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Photocatalytic oxygenation of tetraphenylethylene (TPE) with oxygen occurs efficiently via electron-transfer reactions of TPE and oxygen with

a photogenerated electron transfer state of 9-mesityl-10-methylacridniium ion, followed by the radical-coupling reaction between TPE radical

cation and O ,*~ to produce 1,2-dioxetane selectively. The further photocatalytic cleavage of the O -0 bond of dioxetane affords benzophenone
as the final oxygenated product.

1,2-Dioxetanes have attracted considerable interest becaus&o electron poor to react witt©,, however, no oxygenated

of the key roles in chemiluminescence and biolumines- products were obtained. For example, it was reported that
cencel? which have a broad range of biological, chemical, no products were formed in an oxygen-saturated acetonitrile
and medical applicatior’s® The most common preparation  solution of tetraphenylethylene (TPE) in the presenc@ef

of 1,2-dioxetanes is through the formal422] cycloaddition sensitizers under photoirradiatiéh.

of singlet oxygen i0;) to electron-rich alkene®’ Diaste- We report herein that the photocatalytic oxygenation of
reoselective formation of dioxetanes has also been achievedTPE with G, occurs efficiently with 9-mesityl-10-methyl-
by a chiral-axially induced [2- 2] cycloaddition of*O, with acridinium ion (Acr-Mes) via the radical coupling between

a chiral allylic alcohol and enecarbamate¥ If alkenes are TPE radical cation (TPE) and Q*~, both of which were
produced by electron-transfer reactions of TPE apdvith
(1) (@) Schuster, G. BAcc. Chem. Red979,12, 366. (b) Vysotski, E. the photogenerated electron-transfer state of Ades (Acr-

S.; Lee, JAcc. Chem. Re2004,37, 405. _ _ Mes™),2leading to successful isolation of the corresponding
(2) Isobe, H.; Takano, Y.; Okumura, M.; Kuramitsu, S.; Yamaguchi, K.

J. Am. Chem. So005,127, 8667.

(3) Active Oxygen in Chemistryroote, C. S., Valentine, J. S., Greenberg, (8) Adam, W.; Saha-Mdller, C. R.; Schambony, SJBAm. Chem. Soc.
A., Liebman, J. F., Eds.; Blackie Academic and Professional: New York, 1999,121, 1834.
1995; Vol. 2. (9) (a) Adam, W.; Bosio, S. G.; Turro, N. J. Am. Chem. So2002,

(4) Adam, W. Four-Membered Ring Peroxides: 1,2-Dioxetanes and 124, 8814. (b) Poon, T.; Sivaguru, J.; Franz, R.; Jockusch, S.; Martinez,
-Peroxylactones, The Chemistry of Peroxideatai, S., Ed.; John Wiley & C.; Washington, I.; Adam, W.; Inoue, Y.; Turro, N.J. Am. Chem. Soc

Sons, Ltd.: New York, 1983; Chapter 24, pp 8220. 2004,126, 10498.

(5) (&) Mayer, A.; Neuenhoefer, 8ngew. Chem., Int. Ed. Endl994, (10) For other methods of the stereoselective dioxetane formation, see:
33, 1044. (b) Adam, W.; Reinhardt, D.; Saha-Mdller, C. ARalyst1996, Avery, M. A.; Jennings-White, C.; Chong, W. K. M. Org. Chem1989,
121, 1527. 54, 1789.

(6) Wilson, T.; Schaap, A. Rl. Am. Chem. S0d 971,93, 4126. (11) Burns, P. A.; Foote, C. 9. Am. Chem. S0d.974,96, 4339.

(7) Frimer, A. A. Singlet OxygenVolume 2: Reaction Modes and (12) Fukuzumi, S.; Kotani, H.; Ohkubo, K.; Ogo, S.; Tkachenko, N. V.;
Products, Part I; CRC Press: Boca Raton, 1985. Lemmetyinen, HJ. Am. Chem. So@004,126, 1600.
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1,2-dioxetané? It was confirmed that no oxygenation occurred in MeCN; however, the rate is much slower than
occurred in an @saturated solution of TPE containingsC  the case in CHGl The product yield in MeCN was
or tetraphenylporphyrin a%, sensitizers instead of Atr determined to be 156% after 2 h photoirradiation. The
Mes under otherwise the same experimental conditions, i.e.,quantum yields (®) of the formation of the dioxetane were
photoirradiation time, concentration of TPE, and solént. determined from the formation rate of benzophenone under
Visible light irradiation ¢ > 430 nm) of the absorption irradiation of monochromatized light of = 430 nm. The
band of Acf-Mes (2.0 x 102 M) in an O,-saturated @ values were the same at different oxygen concentrations.
chloroform (CHCH}) solution containing TPE (1. 1072 The ® value increases with an increase in concentration of
M) results in formation of the oxygenation products, i.e., TPE to approach a limitting valueb,) (Figure 2a)t’ The
dioxetane after 30 min irradiation by a 500 W xenon lamp.

