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Electron-transfer Photochemistry of Endoperoxides 
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Derivatives of 1,2 - d ioxacyclo hex- 4-ene and 2,3 -dioxa bicyclo [ 2.2.21 oct - 5 - ene (endoperoxides, E Ps) 
form EDA complexes with tetracyanoethylene (TCNE). The phenyl-substituted EPs 3a, 4a, 4b and 6 
undergo electron-transfer-induced reactions when the EDA complexes are irradiated. Two types of 
reactions are observed depending on the ring system. Monocyclic EPs (3a, 4a and 4b) afford furan 
derivatives, possibly through the Criegee-type rearrangement, and dehydration, whereas the bicyclic 
EP 6 undergoes cycloreversion through the C-0 bond cleavage. 

Endoperoxides (EPs) rank among the most important class of 
organic peroxides and much attention has been paid to their 
chemical and biochemical properties. ' Since EPs are readily 
available from the photooxygenation of 1,3-diene~,~ their 
synthetic applications have also been de~e loped .~  An intriguing 
property possessed by EPs is that the oxygen-oxygen bond or 
the carbon-oxygen bond can be readily cleaved by thermolysis 
or photolysis. 

base-,7 or metal-catalysed8 reactions of EPs have been 
extensively studied, little work has been done on their electron- 
transfer reactions. In this study we examined the electron- 
transfer photochemistry of monocyclic EPs 1-4 and bicyclic 
EPs 5 and 6.t We have observed that these EPs form electron 
donor-acceptor (EDA) complexes with tetracyanoethylene 
(TCNE), which is known to form EDA complexes with various 
electron  donor^.^^'^ The technique employed in this study is 
photoexcitation of the TCNE EDA complexes of the EPs. 

Photoexcitation of weak EDA complexes [D, A] formed 
from a donor (D) and an acceptor (A) results in electron- 
transfer from D to A to generate ionic EDA complexes [D*+, 
A'-].9 Although the back electron-transfer reaction (kb) of the 
photogenerated ion pair is generally very fast,' ' reactive donors 
can undergo chemical reactions l 2  competing with the back 
electron-transfer deactivation process [eqn. (l)]. We found that 
several EPs can serve as reactive donors and undergo electron- 
transfer-induced reactions. 

Although the thermoly~es,~ photoreactions,' and 

D + A [D, A] 3 [D", A'-] --+ Products (1) 
k b  

Results 
The EPs examined in this study were synthesized by the 
photooxygenation of the corresponding dienes.' These diene 
EPs are good electron donors and form weak EDA complexes 
with TCNE. When a colourless solution of TCNE in di- 
chloromethane was mixed with cis-3,6-dimethyl- 1,2-dioxacyclo- 
hex-4-ene (1) or 3,3,6,6-tetramethyl-1,2-dioxacyclohex-4-ene 
(2), the solution turned faint yellow. Clear yellow colourations 
were observed upon similar mixing of TCNE with a phenyl- 
substituted EP such as 3,6-diphenyl-1,2-dioxacyclohex-4-ene 
(3a) or 3-phenyl- 1,2-dioxacyclohex-4-ene (4a). An orange to red 
brown colour resulted from more strongly electron donating 
EPs such as 3b-d and 4c-d. The colour change is due to the 
appearance of the charge-transfer (CT) absorption bands of the 
EDA complexes. As shown in Fig. 1 only the tail absorptions 
were observed for the EDA complexes of 1 and 2. In the case 

t We used the term 'endoperoxide' to refer to the monocyclic as well as 
bicyclic derivatives. 
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Fig. 1 The CT absorption spectra of the EDA complexes of 1 and 2 
with 0.05 mol dm-3 of TCNE in dichloromethane: (a) TCNE and 0.07 
mol dm-3 of 1; (b) TCNE and 0.05 mol dm-3 of 2. Also shown are the 
absorption spectra of the uncomplexed 1,2, and TCNE [(c), (d) and (e), 
respectively]. 

of 3a a distinct absorption maximum was observed at 368 nm. 
As a whole 3,6-diaryl and 3-aryl derivatives (3 and 4) exhibited 
clear and significant CT absorption bands (Fig. 2, Table 1). 

In contrast to the monocyclic EPs 1 and 2, bicyclic ascaridole 
5 is a much better electron donor, as can be recognized by 
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absorption spectra of the EDA complexes of 3a, 3b, 3c and 3d (0.03 mol dm-3 each) with 0.05 mol dm-3 of TCNE in 
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absorption spectra of the EDA complexes of 3a, 3b, 3c and 3d (0.03 mol dm-3 each) with 0.05 mol dm-3 of TCNE in 
The inset is the Benesi-Hildebrand plot for 3a monitored at 368 nm. 

Table 1 
absorption maxima (AmaJb of the TCNE EDA complexes 

Oxidation potentials (,Ox)' of the EP donors and the CT 

EP Eox/V us. SCE I,,,/nm 

1 
2 
3a 
3b 
3c 
3d 
4a 
4b 
4c 
4d 
5 
6 

> 2.5 
> 2.5 

2.35 
2.12 
1.75 
1.67 

ca. 2.4 
ca. 2.4 

2.14 
1.86 
1.92 
1.80 

tail 
tail 
368 
394 
475,352 shd 
492 
375 sh 
392 sh 
392 
494 
448 
362 sh, 418 sh 

Measured in acetonitrile. The values are all irreversible. * Measured in 
CH,Cl,. Tail absorption. A shoulder. 

comparing their oxidation potentials. It is noteworthy that the 
oxidation potential of 5 is lower than those of the phenyl- 
substituted monocyclic EPs 3a and 4a. Thus the CT absorption 
spectrum of the ascaridole 5-TCNE complex shown in Fig. 3 
appears with a broad intense band at A,,, 448 nm, which is 
lower in energy than those of 3a and 4a. The CT absorption 
spectrum of the TCNE EDA complex of 1,4-diphenyl-2,3- 
dioxabicyclo[2.2.2]oct-5-ene (6) appears with two partially 
resolved bands: a shorter wavelength shoulder around 362 is 
due to the phenyl groups and the other shoulder around 418 nm 
is due to the dioxabicyclooctane skeleton. In Table 1 are 
summarized the observed CT absorption maxima of the EPs. 

The formation constants ( K )  of the TCNE EDA complexes of 
3a and 5 were determined according to the spectrophotometric 
procedure of Benesi and Hildebrand.14 Owing to the limited 
solubility of TCNE in dichloromethane, the CT absorbance A ,  
(at the A,,, 368 nm for 3a, or at the A,,, 448 nm for 5) was 
measured with the EP donors in excess. Under these conditions 
the Benesi-Hildebrand relationship for the concentration 
dependence of ACT is given in eqn. (2). As shown in the insets of 
Figs. 2 and 3, linear fits for the Benesi-Hildebrand plots were 
obtained. For 3a, the formation constant K and the extinction 
coefficient ECT at 368 nm were determined to be 2.1 dm3 mol-' 
and 442 dm3 mol-' cm-', respectively, by linear least square 
analysis. For 5, K and E~~ at 448 nm were determined to be 
2.3 dm3 mol-' and 628 dm3 molt' cm-', respectively. The small 
K values indicate that the EDA complexes are weak. 

dichloromethane. 

[TCNE] 1 

Photolyses of the EDA complexes in dichloromethane 
solutions were performed by using a 2 kW xenon lamp with an 
IR-filter and a glass cut-off filter. Even after several hours of 
irradiation, the EDA complexes of 1, 2, 3b-d, 4c4 ,  and 
ascaridole (5) failed to undergo photochemical reactions. How- 
ever, similar photolyses with 3a, 4a, 4b and 6 resulted in net 
chemical transformations (Table 2). Thus, a yellow solution of 
3a and TCNE in dichloromethane gradually turned green upon 
photolysis and 2,Sdiphenylfuran (7a) was obtained with 
recovery of TCNE. The colour change can be assigned as being 
due to the formation of the EDA complex between the resulting 
furan and the remaining TCNE. The small decrease in the yield 
of recovered TCNE seems to be due to a secondary reaction of 
TCNE with the resulting water." Photoreactions with 4a and 
4b were also accompanied by similar colour changes and 
resulted in the formation of 2-arylfurans 8a and 8b. Control 
experiments showed that no reaction was observed either in the 
dark or under irradiation without TCNE. 

