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Mechanism of the Epoxidation of Alkenes by Molecular Oxygen

T.V.Filippova and E.A.BIyumberg

Radical and molecular mechanisms of the formation of oxirans are examined in the oxidation of alkenes by molecular oxygen.
The reactivities of various epoxidising agents are discussed. A list of 87 references is included.
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I. INTRODUCTION
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The relative concentrations of cis- and irans-oxides of
oct-4-ene among the reaction products depend25 on the con-
figuration of the alkene: more of the cis-oxide is obtained
from cis-oct-4-ene, and more of the trans -oxide from the
trans-alkene. This apparently indicates that the life of the
3-peroxyalkyl radical is too short for the attainment of Con-
formational equilibrium25.

Effective activation energies for the overall reaction (1)
have been determined for interaction of the methylperoxy-
radical with substituted butenes in the gas phase at 100—
130 °C26 (Table 1). A similar value was obtained87 for the
gas-phase oxidation of ethylene: £eff ~ 10 kcal mole"1.

Alkene 2-Methylbut-l-
i'el'f, kcal mole"' 12.7:1:1.3

Table 1.

me 2-Methylbut-2-ene 2,3-Dimethylbut-2-ene
10.2±0.8 8.7+0.6

1 in. " i n n ι lid-, i l i e i d s t e e n i n v i e w e d ~ .

i l . cPOXSDATluN OF ALKENES BY ALKYLPEROXY-RADI-

CALS

Most investigators accept that the main route to the forma-
tion of oxirans in the direct oxidation of alkenes is epoxida-
tion of ί he latter by alkylperoxy-radicals3"29.

The simplest reaction of this type occurs between a mono-
m e r i c U R I ' O X . · . · ' • · r i K l i c a ) a n d . i n a l k e r i e :

;C ( 1 )

This takes place in two stages-addition of the peroxy-radical

to the alkene to form a tf-peroxyalkyl radical

v- . •: -o·•''•-Ho» ' ; - -̂s' (Γ)

Hud b r n s k d o

•'•adieal

radical into an oxiran and an alkoxy-

C -C-- -> RO•-:- X>C-C^ (1")

The absence of storeospecificity in the epoxidation of
alkenes by alkylperoxy-radicals1*'5'11'^5 has been interpreted
as evidence of intermediate formation of a β-peroxyalkyl
radical. The probability of cis—trans isomerisation in this
radical is determined by the relative rates of rotation about
the C -C bond and of breakdown of the radical to form the
oxiran.

The addition of alkylperoxy-radicals to alkenes is rever-
sible28. From the rate constants estimated from thermochemi-
cal data for the breakdown of (3-peroxyalkyl radicals

Α1.,= 10"·!ι exp( —14000/7?7); £_,-= 1013-exp( —18000/^7) (c-1-.

it can be concluded that the reverse reaction to (1') begins
to be significant only at high temperatures (above 300 °C)2 8.

Rate constants for the decomposition of various β-pcroxy-
alkyl radicals were determined experimentally27. The radi-
cals were prepared independently by reaction between the
corresponding brominated peroxides and hexamethyldistan-
nane (CH3)3Sn.Sn(CH3)3 or a trialkylstannane R3SnH in the
presence of an initiator. Formation of the radicals was
recorded by electron spin resonance at —70 °C . Further
conversion of the β-peroxyalkyl radicals

R'

CH2—C—OOC1CH3I;,

R

was due to competition between two reactions—decomposition
with formation of an oxiran (1") and reduction in the pres-
ence of the trialkylstannane with formation of a dialkyl per-
oxide (2):
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CH 2-C-OOC(CH 3) 3-

R

-OC (CH3)3

• R—C-OOC (CH3)3 + R3Sn·
I

CH3

(1")

( 2 )

The relative concentrations of the products—oxiran and
dialkyl peroxide—gave the ratio of the rate constants of the
two competing reactions k1"/kz. From the known value of k2

rate constants were found27 for the formation of oxirans in
the decomposition at 25 °C of the 3-peroxyalkyl radicals in
Table 2.

Competition between reactions (1") or (3) and (4) should
lead to an inversely proportional dependence of the yield of
oxiran on the concentration of molecular oxygen1 0:

(/1+flftl)
(4a)

where Wgx is the rate of formation of the oxiran
the rate of consumption of the initial ethylenic compound,
and A and Β are constants containing the ratios of the rate
constants of the primary stages. Decrease in yield (and
rate of formation) of alkene oxides with increase in oxygen
concentration over a certain range has been observed experi-
mentally in the oxidation of a substituted norbornene (Fig.l,
curve 1) ,1*6 propene5 9, and other alkenes 1 0 ' 2 2 ' 2 3 , and is
regarded as kinetic evidence of the formation of oxirans in
the decomposition of |3-peroxyalkyl radicals.

Table 2.

R R' R'
! I

Radical* CH 2 —C-OOC |CH 3 ) 3 CH2—C—OOC (CH3):1 CH 2 —C-OOC (CH3

R
KP/i, s-1 700

* R = CH, and R' = H.

