

AcrH; is concomitant with the decrease of AcrHndicating
that AcrH; is formed directly from AcrH rather than a
subsequent photochemical reaction of AcrHR which could be
initially formed.

Quantum Yields. The quantum yields®) of the photoad-
dition of alkylbenzenes with AcrH in deaerated MeCN
containing HO (0—5.5 M) or in MeOH and those of the
photoinduced hydride reduction of Acttby alkylbenzenes in
the presence of HCI£(0.40 M) in MeCN containing KD (1.0

J. Am. Chem. Soc., Vol. 118, No. 36,8856

[RH] (M)

0 0.01 0.02
0.2 T ; T

[RH] (M)
Figure 4. Dependence of the quantum yield®)(on [RH] for the
photoaddition of RH [PhMed), PhEt @), PhPI (), PhCHPh (a),
p-Me,CeH,4 (O)] with AcrH™ (3.0 x 1074 M) in deaerated MeCN at
298 K.

[RHIT (M)
0 200 400

0 . 50 ‘ 100
[RHIT (M)

M) were determined from the decrease in the absorption bandgigyre 5. @1 vs [RH]™ for the photoaddition of RH [PhMeQ)),

due to AcrH (Amax = 358 nm) and the increase in the
concentration of Acrilidetermined by HPLC, respectively. The
@ values in the absence and presence of HG@hOrease with

an increase in the concentration of alkylbenzene ([RH]), to
approach a limiting valued§.) according to eq 7 as shown in
Figure 4. Equation 7 is rewritten by eq 8, and the linear plots

D = K, JRH/(1 + K, JRH]) @)
Ot =@, 1+ (KepdRHD ] ®)

of ®~1vs [RH]! are shown in Figure 5. From the slopes and
intercepts are obtained tide, andKgpsvalues. Theqpsvalues
can be converted to the corresponding rate constdgty (
provided that the excited state of AcftHinvolved in the
photochemical reaction is singlefACrH™; Kops = Kopg ™2, T

PhEt @), PhPt (), PhCHPh (a), p-Me;CeHs (O)] with AcrH+ (3.0
x 107* M) in deaerated MeCN at 298 K.

Table 4. Limiting Quantum Yields®., Observed Quenching
ConstantKq,s and Rate Constantgps in the Photochemical
Reaction of AcrH with Alkylbenzenes and Fluorescence
Quenching Rate Constaritg of *AcrH** by Alkylbenzenes in the
Presence of HCI®(0.40 M) in MeCN at 298 K

alkylbenzene  ®. Kops(M™)  kops(M™1s2)  kg(M~1s7?)

PhCHMe 0.10 1.2x 10 3.3x 1¢ 3.5x 10°
PhCHMe 0.12 1.0x 10 2.8x 1C° 1.6 x 1¢°
PhCHPh 0.11 3.2 10 8.7x 1 8.4x 10°
p-MeOGH,Me a a a 1.8x 10%

2 No reaction.

Addition vs Oxygenation of Alkylbenzenes via Photoin-
duced Electron Transfer. On the basis of the above results,

= 37 ns in MeCN,r = 31 ns in MeOH). Thed., and kops the reaction mechanism for both the photoaddition of alkyl-
values of photoaddition of alkylbenzene to Acrlh MeCN benzenes to Acriland the photooxygenation of alkylbenzenes
containing HO and in MeOH are listed in Table 2. Thi, with AcrH™ in the presence of HCIDmay be summarized as
andkopsVvalues of the photoinduced hydride reduction of AcrH  shown representatively for the reaction with ethylbenzene in
by alkylbenzene in the presence of HGl&re given in Table Scheme 1. Both reactions are initiated by photoinduced electron
4. As shown in both Tables 2 and 4, tkgsvalues agree well transfer from the alkylbenzene to the singlet excited state
with thek, values determined independently by the fluorescence (*AcrH**) to give the alkylbenzene radical catieacridinyl
guenching offAcrH™*, indicating that both the photoaddition radical pair. The deprotonation from the alkylbenzene radical
of alkylbenzenes to AcrH and the photoinduced hydride cation gives the corresponding benzyl radical)(RThe
reduction of AcrH proceed via photoinduced electron transfer acceleration of the photoaddition rate by the presence,6f H
from alkylbenzenes to the singlet excited stafegrH=. (Figure 1) may be ascribed to that of the deprotonation rate of
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Scheme 1
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N - ||
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Me l\llle
H H
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P N
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e