A A 

Ph*Ph 

7a 

We have also investigated the photoreactions of the EPs 9-14 
under the CT-irradiation conditions (Table 3). Of these EPs 9 
and 10 were reactive and afforded the furan derivatives 15 and 
16, whereas 11-13 were unreactive. In the case of 14, which 
possesses a benzylic proton, the reaction proceeded and 14 was 
consumed significantly. However, no formation of distinct 
products could be observed. These results suggest that the 
presence of both a benzylic proton at C3 (C6) and a methine 
proton at C6 (C3) is essential for clean productive photo- 
reactions. As will be discussed later, a few reaction pathways 
shown in Scheme 1 are conceivable for the transformation of a 
cation radical of EP (EP'+). 

The bicyclic EP 6, on the other hand, underwent a different 
type of reaction upon CT-irradiation. When a yellow solution of 
6 and TCNE in dichloromethane was irradiated (A > 390 nm), 
the colour gradually faded and gas evolution was observed. 
Analysis, followed by isolation of the photoproduct, showed 
that the cycloreversion reaction, as shown in eqns. (3) and (4), 
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Fig. 3 The CT absorption spectra of the EDA complexes of 5 and 6 in dichloromethane: [S] = [TCNE] = 0.025 mol dm-3; [6] = 0.03 rnol dm-j 
and [TCNE] = 0.05 mol dm-3. The inset is the Benesi-Hildebrand plot for 5 monitored at 448 nm. 
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Table 2 Photolysis of the TCNE EDA complexes of EP donors' 

Recovery 
yield (%) 

Product, 
EP A (irradiation)/nm t/h yield (%) EP TCNE 

3a > 340 
3a > 390 
4a > 390 
4b > 390 
6' > 390 
6''' > 390 

2 7a, 25 72 86 
4 7a, 36 63 82 
4 8a, 16 84 98 
4 8b, 21 64 89 
0.5 23,70 30 14 
0.5 23,46 53 52 

~~ ~~~ 

A 5 cm3 CH2C1, solution containing an EP (5 x mol dm-3) and 
TCNE (5 x lo-, mol dm-3) was irradiated. * A 3 cm3 CH,C12 solution 
containing 6 (6 x 1c2 rnol dm-3) and TCNE (6 x 1W2 mol dm-3) was 
irradiated. Contains tetramethylethylene (24) (6 x 1W2 mol dm-3). 

Table 3 Photolysis of the TCNE EDA complexes of EP donors 9-14" 

h C T  

kl 
EP + TCNE === [EP, TCNEJ [EP'+, TCNE'-] 

~~ ~~ ~~ 

Recovery yield (%) 

EP La,b/nm yield (%I EP TCNE 
Product, 

E P" 17 18 

n 

IY \BET 

I 19\ 

E Po+ 
20 21 

Scheme 1 

occurred to give molecular oxygen and diene 22, which was 
obtained as the TCNE adduct 23 in 70% yield with 30% 
recovery of 6 (Table 2). It is interesting to examine the spin 
multiplicity of the evolved oxygen. Since CT-irradiation of the 
EDA complex of6 would generate a singlet ion radical pair [6'+, 
TCNE'-], singlet oxygen ('OJ may be generated from 6'+ by 

~ ~~ ~ ~ 

9 366 sh 15,29 63 95 
10 352 sh 16,39 30 
1 la 368 sh none 100 99 
l l b  379 none 99 95 
12 361 sh none 97 98 
13 478,388 none 98 
14' 367 sh none 70 60 

d - 

d - 

A 3 cm3 CH,Cl, solution of an EP (6 x lo-, rnol dm-3) and TCNE 
(6 x 1W2 mol dm-3) was irradiated for 2 h (A > 340 nm). 'CT 
absorption maxima of the EDA complexes. ' Irradiated for 6 h. Not 
determined. 

a concerted fission of the C-0 bonds. If '0, is formed, it can be 
trapped by a suitable trapping reagent. Thus we carried out the 
reaction in the presence of tetramethylethylene 24, which is 
known as a good '0, acceptor (k  = 2.4 x lo7 dm3 rnol-')l6 
and reacts with '0, to give hydroperoxide 25 [eqn. ( 5 ) ] .  
However, no formation of hydroperoxide 25 was observed while 
the retro-Diels-Alder reaction proceeded normally (Table 2).* 

* The reaction in the presence of tetramethylethylene (24) is slower since 
24 also forms an EDA complex with TCNE and some fraction of the 
incident light is absorbed by the complex, whose Amax,-- is 538 nm and 
K is 0.079 dm3 mol-.'. 
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The result suggests that the oxygen extrusion may proceed in a 
stepwise manner. A possible mechanism for the photoreaction 
of 6 is shown in Scheme 2. No formation of '02 suggests that 
an efficient intersystem crossing process should occur in an 
intermediate state such as the primary ion radical pair [ 6 + ,  
TCNE'-1, the secondary ion radical pair [26, TCNE-1, or 
biradical 27. If the intersystem crossing of the initially formed 
ion radical pair [6*+, TCNE'-] is efficient, triplet excited 6 may 
be generated and the triplet state reaction could be involved. 

6 + TCNE - hvcT P h o P h  + TCNE + 0 2  (3) 

22 

23 

24 25 

+ 

26 
I 

22 + TCNE + 0 2  

23 + 0 2  "'WPh + TCNE 
27 

Scheme 2 

In this context it is important to know the triplet state 
reactions of EPs. Thus we examined the triplet photosensitized 
reactions of 3a and 6 by using fluorenone as a sensitizer. Based 
on the triplet excited energy of ca. 220 kJ mol-' and the 
reduction potential of -0.87 V us. SCE,'7C the reduction 
potential of the triplet excited fluorenone is calculated to be 
+ 1.4 V us. SCE, indicating that electron-transfer from the EP 3a 
or 6 to the triplet excited fluorenone is energetically 
unfavourable. When a 3 cm3 dichloromethane solution of 3a 
(0.185 mmol) was irradiated with fluorenone (0.02 mmol) for 1 h 
(I. > 340 nm), diepoxide 30 was obtained in 8% yield with the 
concomitant formation of furan 7a in 10% and the recovery of 
3a in 72% yield. It is significant that the diepoxide was formed in 
substantial yield in the triplet photosensitized reaction. 
Analogous sensitized photolysis of EP 6 for 1 h (1 > 390 nm) 
produced diepoxide 31 in 98% yield. The exclusive formation of 
diepoxide 31 by the triplet sensitized photolysis of 6 stands in 
sharp contrast to the cycloreversion reaction induced by the 
CT-irradiation. These results strongly suggest that the triplet 
excited state of 3a or 6 is not involved in the CT-photoreactions. 
The triplet state reactions can best be explained by the direct 
cleavage of the 0-0 bond of EPs as shown in eqns. (6) and (7). 

Pha-&Ph phfiph 

a .  

0 0  
33a' - P h e P h  - - 30 

28 

Discussion 
TCNE, a typical electron acceptor, is known to form EDA 
complexes with a wide variety of electron Form- 
ation of the EDA complexes is often associated with colour 
changes, which are easily discernible by the appearance of new 
absorption bands on the electronic absorption spectra. The EPs 
examined in this study also form EDA complexes with TCNE in 
solution and the new CT absorption bands were observed. The 
CT absorptions can be assigned as being due to the electronic 
transitions from high-lying occupied molecular orbitals of 
the EP donors to the lowest unoccupied molecular orbital 
(LUMO) of TCNE. Accordingly the electron-transfer from the 
EP donors to TCNE can occur upon photoirradiation of the 
EDA complexes. 

As shown in Figs. 1,2 and 3, the shape and the maxima of the 
CT absorption bands vary with the structure of EPs and the 
attachment of aryl-substituent(s). The absorption maxima of 
the EDA complexes of 1 and 2 were obscured by the tail 
absorptions of the uncomplexed EPs and TCNE. On the other 
hand the CT absorption spectrum of the ascaridole (5)-TCNE 
complex shown in Fig. 3 appears with a broad intense band at 
Amax 448 nm. It is important to note that these three EPs possess 
only alkyl substituents. The difference in appearance of the 
spectra is due to the difference in the electron donating ability 
between dioxacyclohexenes (1 and 2) and ascaridole (5) as 
qualitatively indicated by their oxidation potentials (Table 1). 
The degree of electron donating ability of EPs is dependent on 
their structure, as discussed below. 