R
40

Thus the rate constant of reaction (1") increases sharply
with the number of substituent groups in the 3-peroxyalkyl
radical. The decomposition rate constants of such radicals
are surprisingly large in absolute magnitude: the values
obtained27 exceed by many orders of magnitude those for the
corresponding dialkyl peroxides (e.g. 10 6 s x for di-t-butyl
peroxide in benzene at 80 °C 3 1 ) .

Indirect confirmation of the possibility that 3-peroxyalkyl
radicals decompose with the formation of oxirans was obtained
as early as 195030. Isobutene oxide (30 mole % based on the
peroxide that had reacted) was detected in the thermal
(100 °C) and photochemical decomposition of di-t-butyl per-
oxide, as a result of breakdown of the radical (CH3)3COOC.
.(CH3)2CH2. formed in chain propagation3 0.

Peroxy-radicals involved in epoxidation can react in either
monomeric (RO2̂ _) or polymeric

RO2 (—c-c-o;,)m

form6 '7 '1 3 1 6> 2 9. Breakdown of the latter results in formation
of an oxiran and a carbonyl compound in a single step, which
for a radical containing m monomer units can be written

RO2 —C-C -O, — C - C - + 2m )C -=O + ( 3 )

The length m of the carbon chain is determined by the rela-

tive r a t e s of decomposition of the 3-peroxyalkyl radicals (1")

or (3) and of reaction with oxygen

RO2 — c - c - — c—c· + o2 -* RO2 — c - c — o 2 — c-c—o; ( 4 )

and depends on the structure of the initial alkene and the
reaction conditions (Section IV).

-0,010

- 0.005

0.1 -

Figure 1. Dependence of initial rate of accumulation of
alkene oxide on concentration of oxygen in the oxidation of
methyl exo-2-methylbicyclo[ 2,2 ,l]hept-5-endo-carboxylate
(a substituted norbornene) by molecular oxygen (50 atm)
in benzene at 70 °Ck6 in the presence of: 1) 0.01 Μ azoiso-
butyronitrile; 2) acetaldehyde (concerted oxidation).

Epoxidation (1") should lead to t h e formation of equimolecu-

lar q u a n t i t i e s of o x i r a n s and monomeric or polymeric c o n v e r -

sion p r o d u c t s of a l k o x y - r a d i c a l s . T h e r e f o r e some information

on t h e c o u r s e of s u c h reac t ions in the complicated mult i s tage

oxidation of a lkenes can be obta ined by t r a c i n g the fate of

such radicals formed in the epoxidation step. Three possible
types of conversion are considered—(i) unimolecular decom-
position with formation of an aldehyde and an alkyl radical2'1*'
87

(ii) detachment of a hydrogen atom with formation of an
unsaturated alcohol (in the case of an allylic alkoxy-radical)
or a polymer containing a terminal hydroxy-group 4 ' 8 " 1 0 ' 2 0 ' 3 2 ' 6 7

RO· + RtH — ROH + R; ( 6)

and (iii) addi t ion at t h e double bond of t h e initial a l k e n e 8 " 1 0 ' 3 2

; - c( ->- R O — c — c * . ( 7 )

In some cases (when epoxidation of alkenes is the main
source of alkoxy-radicals) equivalence has been established
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between the quantities of oxirans and conversion products of
the radicals3 '8 '9. However, attempts to draw up such a
balance have not always been successful. Thus decomposi-
tion should not be the only conversion undergone by alkoxy-
radicals: in the presence of hydrocarbons containing reac-
tive carbon-hydrogen or ethylenic bonds reaction (6) or (7)
can compete successfully with unimolecular decomposition
(5)r>7 (especially in the case of primary and secondary alkoxy-
radicals). In most work on the oxidation of alkenes how-
ever, unsaturated alcohols have been either detected in
insignificant quantities or completely absent from the reaction
products (Table 3).
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sequence of reactions

RO;-!-^C-C

R0 2 —C—C" —

RO-+V=C/

RO -c-c-o; 4- V ^c(
ι ι - ' x

RO - C - C -OO—C—C· ->•X

< -* RO2 -C-C- ,
X 1 ί

RO' + V-C/ ,
0

ο II
~4 RO —C-C—Oj ,

II II
-*• RO —C—C—OO—C—C ,

i 1 I I

^c-c/-!-2X;C ο ;-R-

( V )

(1")

(7')

( 8 )

( 9 )

Table 3. Oxidation of alkenes at 60-70 °C8 '9*.

Alkene

liut-2-cne

2-Mothylbut-2-cnc
2,3-Dimetliylbul-2-ene

Isobutenu
llex-i-ene

Cyclolicptene (Ref.7 3)

fi- %

Ί ΐ
/, ,2

Ί .7
•Ί. Γι
3 . 7

1 0 3 [ O x | . | l u 3 | A l e | .

moles mule

., .,, ( )

! . ' I ' I

;!. MI;

•i.'.v.i

; ι. r>.s

n.<Si; ϋ ','>'->

-·"•' ι . :>,")

1 0 3 | K e J , |

moles '

.'; .'i(i

i';u
2.82

Ί mi

Ij .(III

•Ί.ιιιι
(ijin

' •""

7.78

'.) .72

l>.'.)8
11 .7(i
13.81

ι

2. 18
2. IS
2 -2t>
1 .(in
2-37
2.01)

* Here $ represents the degree of conversion, Ox the alkene
oxide. Ale an unsaturated alcohol, and Ke carbonyl com-
pounds containing fewer carbon atoms than in the initial
alkene. The composition of the macromolecular products
(CjH^O;)^^. was determined from elementary analysis; mj is

the number of monomer units in the polymer molecule.

