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Abstrrrct. Aldehyde-mediated olefin epoxidations appear to proceed by parallel peracid and radical 
addition pathways. For that portion of the n?action proceeding by radical addition, several lines of evidence 
favor an explanation in which the peroxyacyl+lefin adduct decomposes in a concerfedmanner to form alkyd 
radical, COz, and epoxide. 

Kaneda et al recently reported1 that reaction of an olefin with oxygen produces epoxide in high yield 

under mild conditions (40 ‘VI, 1 atm Oz) when can54 out in the presence of certain aldehydes. Cooxidations 

of this type have been widely reported2 and appear to pmceed by a mechanism related to aldehyde 

autooxidation. Kaneda et al suggest that the epoxidation oaxus by way of a peracid formed by autooxidation 

of the aldehyde. This hypothesis is consistent with their observations of carboxylic acid coproducts, retention 

of the olefin stereochemistry in isovaleraldehyde-mcdiated epoxidations, and higher yields with electron-rich 

olefins. We undertook a closer examination of this work in connection with a program exploring the chemistry 

of dioxygen because we were intrigued by the mild reaction conditions and the absence of metal catalysts. A 

Mdamental understanding of this chemistry has the potential to provide spinoffs to water treatment, chemical 

synthesis, polymerization, and other applications. 

preliminary experiments summa&& in Table 1 agree with reported data1 in that more highly 

substituted olefins are epoxidized more readily and excess aldehyde generally increases olefin conversions. 

The need for excess aldehyde is expected if the epoxidation proceeds by way of an intermediate peracid since 

the peracid could be intercepted by aldehyde to produce two equivalents of carboxylic acid.3 The probable 

existence of this side reaction, and the fact that peracid epoxidations also produce acid, requires that the 

amount of acid formed be greater than or equal to the amount of epoxide formed if epoxidation occurs 

exclusively via the peracid. Epoxidations of diisobutylene mediated with one equivalent of either pivaldehyde 

or isobutyraldehyde, however, produce substantially more epoxide than acid, contradicting this analysis, 

These observations require the existence of a pathway which is alternative to that proceeding by way of the 

peracid. 

The limture appeared to indicate that the parallel path proceeds by addition of peroxyacyl radical to 

olefin followed by closure to epoxide and formation of a carboxy radical.4 Decarboxylation would produce 

Co;? and an alkyl radical which would react with oxygen to produce, after hydrogen atom abstraction, the 
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Table 1. Preliminary Experiments on Cooxidations of Aldehydes and OlefinsP 
Ok& Yield 

!&#Q rUlll$&U!&QnEooxideBsiQHvdroDeroxide~ 

Pivaldehyde (400) 

Pivaldehyde @O) 

F’ivaldehyde (400) 

Pivakkhyde (80) 

I~u~~h~ (4W 

Isobutyraldehyde (80) 

Isobutyraldehyde (400) 

l-ocmne 8.5 10.0 z 

l-[)ctene 
Z:;: z;: 

Diisobutylene 7.5 loo 

Diisobutylene 6.5 90 

l-oc#ne 9.0 47 

l-octene ;I:: 27 
25 

Diisobutylene 5 .O 7.5 :Fz 

23 32 
16 27 

27 30 z 

110 32 

94 37 

36 68 

28 37 
28 23 

E E 

40 
43 

z 

48 

58 

_-- 
___ 
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___ 

:‘: 
:: 
15 

5 

-_ 

-_ 
-- 

___ 
__- 

alkyl hydropemxide observed in oxidations me&ted with pivaldehycie.5 In order M establish the existence of 

the parallel path in this case, an oxidation of dikmbutylene mediated witb pivaldehyda (1 eq) was m 

and the off-gas fmm the reaction was sparged thmugh a 1 L graduated cylinder containing excess Ba(Otl)Z. 

In other respects, the reaction was perfcnmed as indicated in Table 1. The results summarized in Figum 1 

suggest that addition of the pemxyacyl radical m the olefin is not only significant, but it may be the dominant 

pathway for epoxidation of diiaobutylene. 6 ‘I% fact that the amounts of co2 and hydrraperoxiae are 

appmximately equal can be rationalized by postulating that ring closum m epoxide feaults in the knnation of a 

very unstable carboxyl radical which decarboxylates much more rapidly than it aticts hydmgen amma m 

form carboxylic acid. This explanation is also minsistent with the observation that formation of carboxyllc 

acid is not very efficient, possibly indicating that acid may be formed only as a byproduct of epoxidation with 

peracid, These results are readily explained by a rapid decomposition of the carboxyl radical, but they could 

equally well be explained by ~~~ti~ that ring closure to epoxide, decarboxylation, and formation of a&y1 

radical occur concertedIy.7 

88% 99% 99% 24% 7% 55% 

Eigare 1. product Distribution of Cooxidation of Diisobutylene (1 eq) and Pivaldehyde (1 eq). 

