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The well-known dye-photosensitized autoxidations of olefins and dienoid 

compounds have been postulated to proceed through an intermediate adduct 

(.Sens-O-0.) of excited sensitizer and oxygen which reacts with acceptor (A), 

to give the product peroxide (AOz).3 Excited singlet molecular oxygen (pro- 

duced by reaction of H202 and sodium hypochloritela or by radio-frequency discharge4) 

gives products which are very similar to those of the photooxidations. Energy 

transfer from triplet sensitizer to oxygen to produce singlet molecular oxygen 

ss the reaction intermediate (originally suggested by Kautsky5 and, more recently, 

by Sharpc6) was shown to be an alternate mechanism for the photooxidations which 

is consistent with the available evidence. 
la 
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In this study we report a detailed comparison of the product distributions 

from oxidation of several olefins both by the photochemical reaction and with 

reagents which produce singlet oxygen, and show that the two reactions give product 

distributions which are indistinguishable. The photooxidations were carried out 
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in a water-cooled irnnersion irradiation apparatus using a Sylvania DXY incandescent 

lamp, with Rose 3engal as sensitizer. The singlet oxygen oxidations were carried 

out by dropwise addition of aqueous hypochlorite solution to a solution containing 

the olefin to be oxidized and excess H202. Inhibitors were added as indicated. 

In the workup of both types of reaction, peroxides in the crude reaction 

mixture were reduced by adding excess NaBH47; after reduction was complete , water 

was added and the products were extracted. The dried solutions were analyzed 

by gas chromatography. All major products were collected from the gas chromato- 

graph and characterized by infrared and nuclear magnetic resonance spectroscopy; 

the spectra were consistent in all cases with the structures previously assigned 

to the photooxidstion products. 

The product distributions from 2-methyl-2-butene and limonene are summarized 

in Tables 1 and 2. The product distributions from the two oxidations are identical 

within experimental error, and agree well with those reported for the photo- 

0x1 ::tions.8’q 

TABLE 1 

Products of Oxidation of 2-Methyl-2-butenea 

Per Cent in Reaction Mixtureb 

Products 
Photosensitized 
Autoxidationc*d 

Singlet Oxygen 
(Ca(OC1)2 + H20*)d 

OH 
I 

51 48 

\ 

OH 

Lx 49 52 

\\ 

a) In methanol. 
b) After reduction. 
C) Reported dist-ibution 46 and 54%, respectively. 

8 

d) Products with unshifted (trisubstituted) double bonds were absent. 
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TABLE 2 

products from Oxidation of (+)- Limonenea 
/ 

Q 

1 Per Cent in Reaction Mixtureb 

Product 
Photosensitized 
AutoxidationCvd 

Ho. s 

21 18 

\ 

HO. Q 

10 9 

H 2 

3 7 

25 24 

1) In 1:l t-butanol methanol. 
b) After reduction. 
c) A very similar product distribution was reported from photosensitized aut- 

oxidatio . free radical oxidation gives a drastically different product 
mixture. 8, 

d) Products with unshifted double bonds were not found. 
e) Ca(OC1) + H20 with added 2,6-di-t-butyl phenol gave a virtually identical 

product2distri&tion. 

‘I 
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A furthei reeaitive characterization of the stereoselectivity of singlet 

oxygen is provided by the optical activity of the ~-carve01 (I), one of the 

alcohols which is produced by reduction of the hydroperoxide mixture formed on 

oxidation of IisDonene (see Table 2). If the reaction proceeded by initial hydrogen 

abstraction frm Limonme to give the allylic free radical (II), I would be 

Ib&Q lI$ 

racmic.*” ml-carveol (I) was isolated gas-chromatographically from the 

Ca(OC1)2/R202 oxidation of (+)- 
10 

limonene, and found to have [cz]: - -131’ 

(CHc13,’ c = O.M),Il For comparison, I, isolated gas chromatographically from 

the photooxidatiorh, had [ali4 = -141’ (CXC13. c = 0.08)13 Again, singlet oxygen 

displays a stereospecificity nearly identical with that of the reactive inter- 

mediate in the phetosensitized autoxidations. 

