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Abstract --- Irradiation of styrene (5) in the presence of pyrimido[5,4-g]- 
pteridine IO-oxide (1) with u.v.-visible light resulted in the formation of 
styrene oxide (6) and phenylacetaldehyde (7) which are proved as primary 
metabolites of (5). Chemical and physico-chemical facts showed that the photo- 
oxygenation of (5) by (1) involves an initial single-electron transfer followed 
by oxygen-atom transfer, accommodating the oxygenation mode of cytochrome p-450 
and other hemoproteins. Comparative experiments with 3-methylpyridazine 2-oxide 
(3)and pyridine l-oxide (4)demonstrated the simplicity and the mechanistic 
characteristic of the photooxygenation by (1). 

The complex photochemistry of heterocyclic l-oxides is classified as intramolecular 

rearrangement of the l-oxide function or oxygen-atom transfer (deoxygenation). 1 

Although the latter reaction has been considered to be a simple chemical modelforthe 

biological oxygenations by hepatic microsomal monooxygenases, e.g., cytochrome p-450, it 

usually occurs only as a minor process in the photochemical reactions of the x-oxides and 

its mechanism is not always unequivocal. 

Some authors favour the oxygen-atom transfer by a collision mechanism between a photo- 

excited E-oxide (or its oxaziridine isomer) and the substrates. 2b Currently a majority 

of authors tend to believe that an atomic oxygen is generated after photoexcitation of 

theI&oxides andthenintercepted by the substrates.(oxene mechanism)3-5 It is also 

generally accepted that a singlet-excited state of the!-oxides is responsible for the 

intramolecular rearrangement y& an oxaziridine intermediate, whereas a triplet-excited 

state of the E-oxides plays a significant role for the generation of the atomic 

oxygen. 1, 6, 7 

Our previous articles * have documented that a novel heterocyclic g-oxide, 

pyrimido[5,4_g]pteridine IO-oxide (1),9 transfers its oxygen to the various electron-rich 

substrates under photochemical conditions most reasonably & an initial single-electron 

transfer (s.e.t.> process without accompanying appreciable intramolecular rearrangements. 

For example, the photooxygenation of benzene, toluene, and anisole by (1) has been proved 

to occur cleanly via the s.e.t. - from the benzene derivatives to a singlet-excited (1). lo 
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Thus, the &-oxide (1) appears to possess characteristic photochemical reactivities among 

the heterocyclic l-oxides so far investigated. It is noticeable that the photooxygenation 

by (1) formally parallels the biological oxygenations by cytochrome p-450, which can be 

unified in most cases by the involvement of the initial s.e.t. from substrates to the 

oxidising species symbolised by [Fe'"=O]+'. 11* l2 

Metabolic activation of styrene (5) has been extensively studied in view of its 

carcinogenicity. mutagenicity, neurotoxicity, and cytotoxicity. 13 Oxygenation of (5) by 

hemoproteins such as cytochrome p-450, hemoglobin, and chloroperoxidase to give styrene 

oxide (6) and phenylacetaldehyde (7) has been well documented and its mechanism also has 

been discussed. 12* l4 

The photooxygenations of (5) by 3-methylpyridazine 2-oxide (3) 3b and pyrldine E-oxide 

(4) 2a in methylene chloride have been reported to give (6) and acetophenone in low 

yields, respectively. 

In the continuation of previous works, we called attention to evaluate the photo- 

chemical reaction of (5) with (1)as a chemical mimic of hemin-catalysed oxygenation. 

Comparative experiments using (3) and (4), which oxygenate the substrates via the oxene - 

mechanism, well demonstrated the simplicity and the mechanistic characteristic of the 

photooxygenation by (l)as a chemical mimic for the biometabolism of (5)leading to (6) 

and (7). 
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A solution of (5)[500 mmol] in acetonitrile containing (l)[Xmax: 370 (E= 2.2x104)nm] 

[5 mmol] was irradiated with u.v.-visible light through a BiC13 solution filter (>355 nm) 

at ambient temperature under argon atmosphere for 10 min. During this period, 31 % of 

(1) was deoxygenated to give pyrimido[5,4_g]pteridine (2) 9 almost quantitatively without 

the formation of detectable other products originated from (1). Styrene oxide (6)and 

phenylacetaldehyde (7) were obtained as major oxygenated products in 49 % and 12 % yields 

(based on the consumed l), respectively. The yields and structures of these products 

were determined by g.c. and g.c.-mass analyses and spectral comparison with authentic 

samples. The yields of (6) and (7) were not optimised and elongation of the irradiation 

time caused the decrease of the conversion yields, suggesting the occurrence of further 

photooxygenation of (6) or (7) by (1). l5 No formation of a detectable amount of aceto- 

phenone isomeric with (7) was confirmed by careful g.c.-mass analysis. 