The hypothesis that alkoxy-radicals are consumed mainly
by addition to the double bond of the alkene is contradicted
by the experimental observation that the rate of abstraction
of a hydrogen atom from propene, determined for the
t-butoxy-radical, exceeds about thirtyfold the rate of addi-
tion of this radical to propene3 2 and other alkenes3 1.
Furthermore, elementary analysis8 '9 indicates that the com-
position of the macromolecular products from several alkenes
approximates to the empirical formula CnH m O 2 (Table 3),
which indicates that monomeric groups of peroxide character
predominate in the polymer.

From the stoichiometry of the epoxidations (1) and (3) it
may be expected that equimolecular quantities of alkene
oxide and total conversion products of the epoxidising agent
will be formed. This imposes a limit on the yield of oxiran,
which theoretically should not exceed 50% based on the
alkene consumed. In several cases, however, e.g. in the
oxidation of cyclo-oetene3'*, norbornene derivatives3 5"3 7 '2 1 ',
hexafluoropropene38, "di-isobutene" (2,4,4-trimethylpent-l-
ene) 3 9 , and 2-methylpent 1-ene33, the yield of alkene oxide
exceeds the total yield of products formed from alkoxy-radi-
cals, and reaches 70—80% based on the alkene that has reacted.

Except in the early work, in which direct incorporation of
an oxygen molecule at the double bond of the alkene was
assumed, as e.g. for di-isobutene3 9, the observed regulari-
ties are mostly explained in terms of various radical epoxida-
tion reactions having one fundamental common feature:
regeneration of the R~ (or RO2x) radical carrying the chain
oxidation is postulated in the epoxidation step. Thus the

provides a description of the kinetics of the oxidation of sty-
rene derivatives6 '1 3, and gives theoretical maximum yields of
alkene oxides up to 66%. This scheme of oxidation is applic-
able only to alkenes containing no reactive hydrogen atoms,
for which chain propagation involves mainly addition of
radicals at the double bond of the alkene and breakdown of
the resulting polymeric radicals.

The composition of the oxidation products of 2-methylpent-
2-ene, which is characterised by reactions involving abstrac-
tion of a hydrogen atom33, can be explained by introducing
into the scheme another epoxidation reaction

r <CH:))2C CH- CH-CIL,

RO;, + RH - •2W +R· (10)

ι C- :CH-CH 2 —CH 3

RH =.-- 2-mcthylpent-2-cne

• RO;

which like reaction (9) leads to regeneration of the peroxy-
radical. Scheme (10) involves polarisation of the dioxy-bond
in an allylic peroxy-radical by interaction of the electron of
the latter with the π-electrons of the double bond. This
facilitates migration of the oxygen atom to the double bond
and detachment of the second oxygen atom by an adjacent
alkene molecule.

The high yield of oxides of norbornene derivatives, in
particular of cyanonorbornene (~ 70% based on the alkene
consumed)3 5"3 7, cannot be explained by the above reactions
(9) and (10), since structural features of norbornene make
formation of allylic peroxy-radicals improbable21*'35'''1 (the
usual delocalisation of electron density in the radical formed
by detachment of an α-hydrogen atom is difficult). Further-
more, the carbonyl compounds whose formation is implied by
reaction (9) do not exceed 10% of the alkene that has reacted
in the oxidation of norbornene derivatives.

We have suggested a mechanism35'42 in which the epoxi-
dising agent is a peroxy-radical formed by addition of a
chain-carrying radical to one of the carbon atoms forming
the double bond, while oxygen adds to the other carbon
atom:

Ν /Ο II
RO; ι yc-:-x/ -I RO2 —c—c—oa . ( 1 " ' )

: j

Such a radical reacts with the initial cyanobornene to form
two molecules of the alkene oxide and regenerate the peroxy-
radical carrying the epoxidation chain:

RO; .RO2 -c-c-o; 4- yO c< ->- 2 >c-c
Ι ί - / V / y ^

Overall, reaction (11) is energetically advantageous4 2. It

(11)
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may take place not in a single stage but by formation and
subsequent breakdown of a (3-peroxyalkyl radical:

RO2 - C — C — O O — C - C - -Ro; (12)

The mechanism of epoxidation suggested for derivatives of
norbornene is also the most probable mode of formation of
hexafluoropropene oxide 3 8 , the yield of which reaches 80%
based on the alkene that has reacted.

