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In the porous structure of fossil coals there appeared
forces bonding the coal with the gas which made possible
the creation and retention up to the present of the natural
equilibrium of the "gas-coal" system. The valence bonds
between the carbon atoms in the hexagonal-cyclic parts of
the coal macromolecule are characterised by close action
and large bonding forces (~ 102 kcal mole"1); the forces
bonding the cyclic part of the molecules with the side chains
have an energy an order of magnitude less (101 kcal mole"1);
the van der Waals forces which bond the coal substance
with the gases have a bond energy again a whole order of
magnitude less (10° kcal mole"1), but are characterised by
a comparatively large sphere of influence, non-specificivity,
and additivity.

The van der Waals forces, which determine the sorption
capacity of fossil coals with respect to gases, begin to
appear noticeably when water is lost from the coals during
metamorphism and side-groups are removed, which screened
the sorption surface of the coal.

Hence, as a result of the physical and physicochemical
processes taking place throughout the genesis, diagenesis,
and metamorphism of coals, there was created in them the
specific structure which conferred on the coals the proper-
ties of active natural sorbents and was the prerequisite for
setting up the "gas—coal" natural system.

A thorough study of such a system has great significance
for theoretical and practical problem sin not only the mining,
but also the utilisation of coals, since in many instances
one should now speak not of coal, but of methane-coal
deposits.

Study of the "gas-coal" system includes a series of
problems, the most important of which are: study of the
form of the bond of the coal with the absorbed gases, the
sorption and collector properties of coal, the physical and
physicochemical conditions of equilibrium of the system at
various depths and in different geological circumstances,
the conditions of the shift in the equilibrium in the system
during changes in pressure, temperature, mechanical
influences, etc.
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Oxidation-reduction systems comprising peroxides and
salts of metals of variable valency a re well known a s
vinylic polymerisation initiators and are widely used in the
production of many interesting low-molecular compounds.
The free radicals produced in such systems can react with
the solvents, or can dimerise, disproportionate or be
oxidised or reduced by the metal ions; and under the
influence of the metal salts the peroxides themselves can
undergo heterolytic rearrangements or catalysed hetero-
lytic reaction with the solvents. These various processes
produce various products.

The object of this paper is to provide, without any pre-
tence at complete exhaustiveness, a review of these reac-
tions, intensive study of which has, in recent years, ·>
opened new possibilities for organic synthesis and made a
substantial contribution towards the chemistry of free
radicals in solution.

1. THE SYSTEM (FENTON'S REAGENT)

This system has been much investigated since its dis-
covery in 1894. Its use as polymerisation initiator in the
oxidation of aliphatic compounds and the hydroxylation of
aromatic compounds has been reviewed by Semenov 1 and
Walling2.

The accepted mechanism is that proposed by Haber and
Weiss, according to which the active particle produced in
the system is a free hydroxyl radical:

H,O» + Fe*+ -• HO" + HO" + Fe»+. (1)

In the absence of an organic substrate, the latter can
undergo the following ser ies of reactions:

Fe«+ + HO" -> Fe»+ + HO" . (2)

HO-+H.O, -• H,0 + HOi , (3)

ΗΟ,'+Η,Ο, - HO* + H,0 + O,, (4)

ΗΟ,,'+Η,,Ο _ H,O+ + 07 , (5)

Ο" + HaO, - "OH + ΌΗ + O, . (6)

In 1958 Coffman and coworkers3 used Fenton's reagent
for the production of bifunctional compounds from uni-
functional, according to the reactionst

(7)RH + -OH -> R" + H,O,

2R' - R-R. (8)

The dilution and pH were selected so as to produce the
dimeric compounds as the main reaction products in good
yield, the reaction being conducted at room temperature
by adding aqueous solutions of equimolar quantities of
hydrogen peroxide and iron(II) sulphate to an excess of the
aliphatic compound (as an aqueous solution or emulsion).
The reaction is not a chain reaction — each mole of
reacted aliphatic compound requires one mole of hydroxyl

radical. This method was used tor the dehydrodimerisa-
tion of lower aliphatic carboxylic acids, nitriles, amides,
amines, alcohols, and ketones.

The attack of the hydroxyl radicals on the molecule of
the aliphatic compound is not specific3: the hydroxyl
abstracts hydrogen not only from the position a to the
functional group, but from more distant positions also; as
a result a series of bifunctional isomers is obtained, the
yield sometimes reaching 60% (calculated on the hydrogen
peroxide).

For example, the reaction of propionitrile with Fenton's
reagent gives a mixture of approximately equal amounts of
adipodinitrile, aa '-dimethylsuccinodinitriles, and
α-methylglutarodinitrile (total yield 60%). Acetic acid
gives a low yield (4%) of succinic acid. Individual dehydro-
dimers are only obtained when the C-H bonds in the start-
ing material are all equivalent; thus trimethylacetic acid
gives ααα'α'-tetramethylsuccinic acid (37% yield), and
t-butyl alcohol gives ααα'α'-tetramethylbutane-1,4-diol
(36% yield).

The applicability of the method is limited by the re-
quirements that the starting material should have a suitable
solubility in water and should not undergo oxidative decom-
position. Best results are obtained at pH 2 and at a dilu-
tion of 1 g-mole H Ĉ̂  to 2 litres water.

t Abstraction of hydrogen initially bonded to carbon.

Comparison of their experimental results with literature
data on the activity of chlorine atoms in reaction with pro-
pionic and butyric acid4»5 led Coff man and coworkers to
infer that free hydroxyl radicals and atomic chlorine
exhibit a similar strength of attack on C-H bonds.

The carbonyl group deactivates the α-position in
carboxylic acids in respect of attack by the hydroxyl radi-
cal; according to their data the C-H bonds in pivalic acid
(CH3)3CCOOH are nine times as reactive as in acetic acid.

Razuvaev and Boguslavskaya investigated the reaction of
methyl esters of aliphatic carboxylic acids and alkyl
acetates with Fenton's reagent under the conditions of the
Coff man synthesis e " 9 , and obtained dimeric and oligomeric
esters and oxidation products of the starting esters.