Addition of an excess amount of H2 180 to the photoreaction medium resulted in no 180 

incorporation to the oxygenated products (6) and (7), indicating that the oxygen-atom on 

the side-chain of the products (6) and (7) originates from the E-oxide (1) but not from a 

small amount of water containing in the medium. No conversion of (6) into (7) was 

observed under the photochemical conditions employed and the concurrent formation of (6) 

and (7) was also realised by product distributions in the irradiation-time course. 

Analogous irradiation of (5)[500 mmol] in the presence of thel-oxide (3)[&,,: 323 

(E= 1.4x104)nm][5 mmol] with 323 nm light for 10 min. resulted in the complete consumption 

of (3) and the formation of the oxygenated products (6)(40 I> and (7)(11 W). In this 

reaction, the deoxygenated pyridazine was obtained only in 52 % yield and the formation of 

other products derived from (3) was observed by g.c. analysis of the reaction mixture, 

suggesting the concurrent occurrence of the intramolecular rearrangements of (3) reported 

previously. 3g 4 4 Upon employment of pyridine l-oxide (4>[bax: 274 (E= 2.0x10 )nm] 2a as 

an oxidant, only trace amounts (<l % yields) of (6) and (7) were obtained after 

irradiation with 274 nm light for 10 min. 

Previous studies 2av 3b on the photooxygenations of (5) by (3)and (4)in methylene 

chloride have documented the formation of acetophenone instead of (7) as a minor product, 

respectively. However, the reinvestigation of the photoreactions of (5) with (3) and (4) 

in methylene chloride showed the formation of (7) rather than acetophenone. 

Thus, it is evident that the photooxygenation of (5) by the l-oxide (1) cleanly occurs 

in comparison with the cases of the N-oxides (3) and (4). 

In the photooxygenation of cyclohexene by (3) in methylene chloride, 4a the 

consumption rate of (3) has been found not to be affected by the presence of cyclohexene 

in the reaction medium, which supports the oxene mechanism via the direct liberation of - 

the atomic oxygen from the excited (3). The analogous phenomenon was observed in the 

photoreaction of (5) with (3)in acetonitrile. In sharp contrast, (1)in acetonitrile 

was very stable to u.v.-lights and addition of (5) to the solution resulted in the smooth 



4174 M. !hKo et al. 

consumption of (1) with a concentration-dependence under irradiation. This discrepancy 

suggests that the photooxygenation of (5) by (1) involves a reaction mode different from 

the oxene mechanism proposed for the photooxygenation by (3) and that is requisite of an 

appreciable interaction between (1) and (5). No formation of a charge-transfer complex 

between (1) and (5) in acetonitrile, however, was observed in the difference spectrum of a 

mixture of (1) and (5) vs (1). - 

Experiments for the wavelength-dependence showed that the photooxygenation of (5) by 

(1)occurs most efficiently by irradiation at around 365 nm which is near the longest 

u.v.-absorption band of (1). Quantum yields for the formation of (6) and (7) were 0.02 

and 0.005, respectively, under irradiation at 365 nm. The fluorescence of (l>(&,, : 

394 nm; rs- 2.95 ns) I6 in acetonitrile was effectively quenched by the addition of (5) 

to the medium. Stern-Volmer plots for the fluorescence quenching of (1) by (5) were 

linear (kqKs= 3.5 M-l) and the estimated rate-constant (kq- ca. l.2x10gH-1s-1)was near 

the diffusion-controlled limit. These facts indicate that a singlet-excited (1) is 

responsible for the present photooxygenation. 

The photoreaction of (5) with (1) was significantly suppressed with a concentration- 

dependence by the addition of a strong electron acceptor, tetracyanoethylene or tetra- 

cyanoquinodimethane, to the reaction medium. " The free-energy change (AGet= -9.60 kcal 

mol-') l8 roughly calculated for the s.e.t. from the electron donor (5)(Eox1/2= 1.91 V s 

SCE in acetonitrile) lg to the singlet-excited (l)[Eredl,2(l) = -0.97 V ~8 SCE in 

acetonitrile] suggests that the s.e.t. process is exothermic. These facts accommodate 

the involvement of the s.e.t. from (5) to the singlet-excited (1) in the initial stage of 

the photoreaction. 