Organic peroxides have several high-lying occupied molec- 
ular orbitals owing to the atomic p-orbitals around the 0-0 
bond.' Antisymmetric combinations of the orbitals result in 
the highest occupied molecular orbital (HOMO) and the next 
(NHOMO) being designated as L and n-, respectively,* 
while the symmetric combination leads to inner MOs such as 
n, and n,. Photoelectron spectroscopic (PES) studies, in 
conjunction with theoretical studies, have shown that the 
energy levels are dependent on the dihedral angle 8 around the 
peroxide bond (C-0-0-C). 8 d ~ f  For example, dioxabicyclo- 
alkanes having 6 of nearly 0 possess lower ionization poten- 
tials 1 8 c * d ~ J  and can even be oxidized electrochemically to the 
corresponding cation radicals. ' 

In the case of an EP derived from a 1,3-diene, the double bond 
may function as an additional electron donating site. Ionization 
potentials (Ei) of certain diene EPs have been determined by 
PES. 8c ,20  Tanimoto and co-workers studied microwave 

* The orbital designation is according to Gleiter."I According to 
Salomon et af.'8d the HOMO and the NHOMO are symbolized as no- 
and G-, respectively. 30 31 
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spectroscopy and PES of 1,2-dioxacyclohex-4-ene (32). They 
reported that its dihedral angle is 80" and the vertical 
ionizations occur at 9.66 eV and 10.37 eV.'' Based on the 
dihedral angle of 80" and the theoretical calculations, they 
concluded that x- and x +  are the two upper MOs around the 
peroxide bond, and the ionization occurs at 10.37 eV from both 
of them since they are almost degenerate. Ionization from the 
double bond occurs at 9.66 eV. The assignment is in accord with 
the observation that the ionization of dioxacyclohexane 33 
occurs at 10.0 and 10.2 eV.' 8d In the case of ascaridole (9, it can 
be expected that the orbital derived from an antisymmetric 
combination (x -) would be significantly destabilized since its 
dihedral angle is 0". Indeed the HOMO has been assigned to an 
orbital derived from an anti-bonding combination of p-orbitals 
around the 0-0 bond (x-) and the ionization from x -  occurs 
at 8.42 eV whereas ionization from the double bond occurs at 
10.71 eV.18' 

32 
10.37 eV 
9.66 eV (C-C) 

0 
33 

10.0,10.2 eV 

Although the Ei data for 1 and 2 are not available, it seems 
reasonable that their HOMOS are localized on the double 
bonds, and that the peroxide MOs are subjacent as is the case 
for 32. Accordingly we assign the tail absorptions of the EDA 
complexes 1 and 2 as being mainly due to the electronic 
transitions from the double bonds to TCNE. While these 
electronic transitions would produce cation radicals (1" and 
2'+), whose spin and charge are localized on the double bonds, 
they may not be reactive enough to compete with the back 
electron-transfer deactivation since we did not observe any 
photochemical transformation. 

Based on the PES data for 5, the CT absorption of 5 at A,,, 
448 nm can be attributed to the electronic transition from the 
n- orbital to the LUMO of TCNE. Despite the intense CT 
absorption band of the S T C N E  complex, no appreciable 
photoreaction was observed and 5 and TCNE were recovered 
when the CT band was irradiated with visible light (A > 390 
nm). This is not surprising since electron-transfer from the 
HOMO (x-) of 5 to the LUMO of TCNE attendant upon CT- 
photolysis would not result in a considerable decrease in the 
0-0 bond strength since it is antibonding in character. 

For the series of monoaryl- and diaryl-dioxacyclohexenes 3 
and 4, the CT absorptions were progressively red-shifted with 
increasing electron donating ability of the aryl substituent(s) as 
shown in Fig. 2 and Table 1, which is in accord with the 
decreasing order of Ei for chlorobenzene (9.3 1 eV),2 benzene 
(9.25 eV,22 9.23 eV 23) ,  toluene (9.0 eV,22 8.85 eV 23)  and anisole 
(8.39 eV,24 8.54 eV "). Although electron-transfer from an aryl 
group is possible in these cases, the phenyl- or 4-chlorophenyl- 
substituted dioxacyclohexenes 3a, 4a and 4b turned out to be 
reactive upon electron-transfer and furan derivatives were 
produced whereas the 4-methylphenyl or 4-methoxyphenyl 
derivatives 3 H  and 4c-d were unreactive. It is known that 
arene cation radicals undergo deprotonation at the benzylic 
positions.25 For instance, cation radicals of toluene and xylene 
are relatively strong acids. The acidity is dependent on the 
electron donating ability of the parent arenes. Less electron 
donating arenes can be stronger acids upon electron detach- 
ment. Thus phenyl or 4-chlorophenyl derivatives can be acti- 
vated upon CT-excitation and the proton transfer reaction can 
proceed, competing with the back electron-transfer. On the 
other hand cation radicals from 4-methyl or 4-methoxy deriv- 
atives are expected to be much less acidic and the proton transfer 

reaction would not compete with the fast back electron transfer. 
It is also known that the lifetime of an ion radical pair generated 
by photoexcitation of an EDA complex is dependent on the ion 
pair energy gap for the back electron-transfer and that the 
lifetime is shorter when the gap is smaller.llc,d.e,g For example, 
the lifetime for the benzene-TCNE system is 10&200 ps 
whereas those for the toluene- and xylene-TCNE systems have 
upper limits of 100 ps and 50 ps, respectively."/ Thus faster 
back electron-transfer rates are expected for the 4-methyl or 4- 
methoxy derivatives, and prevent them from chemical reactions. 

As mentioned before, there are a few possibilities as to the 
mechanism for the formation of furans (Scheme 1). We presume 
at this stage that the ion radical reactions may proceed within 
the solvent cage since we could not detect any free transient 
species by nanosecond laser flash photolysis. The initial 
involvement of the 1,2-proton transfer for the Criegee type 
reorganization of EP'+ to 17 appears to be more economical 
than the longer range 1,3-proton transfer and seems to be in 
accord with the least motion principle. Dehydration of 17 to 
give furan cation radical 18 and sequential back electron- 
transfer from TCNE'- would afford furans.* Similar facile 
dehydration was also observed in the mass spectrometry of 3 
and 4, which showed consistent strong peaks due to the 
dehydrating fragmentation of the molecular ion peaks. 

In acid-catalysed reactions of EPs, hemiketals and keto- 
alcohols such as 19 and 21 have been postulated as precursors to 
furans.lb In the present case it may also be possible that 19 and 
21 are produced from 17 and 20, respectively, through the back 
electron-transfer processes (BET). We expected that in the case 
of EP 14 the two methyl substituents would prohibit the 
otherwise possible dehydration to form a furan so that the 
corresponding hemiketal and/or ketoalcohol might be detected. 
Unfortunately it was not successful. 

It is interesting that the bicyclic EP 6 reacted in a different 
way. As shown in Fig. 3, the CT absorption spectrum of 6 
appears with two shoulders around 362 nm and 418 nm. The 
longer wavelength shoulder corresponds to electronic transition 
from x- around the peroxide bond and the shorter wavelength 
shoulder can be attributed to electronic transition from the 
phenyl group. This assignment is supported by the Ei values and 
the CT absorption maxima of ascaridole (8.42 eV, 448 nm) and 
of benzene (9.25 eV, 380 nm). Since the dihedral angle of the 
peroxide bond is O", as in the case for ascaridole (5), elettron- 
transfer from the peroxide MO (x-) does not seem to be 
responsible for the reaction. However, electron-transfer from 
the phenyl group to TCNE is also possible by the photo- 
irradiation and it would be effective. The observed cyclorever- 
sion can be explained as a consequence of the orbital interaction 
between the singly occupied x-orbital localized on the phenyl 
group and the C-0 o-bond in the cation radical state 6'+. Since 
'0, is not produced by the CT-photoreaction of 6, the reaction 
sequence can be described by a stepwise mechanism as shown in 
Scheme 2. Efficient intersystem crossing may occur in the 
intermediate state(s) such as the secondary ion radical pair [26, 
TCNE'-1, and/or diradical27. It is unlikely that the intersystem 
crossing of the initially formed ion radical pair [6' +, TCNE' -3 is 
efficient and leads to generation of the triplet excited 6 since we 
have confirmed that the triplet sensitized reaction of 6 results in 
the formation of diepoxide 31 instead of the cycloreversion. 

While production of a locally excited triplet state by photo- 
excitation of a TCNE EDA complex is less obvious,? a singlet 

* Proton transfer from EP'' to TCNE'- is also plausible. The 0-0 
bond fission of the resulting benzyl-type radical followed by H' transfer 
from TCNEH' would afford 20 as a precursor for a furan. 
t EDA complexes from weaker acceptors such as tetracyanobenz- 
ene 26a.b or fumaronitrile 26c,e are known to produce locally excited 
triplet states when optically excited. See ref. 26. 
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exciplex generated by diffusional quenching may produce a trip- 
let excited state through intersystem cr~ssing. '~ Relevant to 
this is the photosensitized reaction of rubrene EP reported by 
Stevens and Liu.28 They found that the cycloreversion of 
rubrene EP can be sensitized by 9,lO-dicyanoanthracene or 
chloranil as a sensitizer. Based on the photokinetic studies and 
magnetic field effect, they proposed a mechanism involving a 
triplet excited state (zoo*, oco*) of rubrene EP which was 
generated by triplet recombination of the photo-generated ion 
pairs.7 Generally the triplet state reactions of EPs seems to 
proceed oia the (zoo*, om*) state to give 0-0 cleavage products. 
Indeed we did observe that the 0-0 bond cleavage is charac- 
teristic of the triplet state reactions of diene EPs such as 3a and 
6. In this respect the involvement of the specific triplet state 
(nit,*, oFO*) proposed by Stevens and Liu is interesting since it 
may be akin to the diradical27 in Scheme 2. 