The dehydrodimers of the methyl esters are mixtures
of the dimethyl esters of isomeric dicarboxylic acids;
those of the alkyl acetates are glycol diacetates. The
yields of dimers and oligomers sometimes reach 60%
(based on H2O2) or 70% (based on starting ester). For
example, the reaction of methyl isobutyrate with Fenton's
reagent gave the following products, the percentage yields,
based on H2O2 and reacted ester respectively, being given
in parentheses: dimethyl αα'-dimethyladipate (12, 14),
dimethyl ααα'-trimethylglutarate (14, 17), dimethyl
ααα'α'-tetramethylsuccinate (2, 2.5), oligomers (trimers
and tetramers) of methyl isobutyrate (29, 35), monomethyl
esters of C8-dicarboxylic acids (2, 2.5), acetone (-, 2),
and isobutyric acid (-, 24) [reactions (9)-(15)]. Similarly,
isopropyl acetate gave l,4-dimethylbutane-l,4-diol(ll, 28),
oligomers of isopropyl acetate (6, 14), acetone, and acetic
acid (-, 58) [reactions (16)-(20)].

In the reaction of esters containing chains of several
carbon atoms in the alcohol and acid parts of the molecule,
mixed dehydrodimers are formed. These are obtained by
dimerisation of radicals formed as a result of attack by
hydroxyl on the alcohol and acid parts of the ester mole-
cule. Thus ethyl propionate gives diethyl adipate, diethyl
αα'-dimethylsuccinate, ethyl 5-propionylhydroxyvalerate
and ethyl 2-methyl-4-propionylhydroxybutyrate, with
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traces of unidentified dimers (total yield 21% on the initial
ester).

The processes occurring in the reaction of esters with
Fenton's reagent are shown in the following series of
reactions:

Methyl esters (example: methyl isobutyrate)

E CH^(CHJOOOCH, (I)

CH,CH(CH,)COOCH, (II) (9)
(III) .

2(1)
(CHJjCCOOCH,

(10)

qCH,),COOCH,

CH,CH(CHs)COOCH,

CHiCH(CHJCOOCH,
2 (II) -• I

CH,CH(CHJCOOCH,

(CH3),CCOOCH, + -OH -» (CH,)3CCOOCH,

[H»Ot] OH
(11)

CHjCHiCHJCOOQH, + -OH - CHjCHiCHJCOOCHjOH -* CH,CH(CHS)COOH ( 1 2 )

[Η,Ο,]

CHCH(CHs)COOCHj

CH,CH(CHJCOOCH,

CHjCHiCHJCOOCH,
I +-OH

CH,CH(CH,)COOCH,

(A)

CH,C(CH,)COOCH,

CHjCHtCH^COOCH,
(E)

CH,CH(CH,)COOCH, , „ ,

CH,-CHCOOCHS

(13)

•CH,

CH,CH(CHj)COOCH,

(A), (B), (C), (D) + (I). (ID, (III) - trimers, tetramers, and higher oligoraers, ( 1 4 )

(Ό) +-ΟΗ -• CH,CH(CH,)COOCHa -» CH,CH(CHS)COOCH3 , ( 1 5 )

[HA1 CH.CHtCHjJCOOCHjOH CH,CH(CHJCOOH

Alkyl acetates (example: isopropyI acetatej

,-» CH,d(CHJOCOCHs (IV)
CH3CH(CHi)0COCHJ +-OH -

U .CH,

2(V)

CH,CH(CH,)OCOCH, (V)

CHJCH(CH,)OCXX:H,

CH,CH(CH,)OCOCH, '

(IV) +.OH -• CH,qCH,)OCOCH, -• (CH»),C=O
IHAI ^

- CHCH(CH,)OCOCH,
I (E)

CH,CH(CHJOCOCHj

CH.CIKCH.XDCOCH,

CHCHOCOCH, ( F )
CHjCHiCHJOCOCH,

CH.CHiCHJOCOCH,
.OH -

(16)

(17)

(18)

(19)

•CH,

CH,CH(CH,)OCXX:H,

(E), (F), (C) + (V) -» trimers, tetramers, and higher oligomers ( 2 0 )

The oligomers are a complex mixture of structural isomers.

Under identical reaction conditions, the maximal yield
of dimers and oligomers of methyl esters is obtained with
methyl isobutyrate, and that of dimers and oligomers of
alkyl acetates with n-propyl acetate (Figs. 1 and 2).

The presence of a large quantity of oligomers makes it
difficult to calculate the positions of free-radical attack;
however, with methyl isobutyrate an approximate calcula-
tion shows that the a -position is more reactive than the
/3-position.

Complex-forming metal ions (Fe3+, Ni8*, Co**,
form complexes with the free alkyl radicals, and so de-
crease their ability to react and hence favour dimerisa-
tion10. When Fe** is used as complex-forming ion, the
addition of NaF, which binds Fe3* into a stable complex,
produces a considerable decrease in the quantity of dimer
formed.

Razuvaev and Boguslavskaya investigated the influence
of additions of equimolar amounts of various metal salts
on the reaction of aliphatic esters with Fenton's reagent.
Addition of Ni, Co, or Mn salts or NaF have no substantial
effect on the yield or composition of the products. In the
presence of an equimolar amount of NaCl there is practi-
cally no dehydrodimerisation of the esters; chlorinated
derivatives of the initial esters are produced in small
amounts. Chloride ions are known to reduce the rate of
oxidation with Fenton's reagent11»12:

•OH -f Cl- + H+ -• Cl· + H,O. (21)

„ 60

Έ SO

1

·%

2 30

20

Fig. 1. Yield of dimers and oligomers of
esters RCOOCHs as a function of the size
and structure of the radical R.