43% 
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Figure 2. Parallel Petacid and Addition paths for Epoxidation. 

In order to evaluate these competing expiation for fozmation of epoxide by the radical pathway, 

beats of fbtmation were cakulated for intermediates fom& during addition of the peroxyacyl radical derived 

from pivaldebyde to 2-butene followed by epoxide formation. The calculations were perkmed using the 

MOPAC 938 AM1 restricted Hartme-Foclc method using the keyword DOUBLET to minimize the radicals. 

All minimizations were done using the keyword PRECISE, which tightens the minimization criteria and 

improvea final energies and g-tries. The results show that addition of the peroxyacyl radical from 

pival~hy~ (5.Hf - -5 1.9 kc-l) to cis-2-butene (Al+ = -2.3) to form the adduct (AI-If - -62.0) is about 8 

kc-1 exothermic, indicating addition is quite favorable. More interesting is that decomposition of this 

intermediate to carboxyl radical (AI-If = -33.3) and epoxide (AH&k) = -21.6, AH&runs) - -22.5) is about 6 

kcalknol endothermic, but mtmwted decomposition to t-butyl rt&cai (AFZf = -2.8). CO2 (AHf = -79.9) 4 

cpoxide is over 100 kak%w~ ewt?mmic. The calculations thus point towa& a concxxted decomposition of the 

peroxyacyl-olefin adduct to form alkyl radical_ CO2, and epoxide for that portion of the epoxidation 

proceeding by the radical addition route. This exphnation is also intuitively appealing because formation of 

C@ provides a means to overcome the strain associated with epmdde formation. 

Results for epoxidations of cir4-methyl-2-pentene with various aldehydes summarked in Table 2 

support this explanation. The muIts can be interpreted on the basis of the mechanism in Figure 2. ‘I%e 

pemxyacyl radical derived fkom the aldehyde can either abstract a hydrogen atom from aldehyde to produce 

peracid and eventually &-epoxide, or it can add to olefin to produce epoxide with a mndomkd 

stereochemistry. The results showing enhanced cis selectivity with high aldehyde concentrations and with the 

sterically less-demanding isovaleraldehyde than with isobutyraldehyde are consistent with this explanation. 

‘MHe 2. Effect of Aldehyde and Stoichiometry on Oxidation of c~4-Me~yl-2-~n~ne. 
VerslO~ 

Pivaldebyde (80) 7 95 100 63 
Isobutymldehyde (80) z 86 % 64 z 

86:14 
71:29 

Isovaleraldellyde (80) 8 7 7 84:16 

~v~~~ (400) 
Stahl (‘W :: z IZ 

51 93:7 
85 3; 7931 

Isovakraldehyde (400) I5 91 99 88 60 9o:lO 
aAkac&n Gmdtiona: 0kpn (So m?nol), I,2dchlo~ (100 JW, decwx @ntemaL rtondord, 10 g), 40 T, 02 bmbbied 
through aolntim ctminuo~ly. Conwmiona and yietrS &wkr, bawd on amrtiqq namrial leading to product) by internal standa& 
oc. 
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For that portion of the reaction proceeding by addition, the epoxide stemxchemistry will bc determined 

by the lifetime of the pemxyacylolefin adduct [Figure 31. If this intermedlate were to decompose by 

formation of carboxyl radical, it would be expected that the lifetime would be independent of aldehyde 

structum. One would thus be led to predict that oxidations mediated with isobutyraldehyde would exhibit 

higher cis selectivities than those mediated with pivaldehyde because mom of the reaction would proceed by 

way of the peracid mute. This prediction clearly contradicts the experimental results. The observation of 

higher cis selectivity with pivaldehyde can be explained by postulating that decomposition of the pemxyacyl- 

olefin adduct occurs concertedly to produce epoxlde, CO2, and alkyl radical. In this case, the additional 

stability associated with r-butyl relative to isopropyl radical would be reflected in the transition state for the 

decomposition, resulting in mom rapid ring closure and higher cis selectivities. 

u 
Rua II I,,,.*I- _: R*+cG+p 

l%Wre 3. Decomposition Pathways for the Pemxyacyl-Olefin Adduct. 

In conclusion, several lines of evidence support the hypothesis that aldehyde-mediated olefin 

epoxidations proceed by parallel peracid and radical addition pathways. Ftmhermore, for that portion of the 

reaction proceeding by radical addition, thermodynamic calculations and steieochemical results favor an 

explanation in which the pemxyacyl-oletin adduct decomposes in a concerted manner to form alkyl radical, 

COz, and epoxide. 
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