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Epoxidation 18 the reaction in which ethylenic unsaturation
is converted directly to oxirane by reaction with peroxy acid,

aither proeformed or generated in situs

:}:::::::c{L * RCO4H — -C\\ C~ 4 HCOH
0O

This reaction was discoversd about 1903 by the sussian
Chemist, Prilaachajau*‘a *Oxirane gtouﬁ’ls the official
“Chemical Abstracts® name for the three membered heterocyclic
ring shown above. This group, however, is frequeatly called
the epoxide group (more precisely 1,2 epoxide or X ~epoxide);
thus prompting Swezrn, in whose lavoratory considerxable
fundamental work on this zeaction was conducted during fortieo"’
to coin the universally accepted woxrd® *"epoxidation” for the
pxocess, (The tesm "Oxido group® is frequently found in the
older literature).

The importance of epoxides as lndustrial chemical
intermediates is attested by the 1966 worldwide production
capacity which was in excess of 5 billion lb/Voar?’g The
mejor uses of epoxidized oils and esters are as plasticizers-
stabiliszsers for polyvinyl chloride roainc&o'l‘ Epoxidized
oils and esters are incorpersated inte pelyvinyl chloride
systems to improve flexibility, elasticity, tougl-ness, and



impart stability to the mixture towards heat and light.
Monomeric epoxy esters are efficient plasticlzers and

impart low tempexature flexibility to polyvinyl chloxide.

The most striking attribute of all epoxyesters,
snd the main reason for their wide industrial acceptance,
is the marked improvement they impart to the light
stability of plasticized polyvinyl chloride. New uses
for epoxidized plasticizers-stabilizexs and other epoxidized
substan¢es are expected to increase the demand for these
substances sharply. w~romising applications ia the polymer
fleld (alkyds, polyesters, and epoxy resins) are among
the more important developients. Considerxable dctivity in
these flelds occured between 1950 and 1960, oumulsions of
polyepoxides are reported to be of value as surface coatings
end as additives for fabrics, papers, and leather to fmprove
the shrink resistance, crease resistance, abrasion re:istance,
and wet atrongth}ﬁ’lb

tpoxides are intermediates in the metabolism of
aromatlic hydxoca:bonalz'za and accordingly may also be
zesponsible for the carcinogenic effects of certain aromatic
hydrosazbonsd® 27 The epoxy dicarboxylic asid should be
of petential comnercial interest because it is derived from



benzene via low cost maleic anhydridoza and because 1t
can be converted into dialkyl tin epoxy succinates which
are plasticizer-stabilizers for polyvinyl chloride?’

as well as into cross-linkable epoxy contalaling film

foruing polyumidos?o

Organlc as well as inorganic peracids axe among the
important epoxidizing agents. ~ reagentwise review is
presented below.

(1) 2aUNY4chZQIC ACID:= Feroxybenzoic acid is important
for preparing oxiranes not only historical reasons tut

also because of its ready availability and efiiclency. In
several cases quantitative ylelds of oxirsnes are obtained
and frequently it is well over 755 . The xreactlion can be
conducted in a wide variety of inert organic solvents,

most commonly benzene, chloroform, methylene chloride,ether,
dioxane, acetone and ethyl acetate. iedction time is
frequently short, but it may vary considerably, depending
on the number and nature of groups attached to the
unsatuzated linkage. Reaction temperature varies from 0°
to room temperature usually. The xeagent is especially
useful for the lsberatory epoxidation of non~volatile, water
insoluble unsaturated compounds that can not be satisfacterily



M

converted to the oxirane by way of the chlorohydrin or by

4~7

antoxidation. Swern tabulated the compounds epoxidized

by peroxybenzolc acid.

(41) aggggxuggxgn;ﬂa&;g~ﬁggn 1~ Bohme 1032 a4 apparently
the fixrst to show that monoperoxyphthalic acid (i) is
consumed by the ethylenic linkage, but Chakravarty and
Levin®d in 1942 were the first to isolate the oxiranes.
Since then MPA has had wide use in the epoxidation of
unsaturated c'mpounds, notiably sterols and other polycyclic
compounds, polyenes, and many natural products. cpoxidation
with MiA L5 conducted under the same general conditions
and in the same solvents as with peroxybenzoic acid;

Excellent yields of oxiranes are usually obtained.