The photoirradiation time profiles are shown in Figure 1. || NG
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Figure 1. Photoirradiation time profiles of photooxygenation of

TPE (1.5x 102 M) in the presence of A¢eMes (5.0x 10-3 M) linear plot of ®~* and [TPE}* in accordance with eq 1 is
in O,-saturated CDGI(0.6 mL). shown in Figure 2b. From the intercept in Figure 2b, the
& '=ad_ "1+ constx [TPE] Y (1)

The dioxetane is converted to benzophenone quantitatively
(199% based on the consumption of TPE) at prolonged
irradiation time (Figure 1). d,, value is determined as 17% in CHCThe @, value is

The photocatalytic oxygenation of TPE with,@n a also determined in MeCN as listed in Table 1.
preparative scale (60 mg, 18 104 mol) with Acr-Mes

(3.8 mg, 8.7 10-° mol) in chloroform (2.0 mL) was aiso |
performed to isolate the corresponding 1,2-dioxetane (27%aple 1. Rate Constants of Electron Transfég @ndk's) and
yield) after 4 h of photoirradiation at 278 K. The dioxetane Radical Coupling (8, Limiting Quantum Yield (..), and

was characterized By NMR, 13C NMR, and IR spectr&:16 Product Yields of Benzophenone
The purity of dioxetane was 99%, estimated byH NMR

. . . MeCN CHCl;
(see the Supporting Information). Photooxygenation also
Ret, M~ 571 7.2 x 108 2.5 x 10°
! 141 8 8
(13) For the [4+ 2] cycloaddition of anthracene radical cation withtQ Ket, 1\1[1 i 6.8 x 1010 3.8 x 109
see: Kotani, H.; Ohkubo, K.; Fukuzumi, $. Am. Chem. So004,126, ke, M7t s 1.0 x 10 6.0 x 10
15999. Do, % 2.2 17
(14) Very slow reaction of TPE withO, has been reported. Rio, G.; product yield,* % 156° 199¢
Berthelot, J.Bull. Chem. Soc. Fr1969, 3609.
(15) Typically, a chloroform solution (2 mL) containing AcMes (3.8 aBased on the consumption of TPE and determined fishiNMR.

mg, 8.7x 10-6 mol) and TPE (60 mg, 1.& 10~* mol) in a Schlenk flask b After 2.0 h of photoirradiation¢ After 1.5 h of photoirradiation.
with a rubber septum was saturated with oxygen by bubbling with oxygen
through a stainless steel needle for 20 min. The solution was then irradiated
with a 500 W xenon lamp (Ushio Optical ModelX SX-UID 500XAMQ)
through a color filter glass (Asahi Techno Glass Y43) transmitfing Nanosecond laser excitation at 430 nm of a deaerated

430 nm at 278 K. Afte5 h of photoirradiation, the corresponding dioxetane . . .
was isolated by silica gel column chromatography (hexane/chloroform v/v CHClI; solution of Acr'—Mes results in formation of the

2/1) as a pale yellow solid (27% yield). The product is moisture sensitive. electron-transfer state (AerMes™) via photoinduced elec-

Tetraphenylethylene dioxetan#! NMR (300 MHz, CDC}) ¢ 7.14—7.18 ; ; ;

(m, 12H), 7.2227.28 (m. BHFC NMR (600 MHz. GDGh) 8 97.77 (C— tron transfer from the Mes moiety to the singlet excited state

0), 127.39, 127.57, 127.69, 140.16; IR(KBr) 956<0), 1010 (C-O)

cmL; mp 93-95 °C. (17) A standard actinometer (potassium ferrioxalate) was used for the
(16) Caution! Dryness of dioxetane may result in explosion. All prepara- quantum yield determination of the photocatalytic oxygenation of TPE with

tion should be handled with care and dioxane used only in small quantities O,.
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s of a chloroform solution of TPE (1.& 103 M) and Acrt-