We expect that further studies with not only diene EPs but 
also arene EPs will reveal additional features of the structure- 
reactivity relationship for the electron-transfer reactions and the 
triplet state reactions. 

Conclusions 
Although relatively weak, EPs possess electron donating ability 
and can form EDA complexes with TCNE. Photoexcitation of 
the TCNE EDA complexes is a useful method for electron- 
transfer reactions of EPs. This exploratory study has shown an 
intriguing facet of the reactivities of EPs in a cation radical 
manifold. Regardless of the ring system, i.e. monocyclic or 
bicyclic, cation radicals of the alkyl-substituted EPs such as 1,2 
and 5, are not reactive enough to compete with the back 
electron-transfer deactivations. On the other hand the phenyl- 
substituted EPs 3a, 4a, 4b and 6 are reactive upon CT- 
irradiation and two types of reactions were observed depending 
on the ring system. The monocyclic EPs 3a, 4a and 4b afford 
furan derivatives while the bicyclic EP 6 undergoes the 
cycloreversion reaction. In these cases, electron-transfer from 
the phenyl rings results in active cation radicals, in which spin 
and charge are localized on the phenyl rings. The orbital 
interaction between the phenyl SOMO and the C-H o-bond is 
favoured in the monocyclic systems 3a, 4a and 4b while that 
with the C-0 o-bond plays a key role in the bicyclic EP 6. 

Experimental 
General.-Melting points were determined on a Yamato 

MP-21 apparatus and are uncorrected. IR spectra were meas- 
ured on a Shimadzu IR-435 spectrometer. Electronic spectra 
were measured on a Hewlett-Packard H P  8452 diode array 
spectrophotometer. 'H and 13C NMR spectra were recorded on 
a Varian XL-200 spectrometer operating at 200 MHz for 'H 
and 50 MHz for 13C. A Varian EM-390 spectrometer was also 
used for 'H NMR measurement (90 MHz). 'H Chemical shifts 
are reported in ppm downfield from a TMS internal standard. 
J values are in Hz. 13C chemical shifts in ppm are based on 
the CDCl, resonance (77.0 ppm). Cyclic voltammetric 
measurements were carried out in acetonitrile with 0.1 mol dm-, 
tetraethylammonium perchlorate as a supporting electrolyte 
and SCE as a reference electrode by using a Yanagimoto P-lo00 
voltammetric analyser equipped with a function generator. 
Mass spectra were measured on a Hitachi M-52 or Hitachi 

t It is not clear whether Stevens and Liu observed the other products 
due to the 0-0 bond cleavage which may more possibly occur through 
the other triplet state (xo0*, urn*) in addition to the proposed triplet 
cycloreversion (C-0 bond cleavage) through the (K,*, uco*) state. 

M-2500s spectrometer. TCNE was purchased from Wako 
Chemical Co. and purified by sublimation. Commercially 
available spectroscopic grade dichloromethane was distilled 
over calcium hydride prior to use. Photolyses were carried out 
by using a 2 kW xenon lamp with a water IR-filter and a glass 
cut-off filter. 

Syntheses of the Endoperoxides.-As summarized in Table 4, 
the EPs, 1 4  and 9-14, were synthesized by the photooxy- 
genation of the corresponding dienes according to analogous 
procedures as reported in the literature. Typically, a CCl, 
solution containing a diene and 0.01 mmol of a sensitizer 
(tetraphenylporphine, TPP or rose bengal, RB) was irradiated 
at 15 "C by using a 2 kW xenon lamp with a Toshiba Y-50 glass 
filter (2 > 490 nm) while the solution was agitated with a slow 
stream of oxygen. After irradiation the solvent was removed and 
the resulting photolysate was chromatographed on a silica gel 
column (at low temperature, if necessary) eluted with hexane 
containing an appropriate amount of dichloromethane or di- 
ethyl ether. If necessary, florisil was also used to separate an EP 
from TPP. The resulting EP was purified by recrystallization at 
lower temperature or bulb-to-bulb vacuum distillation. 

cis-3,6-Dimethyl-1,2-dioxacyclohex-4-ene (l), colourless 
oil. 1 3 a . b ~  6,(200 MHz, CDCl,) 1.29 (6 H, d, J 6.2, CH,), 4.61 (2 

(2 C, CH,), 74.3, (2 C, C-3,6), 128.6 (2 C, C-43). v,,,(neat)/cm-' 
3030,2980,2920,2860,1443,1366,1081,1035,718. 
3,3,6,6-Tetramethyl-1,2-dioxacyclohex-4-ene (2), colourless 

prisms (from CH2C12-MeOH), m.p. 56-58 "C (lit.' 57-58 "C). 
cis-3,6-Diphenyl-1,2-dioxacyclohex-4-ene (3a), colourless 

needles (from EtOH), m.p. 80-81 "C (lit.'3f 81-82 "C). 6,(50 

phenyl C-3,5 or C-2,6), 128.6 (4 C, phenyl C-2,6 or C-33 ,  128.7 
(2 C, phenyl C-4), 137.7 (2 C, phenyl C-1). m/z (25 eV) 238 (M', 

( l l) ,  133 (36), 131 (18), 115 (40), 105 (93). 
cis-3,6-Bis(4-methylphenyl)-1,2-dioxacyclohex-4-ene (3b), 

colourless plates (from CH,Cl,-hexane), m.p. 62-63 "C. 6,(200 
MHz, CDCl,) 2.34 (6 H, s, CH,), 5.59 (2 H, br s, H-3,6), 6.28 (2 
H, br s, H-4,5),7.17 (4 H, AA'BB', J8),  7.33 (4 H, AA'BB', J 8). 

H, 9, J6.2, H-3,6), 5.85 (2 H, S, H-4,5). dC(50 MHz, CDCl,) 18.5 

MHz, CDCI,) 80.2 (2 C, C-3,6), 127.4 (2 C, C-4,5), 128.4 (4 C, 

lo%), 220 (M+ - HZO, loo), 206 (M' - 02,28), 191 (15), 180 

6,-(50 MHz, CDC1,) 21.2 (2 C, CH,), 80.0 (2 C, C-3,6), 127.4 (2 
C, C-43 ,  128.5 (4 C, tolyl C-2,6), 129.2 (4 C, tolyl C-33 ,  134.8 
(2 C, tolyl C-l), 138.6 (2 C, tolyl C-4). v,,,(KBr)/cm-' 3040, 
2920,2900,2860,1612,1515,1300,1246,1180,1113,1061,1003, 
946, 902, 819, 766, 539, 514. m/z (70 eV) 266 (M', 673, 249 
(Mf - OH, 22), 248 (M' - HZO, loo), 234 (M' - 0 2 ,  29), 
219 (14), 208 (12), 131 (17), 119 (CH,C6H4CO+, 58), 105 (16), 
91 (CH3C6H4+, 39). Although the 'H NMR analysis showed 
that 3b was pure, the elemental analysis for carbon was not 
satisfactory (Found: C, 79.7; H, 6.85. Calc. for C18H1802: C, 
81.17; H, 6.81%). 
cis-3-(4-Methoxyphenyl)-6-phenyl- 1,2-dioxacyclohex-4-ene 

(k), colourless prisms (from CH,Cl,-hexane), m.p. 60-61 "C. 

6.22-6.38 (2 H, m, H-43 ,  6.85-7.49 (9 H, m). 6,(50 MHz, 
CDCl,) 55.3 (CH,O), 79.8 (C-3), 80.1 (C-6), 114.0 (2 C, anisyl 
C-33 ,  127.3 (C-5), 127.6 (C-4), 128.4 (2 C, phenyl C-3,5 or 
C-2,6), 128.5 (2 C ,  phenyl C-2,6 or C-3,5), 128.6 (phenyl C-4), 
129.6 (anisyl C-1), 130.0 (2 C ,  anisyl C-2,6), 138.0 (phenyl C-1), 
160.1 (anisyl C-4). v,,,(KBr)/cm-' 3040, 2850, 1610, 1514, 
1452, 1274, 1250, 1170, 1067, 1025,921,823,746,695, 558. m/z 
(70 eV) 268 (M', 15%), 251 (M' - OH, 19), 250 (M' - 
HZO, loo), 236 (M' - 0 2 ,  80), 235 (M+ - OzH, 61), 144 
(21), 135 (CH,0C6H4CO+, 82), 121 (26), 115 (26), 105 
(C6HSCO+, 30), 91 (15), 77 (C6H5+, 57). Although the 'H 
NMR analysis showed that 3c was pure, the elemental analysis 
for carbon was not satisfactory (Found: C, 75.55; H, 6.15. 