30

2 tO

Fig. 2. Yield of dimers and oligomers of
esters ROCOCH3 as a function of the size
and structure of the radical R.
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An equimolar amount of CuSO4 also suppresses the
dehydrodimerisation of esters practically completely,
is known that Cu2* can oxidise alkyl radicals13»14:

C alkene + M+

R+ + f\+n—ι

M + " " 1 4. H+

Η,Ο - ROH + H+ ,

It

(22)

(23)

The addition of CuSO4, for example, to the system
methyl butyrate-FeSO 4 -H 2 O 2 would therefore be expected
to produce e s te r s of unsaturated and hydroxy-acids (or
their further oxidation products: aldehydo- and keto-
-acids), but these products have not been observed. Small
amounts of unsaturated e s te r s a r e formed in the absence
of CuSO4 as well a s in its presence. The considerable
decrease in the yield of dimers is probably due to the
reduced equilibrium concentration of hydroxyl radicals in
the presence of excess of Cu2 +:

Cu*+ + HjO, •£ Cu+ + HO; + H+ (see Semenov1). (24)

The reaction of various amines and ethers withFenton's
reagent has been investigated 1 5; the corresponding
dehydrodimers a re produced in very low yields (0.5-10%),
AW-diethylbutenediamine is obtained from diethylamine
(yield ~ 10%) and iW'-diethyl-JMT-diphenylbutenediamine
from ethylaniline (yield < 10%).

Addition of 1,3-dienes to the F e 2 * - H 2 O 2 - substrate
system produces addition dimers 1 6 » 1 7 :

RH + -OH

R· + Μ -> RM",

2RM" -• RMMR ,

H2O,

(25)

(26)

where Μ is a molecule of the 1,3-diene. These dimers
are straight-chain (H) and branched-chain (J), (K) com-
pounds produced by 1,4- and 1,2-addition to the diene:

R(CHj—CH=CHCH,)tR;

(H)

RCH,CH=CHCHaCHCHjR;

(J) CH=CH,

CHj=CH

R C H J C H C H C H J R .

(K) CH=CH,

Addition dimerisation is favoured by adding equivalent
amounts of the iron(II) salt, H ^ , and the diene simul-
taneously to a large excess of the substrate in water at
-5° to 0° at a definite pH.

Substrates used have been carboxylic acids, alcohols,
ketones, esters, acetaldehyde, propionitrile, and cyclo-
hexylamine. Butadiene has been the main diene used, but
chloroprene, isoprene, cyclopentadiene, acrylonitrile, and
maleic acid have also been employed. The yield of addi-
tion dimers has reached 70-77% in some cases. The
yield of products containing more than two butadiene units
in the molecule is less than 10%.

The production of dichlorinated conjugated dienes by
addition dimerisation has been patented18; thus butadiene
reacts with the radicals produced in the HaOa-FeC^ sys-
tem in solution in acetone to give (ClC4He)2. A new
method for the addition of two azide groups to alkenes
using Fenton's reagent has been developed19:

Η,Ο, + Fe*+ -» HO' + HO" + Fe»+ ,

HO' + (FeN,)»+ -* (FeOH)»+ + Ν,*,

C=C - Nr

Ν,-C-C· + (FeN,)«+ - Ν,-6-C-N, .

(28)

(29)

This reaction has been used with styrene, butadiene,
hex-1-ene, cyclohexene, etc.

Of interest is the novel synthesis of carboxylic acids
by passing carbon monoxide into a Fe2 +-H2O2- substrate
system20:

RH + CO + Η,Ο, • RCOOH + Η,Ο (30)

The formation of the acids is accompanied by dimerisation
of the radicals R* into RR; thus t-butyl alcohol has given
the carboxylation product (β -hydroxyisovaleric acid) and
the dehydrodimerisation product (ααα'α'-tetramethyl-
butane-l,4-diol) in yields of 0.23 and 0.33 g-mole per mole

respectively.

The carboxylation proceeds at room temperature by
introducing H ^ , FeSO4, and CO simultaneously into a
vigorously stirred mixture containing an excess of the
organic reactant. The optimal H ^ : FeSO4 ratio and CO
pressure is selected for each organic reactant. In some
cases carboxylation takes place at atmospheric pressure.
The following mechanism has been suggested:

HO· + RH - R. + Η,Ο ,

R" + CO - RC=O ,

RC=O + Fe»+ ->· RC~=O

RC=O + OH -* RCOOH .

Fe»+

(3D

(32)

(33)

It the reaction medium contains NaF, which binds Fe3+

into a stable complex, the yield of carboxylation products
is markedly reduced.

Aromatic compounds are oxidised by Fenton's reagent
by a non-chain mechanism21"23; hydroxylation occurs,
and, with benzene and toluene, dehydrodimerisation also.
The total yield of reaction products (based on I^OJ is
always very low (< 5%). Merz and Waters have suggested
the following mechanism22:

ArH + -OH — Ar' + H,C .

2Ar" — Ar— Ar .

Ar' + -OH - AiOH .

(34)
(35)
(36)

The oxidation of benzene and toluene by Fenton's reagent
has recently been investigated in some detail24. The oxi-
dation of benzene produces phenol and biphenyl. The
formation of CeHs radicals is excluded, because of the
absence of any isotope effect in the analogous oxidation of
deuterobenzene. In the suggested mechanism, a hydroxyl
radical first adds on to benzene to form the resonance-
- stabilised adduct (VI):

H—

(27)
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which then dimerises, disproportionates, or is oxidised to
produce the final products (phenol, biphenyl, and benzene):

+ H.O

(37)

OH -r C6il-OH

It is difficult to evaluate the importance of each step in
the overall process, but an important characteristic is
that the relative amount of phenol produced is decreased
by excluding Fe3+ (by adding fluoride) and oxygen.

In the oxidation of toluene, which apparently also pro-
ceeds by way of the analogous intermediate adduct (as well
as by oxidation of the -CH3 group), the following com-
pounds have been obtained, in the indicated relative per-
centage contents: benzyl alcohol and benzaldehyde (33.3),
benzoic acid (18), 1,2-diphenylethane (30.5), phenol (2.9),
o-cresol (3), ;/-cresol (0.2), £-cresol (1), o-hydroxy-
benzaldehyde (3.2), diphenylmethane (1), and bi-o-tolyl
(2.1).