the alkylbenzene radical cation because of the strong solvation
of HT with H,O. The observed deuterium isotope effecidé
suprg may correspond to those on the deprotonation from the
alkylbenzene radical cation. In the absence of HCtBe two
radical species (AcrHand R) may couple efficiently to yield

the adduct (AcrHR) selectively. In the case of diphenylmethane,
however, the radical coupling process in the cage may in part
compete with escape of the radicals from the cage because o
the steric effects of two phenyl groups. The escaped radicals
may couple with each other to yield 1,1,2,2-tetraphenylethane
and 10,10dimethyl-9,9,10,10-tetrahydro-9,9biacridine
[(AcrH),] as shown in Table 1.

On the other hand, the addition of HGJ@ MeCN solution
may result in the protonation of Acritb produce Acrkr*. The
semiempirical molecular orbital calculation indicates that the
protonation of acridinyl radical occurs at the C-9 position to
give 10-methyl-9,10-dihydroacridine radical cation (AgrH.%”

The transient absorption of Acrkh Figure 2 became signifi-
cantly weaker in the presence of HGI®.40 M) as compared
to that in its absence because of the protonation of AcrH
However, the concomitant formation of Acsi (Amax = 640
nm)3® was not observed probably because of the rapid electron
transfer from benzyl radical and analogs*)(Ro AcrHzt.
Judging from the one-electron oxidation potential of benzyl
radical and analogs (R being more negativeEC,x = 0.73,
0.37, 0.16, and 0.35 V vs SCE for Phg HPhCHMe, PhMe,
and PRCH-, respectively®® than the reduction potential of
AcrHy" (E°eq = 0.81 V vs SCE}? the electron transfer from

(37) The heat of formation values calculated by the PM3 method indicate
that the radical cation protonated at the C-9 position of Aésthore stable
by 9 kcal mot? than that at the N-10 position. The values calculated by
the MNDO method also indicate that the former is more stable by 8 kcal
mol~* than the latter.

Fujita et al.

R* to AcrHy** is highly exergonic, and thereby it may proceed
efficiently to yield AcrH, and R. The benzyl cation and
analogs (R) may undergo the nucleophilic addition of® to
yield the oxygenated product, i.e., the corresponding benzyl
alcohol derivatives (ROH). In the case of diphenylmethane,
the oxidation of diphenylmethyl radical by Acstt in the cage
leads to formation of benzhydrol, while some diphenylmethyl
radicals escape from the cage to undergo the radical coupling
to yield the corresponding dimer, i.e., 1,1,2,2-tetraphenylethane
(Table 3), the yield of which agrees with that obtained in the
absence of HCIQ(Table 1).

According to Scheme 1, the quantum vyield is expressed by
eq 9, which agrees well with the experimental result (eq 7).
The limiting quantum yield®., is then expressed by eq 10,

D = [kiko/ (kg + K)IRHI(L + kz[RH])  (9)
D, = kil (kg + ko) (10)