6H(200 MHz, CDC1,) 3.80 (3 H, S, OCH,), 5.60 (2 H, br S, H-3,6), 

Cak. for C17H1603: c ,  76.10 H, 6.01%). 
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Table 4 Synthesis of EPs by photooxygenation of dienes 

Diene (mmol) Sensitizer Solvent (cm3) h a d .  time/h EP yield (%) Ref. 

v (9.01) 

a: (Ph, Ph) (3.97) 
b (4-MePh, 4-MePh) (1.99) 
c: (4-MeO-Ph, Ph) (0.948) 
d (4-MeOPh, 4-MeOPh) (2.01) 

phv " 

phY " 

Ph P 

(20.0) 
(4.00) 
(2.00) 
(4.00) 

(22.0) 

(2.80) 

(4.04) 

(0.971) 

(6.04) 

( 1.60) 

(2.04) 

(1 0.0) 

(5.05) 

TPP 

RB 

TPP 
TPP 
TPP 
TPP 

TPP 
TPP 
TPP 
TPP 
RB 

TPP 

RB 

TPP 

TPP 

TPP 

TPP 

RB 

TPP 

CCI, (30) 

MeOH (30) 

CCI, (20) 
CCI, (10) 
CCl, (20) 
CCl, (20) 

CCI, (loo) 
CCI, (20) 
CCI, (10) 
CCI, (20) 
MeOH (70) 

CCI, (100) 

CCI, (20) 

CCl, ( 5 )  

CCI, (30) 

CCI, (24) 

CCI, (10) 

CH,Cf, (20)b 

CCI, (60) 

6 

3 

2 
3 
1 

10 

8 
4 
6 
6 
5 

1 

6.5 

1.5 

4 

12 

1.3 

8.5 

4.5 

1 53 

2 2  

3a 75 
3b 69 
3c 78 
3d 59 

4a 57 
4b 40 
4c 51 
4d 34 
5 90 

6 74 

9 48 

10 54 

l l a  18 

l l b  35 

12 89 

13 27 

14 30 

t3a,b,c 

13d,e 

13bLg 

13g 

13b 

13h 

13i 

13h 

13b 

13h 

8e, 13b 

a A mixture of cis- and rrans-isomer (ca. 1 : 1) was used. The &isomer was recovered. Contains 5% MeOH (v/v). 

cis-3,6-Bis(4-methoxyphenyl)-1,2-dioxacyclohex-4-ene (3d), 
colourless needles (from CH2C12-EtOH), m.p. 80-82 "C. &,- 
(200 MHz, CDCI,) 3.80 (6 H, s, OCH,), 5.57 (2 H, br s, H-3,6), 
6.28 (2 H, br s, H-43 ,  6.90 (4 H, AA'BB', J 8.7), 7.37 (4 H, 
AA'BB', J 8.7). &(50 MHz, CDCI,) 55.3 (2 C, CH,O), 79.7 (2 C, 
C-3,6), 114.0 (4 C, anisyl C-3), 127.6 (2 C, C-43 ,  129.9 (2 C, 
anisyl C-l), 130.0 (4 C, anisyl C-2), 160.0 (2 C, anisyl C-4). 
v,,,(KBr)/cm-' 3010, 2970, 2890, 2830, 1608, 15 12, 1242, 1 173, 
1020,901,827. m/z (13.5 eV: 298 (M', 473,280 (M' - H 2 0 ,  
100) (Found: C, 72.45; H, 6.15. Calc. for C,,HI8O4: C, 72.47; 
H, 6.08%). 

3-Phenyl- 1,2-dioxacyclohex-4-ene (4a), colourless oil. 3b BH- 
(200 MHz, CDCI,) 4.57 (1 H, m, H-6), 4.75 (1 H, m, H-6), 5.62 
(1 H, m, H-3), 6.066.22 (2 H, m, H-43 ,  7.32-7.43 (5 H, m, 
phenyl). 6,(50 MHz, CDCI,) 69.8 (C-6), 80.6 (C-3), 124.8 (C-5), 
126.9 (C-4), 128.5 (4 C, phenyl C-2,3,5,6), 128.8 (phenyl C-4), 
137.1 (phenyl C-1). m/z (70 eV) 162 (M+, 779,160 (M+ - 2 H, 

33), 144 (M+ - H20, 45), 130 (M' - 0 2 ,  8), 115 (51), 105 
(C,H,CO+, loo), 77 (C,H,+, 69). 

3-(4-Chlorophenyl)- 1,2-dioxacyclohex-4-ene (4b), colourless 
leaflets (from hexane), m.p. 61-62 "C. 44200 MHz, CDCI,) 
4.61 (1 H, dddd, J 16.6, 2.8, 2.2, 1.6, H-6), 4.72 (1 H, dddd, J 
16.6, 2.6, 2.2, 1.8, H-6), 5.57 (1 H, dddd, J 2.2, 2.2, 2.2, 2.2, 
H-3), 6.08 (1 H, dddd, J 10.2,2.2,1.8,1.6, H-5), 6.19 (1 H, dddd, J 
10.2,2.8,2.6,2.2, H-4), 7.33 (4 H, br s, aryl). 6,(50 MHz, CDCI,) 
69.9 (C-6), 79.8 (C-3), 125.2 (C-5), 126.4 (C-4), 128.7 (2 C, aryl C- 
3 3 ,  129.9 (2 C, aryl C-2,6), 134.8 (aryl C-4 or C-1), 135.8 (aryl 
C-1 or C-4). v,,,(KBr)/cm-' 3050,2890,2820, 1599, 1495, 1415, 
1383, 1086, 1057, 1031, 1017, 994,931, 884, 837, 821, 801, 792, 
638,523. m/z (70eV): 198 (M+ + 2, l x ) ,  196 (M+, 1 l), 194 (M+ 
- 2 H, 25), 180 (18), 178 (M+ - H20,35), 164 (M+ - 02,6), 
159 (15), 151 (18), 149 (17), 141 (32), 140 (15), 139 
(35C1C6H4COf, loo), 115 (39), 113 (18), 11 1 (35ClC6H4+, 42), 
75 (43). 
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3-(4-Methylphenyl)- 1,2-dioxacyclohex-4-ene (4c), colourless 
oil. dH(20O MHz, CDCI,) 2.35 (s, 3 H, CH,), 4.55 (1 H, dddd, J 
16.0, 2.6, 2.4, 1.8, H-6), 4.76 (1 H, dddd, 16.0, 3.0, 2.4, 1.8, H-6), 
5.60 (1 H, dddd, J2.4,2.4,2.0, 1.8, H-3), 6.09 (1 H, dddd, J 10.4, 
1.8, 1.8, 1.8, H-5), 6.16 (1 H, dddd, J 10.4, 3.0,2.6,2.0, H-4), 7.17 
(2 H, AA'BB', J 8.2), 7.27 (2 H, AA'BB', J 8.2). dc(50 MHz, 
CDCI,) 21.2 (CH,), 69.9 (C-6), 80.5 (C-3), 124.7 (C-5), 127.1 
(C-4), 128.5 (2 C, tolyl C-2,6), 129.2 (2 C, tolyl C-3,5), 134.1 
(tolyl C-1), 138.8 (tolyl C-4). v,,,(neat)/cm-' 3040, 3020, 2880, 
1615, 1513, 1058, 1033, 994, 930, 882, 815, 792, 768, 656, 604. 
m/z (70 eV) 176 (M', 773, 174 (M+ - 2 H, 33), 158 (M+ - 
H20, 66), 144 (M+ - 02, 9), 131 (29), 129 (41), 119 
(CH3C6H,CO+, IOO), 115 (28), 91 (CH3C6H4+, 66). 
3-(4-Methoxyphenyl)-1,2-dioxacyclohex-4-ene (4d), colour- 