Monoperoxyphthalic acid has two sdvantajes over
pexoxydenzolc acid. PFirxest, when epoxidation requires a
long resction time, its greater stnbllltyaa'a‘ is an asset.
Seecond, since epoxidation with MPA arxe often conducted in
chlozefozm, in which phthalis acid (the reduction product
of MWPA) s tnseluble, phthalic acid precipitates out and is
thue unable te cause the unwanted ring opening xeagtions.

The epoxidetion of unsaturated compounds with
phthalic anhydride and hydrogen peroxide in benzene at



moderate temperatures (29-50°) (in situ generatien and
consumption of MrA) has been patentod?s The same patent
aleo describes the use of succinic anhydride, 1,2-cyclo-
hexanedicarboxylic acid anhydride, and ol , X =dinethyl
benzyl succinic anhydride for in situ epoxidation,

(444) pienoxyac JIC AQIDs~ Peroxyacetic acid hus become
the most important epoxidation reajent during the last

2 years for two main reasons: first, its comrercial
availability, low price, and ease of proparationg second,
the development of mild, high speed reaction conditions
for the preygarution of a wide varlety of oxiranes in high
yield. reroxyacetic acid has the adued «dvantages that
it can be used in both aqueocus and nonacqueous solvents,and
in homogensous and heterogeneous media. The oxganic
solvents that are employed in epoxidations with peroxy-
benzoic acid arxe the common ones. The solvents should
however be inert under the reaction conditions and should be
essy to dispose off.

Peroxyacetic agid in scetic acid solution was then
smuscessfully appucd‘* to the epoxidation of a wide variety
of long-chain unsaturated compounds (acids,monoestexs,
triglycerides, alcohels). Swern, Billen, and scanland’
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converted a series of l-olefins to the corresponding
oxiranes in falr ylelds with dilute (about IM) peroxyacetic
acid in acetic acid solution. The texminally unsaturated
compounds have about 24 hrs. reaction time, whereas non-
terminal, i{solated double bonds need only 2«4 hrs,

(Lv} FEROXYRORLIC AoID i= Jeroxyfomnic acid is unntable
even at low temperatures and in concentrated fnrm it is a
hazardous compound. For this reason it is rarely isolated
and 1ts use as an epoxidizing reagent has becn exclusively
in situ,

The in situ=jeneration of forulc acld, @ rapld process
requiring nn added acid catalysts} attains equilibrium in
less than L hr. even with relatively dilute {30,) hydrogen
peroxide. In situ bxidation with peroxyformic acid is,
therefore, and attractive procedure both for laboratory and
for laxge scale work since the active oxygen of hydrogen
pexoxide gan be rapidly transferred to oxidizable substrates.

Formic acid, howsver, is a considerably stronger acid
than agetic acid and cduses opening of the oxirane ring at a
such faster rate (This facile ring opening reaction can be
used to sdvantage in the preparation of 1,2-glyeels in

excellent ylields from olefins). Thorof;ro. reaction conditions



for in situ epoxidation with peroxyformic acid must be
designed to reduce the ring opening while taking inte

account the fact that oxiranes may form more rapidly,

with evolution of more heat in a shorter time,

The first successful epoxidation with peroxyformic
acid was reported by Byers and Hickin bottom®° who isolated
an oxirane in low yield from diisobutylene (2,4,4~trimethyl~
l=pentene). uoiisobutylene was an unfortunate choice as it
was not known to the original investijatoxs, that diiso-
butylene redction is an abnormal and & whole runje of
products is ohtuined, of which the oxirane is a ninor one.
nlgo, rather large volumes of formic acid were employed, a
condition that is not conducive to high~yield preparation.
of oxiranes. .ith peroxybenzoic acid, on the othcglupég

40, of the anticipated oxirane was obtained.