Brodskii and Vysotskaya25 used 18O to investigate the
mechanism of hydroxylation of phenol with Fenton's reagent,
and showed that the oxygen in the resulting pyrocatechol
comes from the hydrogen peroxide. They conclude that
free hydroxyl radicals do not participate in the hydroxyla-
tion.

The same conclusion was reached by Hamilton and
Friedman26, who studied the hydroxylation of anisole with
Fenton's reagent. They suppose the hydroxylation to
proceed by a type of electrophilic substitution.

Cierand Noire2 7 investigated the mechanism of hydroxy-
lation of benzoic acid and JV-acylanilines in aqueous solu-
tion with hydrogen peroxide in the presence of transition
metal ions in their lower valency state, and found the
activity of the metals to fall in the series Fe2+ > Co2* >
> Cu+ > Mn2*. Addition of ascorbic acid increases the
activity of the systems and changes the order of reactivity:
Cu+ > Co2+ > Fe2* > Mn2+. Complexing agents such as
ethylenediaminetetraacetic acid activate or inhibit the
reaction, depending on their nature and the metal ion. The
hydroxylation of benzoic acid gives o-, m-, and/J-hydroxy-
benzoic acids, and is accompanied by partial decarboxyla-
tion. The carboxy-group orientates the entering OH group
in the ratio o: in :p = 9 : 6 : 5. For iV-acylaniline this
ratio is 11: 5 : 4. A free-radical mechanism is accepted
for the hydroxylation, and the analogy is pointed out be-
tween the reactions studied and biochemical hydroxylation
in an organism. The action of a modified Fenton's re-
agent on purine2 8 and pyrimidine bases2 9 has been studied,
to provide a model for the indirect action of ionising
radiations on fundamental biochemical molecules in
aqueous media. To increase the catalytic action of the
Fe2* ion, it was chelated with sodium pyrophosphate,
which allowed the Fenton's reagent to be used at pH 7. The
purine bases reacted to the extent of 0.5-1%, and hydroxy-
lation of the pyrimidine bases took place with a yield of
approximately 1-6.5%.

In the presence of iron(ni) ethylenediaminetetraacetate
and ascorbic acid (a model of a peroxidase system) sali-
cylates are oxidised in aqueous solution by hydrogen per-
oxide (or oxygen) into 2,3- and 2,5-dihydroxybenzoic acids
(yield 50-70% on salicylate)30.

Phenoxyacetic acid and its halogen-substituted ana-
logues are readily oxidised by Fenton's reagent to form
CO2, formaldehyde, phenol, and l,2-diphenoxyethanesl;
the formation of the last compounds is unexpected, and is
explained by the reactions:

ArOCHjCOOH -f -OH - ArOCH.COO' + H,O ( 3 8 )

ArOCHjCOO" -» ArOCHj + CO4 , ( 3 9 )

2ArOCHs -» AtOCH,CH,OAr. ( 4 0 )

The following is also thought to be a probable mecha-

nism:
ArOCH.COOH -f- -OH -> ArtXHCOOH

migration of Η

mig»tio n of 11 A r O C H j C o o .
C O j. (41)

2. SYSTE MS COMPRISING ALICYCLIC HYDRO PEROXIDES
AND METAL SALTS

Cyclohexanone reacts with hydrogen peroxide to give a
mixture of the peroxides (VII)-(XII); the structure of these
has been much studied32"36

HO OOH HO Ο—Ο OOH HO Ο—Ο OH HOO 0—0 OOH

0
(VII)

υ· υ
\/

0

Depending on the method of preparation, one or other of
these structures predominates. All the other conversions
of the derivative of peroxide cyclohexanone can be con-
sidered as reactions of (VII) (1-hydroperoxycyclohexanol);
this has not been isolated pure, but Kharasch36 has pre-
pared the a -halogeno-analogues from the a-halogeno-
cyclohexanone and hydrogen peroxide:

HO OOH
\ /

χ - ' ι

(X=CI, Br) .

(XIII)

These peroxides (XIII) are individual solid substances and
do not form dimeric peroxides of types (VIII)- (XII)36.

1-Hydroperoxycyclohexanol can be obtained by the
autoxidation of cyclohexanol37:

HO OOH

Treatment of the derivatives of peroxide cyclohexanone
with an equimolar amount of iron(II) sulphate gives a good
yield of decane-l,10-dicarboxylic acid, together with
caproic acid, ω-hydroxycaproic acid, polymeric acids,
and cyclohexanone37"41. Low temperature (-10° to 0°)
favours formation of the decanedicarboxylic acid, and the
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yields of this acid are considerably higher (up to 55%) from
"liquid" peroxides of cyclohexanone41. These reactions
proceed by a free-radical mechanism:

HO OOH

X
HO

+ Fe«+

HO O-
O OH

V.

U

+ Fe»+ + OH •

dimerisation HOOC(CH,)10COOH

HO O·

Fe«+ + Fe»+ +OH,

HOOC(CHJ)J Fe»+ + H,0 -» HOOC (CH,)«CH, + Fe»+ + OH ,

HO OOH

/ \
| + • (CH2),COOH » HO(CH2),COOH Η

HO Ο
\ /
/ \

r 1 1

(1)

(2)

(3)

(4)

(5)

\ /

Treatment of 2-chloro-l-hydroperoxycyclohexanol with
iron(II) sulphate produces a dichlorodecane-l,10-dicarboxy-
lic acid in which the disposition of the halogens has not been
established; from subsequent work14 it may be assumed
that this acid is a mixture of isomers with structure (XIV)
predominating:

HOOC(CH,)4CHCl-CHCi(CHa)4COOH .