less leaflets (from CH2CI2-hexane), m.p. 46 "C. dH(20O MHz, 
CDCI,) 3.80 (3 H, s, OCH,), 4.55 (1 H, dddd, J 16.5, 2.8, 2.2, 
1.6, H-6), 4.77 (1 H, dddd, J 16.5, 3.0, 2.2, 2.0, H-6), 5.59 (1 H, 
dddd, J2.2, 2.2, 2.2, 2.2, H-3), 6.08 (1 H, dddd, J 10.2, 2.2, 2.0, 
1.6, H-5), 6.17 (1 H, dddd, J 10.2, 3.0, 2.8, 2.2, H-4), 6.89 (2 H, 
AA'BB', J 8.9), 7.31 (2 H, AA'BB', J 8.9). &(50 MHz, CDCl,) 
55.3 (CH,O), 69.8 (C-6), 80.3 (C-3), 113.9 (2 C, anisyl C-33 ,  
124.8 (C-5), 127.2 (C-4), 129.0 (anisyl C-l), 130.1 (2 C, anisyl 
C-2,6), 160.2 (anisyl C-4). v,,,(KBr)/cm-' 3010, 2950, 2910, 
2830, 1613, 1515, 1280, 1251, 1172, 1106, 1055, 1030,997,926, 
882,792,766,661,536. m/z (70 eV) 192 (M+, 273, 190 (M+ - 
2 H, 40), 174 (M' - H20,39), 161 (8), 160 (M+ - 0 2 ,  8), 159 
(26), 147 (25), 135 (CH30C6H4CO+, loo), 131 (17), 115 (12), 
107 (CH30C6H4+, 17), 92 (20), 77 (42). Although the 'H 
NMR analysis showed that 4d was pure, the elemental analysis 
for carbon was not satisfactory (Found: C, 68.05; H, 6.4. Calc. 
for C l  1H12O3: C, 68.74; H, 6.29%). 

1,4-Diphenyl-2,3-dioxabicyclo[2.2.2]oct-5-ene (6), slightly 
yellow leaflets (from EtOH), m.p. 149-150 "C (lit.'3i 156 "C). 

m, H-7,8), 6.89 (2 H, s, H-5,6), 7.31-7.58 (10 H, m, phenyl). 

C, phenyl C-33 ,  128.4 (2 C-5,6), 128.6 (4 C, phenyl C-2,6), 
136.6 (2 C, phenyl C-4), 139.5 (2 C, phenyl C-1). vmax- 
(KBr)/cm-' 3060, 3020, 2930, 1600, 1490, 1445, 1362, 1265, 
1230,1180, 1160, 1130, 1060, 1015,970,928,910,755,720,695, 
530. m/z (13.5 eV) 264 (M+, 773,249 (17), 247 (7), 237 (12), 236 
(15), 234 (13), 233 (58 ) ,  232 (36), 231 (79, 230 (loo), 221 (lo), 
220 (37), 218 (5 ) ,  206 (6), 144 (22) (Found: C, 81.85; H, 6.0. 
Calc. for Cl8H1602: C, 81.79; H, 6.10%). 

cis-3-Methyl-6-phenyl-1,2-dioxacyclohex-4-ene (9), colour- 
less 6&00 MHz, CDCI,) 1.36 (3 H, d, J 6.8, CH,), 4.76 
(1 H, br q, J6.8, H-3), 5.48 (1 H, m, H-6), 6.02-6.14 (2 H, m, 
H - 4 3 ,  7.32-7.43 (5 H, m, phenyl). 6,(50 MHz, CDC13) 18.4 
(CH,), 74.5 (C-3), 80.0 (C-6), 126.0 (C-5), 128.46 (2 C, phenyl 
C-3,5 or C-2,6), 128.49 (2 C, phenyl C-2,6 or C-33 ,  128.6 
(phenyl C-4), 129.8 (C-4), 137.9 (phenyl C- 1). v,,,(neat)/cm-' 
3030, 2970, 2860, 1492, 1454, 1382, 1366, 1255, 1174, 1135, 
1090,1053,1033,938,916,886,821,786,751,716,696,636. m/z 
(70 eV) 176 (M+, 473, 174 (M+ - 2 H, 5), 158 (M' - H 2 0 ,  
loo), 144 (M+ - 02, 4), 138 (13), 129 (19), 115 (44), 105 

5-Methyl-3-phenyl-l,2-dioxacyclohex-4-ene (lo), colourless 
plates (from hexane), m.p. 40-41.5 "C. 6,(200 MHz, CDCI,) 
1.82 (3 H, dddd, J 2.2, 2.2, 1.0, 1.0, CH,), 4.40 (1 H, dddq, J 

5.57 (1 H, qddd, J 2.2, 2.2, 2.2, 2.2, H-3), 5.78 (1 H, dddq, 2.2, 
2.0, 1.8, 2.0, H-4), 7.32-7.39 ( 5  H, m, phenyl). 6,(50 MHz, 

C, phenyl C-2,3,5,6), 128.7 (phenyl C-4), 132.4 (C-5), 137.8 
(phenyl C-1). v,,,(KBr)/cm-' 3030,2870, 1457, 1080, 1018,956, 
929,919, 757, 698. m/z (13.5 eV) 176 (M+, 2.3%), 158 (M+ - 
H 2 0 ,  1.4), 144 (M' - O,, loo), 129 (21). Although the 'H 
NMR analysis showed that 10 was pure, the elemental analysis 

6H(200 MHz, CDC1,) 1.96-2.27 (2 H, m, H-7,8), 2.59-2.70 (2 H, 

6,(50 MHz, CDCl,) 29.6 (2 C, C-7,8), 78.4 (2 C, C-1,4), 126.1 (4 

(C6H5CO+, 72), 77 (C6H5+, 53). 

15.8,2.2, 1.8, 1.0, H-6), 4.60 (1 H, dddq, J 15.8,2.2,2.0, 1.0, H-6), 

CDC1,) 18.2 (CH,), 73.0 (C-6), 80.4 (C-3), 120.8 (C-4), 128.5 (4 
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for carbon was not satisfactory (Found: C, 73.85; H, 6.6. Calc. 
for C, 1H1202: C, 74.98; H, 6.86%). 

3-Methyl-3-phenyl- 1,2-dioxacyclohex-4-ene (1 la), colourless 
oil. 6&00 MHz, CDC1,) 1.56 (3 H, s, CH,), 4.40 (1 H, ddd, J 
16.4, 3.4, 2.0, H-6), 4.73 (1 H, ddd, J 16.4, 2.2, 2.2, H-6), 6.03 (1 
H, ddd, J 10.2, 3.4, 2.2, H-5), 6.31 (1 H, ddd, J 10.2, 2.2, 2.0, 
H-4), 7.23-7.49 (5  H, m, phenyl). 6,(50 MHz, CDCl,) 26.2 
(CH,), 69.4 (C-6), 81.0 (C-3), 123.2 (C-5), 125.8 (2 C, phenyl 
C-2,6), 127.5 (phenyl C-4), 128.3 (2 C, phenyl C-3,5), 131.2 
(C-4), 143.5 (phenyl C- 1). v,,,(neat)/cm-' 3040, 2980, 2880, 
1491,1443,1362,1229,1093,1071,1035,999,915,880,762,696. 
m/z (70 eV) 176 (M', 5%), 174 (M' - 2 H, 4), 162 (22), 161 
(M' - CH3, loo), 133 (99), 131 (30), 129 (37), 128 (20), 115 (68), 
105 (C6HsCO+, 98), 103 (53), 91 (27), 78 (24), 77 (C&5+, 85). 

3,3-Diphenyl- 1,2-dioxacyclohex-4-ene (1 1 b), colourless 
prisms (from hexane), m.p. 73.5-74 "C. 6&00 MHz, CDCl,) 

(1 H, dt, J 10.3, 2.0, H-4), 7.24-7.40 (10 H, m, phenyl). 6,(50 

phenyl C-2,6), 127.9 (2 C, phenyl C-4), 128.2 (4 C, phenyl 
C-33 ,  130.8 (C-4), 142.0 (2 C, phenyl C-1). v,,,(KBr)/cm-' 
3050,2880,1490,1449,1057,1032,1008,964,916,761,743,694, 
608,491. m/z (70 eV) 238 (M+, 4%), 236 (M+ - 2 H, 16), 193 
(25), 182 (13), 178 (l l) ,  165 (16), 161 (13), 133 (31), 131 (21), 

3,5-Dimethyl-3-phenyl- 1,2-dioxacyclohex-4-ene (12), colour- 
less plates (from hexane), m.p. 50-51 "C (lit.,'3b 51.5-52.5 "C). 