Mes (1.0 x 10* M) at 233 K (g = 2.1050 andgy =

@) g4 (b 500 2.0032)?* The transient absorption band of TPHElecays
Pl ] second-order kinetics as shown in Figure 3d. The second-
/” sy order rate constank{) was determined as 6.2 10° M~!
=" / \‘.-.‘_'f-—'___FrPEhSMO*M g s s 1which is close to the diffusion-limited value in CHCF
5 e - The bimolecular process involves both the radical coupling
Y OO SO ... ORI & between TPE and Q' to afford the corresponding di-
3 — oxetane and the back electron transfer froeT @ TPE*
b to regenerate the reactant pair (Scheme 1).
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Figure 3. (a) Transient absorption spectra observed in photo-
induced electron-transfer oxidation of TPE (0.05 M) with Acr
Mes (6.0x 1075 M) taken 2.0us after laser excitation at 430 nm K Acr—Mes™ | k TPE + O

in deaerated CHGlat 298 K. (b) Time profiles at 600 nm with o ot

single-exponential curve. (c) Plot of pseudo-first-order rate constant k

(kob9 VS concentration of TPE. (d) Decay time profile at 490 nm ph pn T ¢ 0-0
observed in photoinduced electron-transfer oxidation of TPE (0.05 0, + e _— Ph)—kph
M) with Acr*-Mes (6.0x 10-5 M) in O,-saturated CHGI Inset; PH  Ph Ph Ph
second-order plot.

of the Acrt moiety as shown in Figure 3a (closed circles).  Rate constants of electron transfer and the radical coupling,

Since the one-electron reduction potential of Advles™ the quantum yields, and the product yields in MeCN and
(Eres = 1.88 V vs SCEY is more positive than the one- CHCI; are summarized in Table 1.
electron oxidation potential of TPEE{ = 1.31 V vs SCE The Eo andEq values of the dioxetane were determined

in CHCl),'8 electron transfer from TPE to the Mésnoiety by second-harmonic ac voltammetry (SHACV) as 1.56 and
in Acr-Mest is energetically feasible. Thus, the addition —0.95 V vs SCE, respectively. THg&y value is less positive
of TPE to a CH{ solution of Acr-Mes and the laser  than theE.qvalue (1.88 V vs SCE} of the Mes™ moiety
photoirradiation results in formation of TPE(Amax = 490 of Acr-Mes*, whereas theE,, value of the Acr moiety
nm, e = 9800 M* cm™1)1%20 as shown in Figure 3a (open (—0.57 V vs SCE) is less negative than tBg, value of the
circles). The formation rate of TPEobeyed pseudo-first-  dioxetane. In such a case, the dioxetane may be oxidized by
order kinetics, and the pseudo-first-order rate constap) (  Acr-Mes* rather than by being reduced to produce the
increases linearly with increasing concentration of TPE dioxetane radical cation, which undergoes the@bond
(Figure 3b,c). The second-order rate constlgtdf electron homolysis to produce benzophenone and the radical cation
transfer from TPE to AcrMes™ is determined as 2.5 10° as shown in Scheme 2. The benzophenone radical cation may
M~1s1in CHCIs, which is close to be the diffusion-limited be reduced by A¢iMes to produce another benzophenone
value as expected from the exergonic electron transfer. Themolecule, accompanied by regeneration of Algtes (Scheme
second-order rate constant of electron-transfer reduction of2).
O, (K'ep by the Acr moiety was also determined as 3x8 The thermal oxygenation reaction of TPE with oxygen has
1 M1 stin CHCI. previously been proposed to proceed via radical chain
The formation of @~ was confirmed by ESR, which was processes as shown in Schemé®Z. The dioxetane is
measured in frozen CHg¢At 123 K after the photoirradiation assumed to be produced by direct oxygenation of the

(18) The electrochemical measurements were performed on a BAS 630B  (21) (a) Bagchi, R. N.; Bond, A. M.; Scholz, F.; StosserJRAM. Chem.

electrochemical analyzer in deaerated Cit@intaining 0.20 M ByNCIO, Soc.1989,111, 8270. (b) Ohkubo, K.; Menon, S. C.; Orita, A.; Otera, J.;
as a supporting electrolyte at 298 K. Fukuzumi, SJ. Org. Chem2003,68, 4720.