Yet another scheme of epoxidation was suggested in work11

on the thermal oxidation of a bicyclo[3,l,0]hex-2-ene:

(13)

In this case the alkene oxide is formed by the breakdown and
rearrangement of a hydroperoxyalkyl radical. The reaction
sequence (13) was assumed by analogy with the published
mechanism of thermal exo—endo isomerisation of bicyclo-
compounds. However, oxidation of this bicyclot3,l,0]hex-2-
ene was conducted in xylene at temperatures above 100 °C ,
so that peroxy-radicals of xylene could have been the epoxi-
dising agents, a possibility that was not considered1*0. Later
other workers 1 9 published a study of the oxidation of con-
jugated dienones in cumene and in xylene at 120—130 °C , in
which results were obtained indicating that under these con-
ditions epoxidation involved peroxy-radicals of these solvents.

It must be noted that decomposition of hydroperoxyalkyl
radicals has been assumed as the mode of formation of alkene
oxides in the high-temperature (~ 400 °C) oxidation of alkenes
in the gas phase 7 0 " 7 2 .

I. EPOXIDATION OF ALKENES BY ACYLPEROXY-RADICALS

The epoxidation of alkenes by acylperoxy-radicals

RCO3 - | - V • c / -· Rco; -f y c - ο ζ

Ι Ο

(14)

RCOOH CO2

has an important role in systems in which aldehydes are
formed as reactive intermediates. Reaction (14) has been
studied in detail on the concerted oxidation of alkenes and
aldehydes, a relatively simple process in which acylperoxy-
radicals are the sole radical epoxidising agents1*3"1*7'1*9'50'51*.
The effective rate constant of reaction (14) determined for
the concerted oxidation of nonene and benzaldehyde is
18 000 M~l s"1 at 90 °C1*7. The first stage of this reaction is
assumed to be addition of acylperoxy-radicals at the double
bond of the alkene.

One of the two views held concerning the structure of the
radical adduct is that1*3 4 5 reaction between acylperoxy-radi-
cals and alkenes involves intermediate formation of a π-com-
plex radical (as in the interaction of peracetic acid with pro-
pene1*8). The suggested general scheme of epoxidation"*ε

indicates that the initially formed ττ-complex [RCO 3 .CnH 2n]~
can react in two ways: it can decompose with formation of an
oxiran or rearrange with fission of the ττ-bond. The latter
process leads to subsequent formation of polymeric products:

RCO;.—C—C + O2 - > RCO3—C—C—Oj — Polymerisation. (16)

The alternative view1*7 does not exclude the possibility of
initial formation of a ττ-complex between radical and alkene.
However, its concentration is considered1*7 to be far lower
than that of acylperoxy-radicals: a π-complex, even if
formed, would rearrange rapidly into a 3-peroxyalkyl radical

RCO3—C—C

I I
Thus formation of a complex is not a stage determining the
macrokinetics of the process , and the mechanism of epoxidation
by acylperoxy-radicals is assumed to resemble that by alkyl-
peroxy-radicals:

RCO; -f >C---Ci RCO — C - C

•' / \ | |

ROV-C-C — RCO.; -I X)C—c{

(14')

(14")

The kinetics of the concerted oxidation of alkenes and alde-
hydes can be described on both views.

Figure 2. Effect of concentration of non-1-ene in chloro-
benzene at 90 °C1*7 on: 1) rate of consumption of benzalde-
hyde; 2) rate of accumulation of nonene oxide; 3) variation
in yield of nonene oxide based on the benzaldehyde that has
reacted.

RCO3 + C;1H2,; z: [RCO3-CnH, r ir i± RCO;i - C (15)
Above a certain limiting value the alkene concentration

ceases to affect the rate of accumulation of oxiran. Such a
relation has been observed in the concerted oxidation of pro-
pene1*5 and of nonene1*7 with aldehydes (Fig.2). In terms of
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the hypothetical formation of an intermediate complex radical
the explanation is that at a certain alkene concentration all
acylperoxy-radicals are bound in the complex, and further
increase in the alkene concentration leads to no increase in
the concentration of the intermediate complex and hence in
the rate of formation of the oxiran1*5.

However, attainment of a limiting rate of epoxidation is not
unequivocal evidence of existence of the complex
[RCO3.CnH2n 1-t. This relation can be explained by compen-
sation of the increase in rate of epoxidation due to increase
in alkene concentration by decrease in the steady-state con-
centration of RCO3^ radicals as a consequence of reaction
(14') 4 7 . Thus this reaction produces a linear loss of such
radicals. The dimeric (polymeric) peroxy-radieal MO2^ thus
formed does not undergo the exchange reaction during
development of the primary chain:

MO.; -|- RCHO - (17)

In the concerted oxidation of alkenes and aldehydes the
depend>jM!:e of rate of up.xiidation (and yield of oxiran) on the
oxygen concentration is similar to Hiat observed for the oxi-
dation of saturated compound--;. Thus the rates of formation
of the oxides of prop oneΗί i/;d ot a substituted norbornene'6

in the concerted oxidation of these alkenes with acetaldehyde
increase continuously with the concentration of molecular
oxygen up to a certain value, after which they cease to
depend on this concentration (Fig.l, curve 2).

Thus the dependence of rate of epoxidation on oxygen
concentration changes qualitatively with the nature of the
epoxidising agent (as mentioned above, a fall in rate with
increase in oxygen concentration over a certain range has
been observed for reactions of alkylperoxy-radicals10'1*6).
One explanation for this difference is that reaction (16) with
oxygen is improbable for a π complex radical devoid of a free
valency localised on a carbon alomMS. Hence the epoxidation
of alkenes by acylperoxy-radicals does not involve the com-
petition between breakdown of a ,T- complex and its interaction
with oxygen that can produce a fall in yield of alkene oxide
with increase in oxygen concentration.