(XIV)

Introduction of butadiene into the peroxide derivative of
cyclohexanone -Fe 2* system has given40 C^ unsaturated
dicarboxylic acids in 65-75% yield:

HOOC(CH,)," + C4H, - HOOC(CH2J,CH,CH=CH—ςΗ2 + ( 6 )

+ HOOC(CH2)6CH2CHCH=CH2 ,

where X is Cl,4 4 Br,4 4 I , 4 4 N 3 , 4 8 SCN,50 CN,48 S2O3Na,»
or ROCS2,

51 and η is 4 or 5. The ω-substituted acids are
the only products of this reaction; the cycloalkanone
which is also formed is the initial starting material and is
recycled. Thus a peroxide derivative of cyclohexanone
gives e-chlorocaproic acid in a yield of more than 90%
(based on ketone), and the product is readily isolated in
satisfactorily pure form (> 99%).

This reaction is the basis of the proposed method for
the production of the main starting materials for polyamide
resins from benzene42:

Η OH

0
ο

υ Η,Ο,

HO OOH

\ / cr
Fe a + or Cu+

(9)

HOOC(CH2)6CI *^L> CO(CH,)6NH,

HOOC(CH2),COOH

HOOC(CH,),C1 + NaCN ->· HOOC(CH,),CN

Analogous reactions have also been carried out with
alky 1-substituted cyclic ketone s and perhydrohydroperoxy-
naphthol47. The main product in the decomposition of
l-hydroperoxy-2-methylcyclohexanol by copper(I) or
iron(II) salts in the presence of halide anions is the e-halo-
genoheptanoic acid, and perhydro-l-hydroperoxynaphth-1-
-ol gives mainly the y- (2-halogenocyclohexyl)butyric acid;
thus the rupture of the C-C bond when the oxygen radical
isomerises occurs mainly on the side which the substituent
occupies:

dimerisation
C10 unseturated dicarboxylic acids. (7)

In the presence of an alcohol the corresponding esters
are obtained. Similar products are obtained from cyclo-
pentanone, but in lower yield.

Several recent interesting processes are based on the
redox reactions of peroxide derivatives of cyclohexanone
and other alicyclic peroxides W)*2-49. Treatment of
1-hydroperoxycycloalkanols with aqueous solutions of
equimolar amounts of iron(II) or copper (I) salts in the pre-
sence of an excess of hydrogen halides (or their salts), or
of alkali metal azides, cyanides, or other salts, at -30° to
+ 30° gives good yields of the corresponding ω-substituted
alkanoic acids43"48»50»51:

HO OOH

(CH»)B

F e i + ( o r Cu+)

HO O·

(ΟΗύ

_
or C u l + ) + 0 H ·

HO O· C—OH
, /

(CHs)n

(Fe X)M-

o r ( C u x r HOOC(CH2)nX,

Treatment with alkali of € -thiocyanocaproic acid pro-
duced by (8) gives ee'-dithiodicaproic acid in high yield50:

2 HOOC(CH,).SCN N a O H „ HOOC(CH2),SS(CH2),COOH , (10)

and the same product is obtained from the e-substituted

caproic acids HOOCiCHjgX, where X is - S - C ^ o c H or

S2OsNa. *°>sl Similarly δδ'-dithiodivaleric acid is obtained
from a peroxide derivative of cyclopentanone " ' " ,

The oxidation of the free radicals by metal salts
— generally iron(in) or copper (II) halides, of type (8) —
has been thought to proceed by ligand transfer 14»4Θ, the
reduction of the metal salt occurring with direct transfer
of a halogeno-ligand to the free radical in the transition
state (XV):

R. + M"+Xn —• [R-X-MX̂ j «— R-X MXn_J -> RX + M+"-lXn_, · (H)
(XV)

In the absence of a suitable ligand the free radicals are
oxidised, under analogous conditions, by a competing
reaction involving electron transfer. For example,
decanedicarboxylic acid is not produced when 1-hydroper-
oxycyclohexanol is reacted with a mixture of FeSO4 and
CuSO4, the main reaction product being hex-5-enoic acid
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(in 76% yield based on reacted ketone, or 61% based on
H2O2)

 M> 4 9, which is formed by the mechanism:

HO OOH
\ /

Ί 4- Fe=+ -> -(CH-JjCOOH -f (FeOH)=+

-r Cu=+ -·• CH2=CH(CH.)3COOH + Cu+ + H+ .

Cu+ -f- (FeOH)I+ -» Cu=* -f (FeOH)+.

It is not thought that a classical carbonium ion is pro-
duced as an intermediate in this reaction, since when it
is carried out in an aqueous or alcoholic medium only a
very small quantity of substituted hexanoic acids is ob-
tained. The optimal yield of hex-5-enoic acid cannot be
obtained if catalytic quantities of the metal salts are used.
In practice relatively large amounts of FeSO4 (100-200%
based on H2O2) and slightly smaller amounts of CuSO4

(about 50 mole %) are required.

The used solution of FeSO4 and CuSO4 can be recycled,
because of the low conversion of Fe2* ions in the reaction.

In acidified aqueous methanol the reaction produces
methyl hex-5-enoate, together with caproic acid formed
as the result of abstraction of hydrogen from the solvent.

The isomerisation of 2-substituted 1-hydroxycyclo-
hexyloxy-radicals occurring in reactions involving electron
or ligand transfer has been investigated; thus a mixture
of heptenoic acids is obtained (in 43% yield based on the
ketone) in the reaction of l-hydroperoxy-2-methylcyclo-
hexanol with FeSO4 and CuSO4:

H O y o m i

CII3CH=:CI!(CHi)3COOH (C)

,=CHICHjl,COOH (D)

j=CHCH2CII2CH(CH3)COOH (E).

(15)

(16)

The acid (E) is present in a concentration of 5 mole %,
and hence when the radical (B) isomerises the rupture of
the C-C bond proceeds almost completely from the side of
the methyl group. The acids (C) and (D) are present in
the mixture in amounts of about 60% and 40%.

Treatment of 2-chloro-l-hydroperoxycyclohexanol with
FeSO4 and CuSO4 gives a low yield of chlorohexenoic acids
(~ 10%). With FeSO_ and CuCLj, dichlorocaproic acids
are produced, in 37% yield based on the ketone:

CljCHICHti.COOH (78%)

(F) (17)
C1CHJ(CH;)SCHC1COOH (22*)

(C)

The relative amounts of the isomers (F) and (G) show that
rupture of the C-C bond occurs about four times as fre-
quently on the side of the chloro-substituent as on the
unsubstituted side.