1.0, 1.0, 5-CH,), 4.20 (1 H, br d, J 15.8, H-6), 4.59 (1 H, qdd, J 

( 5  H, m, phenyl). 6,(50 MHz, CDCl,) 18.1 (5-CH3), 26.7 
(3-CH,), 72.5 (C-6), 80.7 (C-3), 125.2 (C-4), 125.8 (2 C, phenyl 
C-2,6), 127.3 (phenyl C-4), 128.2 (2 C, phenyl C-33 ,  130.8 
(C-5), 144.3 (phenyl C-1). m/z (70 eV) 190 (M', 373, 175 

4.68 (2 H, dd, J3.0,2.0, H-6), 6.17 (1 H, dt, J 10.3,3.0, H-5), 6.57 

MHz, CDCI,) 69.6 (C-6), 85.4 (C-3), 123.4 (C-5), 127.5 (4 C, 

115 (29), 105 (C,H,CO+, loo), 91 (13), 77 (C,H5+, 57). 

6H(2OO MHz, CDCl,) 1.52 (3 H, S, 3-CH3), 1.77 (3 H, ddd, J 1.6, 

1.0, 15.8, 1.8, H-6), 5.98 (1 H, qdd, J 1.6, 1.8, 1.8, H-4), 7.20-7.49 

(M+ - CH3, IOO), 147 (82), 129 (46), 128 (24), 105 (C6H5CO+, 
69), 77 (C6H5+, 48). 
4-Phenyl-1,2-dioxacyclohex-4-ene (13), colourless prisms 

(from MeOH), m.p. 50-51 "C (lit.,'3b 50-50.5 "C). 6&00 MHz, 

H-3), 6.31 (1 H, tt, J3.2, 1.8, H-5), 7.26-7.43 (5 H, m, phenyl). 

C, phenyl C-2,6), 128.1 (phenyl C-4), 128.7 (2 C, phenyl C-33 ,  
134.6 (C-4), 136.4 (phenyl C-1). m/z (70 eV) 162 (M', 673, 160 

CDC13) 4.77 (2 H, dt, J 3.2, 2.2, H-6), 4.95 (2 H, td, J 1.8, 2.2, 

6,(50 MHz, CDCl,) 70.2 (C-6), 71.3 (C-3), 119.8 (C-5), 124.8 (2 

(M+ - 2 H, 15), 145 (17), 144 (M' - H20, loo), 138 (13), 131 
(14), 115 (76), 105 (13), 103 (21), 89 (16), 77 (C,H,+, 15). 

3,3-Dimethyl-6-phenyl- 1,2-dioxacyclohex-4-ene (14), colour- 
less prisms (from hexane), m.p. 58-58.5 "C (lit.8e*'3b not men- 
tioned). &(200 MHz, CDCI,) 1.34 (3 H, s, CH,-3), 1.44 (3 H, s, 

H-4), 6.02 (1 H, dd, J 10.2, 1.9, H-5), 7.32-7.42 (5 H, m). 6,(50 

125.1 (C-5), 128.5 (4 C, phenyl C-2,3,5,6), 128.8 (phenyl C-4), 
133.5 (C-4), 137.4 (phenyl C-1). v,,,(KBr)/cm-' 3040, 2970, 
1455, 1359, 1136, 1044, 762, 731, 699. mjz (70 eV) 190 (M', 

(36), 143 (21), 138 (63), 132 (51), 131 (84), 129 (26), 117 (23), 

CH3-3), 5.53 (1 H, dd, J 1.9, 1.8, H-6), 5.92 (1 H, dd, J 10.2, 1.8, 

MHz, CDCI,) 24.9 (CH,), 25.5 (CH,), 77.8 (C-3), 79.8 (C-6), 

2073,175 (M' - CH3,35), 173 (M' - OH, 59), 158 (22), 147 

115 (24), 105 (C6H5CO+, loo), 97 (22), 91 (34), 83 (31), 78 (29), 
77 (C6H5+, 94). 

Determination of the Formation Constants of the TCNE EDA 
Complexes of 3a and 5.-A known amount of 3a was placed in 
a 1 cm quartz cuvette and a 3 cm3 stock solution of TCNE 
(4.00 x lW3 mol drn-,) in dichloromethane was added. The 
solution was mixed well prior to spectrophotometric measure- 
ment at 368 nm. The procedure was repeated with varied 
amounts of 3a. The concentration of 3a varied from 3.92 x 

mol dm-, to 2.12 x lo-' mol drn-,. Plots of [TCNE]/A,, 
against [3a]-' were linear as shown in the inset of Fig. 2. The 



J. CHEM. SOC. PERKIN TRANS. 2 1993 25 1 

values of K and E~~ at 368 nm were evaluated from the slope ( K  
E ~ ~ ) - '  and the intercept (E=)-' obtained by linear least squares 
fitting (r = 0.999). 

mol drn-,) in 
dichloromethane was placed in a 1 cm quartz cuvette and 6 was 
added in 10 mm3 increments with a microlitre syringe. On each 
addition the solution was mixed well prior to spectrophoto- 
metric measurement at 448 nm. The concentration of 6 varied 
from 4.06 x 1 t 2  mol dm-, to 2.03 x lo-' mol drn-,. Plots of 
[TCNEIIA,, against [6]-' were linear as shown in the inset of 
Fig. 4. The linear fit by linear least squares (r = 0.999) led to 
the evaluation of K and E,-- .  

A 3 cm3 solution of TCNE (9.99 x 

General Procedure for Photolyses of the TCNE EDA Com- 
plexes of the EPs.-Typically a 5 cm3 dichloromethane sol- 
ution containing 0.25 mmol of EP and 0.25 mmol of TCNE 
was irradiated by using a 2 kW xenon lamp through a glass 
filter (a Toshiba UV-35 for wavelengths A > 340 nm, or a 
Toshiba L-42 for wavelengths A > 390 nm). Then the solvent 
was evaporated and and 0.3 mmol of a-terpinene was added. 
The resulting mixture was analysed by a 90 MHz or 200 MHz 
'H NMR spectroscopy with 1,1,1,2-tetrachloroethane (4.27 
ppm in CDCl,) or 1,1,2,2-tetrachloroethane (5.92 ppm in 
CDCl,) as an internal standard. Products, if any, were isolated 
by preparative TLC. 

Photolysis of the TCNE EDA complex of EP 3a. A 5 cm3 
solution containing 0.25 mmol of 3a and 0.25 mmol of TCNE 
in dichloromethane was irradiated as described above (A > 
390 nm). After irradiation for 4 h the solvent was evaporated 
and 0.3 mmol of a-terpinene was added. The resulting mixture 
was analysed by 90 MHz 'H NMR spectroscopy with 1,1,2,2- 
tetrachloroethane as an internal standard. The analysis showed 
that furan 7a was formed in 36% yield and 3a was recovered in 
63% yield. TCNE could be recovered as an a-terpinene-TCNE 
adduct in 82% yield. Furan 7a and the a-terpinene-TCNE 
adduct were isolated by preparative silica gel TLC in 32% and 
80% yield, respectively. Furan 7a, colourless powder (from 
EtOH), m.p. 84-85.5 "C (lit.,'3f 87-88, lit.,29 88-89 "C). 6,(90 
MHz, CDCl,) 7.90-7.57 (m, 4 H), 7.50-7.20 (m, 6 H), 6.70 (s, 2 
H). vmax(KBr)/cm-' 1610, 1489, 1445, 1210, 1155, 1080, 1020, 
925, 910, 795, 760, 690, 670. m/z (25 eV) 221 (M+ + 1, 20%), 
220 ( M + ,  loo), 192 (3), 191 (19), 115 (45), 105 (25), 77 (4). 
a-Terpinene-TCNE adduct, colourless powder, m.p. 175- 
175.5 "C (from diethyl ether). 6,(90 MHz, CDCl,) 1.18 (3 H, d, 
J7.2), 1.28 (2 H, d, J7.2), 1.67 (3 H, s), 1.50-1.86 (2 H, m), 1.97- 
2.26 (2 H, m), 2.47 (1 H, qq, J 7.2, 7.2), 6.35 (2 H, s). 
vmax(KBr)/cm-' 2980, 2240, 1464, 1380, 1208, 1137, 1060, 992, 
940, 900, 720 (Found: C, 72.8; H, 6.2; N, 21.15. Calc. for 

Similar irradiation with shorter wavelength light (A > 340 
nm) afforded a similar result, which is also shown in Table 2. 
No reaction was observed when the photolysis was carried out 
either in the dark or under irradiation (A > 340 nm) without 
TCNE. 