where the competition between the rate of deprotonation from
the alkylbenzene radical catioky( and the back electron transfer
(kp) from AcrH- to the alkylbenzene radical cation determines
the limiting quantum yield. The deprotonation reactivity from
the radical cation decreases with increasing electron donor
property of alkylbenzenes, because of the stabilization of the
cationic charge. Thus, the strongly electron donating alkyl-
benzenes have the lod., values despite the diffusion-limited
values ofkops andky as shown in Table 2. In addition, thi,
values in MeOH are generally larger than those in MeCN, since
the deprotonation from alkylbenzene radical cation may be
facilitated in MeOH because of the high solvating ability of
MeOH to H" as compared to that of MeCN. Thus, the
deprotonation from alkylbenzene radical cations is an important
step in determining the limiting quantum yields. The decrease
in the ®,, values with an increase in the electron-donor ability
of alkylbenzenes (Table 2) may be ascribed to the decrease in
the deprotonation rate constakd)(as the acidity decreasg$1°
Thus, no photoaddition g-MeOGH4Me, the strongest electron
donor employed in this study, with AcrHoccurs because of
the slow deprotonation rate as compared with the fast back

{alectron transfer despite the efficient fluorescence quenching

of AcrH™ by p-MeOGH4Me (Table 2).

Stereoelectronic Effects on Intra- and Intermolecular
Competition in Deprotonation from Alkylbenzene Radical
Cations. The photoaddition ofp-ethyltoluene vyields two
different adducts, 9-(4-ethylbenzyl)-10-methyl-9,10-dihydroacri-
dine (Me-add) and 9-(4-methyl-methylbenzyl)-10-methyl-9,-
10-dihydroacridine (Et-add) as shown in eq 11. In such a case

N N
C/—CHgMe (;—CHs
\ CH, hv H CH, H_CHMe
. _ CheMe N N
Me Me Me
(ethyltoluene) (Me-add) (Et-add)

the product ratio (Me-add/Et-add) directly gives the ratio of the
deprotonation rate constant frgorethyltoluene radical cation,
since the other terms such as the forward and back electron
transfers are common. The results of such intramolecular
competition ofp-, m-, and o-ethyltoluenes ang-, m-, and

(38) (a) Wayner, D. D. M.; McPhee, D. J.; Griller, D. Am. Chem.
S0c.1988 110, 132. (b) Sim, B. A.; Milne, P. H.; Griller, D.; Wayner, D.
D. M. J. Am. Chem. S0d.99Q 112,6635.

(39) (a) Fukuzumi, S.; Tokuda, Y.; Kitano, T.; Okamoto, T.; Oterd, J.
Am. Chem. S0d.993 115,8960. (b) Fukuzumi, S.; Koumitsu, S.; Hironaka,
K.; Tanaka, T.J. Am. Chem. Sod.987, 109, 305.
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Table 5. Intramolecular Competition of Deprotonation from Table 6. Photooxygenation of Alkylbenzenes with,Catalyzed
Ethyltoluenes (2.7 1072 M) and Cymenes (2.4 1072 M) in the by AcrH* (1.0 x 1072 M) in O,-Saturated CECN at 298 K
Photoaddition Reactions with AcfH8.5 x 10-3 M) in Deaerated alkylbenzene time
CDLN/DO (3:1 viv) : (concentration, M) (h) product (yield, %)
product (yield, %) PhMe (3.1x 10°9) 6 PhCHO (69)
alkylbenzene Me-add Et-add ‘Rdd PhMe (3.1x 1073P 18 PhCHO (74)
. PhEt (3.3x 1079 6 PhCOMe (52), PhCH(OH)Me (46)
ﬁfg&{/‘lﬂﬁﬁ 10 ggg I gggg [79] PhEt (3.3x 109 18  PhCOMe (34), PhCH(OH)Me (29)
PhP(3.1x 1072) 6 PhCMeOH (49), PhCOMe (25)
o-ethyltoluene 23 (24) 77 (76) PhCMeOOH (6), MeCO (6)
p-cymene 45 (48) [45] 55 (52) [55] PhCMGOOCMaPh (4)
m-cymene 50 (50) 50(50) PhPF (3.1 x 10°2)b 18 MeCO (76)
o-cymene 100 (100) 0(0) ’

p-MeCeHs (3.3x 109 6  p-MeCeH4CHO (66)

2The values in parentheses refer to product yields obtained in the
photoaddition of ethyltoluenes (2:¢ 1072 M) or cymenes (2.4 102
M) with AcrH™ (6.4 x 1072 M) in deaerated CEDD. The values in
brackets refer to product yields obtained in the intermolecular competi-
tion of ethylbenzene (1.02 10~* M) and cumene (9. 1072 M) vs at 77 K. Thus, there may be no preferred conformation of the

toluene (1.18< 10°* M) in the photoaddition with AcrH (8.0 x 1073 isopropyl group with respect to the benzene ring at 298 K, in
M) in deaerated CECN/D:O (3:1 viv). agreement with the absence of the stereoelectronic effects.