Aliphatic acids and esters are obtained in the decompo-
sition of 1-hydroperoxycyclohexanol with iron(II) salts in
the presence of various halogen compounds and thiols58,

and are produced by recombination and transfer of the
radicals formed in the system:

(12)

(13)

(14)

HO

0
OOH

• lCH.)»COOH

HOOC(CHj)5·

+ CCI4 - Cl

•CCI, + -(ΟΗ,),ΟΟΟΗ -

• HOOC(CH..),0COOH,

(CHjlsCOOH + CCI3 .

CCI3(CH5)SCOOH.

(18)

(19)

2-CCI, CCI , (20)

In carbon tetrachloride, the reaction produces e-chloro-
caproic, decanedicar boxy lie, and ω-trichloroheptanoicacids
in yields of 17, 30, and 6% respectively; in methanethiol,
the products are caproic acid, decanedicarboxylic acid,
and 6-(methylthio)hexanoic acid CHaSiCHaJjCOOH in yields
of 26, 21, and 12%.

Acrylonitrile (or acrylates) and halogen have been
added on to the carboxyalkyl radicals by the reaction53»54:

HO OOH

CHS=CH—Υ P.* o, (C, |trHOOC(CH.),,+lCHXY, (21)

where η is 4 or 5, Υ is CN or COOR, and X is Cl or Br.
The ω-halogenoalkanoic acids are also formed. Saponifi-
cation of hydration of the compounds (H) gives the corres-
ponding dicarboxylic acids in yields of 20-30 mole %
(based on the initial ketone).

Kochi and Rust55 have studied the competing processes
occurring in the reaction of 1-hydroperoxycyclohexanol in
methanol with butadiene (or chloroprene, styrene, or
acrylonitrile) in the presence of FeSO4 and CuSO4. Under
these conditions the 5-(methoxycarbonyl)pentyl radical
adds on butadiene, and the resulting radical is oxidised by
the copper (II) salt to give a good yield of methyl methoxy-
decenoates. The competing reactions are the oxidation of
5-(methoxycarbonyl)pentyl radicals by the copper (Π) salt
to give methyl hex-5-enoate and 5-methoxyhexanoate, and
dimerisation of the radicals:

11

0
CH3OX/OOH

+ H 3O 4 CH3OOC(CHj)s,

CH3OOC(CH.,),· + C4H, - [CH3OOC(CHa),CH--fz=CH=rrrCHJ. (22)

2 [CH3OOC(CH..),CH^T-.CHr^CH2l· -• three isomeric dimethyl eicosndieaeaioates, ( 2 3 )

(24)

(25)

CH,OOC(CH2), fCu=+-L

- H * ( pCH3OOC(CH..),CH=CHCH3OCH3

U C H 3 O O C ( C H J ) , C H ( O C H 3 ) C H = C H J .

- 0Η 3ΟΟ0(0Η,) 30Η-0Η,

CH3CX>C(CHS).OCH3. < 2 6 >

The ability of alkenes to add to the 5-(methoxycarbonyl)-
pentyl radical decreases in the se r ie s i : CH2=CHCH=CH2,
CH2=C(CH3)CH=CH2 > CH2=C(CH3)CH=CH2 > CeH5CH=CH2

> CH2=CHCN > C t J B > C

t Presumably one of the isoprenes should be chloroprene (Ed.
of Translation).
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Carbon monoxide has also been added to the carboxy-
alkyl radicals obtained from 1-hydroperoxycyclohexa-
nol56'57. Best results are obtained at pressures above
10 atm. The process may be utilised to prepare αω-di-
carboxylic acids, especially pimelic acid, from benzene:

Η Ο χ / Ο Ο Η

HOOCiCHJuCOOH . (27)

The decomposition of hydroperoxides in the presence
of sulphur dioxide proceeds analogously, with the forma-
tion of sulphonic acids5 7; however, the greater activity
of SO2 as compared with CO enforces the use of dilute
solutions, so as to avoid reduction of the peroxide to
cyclohexanone.

Addition of nitrogen monoxide to the carboxyalkyl radi-
cals followed by hydrogenation of the resulting nitrogen
compounds produces amino-acids58"60.

HO OOH

p HOOC(CHj)4CH=N-OH ~, Η >

~)U HOOqCHj^CHaN—OH J
HOOC(CHS) 5NH 2. ( 2 8 )

hept-6-en-2-one in yields of up to 90%.14 The mechanism
of these reactions is identical with that already considered
in respect of the hydroperoxyalcohols.

The above reactions have been extended to the hydro-
peroxides of cyclic ethers, which can be obtained by
autoxidation of the ethers. The reaction of a tetrahydro-
furyl hydroperoxide with FeSO4 has given87 hexamethylene
diformate, see (a) below, 13.8% yield; y-butyrolactone
(b), 31.4% yield; and traces of 4-hydroxybutanol. In the
presence of metal halides, no dimerisation of the radicals
to produce (a) occurs, and 3-chloropropyl formate is ob-
tained (c), 42% yield. The reactions involved are:

I CH,

\A>
(b),

NO

i+"CI»

+ OH + Fe**,

HCOiCHAOCH (a),

ο υ

·· HO(CH,)jC!IO,

HCO(CH2)jCI (c)

ϋ

(30)

(3D

(32)

(33)

(34)

The decomposition of cyclic hydroperoxy alcohols in the
presence of an iron(H) salt and hydrogen sulphide is the
basis of a new method for the conversion of cyclic ketones
into monocarboxylic acids having the same number of
carbon atoms 6 1. It may be utilised in the production of
hexanoic acid from benzene42:

O OH
Ο HO OOH

> CHaiCH^iCOOH+S

(29)

The autoxidation of alicyclic hydrocarbons or ethers
produces the hydroperoxides:

R OOH

\

where R is alkyl or alkoxy.