Taking into consideration the above experimental facts and their mechanistic 

implications, a most conceivable reaction sequence for the photooxygenation of (5) by (1) 

is as shown in Scheme 2. 
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Excitation of (1) followed by the s.e.t. from (5) to the singlet-excited (1) generates 

styrene cation-radical (A) and l-oxide anion-radical (B). Coupling of the radical ions 

(A) and (B) results in the formation of a zwitterionic intermediate (C). High spin 

density on the methylene carbon atom in (A) *' and the coupling of photochemically 

generated radical-ion pair have been documented. *' Fragmentation of (C) could give rise 

to the products (2) and (6). 1,2-Hydrogen shift in (C) leads to a transient intermediate 

(D) which collapse to give (2)and (7). 

The present mechanism is alternative to the oxene mechanism for the photochemical 

oxygenation by the heterocyclic g-oxides such as (3) and (4) and formally parallels that 

proposed for the oxygenation of (5) catalysed by cytochrome p-450 and other 

hemoproteins, 12, 14 in that it involves the initial s.e.t. process. 

alNCUlSION 

As mentioned above, the l-oxide (1) oxygenates (5) more slowly than the case of the g- 

oxide (3) under the photochemical conditions to give the epoxide (6) and aldehyde (7) 

which are primary metabolites of (5). l4 The quantitative deoxygenation of (1) to (2), 

however, indicates that the photooxygenation by (1) occurs with the simplicity without 

accompaningthe photochemicalintramolecular rearrangements. Although the oxidised 

products (6) and (7) are in agreement with the cases of (3) and (4), the photooxygenation 

by (1) mimics well the biometabolism of (5) in the mechanistic point of view rather than 

the cases of (3) and (4). 

Studies on the construction of other heterocyclic E-oxides with such prominent 

functions are now in progress. 

Irradiation was carried out by using a 400 W high-pressure mercury arc lamp (Riko 

Kagaku Sangyo) through a BiC13 solution filter 0355 nm) at ambient temperature under 

argon atmosphere. A grating monochrometer (JASCO CRM-FA spectroirradiator) with 2 KW Xe 

lamp and 4 nm band width was used for the photoreaction of (5) with (3) or (4), for the 

wavelength-dependence experiments, and for the measurements of quantum yields. 

The spectroscopic measurements were performed with the following instruments; U.V. 

absorption spectra with Shimadzu-260 spectrophotometer; Mass spectra with a JEOL JMS-D 

300 machine operating at 70 eV; Fluorescence spectra with a Hitachi 650-60 spectrometer. 

G&c. analyses were performed with a Shimadzu GC-8APF instrument with 1.2 m column (PEG 

5 % on Uniport HP). T.1.c. analyses were performed on Silica gel plates (Silicagel 

7OF254 Plate-Wake) and by employment of the mixed solvent (benzene-ethyl acetate = 5:2). 
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T.1.c scanning was carried out with a Shimadzu CS-9000 Dual Wavelength Flying-spot Scanner 

(detection: 370 nm for land 2). ’ 

Photochemical Oxygenation of Styrene (5) by 1,3.6.8-Tetrabntyl-2,4,5,7(1~3~~~~~ 

pyrimido[5,dg]pteridinetetrone MI-Oxide (l), 3-Methylpyridazine Z-Oxide (3). or Pyridine 

E-Oxide (4). 

MPhotoreaction of (5) with N-Oxide (1). --- A mixture of (5)(0.29 ml, 2.5~10~~ q ol) in 

acetonitrile (5 ml) containing (1)(12.2 mg, 2.5~10~~ mol) was irradiated externally for 10 

min. T.l.c.and g.c.analyses of the reaction mixture showed 31 X consumption of (l)(by 

t.l.c.-densitometry, RF 0.27) and the formation of pyrimido[5,4_g]pteridine (2)(RF 0.37, 

almost quantitative yield), styrene oxide (6)(49 %), and phenylacetaldehyde (7)(12 X). 

The yields are based on the consumed (1). Retention time of (7) in g.c. was very close 

to that of acetophenone. The formation of (7), however, was distinguished clearly from 

that of acetophenone by comparison with fragmentation pattern in the mass spectra of 

authentic samples. 