It should be noted, however, that no adduct via the depro-
tonation from the isopropyl group is obtained in the case of
o-cymene (see Table 5). The heat of formation values calculated
by the PM3 metho# indicate that the adduct derived from the
deprotonation from the isopropyl group ofcymene radical
cation is less stable by 14 kcal méithan that from the methyl
group. Thus, the diminished deprotonation reactivity of the
isopropyl group ob-cymene radical cation may be ascribed to
the pronounced steric effects operating in the-G@ bond
formation step between the sterically hindered tertiary radical
%nd the acridinyl radical.

However, we cannot discard the possibility that such de-
creased reactivity of the isopropyl group is due, at least in part,
to the stereoelectronic effects in the case-alymene. In order
to evaluate the stereoelectronic effects in such a case, we
examined the AcrH-catalyzed photooxygenation of alkylben-
zenes with oxygen, since there is ne-C bond formation step
in the photooxygenation reactiomide infra).

AcrH *-Catalyzed Photooxygenation of Alkylbenzenes with
Oxygen. The oxygenation of the alkyl group of alkylbenzenes

a|rradiated with a high-pressure mercury lamp through an acetophe-
none-methanol filter transmitting > 300 nm.? [HCIO,] = 0.19 M.

o-cymenes in MeCN containing 4@ and in MeOH are
summarized in Table 5. The yields of the adducts are about
the same for the photoaddition reactions in MeCN and MeOH.
The intermolecular competition was also performed between
toluene (1.18< 101 M) and ethylbenzene (1.02 10~ M) as
well as between toluene (1.2810°1 M) and cumene (9.0&
1072 M) for the photoaddition with Acr® (8.0 x 1073 M).
The difference in the quenching efficiency between two alkyl-
benzenes] and2, was corrected on the basis of the dependence
on the quencher concentration using the fluorescence quenchin
constants of the two alkylbenzends,; (and Kz, respectively).
Thus, the ratio of the deprotonation reactivity from two
alkylbenzene radical cation®;" and2**, was determined from
the product ratio of-add2-add timeK[2](1 + K4[1])/[K4[1]-
(1 + K5[2])]. The deprotonation reactivity ratios derived from
such intermolecular competition are also listed in Table 5, where
the values of the intermolecular competition agree well with
those of the intramolecular competition. Such agreement
indicates that there is no significant difference in the rate of
the back electron transfer process in the intermolecular Compet"occurs when the photochemical reaction of Atrwith alkyl-

tion between two monoalkylbenzenes. This is consistent with : . . .
benzenes is carried out in the presence of oxygen. The yields

a recent report on the rate constant§ of chk electron transferof the oxygenated products are shown in Table 6. In the case
from 1,2,4,5-tetracyanobenzene radical anion to alkylbenzene

. : S - - o of the photooxygenation of cumene, cumene hydroperoxide is
radical cations, which increase only slightly with a significant - !
. B . detected as the initial photooxygenated product which decom-
decrease in the oxidation potentials of alkylbenzefies. ield the oth d orod Table 6). In th
In Table 5, the significant amount of product via the poses to yield the other oxygenated products (. avle )- In the
de rotonation’from the isoproovl aroun is observed. in sharp PrESence of HCI@ the acid-catalyzed decomposition of cumene
corF:trast 10 the DENVIous rgsu?é'r?dicagin the absénce of P hydroperoxide gives acetone and phenol. The rate constants
=P S 9 . of fluorescence quenching of Acrtby alkylbenzenes as well
stereoelectronic effects of the isopropyl group. The relative h ield 50 d ined i d
reactivity of isopropyl to ethyl to methyl is 3.7:7.9:1 after as the quantum yields were also determined in oxygen-saturate
y I T MeCN2#3 Figure 6 shows the comparison of the quantum yields
correction for the statistical factor. The heat of formation values