The reaction of methylcyclopentyl and methylcyclohexyl
hydroperoxides with FeSO4 has given64 dodecan-2,ll-dione
and tetradecan-2,13-dione respectively, in yields of
40-55%. When 1,3-dienes are introduced into such sys-
tems, long-chain unsaturated diketones are obtained65, of
the general formula RMMR, where R is a ketoalkyl group
and Μ is a butadiene or isoprene residue; the yield of
such unsaturated ketones may reach 70%.

By introducing halide ligands into a system consisting of
a cyclic hydroperoxide and Fe2* (or Cu+) ions, Minisci and
Belvedere66 have developed efficient methods for the pro-
duction of ω-halogenated ketones and esters; thus methyl-
cyclopentyl and methylcyclohexyl hydroperoxides give
6-chlorohexan-2-one and 7-chloroheptan-2-one respec-
tively, in yields of ~ 50%. The reaction of methylcyclo-
hexyl hydroperoxide with F«SO4 and CuSO4 produces

The reaction of tetrahydropyran-2-yl hydroperoxide
with FeSO4 gives octamethylene diformate in good yield68.
In the presence of FeSO4 and CuSO4 but-3-enyl formate is
obtained in 20% yield14:

- O O H

ο
II

•CH2(CH s)jOCH
II -_cv

CH2=CH(CH..).!OCH . (35)

If CuClg is introduced into this system, 4-chlorobutyl
formate is produced in 36% yield69.

The reductive decomposition of tetrahydro-2,5-dimethyl-
furanyl hydroperoxide70»71 gives 1-methylheptamethylene
diacetate (46%) and s-butyl acetate (32%); in the presence
of CCL·,, no s-butyl acetate is obtained, but 4-chlorobut-
-2-yl acetate (19%) is formed.

3. SYSTEMS COMPRISING ACYCLIC PEROXIDES AND
METAL SALTS

The addition of catalytic quantities of copper (I) and
certain other transition metal salts profoundly affects the
course of the reaction between organic peroxides and
certain organic compounds in solution72»73. In some
cases such addition reduces the rate of or inhibits the re-
actions, and in others the reverse, causing rapid decom-
position of the peroxides75 and catalysing reaction of the
peroxides with the solvents to give products which are
unusual for normal free-radical reactions73»74.

These investigations have led to some new and efficient
synthetic methods. Thus a new method has been
developed74 for the introduction of peroxide groups into
organic molecules by the reaction of t-butyl (or cumyl)
hydroperoxide with many types of organic compound in the
presence of catalytic amounts of copper, cobalt, or man-
ganese salts at 70-100°. The peroxide group can be
introduced in this way, with excellent yields, into com-
pounds such as cyclohexene, 2-methylcyclohexanone,
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cyclohexanone, dimethylaniline, xylene, and dioxan, to
produce

\ /
-OOC(CH3)3,

\OOC(CH 3) 3,

,CH 3

SCH2OOC(CH3)3,

-OOC(CH 3 ) 3 .

The peroxide group replaces the most labile hydrogen
atom.

A mechanism for the reaction has been proposed which
involves the formation of intermediate complexes of the
free radicals with molecules of the hydroperoxide:

ROOM + M+ - RO · + M2+ -j- OH (M=Cu, Mn, Co) , (1)

RO· -fR'H -» ROH + R ' , (2)

R'· +ROOH -^ R'HOOR (complex), (3)

ROOH + M3+ -* ROO · + M+ + H+ , (4)

ROO' + R ' H --> R'HOOR vcoi.-.plex), (5)

R'HOOR + cxiclam -» R'OOR + (oxidant + e) + H+ . (6)

The oxidant may be the M2* ion or the hy dr ope r oxide.
The formation of free carbonium ions by the reaction
R+ + oxidant — R'+ + (oxidant + e) is excluded, since prac-
tically no acetates are formed when acetic acid is used as
reaction medium, but the yield of peroxide is not reduced.

t-Butyl peroxy-esters react smoothly with alkenes in
the presence of catalytic amounts of copper or cobalt salts,
producing allyl esters in good or moderate yields73»76;
thus cyclohexene, oct-1-ene, and cumene have given
3-acyloxycyclohexenes, 3-acyloxyoct-l-enes, and ara-di-
methylbenzyl benzoate respectively:

' - O C R ,
il
ο

CH..-CH—CH(CH2)4CH:

OCOR
•0 (R=CH 3 , C e H 5 ) .

CH3CCH,

OCOC,H6

While in the absence of catalyst such reactions usually lead
to a mixture of isomers, in the presence of copper or
cobalt salts the reaction is specific: the acyloxy-group
substitutes in the a -position to the double bond.

The use of gas-liquid chromatography for the separation
and identification of the reaction products has shown77"79

that the reaction between t-butyl peroxy-esters and
alk-1-enes under the influence of catalytic amounts of
copper salts produces not only the 3-acyloxyalk-l-enes,
but also their isomers, the l-acyloxyalk-2-enes. This
gives grounds for assuming that the reaction involves the
formation of relatively free carbonium ions which undergo
rearrangement in the course of reaction. The reaction
mechanism proposed by Kochi77»™ and Walling79 comes
down to the multistage process represented by:

CH3COOOC (CH3)3 -f Cu+ — CH3COO- -j- Cu 2 + + (CH3)3 CO· , ( 7 )

(CH3)S CO · -i- RH — (CH3)3 COH + R., ( 8 )

R· -f Cu 2 + -* R+ + CU+. (9)

R+ + CH3COO- -* ROCOCH, . ( 1 0 )

This is a chain reaction maintained by the Cu1 and Cun

states of copper.