The practicability of in situ epoxidation with per-
oxyfoxmic acid was first demonstrated by Niederhauser and
Koroly?’ who used limited amounts of formic acid as the
oxygen carrier and, in some cases, organic solvents as well
to reduse ring opening. These investigators epoxidized
methyl oleate, octyl oleate, propylene glycel dioleate, and

soyabean oll, and obtalned fair yields of oxiranes.



(v) RERQXYIRIFIUOROACETIC AGID t~ The introduction of
an electron-withdrawing group 1into the  =position of an
aiiphatic peroxyacid or into the ring of an aromatic one

not only enhances the electrophilic charactexr of the per-
oxyacid but also provides a better leaving molecule in the
collupse of the transition state. The result is an enhanced
rate of epoxidation.

An excellent illustration of the efrect of such
substitution on the rate of epoxidution is given by peroxy-
trifluoroacetié aclid, first described by c:mmons and Fexxis
in 1953?0 seroxytrifluoroacetic acid 1c an extremely high
spead oxidant and thersfore has found most widespread useti~43
with negutive substitutogﬁgﬁzgginaa that undergo umsually
slow epoxidation with the usual peroxyacids (peroxybenzoic,
peroxyacetic, and peroxymonophthalic acids).

Epoxidation with peroxytrifluorocacetic acid must be
conducted with particular care because trifluoroacetic acid,
the rxedugtion product, is a stronger acid and readily reacts
with the oxirane group. Therefore, it is not necessary to
use & buffer but the particular one ¢chosen is {mportant and

plays & dominant role in certain cases in determining the
yield of oxirane®? Sodium carbonate and sodium bicarbonste,
and disedium hydrogen phosphate have been employed. Sodius



carbonate and bicarbonate are satisfactory buffers in
epoxidations where a weak peroxyacid reacts more rapidly
with the unsaturated compounds than with the buffer.
usisodium hydrogen phthalate is preferred for the unsatu-
rated compounds that epoxidize slowly because this buffer
1. able to neutralize the trifluoroacetic acid as rapidly
s 1t i¢ formed without making the reaction mixture so
basic thet the peroxyacid is destroyed before it is
consumed. Under appropriate condltions, excellent yleld
( >90x) of oxirenes can often be obtuined with terwinal
«.1d non terminal olefins and with those containing oelectron-
wi thdrawing substituents attached to the double bond,

(vi) m~chloroperoxybenszolic Acid:i- m-chloroperoxybenzoic
acid, first prepared and characterized by Lynch and

rausackox’4 in 1955, became commercially available in 1962?5"°
The coamercial product is about 894 pure; the parent carboxylic
acid, m=chlorobenzoic acid, is the main impurity. A 995 + pure
peroxyacid can be readily obtained by washing the commercial
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grade with acqueous phosphate ba!foz? Technical data

(physical and chemical properties, stability) and epoxidation

progedures are presentec in a bullctanf‘

wechloxopezoxybenzolc acid is & stable peroxyscid,

soluble in avariety of common orgenic selvents. The rate of
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epoxidation of unsaturated compounds with this peroxyacid
is several times that of peroxybenzole acid‘z"° and is of
great advantage in some cases, especially where isomeri-
zations wust be avolded (for example, epoxidation of

"ewar® benacnn‘7).

slthough m~-chlorogeroxybenzoic acid
has not recelved much attention yet as an oxidizing ajent,
the hijher rate of e¢poxidation, commercial availability,
and good stability sugjest more widespread use of this
peroxyacid for epoxidation and other oxidation reactions.
m=Chloroperoxybenzoic acid was first used by Lynch
and Pausacker?® for the epoxidation of transe-stilbene.Gince
their interest was primarily in the kinetics and theimo-
dynamic parameters of epoxidation, they did not isolate the
oxirane (a known compound). Sinilarly Jchwartz end
alumbcrgs4° showed that solvents they do not show hydrogen
bonding with the peroxyacid give the highest epoxidation
rates. Chlorinated solvents-notably chloroform, methylene
chloride, l,2=dichloroethane, and chlorinateu benzenes-are
best. A large reduction in rate (hundred fold) is experi-

enged when t-butyl alcohol 1is the solvent.