of toluene, ethylbenzene, cumene, and the correspondin radicafor the photochemical reactions of toluene with Acrkh the
. 2 Sty L ’ P g radicag,pcence and presence of oxygen as a function of the toluene
cations with various dihedral angles between the benzylic ring

and the plane of the benzene ring were calculated by the PMSconcentration, demonstrating the similar dependence in the
method®? The calculation indicates that the rotation barriers absence and presence of oxygen. The guantum yields obeyed

. the same kinetic formulation as employed for the photochemical
of the isopropyl group are only 1.7 and 1.6 kcal mofor : . ;
: . . . reactions of AcrH with alkylbenzenes in the absence of oxygen
cumene and the radical cation, respectively, which are not

S (i.e., eq 7). Thed, andkeps values of the photooxygenation
fr:%?*l??grn :lc))/IJzagee;rsgiﬂetﬁgzi;fc?t?o%e‘lt'rr?{el glgoFtlsvc()(r)I.(Ibkcal reactions were obtained as 0.19 and 480° M"* 5! for
> .y OrK Dy toluene, and 0.06 and 1:2 10 M~ s71 for p-xylene. These
Symon$? has demonstrated that free rotation of the isopropyl

. ; CoT T values agree well with those obtained in the photoaddition

group is possible even at 130 K although the rotation is hindered reaction in the absence of oxygen (0.13 and:3.8° M1 1

(40) Arnold, B. R.; Noukakis, D.; Farid, S.; Goodman, J. L.; Gould, 1. for toluene and 0.04 and 1.4 10 M1 s for p-xylene).
R.J. Am. Chem. S0d.995 117, 4399.

(41) There are two energy minima for cumene radical cation: oneisthe (42) Rao, D. N. R.; Chanda, H.; Symons, M. CJRChem. Soc., Perkin
conformation with hydrogen being perpendicular to the plane of the benzene Trans. 21984 1201.
ring and the other is that with the methyl group perpendicular to the plane  (43) The singlet excited state of Actthas been reported to be quenched
of the benzene ring. The energy of the former is 1 kcal lower than that of slightly by triplet oxygen: Kikuchi, K.; Sato, C.; Watanabe, M.; lkeda, H.;
the latter. Takahashi, Y.; Miyashi, TJ. Am. Chem. S0d.993 115 5180.
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Figure 6. Dependence of the quantum yield®)(on [RH] for the
photochemical reaction of AcrH(3.0 x 10 M) with toluene in
deaerated MeCN containing.@ (0.55 M) ©) and in Q-saturated
MeCN containing HCIQ (5.8 x 1072 M) (@) at 298 K.
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evaluated from intramolecular competition of the AcrH
catalyzed photooxygenation of ethyltoluene and cymene with
oxygen. The photooxygenation gf-ethyltoluene gavep-
ethylbenzaldehyde (18% yield on the basis of the conversion),
p-methylacetophenone (43%), and 1-(4-methylphenyl)-1-ethanol
(39%) at 38% conversion.

From the product distribution, the relative reactivity of ethyl
to methyl after correction for the statistical factor is determined
as 6.8:1, agreeing with that determined from intramolecular
competition of the photoaddition reaction (7.9:de supr3.