Elongation of the irradiation time resulted in the decrease of the conversion yields 

of the products. The yields of the products (6) and (7) were as follows. Conversion 

yield (irradiation time): 32 X (20 min) and 25 % (30 min) for (6); 7 % (20 min) and 6 X 

(30 min) for (7). The oxygenation of (5) did not proceed in the dark (e.g. reflux for 

1 hr) or in the absence of (1). 

s Photoreaction of B with the N-Oxide 121 or & --- Under the conditions analogous to - --- - 

the case of (l), a solution of(5)[500 mmol] in acetonitrile containing (3)[5 mmol] was 

irradiated with 323 nm light for 10 min. T.1.c. and g.c. analyses of the reaction 

mixture showed the complete consumption of (3) and the formation of 3-methylpyridazine 

(52 %, by B.C.), (6)(40 X), and (7)(11 X). The formation of other products originated 

from (3) was detected by g.c. analysis of the reaction mixture. 

Analogously, irradiation of a solution of (5) and (4) in acetonitrile with 274 nm 

light resulted in the formation of (6)(1 X) and (7)(0.3 X) together with other products. 

Photooxygenation of (5) by (1) in the presence of H2180. --- A solution of (5)(0.29 

ml, 2.5~10~~ mol) and (1)(12.2 mg, 2.5~10~~ mol) in acetonitrile (5 ml) containing H2 180 

(l*O content- 99 %)(50 yl) was irradiated for 10 min under the conditions described above. 

T.1.c. and g.c. analyses of the reaction mixture showed 36 % consumption of (1) and the 

formation of (6)and (7)in 35 % and 10 X yields based on the consumed (l), respectively. 

No '80 incorporation into these products was confirmed by g.c.-mass analysis. 

Wavelength-Dependence Experiment for the Photochemical Formation of (6) from (5) by 

(1). --- A solution of (5)[500 mmol] and (1)[5 mmol] in dry acetonitrile was degassed 

carefully and irradiated at various wavelengths(339-392 nm, ca.9x107 erg-cm -2) f or 10 

min. The yields of (6) in these photoreactions were determined by g.c. analysis. The 

results were as follows. Yields (wavelength, nm): 12.5 4, (339). 14.5 % (365), 11.5 % 

(381), and 9.5 X (392). A charge-transfer band was not observed in the difference 



Photochemical oxygenation ofstyrene 4177 

spectrum of a mixture of (1)[5 mmol] and (5)[2.0 mol] s (1)[5 mmol] in dry acetonitrile. 

Qosntum Yields for the Formation of (6) and (7) in the photooxygenation of (5) by (1). 

--- The quantum yield measurement was carried out at 2O'C by using potassium ferrioxalate 

actinometry at 365 nm excitation. A solution of (5)[500 mmol] and (1)[5 mmol] in dry 

acetonitrile was purged well with argon. Under the conditions employed, the mixed 

solution absorbed more than 95 % of the incident light. After irradiation for 7 min. the 

formation of (6) and (7) was assayed by g.c. analysis. The quantum yields were estimated 

to be 0.02 for the formation of (6) and 0.005 for (7). 

Quenching Experiment of the Fluorescence of (1). --- Three samples of (1)[2 ~10~~ mol] 

in dry acetonitrile containing (5)[2.13~10-~ mol], [4.16x10-l mol], and [6.O9x1O-1 mol] 

were prepared. Fluorescence intensities of these samples obtained by the excitation at 

365 nm were measured at the emission wavelength of (1)(394 nm) and compared with the 

control. Stern-Volmer plots for the fluorescence-quenching of (1) by (5) were linear and 

the quenching-rate constant (kq) was estimated to be ca. 1.2~10' M-is-l (at room 

temperature) from the slope (kqIs= 3.5 M-l) and the measured fluorescence life-time of the 

l-oxide (l)(r, = 2.95 ns). 

Inhibitory Effect of Electron-Transfer Quenchers on the Photooxygenation of (5)by 

(1). --- To a solution of (5)[500 mmol] and (1)[5 mmol] in acetonitrile, tetracyano- 

ethylene (TCNE) or tetracyanoquinodimethane (TCNQ)[0.05 or 0.25 mmol] was added and the 

mixture was irradiated for 10 min. In each run, the assay of the photoproduct (6) was 

carried out by g.c. analysis. In the control run, a solution of (1) and (5) without TCNE 

or TCNQ was irradiated under the identical conditions. The inhibitory effect of TCNE and 

TCNQ on the formation of (6)in the photoreaction of (5)with (1) were as follows. The 

relative conversion yield of (6)(mole ratio of TCNE or TCNQ to 1): 0.76 (0.1) and 0.68 

(0.5) for TCNE; 0.5 (0.1) and 0.31 (0.5) for TCNQ. 

We thank Professor Noboru Mataga of Osaka University for the measurement of the 

fluorescence lifetime of the l-oxide (1). This work was supported by a Grant-in-Aid for 

Scientific Research from the Ministry of Education, Science, and Culture in Japan. 
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