If the direct precursor of the oxiran is a σ-bound not a
iT--compiex radical, the near independence of the yield (and
rate of formation) of the oxiran from the oxygen concentra-
tion is interpreted as due to the rate of reaction (14")
exceeding the rate of reaction (16) in the competition for
radicals of type R C O 3 - C - C ^ 9 .

The ratio of the rate constants k1&/klh» estimated for the
concerted oxidation of valeraldehyde and cyclohexene'49

supports the hypothetical rapidity of unimolecular decompo-
sition (14"). However, it was admitted1*9 that the accuracy
of such an estimate was low, since the ratio was determined
from constants A and β in Eqn.(4a), although the yield of
the cyclohexene oxide varied very little with the oxygen con-
centration.

The stereochemical consequences of epoxidation by acyl-
peroxy-radicals also support the concept of formation of the
oxiran in decomposition of a σ-bound radical (14") having a
carbon-carbon single bond. The concerted oxidation of
benzaldehyde separately with cis- and trans-but-2-ene5 0 and
also the oxidation of isobutyraldehyde with the stereoisomers
of oct-2-ene51* yield mixtures of the cis- and trans-oxirans.
Two trends were distinguished50-54 in this process—stereo-
specific epoxidation of alkenes by peroxy-acids5 1"5 3 and
non-stereospecific epoxidation by acylperoxy-radicals.

Reaction (14) is accepted as the main path to formation of
the oxides of propene5 5""5 7 '5 9, unbranched nonene5 8, and
hexene6 0 in the direct oxidation of these alkenes by molecular

oxygen. Involvement of acetylperoxy-radicals in the epoxi-
dation step in the oxidation of propene is confirmed by
experiments on the concerted oxidation of propene with
acetaldehyde in the presence of iminoxyl radicals at 150 °C57'59.
Under these conditions oxidation of propene is inhibited by
iminoxyl radicals, and the only processes that occur are the
oxidation of acetaldehyde and the epoxidation of propene by
acylperoxy-radicals.

Table 4.

Ιθ2), vol.%

Propene

Isobutene

Propene

Acetaldehyd.1

21 12 8.0 2.5
0.8 — 2.0 —
1.1 — 2.1 2.2

0.51 0.51 0.52 —

* Oxidation was conducted in the presence of stable iminoxyl
radicals.

If acylperoxy-radicals are the sole epoxidising agents, the
stoichiometry of reaction (14) requires that the rates of for-
mation of the oxidation products should satisfy the relationt

a=wOx/ (wA+ wCo2) ΐζ 1,

in which WQ X and w^ are the rates of formation of oxide and
acid respectively. Such a relation has indeed been observed
in the concerted oxidation of alkenes and aldehydes1*3"1*7'59.
In the direct oxidation of alkenes, however, e.g. of propene5 9

and isobutene2 3, the parameter α increases to ~ 2-2.2 with
decrease in the oxygen concentration of the oxidising gas.
Table 4 gives the values obtained for a.

These results indicate that epoxidation of alkenes when
oxidised by molecular oxygen has a complicated mechanism
and that several epoxidising agents are involved in the
formation of alkene oxides (e.g. alkylperoxy-radicals, which
exhibit an increase in yield of alkene oxides with fall in
oxygen concentration).

IV. INFLUENCE OF STRUCTURE OF ALKENES AND
PEROXY-RADICALS ON RATE OF EPOXIDATION

The relative r a t e s of epoxidation of a lkenes by peroxy-
radicals depend on the s t r u c t u r e of the initial alkenes and on
the react iv i ty of the double bond towards different epoxi-
dising a g e n t s , as well as on the conditions of oxidation. We
shall examine specific examples of the formation of alkene
oxides involving var ious types of p e r o x y - r a d i c a l s . Unfor-
t u n a t e l y , r igorous quant i ta t ive comparison of reaction ra te
cons tants is impossible because of the lack of a p p r o p r i a t e
data (different workers conducted oxidation u n d e r conditions
that could not be compared, in several cases r a t e s of initia-
tion and chain-termination ra te c o n s t a n t s were not d e t e r -
mined, e t c . ) .

τ The acid and carbon dioxide are p r o d u c t s of f u r t h e r
conversion of the a lkylperoxy-radical , and are formed also
in parallel chain oxidation react ions of a l d e h y d e s , e . g .

RCO3 + RH -, RCO3H

1 -> RCO 2 H.
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The epoxidation of propene by peroxy-radicals formed in
the oxidation of various compounds—aldehydes, butan-2-one,
alkylated arenes, and saturated hydrocarbons—exhibits
(Table 5)1*3 clear selectivity of propene towards the epoxi-
dising agents: the yield of methyloxiran is several times
higher in the presence of acylperoxy-radicals than in epoxi-
dation by peroxy-radicals e.g. of cumene or ethylbenzene.
These results are consistent with experiments showing62 that
at 90 °C propene undergoes hardly any epoxidation by
peroxy-radicals of ethylbenzene, whereas cyanoisopropylper-
oxy-radicals under the same conditions give only ~ 1% yield
of methyloxiran calculated on the epoxidising compound.