(vit) pe=Nitzopexoxvbenzoic Asidi- P-nitroperoxybenzoic acid,
fArst repoxted by Medvedev and Blokh*® in 1933 but characteri-

2éd some 0 years later by Overberger and Cumnlno?’ is another



rapid epoxidation reagent. The nitro group is strongly
electron~wi thdrawing group, and its substitution into the
ring of an arxomatic peroxyacid substaatially enhances the
electrophilic character of the pcxoxyacid?“'bo The p=nitro
group 1s more effective than chlorine; p-nitroperoxybenzole
acid is 0 to 20 times more reactive than peroxybenzolc
acldf“'“d'ﬁo whereas m=chloroperoxybenzoic acid i{s only
slightly moxe reactive?®® 1nsg Jreatly enhanced reactivity,
coupled with ocutstanding stabilityfo’sl of ten makes p-nitro-
peroxybenzoic acid the reagent of cholice for olefins that
epoxidize slowly. Furthermore, the low solubility of
p~nitrobenzolic acid, the reduction product, effectively
removes 1t from the reaction medium, thus minimizing oxirune
ring opening, The high reactivity and low solubility of
penitroperoxybenzolc acid, however, limit the choice of
solvent that can be used for oxidations. The solvents of
choice axe chloxoform, ether, ether-chloroform, and tetra-
hydrofuran. Aromatic solvents should generally be avoided,
especially those containing electron-donating groups, as

they undergo facile ring attack?z

Lyneh and Paun&ckcr“ weze the first to use p-nitro-

peroxybensoic acid in epoxidation studies (kinetics), but
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they did not isolate the oxiranes. vilkas™ not only compared



the rates of epoxidation of unsaturated compounds with

p=nitroperoxybenzoic and peroxybenzoic acids but he was

also the first to isolate the oxiranes in several cases.

with organic peracids, o(, B ~unsaturated aldehydes,

ketones, acids, and esters react extreuely slowly as

0xpcct.d?3 for these substrates hydrogen peroxide is a

bettexr choice. Some of the auventages of hydrogen peroxide

in commercial epoxidation are the followings:

{a)
(b)
(c)
(d)
(e)

High reaction efficlency
tidgh ydelds.

High reaction specificity.
sasy product isolation
Minimum by-products.

(£) Stoichiometric use of peroxide.

{g) ~bsence of metallic or imorganic contamination

(h) Application to aqueous and non aqueous systems,

(1) ~Applicetion to homogeneous and heterogeneous systems.
(J) necovery of organic acids for reuse if desired.
HYRBQGEN PERQXIDE AS AN QXIDANT

Hydrogen peroxide may act either as en oxidizing agent

or as & reducing agent. In both acid and basic solutions it
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is & powerful oxidizing agent (better than iodate, hypo-
bromite, or lead dioxide). Its roducing action is generally
confined to acid solution in which it is a slijhtly better
reducer than ixon{Il) but not quite so good as fodide. The
oxygen-oxygen single bond is one of the weakest covialent
bonds "nown, it is easlly broken or alternatively converted
into the more stable oxygen molecule (whose bond is suitable
described as a "one-and-two halves® bond).

The oxidation und reduction potentials of hydrogen
peroxide are such that it should be able to oxidize itielf,
that i{s, it i{s *thermodynanicully unstable® {(However,oxidation
potentials tell us nothing about the speed of reactions, and
unstable uituations can survive for years if the systems
are not tempered with). The proces: of self oxidation
(some times called disproportiocnation or dimutation) is
common in inorganic chemistry, especially among the less
ususl trensition elements; it s notable in the case of
hydrogen peroxide because of the longevity of the unstable
species. Hydrogen peroxide reduces substances which readily
give wp oxygen, such as potassium pemanganate and bleaching
powdex. Conmpounds of.qoblo metals are a) so reduced by
hydrogen peroxide, thus it deposits gold from gold salt
solutions, reduces silver oxide to silver, and mercury oxide

to0 mer¢u XY



The chemical reactions with hydrogen porox1d0.f311

into five types:;

Lo

2.