(19) Rathore, R.; Kumar, A. S.; Lindeman, S. V.; Kochi, J.XOrg. (22) Kavarnos, G. J. Ifundamental of Photoinduced Electron Transfer
Chem.1998,63, 5847. Wiley-VCH: New York, 1993.

(20) The concomitant decrease in the absorption band due to thre Mes (23) (a) Nelsen, S. F.; Akaba, R. Am. Chem. S0d 981,103, 2096.
moiety of Acr-Mes* is overlapped with an increase in the absorption band (b) Nelsen, S. F.; Kapp, D. L.; Akaba, R.; Evans, D.JdAm. Chem. Soc.
at 490 nm due to TPE; see ref 13. 1986,108, 6863.
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Scheme 2
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o Figure 4. (a) ESR spectrum of TPE dioxetane radical cation
e observed under irradiation of a deaerated GH40lution containing
PR "Ph - TPE dioxetane (3.6 1073 M) and Acrt-Mes (3.7x 1072 M) at
o-o 1" 0-0 223 K measured at 143 K (frozen). (b) The SOMO orbital of TPE
§2>‘—'<E2 §2>‘—'<E2 dioxetane radical cation, calculated by the DFT method using the

B3LYP/6-31G* basis set.

dioxetane radical cation with OHowever, the saturated formation of TPE dioxetane radical cation was also con-
dependence ob on [TPE] in Figure 2a (and also on P firmed by ph_otoinducgd electrop—transfer oxidation _of TPE
indicates that such an electron-transfer radical chain procesdlioxétane with the singlet excited state of 9,10-dicyano-
(Scheme 3) is not operative as the major pathway under thenthracene'Eeq = 1.97 V vs SCE) in frozen deaerated

present photocatalytic reaction conditions. If the chain CHClat 143 K. The resulting ESR signal was virtually same
process in Scheme 3 were the major pathway dhealue as that shown in Figure 4a. The SOMO (singly occupied

would increase linearly with increasing concentration of TPE Molecular orbital) of dioxetane radical cation involves O
or O, o antibonding orbital (Figure 4b). This may be the reason

for the facile cleavage of the-©0 bond of the dioxetane
radical catior?®
In conclusion, Act-Mes acts as an efficient photocatalyst

Scheme 3 for the oxygenation of TPE with Qwhich proceeds via the
0-0 ph ph T radical coupling between TPEand Q*~ to yield the 1,2-
Ph Ph >=< 0, dioxetane. The final product (benzophenone) is obtained from
Ph Ph PR Ph the O—0 bond cleavage of the 1,2-dioxetane radical cation
by the electron-transfer oxidation.
Ph  Ph o0 * - -
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The formation of the dioxetane radical cation was con- ) ) _
firmed by ESR (electron spin resonance) measurements under Supporting Information Available: *H NMR spectrum
photoirradiation at low temperature. A deaerated chloroform ©f TPE dioxetane. This material is available free of charge
solution of Acr-Mes (3.7x 102 M) with TPE dioxetane Vi@ the Internet at http://pubs.acs.org.
(3.0 x 102 M) was irradiated by a high-pressure Hg lamp oLo51696+
at 223 K. The resulting ESR spectrum observed at 143 K is

shown in Figure 4a, which exhibits anisotropic signalgat ggg%ﬁ =EES@JE{+_ ZQDI)IS- et o _ < than th
— _ : : : e signal due to AeMes, which is more isotropic than the
= 2.020 andgy = 2.004. The isotropig value (Go) is dioxetane radical catiol, may be overlapped with that of the dioxetane

determined as 2.009= 0.0012°26 which agrees with the  radical cation around = 2.004.
i i i (27) The isotropicg value of the dioxetane radical cation of adaman-
reported value of a dioxetane radical cation (Z'OG@%e tylidenadamantane has been reportedias= 2.0099; see: Nelsen, S. F;
Kapp, D. L.; Gerson, F.; Lopez, J. Am. Chem. S0d.986,108, 1027.
(24) Clennan, E. L.; Simmons, W.; Alimgren, C. \l..Am. Chem. Soc. (28) C—0 bond cleavage of dioxetane radical cation; see: Kamata, M.;
1981,103, 2098. Kaneko, J.; Hagiwara, J.; Akaba, Retrahedron Lett2004,45, 7423.
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