Epoxidation by acyl- and alkyl-peroxy-radicals has been
compared1*6 in the oxidation of methyl exo-2-methylbicyclo.
.[ 2,2 ,1 ]hept-5-ene-endo-carboxylate by molecular oxygen in
the presence of an initiator and in the concerted oxidation
of this ester with acetaldehyde. The rate of formation of
the alkene oxide via acylperoxy-radicals exceeded that via
alkylperoxy-radicals by factors of ~ 30—40. Similar results
have been obtained for the direct and concerted oxidation of
cyclohexene8'1*9: whereas the former leads mainly to the
formation of cyclohexenyl hydroperoxide (negligible quanti-
ties of cyclohexene oxide were detected), in the concerted
oxidation of this alkene with valeraldehyde the oxiran becomes
the main oxidation product.

of six-membered structures of the type

Because of the relatively greater stability of such a complex
with acylperoxy-radicals the equilibrium (15) will be dis-
placed to the left, and it appears that only breakdown of the
complex into the alkene oxide and the RCOOx radical will take
place"ε.

Hypotheses'*6'1*9 advanced to explain the great epoxidising
power of acylperoxy-radicals are not inconsistent, since they
concern different primary stages in the oxidation of alkenes.
However, the epoxidation of alkenes by such radicals is not
effective in all cases. Thus chloromethyloxiran could not
be obtained at all by the concerted oxidation of acetaldehyde
and allyl chloride (at 70-100 °C)61*. Comparison of the reac-
tivities of several hydrocarbons towards acetylperoxy-radi-
cals shows that the rate of epoxidation depends significantly
on the nature of the substituent adjacent to the double bond
in the alkene63'61*. This is illustrated by Table 6, in which
w0 is the initial rate of formation of the oxiran; the rate of
chain initiation is in all cases 0.039 mM s^1 at 90 °C and
50 atm.

Table 5. Yield S of alkene oxides calculated as a percentage
of compound consumed.

Acetaldehyde
I'ropionalclcliyde
Hutan-2-one

55—80
70

145

is. %

30.0— 70. 0
50-0
96.0

Compound

Butane
Cumene
lithylbenzene

145
130

120—140

1 l.n
13. Ί
15.(1

Table 6.

Alkene Propene

Μ s-1 47

Styrene

2.6

1 3

Cyclohexene

6 4

3 3

Table 7. Rates of formation w and yields S (based on
alkene that has reac ted) of alkene oxides in the action of
isobutylperoxy-radicals on alkenes at 120 ° C . 2 0

The grea ter epoxidising power of acylperoxy- than of
alkylperoxy-radicals can be explained in terms of the relative
rates of the two competing reactions'*9—addition of peroxy-
radicals to the ethylenic double bond

I ! II
RCCOor RO;,) + )C=C< --RCO-.-C-C (or RO 2-C-C) ( 1 4 ' )

" y x II II
and abstract ion of an α-hydrogen atom relative to this bond

RCO-(Or RO;» + RH - · R· + RCO3H (or RO2H) . (18)

The ratio of the r a t e cons tants of react ions (14') and (18)
for the interaction of the acetylperoxy-radical with cyclohex-
ene exceeds the ratio for that of the cyclohexenylperoxy-
radical by a factor of 30. This was attributed 1 * 9 to b e t t e r
stabilisation of the partial positive charge induced on the
alkene in the transi t ion state corresponding to addition of
acylperoxy-radicals than in that ar i s ing on abstract ion of a
h y d r o g e n atom. Such behaviour of acylperoxy-radicals will
explain the high yields of alkene oxide obtained with respect
not only to the alkene consumed but also to the organic com-
pound introduced (Table 5) .

In terms of scheme (15), which involves formation of ττ-
complex radicals , the h igher r a t e s of epoxidation of alkenes
by acylperoxy-radicals are explained1*6 by stabilisation of π -
complexes of alkenes with the la t ter radicals due to formation

Alkene

a-Methylstyrene
Styrene
Propene
2,3-DimethyIbut-2-cne
Hcx-1-cne

Uf . Μ s-1 iK'u- C)

n;
29

1 65
l.:>5
0. 12

86 5
86
•to
38
1 1.5

The epoxidising power of alkylperoxy-radical also is
strongly dependent on the structure of the alkene and the
conditions of oxidation. Thus epoxidation of cyanonorbor-
nene—an alkene containing a reactive double bond (due to
deformation of bond angles at the carbon atoms forming the
double bond65)—by peroxy-radicals of alkylarenes is
observed even at 80 °C.1*2 Under these conditions, however,
the peroxy-radicals of ethylbenzene, as noted above, cause
hardly any epoxidation of propene, an alkene containing a
less reactive terminal double bond1*3'62. Epoxidation of pro-
pene by peroxy-radicals of alkyl groups—t-butyl20 and
apparently allyl59—begins to occur at an appreciable rate only
at higher temperatures (120-150 °C—Table 7). Similarly,
in the gas-phase oxidation of propene epoxidation by alkyl-
peroxy-radicals becomes the predominant mode of formation
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of methyloxiran only at high temperatures (above 350 °C).
Under these conditions methyloxiran and acetaldehyde are
formed simultaneously66 (not consecutively, as would have
been observed in epoxidation by acylperoxy-radicals).