Xecently a study of the oxidation of a-pinene reported that the product 

distribution from l&aOCl/H202 oxidation was completely different from that of 

photosensitired oxidation, and closely resembled that of free radical oxidation. 
a 

r-Pinene i8 an extremely unreactive acceptor for both the photooxidation and the 

hypochiorite-H202 l xidation as shown by the fact that both photochemical quantum 

yield and.sin$letkxygen utilisation are less than 0.5%, and it seemed possible 

that side reactfees can compete with the singlet oxygen reaction in this case. 

We have reinvestigated the oxidation of this substrate, and this suggestion is 

dramet~ieally confirmed. In the ,presence of free radical inhibitors, such as 

2.6~hi-t-bvtyl phenol, the product distribution becomes very similar to that 

from photooxidation; the products from various conditions are sunmariaed in 

Table 4. 

It is apparent from these results that serious side reactions (apparently 

free radical in &me) can compete with the H202/hypochlorite reaction when the 
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TABLE 3 

Products from Oxidation of wpinene 

Conditions 

Photosensitized 

Autoxidation 

Free Radical 

Oxidation8 

NaOCl + H202 

Ref. 8 

Present Studyd 

CaWl)* + II*02 
d 

Ca(OC1)2 + H20pdse 

+ 2,6-di-t-butyl phenol 

a) After reduction. 
b) Not all identified. 
c) Ref. 8 reports 94X. 

Per Cent in kepction i$ixcu,rea I 

14 

9 - 12 

35 

43 

85 

other Productsb I 

I 

------I 

i8 -, 91 

65 

: 

. \J7‘ 

d) At -20'; the study in Ref. 8 was presumably done at room temperature. 
e) Addition of other free radical inhibitors gave similar results. 
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olefin acceptor is unreactive. It is interesting to note 

of acceptors is extraordinarily sensitive to structure in 

NO.46 

that the reactivity 

both photosensitized 

autoxidation8’14 and’hypochlorite/H202 oxidation 
15 , trialkylated olefins being 

in general around 100 times less reactive than tetraalkylated and dialkylated 

olefins being still less reactive. It is for this reason that the disubstituted 

double bond in limonene is unreactive in both reactions. This unreactivity of 

many olefins which are less than tetraalkylated sets an important limitation 

on the synthetic utility of the hypochlorite/H 0 oxidation, since very large 
2 2 

excesses of reagents are required for only modest conversions of unreactive 

olef ins: most of the singlet oxygen decays to ground-state oxygen and escapes 

from the solution unless a reactive acceptor is present. Corresponding limitations 

are not present in the photochemical reaction, because even if the quantum yield 

is low, conversions can be made high by increasing the length of irradiation. 

It is apparent from the results of this and previous 
la,4 

work that singlet 

oxygen displays a chemistry identical to that of the intermediate in the photo- 

sensitized autoxidations. Gollnick and Schenck have recently reformulated the 

hypothetical *Sens-0-O. intermediate as a charge-transfer complex between excited 

sensitizer and oxygen. 
8 

We cannot rule out the possibility rigorously that a 

sensitizer-oxygen complex is the reactive intermediate, but our results require 

that sensitizer exert no steric influence whatever on the oxygen, since otherwise --- 

one should have expected to see differences in product distribution and stereo- 

chemistry; there appears to be no convincing evidence which requires x participa- 

tion of sensitizer in the transition state for oxygen transfer. 
la 

The photosensitized autoxidation of olefins has been shown by extensive 

stereochemical studies to proceed by a cycloaddition mechanism, as shown below 

withg,9,16 or without16 the oxygen complexed with sensitizer. As complexing appears 

‘c 
unlikely, the reactions of singlet oxygen can be visualized as those of a reactive 

dienophile, which undergoes the “ene” reaction 
I/ 

with suitable olefins, and the 
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Diels-Alder reaction with dimes. 
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