Photolysis of the TCNE EDA complex of EP 4a. A 5 cm3 
solution containing 0.25 mmol of 4a and 0.25 mmol of TCNE 
in dichloromethane was irradiated for 4 h (h > 390 nm) and 
worked up as described above. 90 MHz 'H NMR analysis 
showed that furan 8a was formed in 16% yield and that 4a and 
TCNE were recovered in 84% and 98% yield, respectively. 
Furan 8a was isolated in 12% yield by preparative TLC. No 
reaction was observed either in the dark or under similar 
irradiation without TCNE. 8a, 6,(90 MHz, CDCl,) 6.41 (1 H, 
dd, J 4, 2, H-4), 6.61 (1 H, d, J 4, H-3), 7.1-7.7 (6 H, m, H-5, 
phenyl). 8a has already been synthesized 7 * 3 0 3 3 1 * 3 2  and was 
identified by NMR spectral comparison with the authentic 
sample synthesized by the KOH catalysed dehydration of 4a 
according to the reported method.' 

C16H16N,: c ,  72.70; H, 6.10 N, 21.19%). 

Photolysis of the TCNE EDA complex of EP 4b. A 5 cm3 
solution containing 0.25 mmol of 4b and 0.25 mmol of TCNE 
in dichloromethane was irradiated for 4 h (A > 390 nm) and 
worked up as described above. 90 MHz 'H NMR analysis 
showed that furan 8b was formed in 21% yield and that 4b and 
TCNE were recovered in 64% and 89% yield, respectively. 
Furan 8b was isolated in 21% yield by preparative TLC. No 
reaction was observed in the dark or under similar irradiation 
without TCNE. Sb, 6,(90 MHz, CDCl,) 6.44 (1 H, dd, J 4 ,  2, 
H-4), 6.63 (1 H, d, J 4, H-3), 7.2-7.6 ( 5  H, m, H-5, aryl). 8b was 
identified by NMR spectral comparison with the authentic 
sample synthesized previ~usly.~ 1*32  

Photolysis of the TCNE EDA complex of E P  9. A 3 cm3 
solution containing 0.18 mmol of EP 9 and 0.18 mmol of 
TCNE in dichloromethane was irradiated for 2 h (A > 340 nm) 
and worked up as described above. 90 MHz 'H NMR analysis 
showed that furan 15 was formed in 29% yield and that 9 and 
TCNE were recovered in 63% and 95% yield, respectively. 
Furan 15 was isolated in 30% yield by preparative TLC. No 
reaction was observed in the dark or under similar irradiation 
without TCNE. 15, colourless oil 6,(90 MHz, CCl,) 2.36 (3 H, 
s, CH,), 5.93 (1 H, m, H-3), 6.39 (1 H, dm, J 4 ,  H-4), 7.0-7.6 (5 
H, m, phenyl). 15 was identified by NMR spectral comparison 
with the authentic sample synthesized p r e v i ~ u s l y . " ~ ~ ~  

Photolysis of the TCNE EDA complex of EP 10. A 3 cm3 
solution containing 0.18 mmol of 10 and 0.18 mmol of TCNE 
in dichloromethane was irradiated for 2 h (A > 340 nm). 'H 
NMR analysis showed that furan 16 was formed in 39% yield, 
and 10 was recovered in 30% yield. No reaction was observed 
in the dark or under similar irradiation without TCNE. 16, 
6,(90 MHz, CCI,) 2.07 (3 H, s, CH,), 6.37 (1 H, s, H-3), 7.0-7.6 
(6 H, m, H-5, phenyl). Furan 16 was identified by NMR spectral 
comparison with the authentic sample synthesized p r e v i ~ u s l y . ~ ~  

Photolysis of the TCNE EDA complex of EP 6. A 3 cm3 
solution containing 48 mg (0.18 mmol) of 6 and 23 mg (0.18 
mmol) of TCNE in dichloromethane was irradiated by using a 
2 kW xenon lamp with a glass filter (A > 390 nm). After 30 s 
irradiation gas evolution began and after 20 min irradiation a 
white deposit began to precipitate. After irradiation for 30 min 
the solvent was evaporated and the resulting mixture was 
analysed by 90 MHz NMR spectroscopy with 1,1,2,2-tetra- 
chloroethane as an internal standard. The analysis showed that 
6 was recovered in 30% yield. TCNE was recovered in 14% 
yield with a-terpinene as a trap. The TCNE adduct 23 could be 
isolated in 70% yield by digestion with diethyl ether. 23, 
colourless powder, m.p. 195-197.5 "C (decomp.). 6,(200 MHz, 
CDCl,) 7.80-7.70 (4 H, m), 7.63-7.45 (6 H, m), 7.10 (2 H, s), 
3.20-3.08 (2 H, m), 2.W1.89 (2 H, m). vmax(KBr)/cm-' 3070, 
3040, 2950, 2880, 2250, 1500, 1445, 1372, 1315, 1235, 1165, 
1100,1OOO, 955,895,745,700,630,564,489 (Found: C, 80.0; H, 
4.6; N, 15.5. Calc. for C2,H16N4: C, 79.98; H, 4.47; N, 15.54%). 
The adduct 23 could be synthesized independently by the 
cycloaddition of 1,4-diphenylcyclohexa- 1,3-diene with TCNE 
in dichloromethane at room temperature. No reaction was 
observed in the dark or under similar irradiation without 
TCNE. 

A similar photoreaction in the presence of 0.18 mmol of 
tetramethylethylene (24) afforded 46% of 23 with recovery of 
53% and 52% of 6 and TCNE, respectively. No formation of 
oxygenation product from tetramethylethylene was observed. 
The reaction in the presence of 24 is slower since 24 also forms 
an EDA complex with TCNE whose ;ImaxCT is 538 nm and K is 
0.079 dm3 mol-' and some fraction of the incident light is 
absorbed by this EDA complex. 

Triplet Photosensitized Reaction of 3a.-A 3 cm3 solution 
containing 44.05 mg (0.185 mmol) of 3a and 4 mg (0.02 mmol) 
of fluorenone in dichloromethane was irradiated with a 
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Toshiba UV-35 glass filter (A > 340 nm). After irradiation for 
1 h the solvent was evaporated and the resulting mixture was 
analysed by 90 MHz 'H NMR spectroscopy with 1,1,1,2- 
tetrachloroethane as an internal standard. The analysis showed 
that furan 7a and diepoxide 30 were formed in 10% and 8% 
yield, respectively, with recovery of 3a in 72% yield. Products 
7a and 30 were isolated by preparative silica gel TLC and 
identified by NMR spectral comparison with the authentic 
data.34 meso- 1,2;3,4-bis(epoxy)-trans,trans- 1,Cdiphenylbutane 

7.35 (10 H, m). 
(M), 6,(200 MHz, CDCl,) 3.17 (2 H, s), 3.92 (2 H, s), 7.25- 

Triplet Photosensitized Reaction of 6.-A 5 cm3 solution 
containing 26.4 mg (0.100 mmol) of 6 and 9 mg (0.05 mmol) of 
fluorenone in dichloromethane was irradiated with a Toshiba 
L-42 glass filter (A > 390 nm). After irradiation for 1 h the 
solvent was evaporated and the resulting mixture was analysed 
by 200 MHz 'H NMR spectroscopy with 1,1,1,2-tetrachloro- 
ethane as an internal standard. The analysis showed that 
diepoxide 31 was formed in 98% yield with a trace amount (1%) 
of recovered 6. 20 mg (76%) of pure 31 was obtained by 
recrystallization of the photolysate from ethanol. syn- 1,2;3,4- 
bis(epoxy)- 1,4-diphenylcyclohexane (31), colourless plates, m.p. 
121-121.5 "C (lit.8d not mentioned). S,(200 MHz, CDCl,) 2.28 
(2 H, AA'BB', m), 2.54 (2 H, AA'BB', m), 3.32 (2 H, s), 7.37 (10 
H, m). 6,(50 MHz, CDCl,) 26.3 (2 C, C-4,6), 57.1 (2 C-1,4), 57.9 
(2 C, C-2,3), 125.0 (4 C, phenyl C-33 ,  127.7 (2 C, phenyl C-4), 
128.5 (4 C, phenyl C-2,6), 140.4 (2 C, phenyl C-1). 
v,,,(KBr)/cm-' 3060, 2940, 1495, 1449, 913, 888, 745, 690, 631, 
542. No reaction was observed in the absence of fluorenone at 
wavelengths > 390 nm.* 
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* The direct photolysis of6 is possible if irradiated at wavelengths > 340 
nm since 6 has a weak absorption tailing up to ca. 400 nm ( x * o o ~ * o o  
transition). Thus 1 h irradiation of a 5 cm3 solution of 26 mg (0.10 
mmol) of 6 in dichloromethane resulted in the formation of 31 in 
73% yield with recovery of 6 in 22%. The details will be reported else- 
where. 
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