4,

The hydrogen peroxide is decomposed and the second
compound is reduced, for example, with permanyanate

both substances are si-ultaneously reduced, and the
resulting oxygen comes from both the permanganate and
the peroxide.

The hydrogen peroxide is decomposed and the second
compound is oxidized by the oxyjen derived fron the
peroxide, as was the cd.e with ozoae. Lulphur dioxide,
foxr instance, chanye into sulphuric acid etc.

Certain aclds form speclal aduition products with the
hydrogen peroxide, thus sulphuric acid gives per-
sulphuric acid, molybdic acid pex molybdic acid, and
chromie acid perchromic acid etc.

Cortain bases may react by double decomposition

whezedby the one parxt of the hydroyen of the peroxide

is replaced by & metal. In this cass the hydrogen
pexoxide has the character of an acid.

Hydzrogen peroxide unites with many organic and inroganiec
salts such in iﬁo way of water of crystallization, and it
is then called hydrogen peroxide of erystallization,e.g.,



Solutions of hydrogen peroxide are 1ot very stable
and readily decompose into oxyjen and water;
Hy0, = Hy0 +'é 0y + 23,47 Kcals, Similar is the case with
anhydrous peroxide. Substances derived from living oxrganism,
and characterized by a specific action &in decomposing of
hydrogen peroxide are called gcatalases. Such catalases are
found, for example, in blood and in mucous membrane. The
catalases belong to a class of so-called ferments or enzymes,
There are rather unstable compounds, occurring only in
minimal concentration, play in organisms a role ;iuilar to
that of catadlysts in the xest of chemistry. In addition to
catalasc there is snother ferments peroxidase, which acts
specifically with hydrogen peroxide. This has the property
of activating of hydrogen peroxide, so that in the presence
of oxidizable materials it yives up one oxygen atom to the
later. In the absence of such oxidizable substances hydrogen
peroxide is not dnéoqposod by peroxidase.

pakin®* studied the oxidation of the ammonium salts
of saturated fatty acids with hydrogen peroxide. The scheme
of oxidation is:

Qi’CHZCOCH B 4 Cl'laCHO + CO, + HZO‘ CH30H0 ——

cuscoou D HCOUH wm—e=d> 602 + H2°‘ Lower acids are more
readily exidized, because fatty acids and aldehydes are fommed
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simul taneously in lower acids. Rupp et a? reported that
in the presence of small quantities of an Fe salt Naﬂco3

reacts with hydrogen percoxide to foxm formic acid and HCHO
with evalution of gas. Redner=® investigated the kinetics

CHO «+ 3202<-—9» CHapeﬂﬂ + 320.

of the resction sﬂ3

Saner et a12® carited out the oxidation of unsaturated
fatty acids with hydrogen peroxide and with peroxybenzoic
acid. Linolenic acid with hydrojen pexroxicde ylelds products
closely resembling those obtalned by alr oxidetion, but
with peroxybenzoic acid it reacts with hydrogen peroxide
with a disappearance of all double bonds and a decrease in
fts I.00. The ethyl estexr of linolenic acid xeucts with
hydrogen peroxide only in the presence of perbenzolc acid.

A study of the oxidation of some dicarboxylic acids by
hydrogen peroxide in the presence of certaln catalysts was
carried out by walton et 11?7 Hatcher et al1>® studied
oxidation of some dibasic acids, malonic, tartarie,succinic
and malic acids with hydrogen peroxide. The rates of
reaction indicate the comparability of saturated acids having
the same number of cazbon atoms, the constancy of mone~
hydzoxylizstion in 1its velocity influence and the diverxse

offects of N’ The mode of oxidation suggests in esch case



a complex through which decomposition occurs. The effects
of geometrical isomexism and ethylenic linkage are well
marked. It is concluded that oxidizability is due to two
or more of the following three factors:

Susceptibility to oxidation of the organic compound,
zeactivity of hydrogen peroxide to the kind of structure

presented to it and lonic condition of the medium.