Another illustration of the selectivity of epoxidation by
alkylperoxy-radicals is the oxidation of conjugated dienones
and diene ethers in cumene or xylene at 120—130 °C , when
peroxy-radicals of the solvents act as epoxidising agents 1 9 .
Cumenylperoxy-radicals react with conjugated alkenes, e.g.

Data on the influence of temperature on competition between
reactions (18) and (1') are few and disconnected. An
example is provided by chain-propagation rate constants
obtained for the oxidation of cyclohexene68:

kla ,-= 4.8- l06exp[(— 6300 ± 300)/RT) (NT1 s"1)
kL. -- 1.2-106exp[(- 14000 ± 600)/RT] (NT1 s"1).

These results show that rise in temperature should lead to a
relative increase in the rate of addition of peroxy-radicals
to the double bond in cyclohexene.

to give oxides of the alkenes in high (50—95%) yields. How-
ever, these radicals do not epoxidise molecules containing
isolated double bonds or cross-conjugated systems such as

Ο --.

Two factors govern selectivity according to the above
mechanisms of epoxidation of alkenes by alkylperoxy-radicals.
The first is the ratio of the rate constants of the two reac-
tions between these species—addition at the double bond (1')
and (14') and detachment of a hydrogen atom (18)—the kine-
tic consequences of competition between reactions (1') and
(18) having been examined first in 195863 and also subse-
quently7 lu>-°>!tS_ Selectivity of epoxidation of various alkenes
by t-butylperoxy-radicais in an inert atmosphere at 120 °C
(Table 7) has in particular been related2 0 to three factors—
(«) the inactivity of the double bond (which varies with the
substituents attached to the ethylenic carbon atoms), (b) the
number of hydrogen atoms located a to the double bond (the
greater the number of allylic hydrogen atoms the more rapid
the detachment of a hydrogen atom (18), which competes
with addition), and (c) characteristics of the allylic hydrogen
atoms (whether primary, secondary, etc.) . Table 7 shows
that the maximum yield of alkene oxide is obtained with sty-
rene derivatives, which interact with t-butylperoxy-radicals
almost solely by addition of the latter at the double bond.

Table 8. Ratios k^/kji'2 and k1B/k£
. l / 2 -l/2 at 70 °C-

A Ik cue

'rope lie
But-1-ene
M/is-But-2-ene

0.014
0.017

o.o:n

W V j Alkcne

(l.Ol.'i II lsobulcne
0.019 2-Methvtbut-2-ene
00-10 ;i 2,3-Dimethylbut-2-cn

0.051
0.11 1

; 0.2Γ,

0.012
0.102
0.07

Table 9.

Alkenc

2,3-Dimethylbut-2-ene
Cycloheptene
Cycloheptene (in benzene)
2-Methylpent-1 -ene

t, °C

ο
 

o
o

o

M-l

32
34
25

HO

Alkene

But-2-ene
2-Methylbut-2-ene
a-Methylstyrene
Styrene

t. °C

70
60
50
50

kJkY,, M"1

110
150

5 9—11.0
53—15-1

The second factor governing selectivity of epoxidation is
the ratio of the rates of the two conversions undergone by
β-peroxyalkyl radicals—decomposition with formation of
alkene oxide (1") and reaction with oxygen (copolymerisation
of alkene with oxygen) (4)—competition between which has
already been discussed in connection with the influence of
oxygen concentration on the yield of alkene oxides (Section II).
Table 9 shows that the ratios of the rate constants k^/k^r
for various alkenes differ more than tenfold (cf.styrene and
ethylene derivatives)1 0. This is due to variation in both kh

31

and kx», the latter of which increases2 7 from 2000 to 700 000
s"1 with the number of methyl groups in the |3-peroxyalkyl
radical. It is noteworthy also that values of kx» estimated
from the ratio k^/k-^ι (using values of k4 from Ref.31) lie in
the range 101*—106 s"1. This is consistent with results
obtained for the decomposition of 3-peroxyalkyl radicals
prepared from the corresponding bromo-peroxides27.

The ratio k^/k1» diminishes with rise in temperature,
since estimated26 activation energies of decomposition of
3-peroxyalkyl radicals are 14—15 kcal mole"1, whereas addi-
tion of R^ radicals to oxygen takes place with almost zero
activation energy1*. As a consequence, oxidative polymeri-
sation predominates at low temperatures 6 1 ' 6 9, but rise in
temperature produces an increase in yield of monomeric
decomposition products of the radicals—carbonyl compounds
and alkene oxides 1 3 ' 6 1.