This indicates that the €C bond formation step in the
photoaddition of ethyltoluene is not affected by the steric effects
between the deprotonated radicals and AcrH

The photooxygenation gi-cymene gave-isopropylbenzal-
dehyde (12% vyield on the basis of the conversiop),
methylacetophenone (55%), and acetone (33%) at 41% con-
version. From the product distribution, the relative deprotonation
reactivity of isopropyl to methyl after correction for the statistical
factor is determined as 22:1, which is much larger than that
determined from intramolecular competition in the photoaddition
reaction ofp-cymene in the absence of oxygen (3.7zide
suprd. The heat of formation values calculated by the PM3
method! indicate that the adduct derived from the deprotonation
from the isopropyl group of- andm-cymene radical cation is
less stable by 8.6 kcal miol than that from the methyl group.
This indicates that the €€C bond formation between Acrtdnd
the hindered radicals deprotonated from the isopropyl group of
the radical cations is affected by the steric effects. In contrast
to the C-C bond formation, there may be fewer steric effects
in the C-0O bond formation of the deprotonated radicals with
oxygen. Thus, the relative deprotonation reactivity of isopropyl
to methyl (22:1) may be regarded as the actual value without

Such agreement indicates that the rate-determining step isthe influence of the steric effects in the bond formation step.
common in both cases, i.e., photoinduced electron transfer fromThe same relative reactivity of isopropyl to methyl (22:1) is

alkylbenzenes tdAcrH*™* as shown representatively for the

AcrH*-catalyzed photooxygenation of cumene in Scheme 2. The

photoinduced electron transfer may be followed by the depro-
tonation of cumene radical cation to produce cumyl radical in
competition with the back electron transfer to the reactant pair.
In the absence of oxygen, the coupling of cumyl radical with
AcrH* gives the adduct, while in the presence of oxygen cumyl
radical may be trapped efficiently by oxygen to give cumyl-
peroxyl radical which is reduced to yield cumene hydroperoxide
by the back electron transfer from AcyHaccompanied by
regeneration of Acri.* The cumene hydroperoxide decom-

derived from the photooxygenation ofcymene.

In the case of the photooxygenation ofcymene, only
o-isopropylbenzaldehyde was obtained at 100% vyield on the
basis of the conversion (20%). Despite the fewer steric effects
on the C-O bond formation of the deprotonated radicals with
oxygen, no oxygenated products were derived from the depro-
tonation of the isopropyl group. The heat of formation values
calculated by the PM3 meth&dndicate that the deprotonated
radical from the isopropyl group a-cymene radical cation is
more stable by 6 kcal mot than that from the methyl group.
Thus, the absence of oxygenated products via the deprotonation

poses to the other oxygenated products as shown in Table 6from the isopropyl group ob-cymene radical cation despite

Although the comparablé., and kq,s values in the absence

the favorable thermodynamic stability of the deprotonated

and presence of oxygen indicate that there is no significant tertiary radical may be ascribed to the stereoelectronic effects

contribution of autoxidation (radical chain reactions) of alkyl-

in this particular case. The methyl group at trého position

benzenes in the photooxygenation reactions, the formation ofmay prevent the orientation where the-B, bond of the
small amounts of peroxides in the case of photooxygenation of isopropyl group is collinear with the aromatig-system,
cumene suggests some minor participation of the autoxidationresulting in the significant decrease in the deprotonation

in this particular case.
According to Scheme 2, the limiting quantum yiel@s are

reactivity of the isopropyl group.
In conclusion, the reactivity ratio of the deprotonation from

determined by the competition between the deprotonation of alkylbenzene radical cations increases in the order methyl
alkylbenzene radical cations and the back electron transfer fromethyl < isopropyl for thep- and mrisomers, and the strong

AcrH*. Thus, the difference in the deprotonation reactivity from
alkyl groups of alkylbenzene radical cations can also be

(44) The transient absorption of AcrHn Figure 2 was decreased
significantly in the presence of oxygen, suggesting that Agldiso trapped
efficiently by oxygen. In such a case AcrHO@ay be combined with
cumyl radical to give the peroxide which decomposes withtblyield the
final products. At present, however, it cannot be distinguished whether cumyl
radical and/or Acriis trapped by oxygen.

stereoelectronic effects appear in the case of the deprotonation
from the isopropyl group ob-cymene radical cation.
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