(viti) alkaline lydrogen reroxide-Nitriles(reroxycarboximidie
Acdds) := The reaction of nitriles with alkaliane

hydrogin peroxide is an efficient, high speed reaction for

preparing the corresponding aildes in excellent yielde,

This reaction was discovered in about los4 and is sometimes

refexred to as the iadziszewski reaction?9

Although the reaction has been widely used, its
mchanism and stoichiometsry were not known until 1953, when
W1b-r€~° demonstrated that the rate of the reaction of
benzonitrile with slkaline hydrogen peroxide showed & first
oxdex dependente on the concentration of nitrile, hydrogen
peroxide, and the hydrexy ion. Further benzenitrile oxide
was shewn not to be an intexmediate, and from oxygen-18
studies it was demonstrated that the oxygen introduced into
the nitrile cane from the hydrogen peroxide and not from water



or the hydroxy fon. clectron-withdrawing groups in the
aromatic ring caused a marked rate enhancement, a result
observed in other nucleophilic reactions on the carbon
atom of the nitrile group. The stoichiometry of the

reaction was shown to be as follows:

0
nelC BN ¢ 2!%202 -——-Qﬂ-? h-& - Nﬂ2 + 02 + H20

From these results Liberg concluded that the first
step in the reaction is aduition of the hydroperoxide anion
\ao;) to the nitrile group, followed by a fust reaction of
the adiition product, the highly reactive pexoxycarboximidic
acid, with a second molecule of hydrogen peroxide, thus

accounting for the products and stoichiometry as follows:

- Tate determinin -
ReC = N + HO e 0 R-?'N
0~ CH
0
n-ci:-uon + TOH ;:“ -
0« CH
RHeGCe + O 4H,0
ReG ® NeH fast NHp + Op#Hy
+ H0y H
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Peroxycarboximidic acids have not been isolated;
they are unstable, highly reactive intermediates and, as
already shown, oxidize hydrogen peroxide. irayne, Deming
and williamsbl'°2 have shown, however, that if a more
ef fective reducing agent, such as an olefin, is presented
in the system, reaction of peroxycarvoximidic aclides with
hydroyen peroxide is largely eliuinated (little or no
oxygen is evolved) and the olefin is epoxidized instead:

NH Q
\ / o N ;N
CoC( +R«Ce0MH > C~Cl+id~CeNH
/ % 2

0

By operating in this way only one mole of hydrogen
peroxide is consumed per mole of the olefinic compound and

the overall stoichiometry becomes as follows:

\e e o/ .

OH

I
N\

\o/
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Since the rate detexrmining step in this resction is
the additien of the hydroperxoxide anion to the nitrile,
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differently substituted olefins, such as l~hexene and
2=methyl=2=butene, epoxidize at the same rate. This 1s in
contrast to the rates of the reaction of ethylenic compounds
with peroxyacids, which is highly dependent on the degree of
substitution at the double bond,

A » B ~unsatureted nitriles are not epoxidized by
organic peroxydcids owing to the rate-diminishing effect
of the eluctron-withdrawing nitrile group. The alkaline
hydrogen peroxide system just described, however, is well
suited to the epoxidation of these nitriles, as the nitrile
group in the molecule to be oxidized serves as the oxygen
carrier without requiring additional nitrile to be added.
The epoxidation is intramolecular; the double is converted
to the oxirane and the nitrile group to the amido?3’64

Perhaps the most striking example of an intramolecular

epoxidation of an X .f) = unsaturated nitrile is the
prepazation of glycidamide, a novel epoxyamide, in 65-70%
yield from acxylonitrile with an equimolar quantity of
hydrogen pcxoxuo?s The reaction proceeds via the intre-
solegulary resrrangement of the nonisolable peroxyacrylimidic
acid, as follows:

m 7'7. 5




1
Hzcm CH
\
V4 o 4 o
0 Co=NeH [ =——> HC~ CH-C=nN

2
NS R

B

The double bond in peroxyacrylimicic «4cid, no longex
strongly polarized by the electron-withdrawing nitrile
yroup, would be expected to be more receptive to electro-
philic attack than the double bond of acrylonitrile,

especlally if the attack were intramolecular.
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