Published results9 also permit comparison of the ratios
kWk^ 2 and kia/k^2 (in which kr is the rate constant of
quadratic recombination of peroxy-radicals) for the interac-
tion of alkenes with allylic peroxy-radicals of the same struc-
ture as the initial alkene. Comparison was based on the
postulate that variation of these parameters was due mainly
to change in k^ and k 1 8. Although this approximation is
not entirely accurate (as was admitted9), a general tendency
for the reactivity of alkenes to vary with their structure can
be quite definitely traced (Table 8). Maximum values of
k18/kj2/2 were obtained for alkenes having the largest number
of allylic hydrogen atoms; the ratio k^/k^ 2 increases with
the number of substituents attached to the ethylenic carbon
atoms in the alkenes investigated.

V. EPOXIDATION OF ALKENES BY INTERMEDIATE
MOLECULAR OXIDATION PRODUCTS

We have hitherto examined known routes to the formation
of alkene oxides involving free radicals. An alternative
view found in the literature (the earliest idea on the mecha-
nism of epoxidation) regards the process as involving inter-
mediate molecular oxidation products—hydroperoxides7 3"7 5

and cyclic peroxides having the s tructure 3 9 ' 7 6 ' 7 7

}>C—C<

o-o
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However, later work showed"* that alkene oxide and hydro
peroxide are formed in parallel in the oxidation of cyclohex-
ene, and the rate of formation of the oxiran far exceeds the
rate of epoxidation by the hydroperoxide

ROOH +^)C=C/ -> ^C—c/+ ROH

Ο

in the absence of a catalyst. Nor were alkene oxides
detected in the thermal decomposition of hydroperoxides in
the presence of alkenes 7 8 ' 7 9 .

The role of cyclic peroxides (dioxetans) in the mechanism
of the oxidation of alkenes, and in epoxidation in particular,
has recently been the subject of renewed attention 8 0, for
experimental results have been obtained indicating the
possibility of their formation in the oxidation of certain
alkenes by molecular oxygen8 1. The chemiluminescence
method suggests 8 1 that dioxetans are formed by a radical
process in chain-propagation reactions, not by direct addi-
tion of oxygen at the double bond of the alkene, as had
earlier been postulated7 6. Chain formation of dioxetans has
been assumed82 also in the oxidation of pent-1-ene.

An epoxidising role of dioxetans

agent in epoxidation is the dioxetan group

-•2 >c-c;

Ό

(20)

has been postulated for the oxidation of norbornene and of
7,7-binorbornylidene8l+ by singlet oxygen under conditions
such that the rate of radical oxidation by triplet molecular
oxygen is negligible. However, the hypothetical involvement
of dioxetans in epoxidation has not yet found direct experi-
mental confirmation. Detailed investigation of the depen-
dence of the yield of alkene oxide on the nature and concen-
tration of the sensitiser used and also on additions of
inhibitors of free-radical reactions in the oxidation of biada-
mantylidene35 indicated the occurrence of two independent
processes—(i) formation of a dioxetan by a molecular process
and (ii) radical epoxidation involving sensitiser molecules.

Results have been obtained recently8 0 indicating a molecu-
lar mechanism of epoxidation in the oxidation of alkenes. A
solution of styrene in chlorobenzene with additions of a
polymeric product (of the copolymerisation of styrene with
oxygen) when oxidised gives a nearly 100% yield of styrene
oxide calculated on the styrene that has reacted (Fig.3)#.
Additions of an inhibitor of free-radical reactions do not halt
epoxidation. Table 10 shows the changes in concentration
(molarity) of styrene, benzaldehyde, and styrene oxide 20
min after addition of the inhibitor (0.01 Μ 1-naphthol) to the
reaction mixture in the oxidation of styrene § . It is evident
that the oxide accumulates as the sole reaction product under
the inhibited conditions of oxidation.

It has been shown also 8 0 ' 8 6 that such molecular epoxidising
agents as hydroperoxides and peroxy-acids are absent from
the reaction mixture, and that the polymeric product is a
precursor of styrene oxide in the sequence of primary oxi-
dation stages. These results suggest that oxygen transfers
from the polymer molecule, the "matrix", to the double bond
of the alkene. The structure of the oxygen-containing
polymer is being further investigated. Perhaps the active

# Benzaldehyde is formed by decomposition of the poly-
meric product.

§ The initial concentration of styrene was 1.8 M, and that
of the polymeric product 30 vol.%; the solvent was chloro-
benzene, and the temperature 120 °C.

I !
- C — C -

o-o

on the polymer matrix8 0.

1.2

0.8

OA

0 20

Figure 3. Rate curves for the oxidation of styrene in chlo-
robenzene solution with addition of 30 vol.% of a styrene—
oxygen copolymer80 at 120 °C: 1) consumption of styrene
([RH] 0— [RH ] j n s t ) ; 2) accumulation of styrene oxide;
3) accumulation of benzaldehyde; 4) accumulation of poly-
meric product.

Styrene
1.25 — 1.00

Table 10.

oxide Styrene
0.42 — 0.62

Benzaldehyde
0.30 - -0.32

Thus the above resul ts 8 0 ' 8 1 ' 8 6 indicate that formation of
alkene oxides involving peroxy-radicals is not the sole mode
of epoxidation. Under certain conditions a molecular mecha-
nism makes a contribution to epoxidation. Its inclusion
provides an explanation of facts that are not covered in
generally accepted schemes of epoxidation.
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