An interesting rearrangement with 1,2-transition of
alkyl groups has been observed by Walling and Lawitsas79

in the reaction between t-butyl peracetate and 6,6-di-
methylcyclohexa-l,3-diene in the presence of copper salts;
ο-xylene was produced in 6% yield, but it is not formed in
the absence of the copper or the peroxy-ester. The pro-
duction of ο-xylene clearly demonstrates the intermediate
formation of a carbonium cation:

(11)

Aliphatic, aromatic, and cyclic ethers react smoothly
with t-butyl peroxy-esters at 67-90° in the presence of
CuCl or CuBr78»80"88. The primary reaction products are
the acyloxy-substituted ethers — for example (XVI)- (XIX)
— but these are unstable under the experimental conditions,
and partially decompose into the corresponding carboxylic
acids and unsaturated ethers8 2:

CH.t (CHo)n CHO (CH.)m CH3

!
OCOR

(XVI) (XVII)

OCOR J—OCOR

(XVIII)

—OCOR

(XIX)

2,3-Dihydrofuran (13) is obtained in 66% yield from
2-benzoyloxytetrahydrofuran (XVII). The unsaturated
ethers add on the t-butyl alcohol, giving the corresponding
acetal (14); this stage is catalysed by the carboxylic acid:

+ R COOC (CH3)3 Π -f- (CH3)3 COH

,Η-Ο

+ RCOOH

+ HOC (CHJ)J RCOOH
-OClCH,),.

(12)

(13)

(14)

The reaction is general for ethers containing two
methylene groups adjacent to the ether oxygen. Diethers
such as dioxan give more stable acyloxy-derivatives, which
on prolonged heating are slowly converted into the corres-
ponding acetals (in low yield).

The analogous sulphur compounds are obtained in good
yields by reaction of thioethers with t-butyl peroxy-
-esters83»89»90.

A particular type of substitution occurs91»92 in the reac-
tion of t-butyl peroxy-esters with norbornadiene under the
influence of catalytic amounts of CuBr; this produces
7-t-butoxynorbornadiene in 26% yield:

CH—0C(CH3)j

The mechanism of the catalytic action of copper salts
on the reactions of organic peroxides has been considered
by Kochi14»77»78»93-95 and by Walling79.
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In the presence of large quantities of copper salts, the
products obtained depend to a considerable extent on the
nature of the anion; for instance, CuCL. and CuBr2 oxidise
the alkyl radicals to the corresponding alkyl halides, while
under analogous conditions CuSO4 gives unsaturated com-
pounds and solvolysis products. Primary alkyl radicals
in the presence of CuSO4 give mainly unsaturated com-
pounds, and tertiary alkyl, benzyl, and allyl radicals give
solvolysis products. A desired product can therefore be
obtained by suitable choice of reaction conditions. The
examples given below illustrate these general statements
(see also Section 2).

The reaction between t-butyl hydroperoxide and buta-
diene in the presence of FeSO4 produces t-butoxy radicals,
which readily add on to butadiene, and the resulting
t-butoxybutenyl radicals dimerise · · . When carried out in
aqueous methanol in the presence of FeSO4 and CuSO4,«>·*
this reaction gives a good yield (55-60%) of the isomeric
methyl ethers of t-butoxybutenols of the composition

The mechanism of such reactions has already been dis-
cussed in Section 2.

The reaction of t-butyl hydroperoxide with butadiene in
the presence of the Fe^/Fe2* or Cu^/Cu* system and Cl",
Br", SCN", or N3 ions gives good yields of compounds
(CE,)3CO(C4He)X, where X is Cl, Br, SCN, or N3.

 la>m For
example, the reaction between t-butyl hydroperoxide
(0.63 g-mole), butadiene (0.30 g-mole), FeClg.eHaO
(0.55 g-mole), FeSO^IljO (0.32 g-mole), and LiCl(0.56x
x g-mole) at -10° to -15° produces a mixture of 1-chloro-
-4-t-butoxybut-2-ene and 3-chloro-4-t-butoxybut-l-ene
in a yield of 98% on the diene or 47% on the peroxide w .

Investigation of the reactions of the t-butoxy-radical,
which is fairly strongly electrophilic in the presence of
chloride, azide, and thiocyanate anions and alkenes, has
shown the direction of reaction to depend on the donor-
acceptor properties of the substituents in the alkene mole-
cule 19. With butadiene the reaction is:

(CH3)3 COOH + Fe2+ -» (CH3)3 CO . + Fe3+ + OH , (15)

(CH3)3co · + G , H , -» ( C H 3 ) 3 C O C 4 H ; , ( 1 6 )

(CH^COQH, · -(- (FeX)*+ -» (CH3)3 COQH.X + Fe*+ . (17)

Cyclopentadiene behaves analogously to butadiene. Under
the same conditions, styrene forms 1-chloro-l-phenyl-
ethyl t-butyl ether in the presence of chloride ions, and a
mixture of ^Η,^ΗΝ,ΟΗ,,ΟΟίΟΗ^ and Ο,Η,ΟΗΝ,ΟΗ,Ν, in
the presence of sodium azide. Clearly, in the latter case
two parallel processes take place:

(CHa)3CO · +C,H,CH=CH, - C,H,CHCH,OC (CH3)S

 ( F e N l '"<* '

(18)

(CHj)3CO · + (FeNj)J+ -» N, · + Fe*+ + (CH3)3 CO", №)

Na · + C,H,CH=CH2 -> C,H»CHCH,,Nj ( F « N > ) ' + , C,H,CHN3CHjN, . ( 2 0 )

A t-butoxy-radical of reduced reactivity is observed in
the decomposition of t-butyl hydroperoxide in the presence
of the Fe^/Fe2* system, chloride ions, and acrylonitrile,
when α -chlorobutyronitrile is obtained as main reaction
product. This is because the strongly electrophilic
t-butoxy-radical cannot react with the ethylenic bond of the
acrylonitrile, which is electron-deficient in nature, and it

therefore decomposes to give a methyl radical, which has
nucleophilic properties:

(CH3)3 CO • -» CH3COCH3 + CH3·. ( 2 1 )

CH3 · + CH.2=CH—CN -> CH3CH.2CHCN ( F c C 1 ) ! ! + ^ CH3CHaCHClCN + F e a + . ( 2 2 )

The decomposition of peroxides of acyclic ketones with
iron(II) or copper (I) salts in the presence of Cl", SCN",
or N~ ions gives the corresponding substituted alkanes56:

HO OOH

C H a - C - f C H ^ CH,

HO OOH

C

H3C CH2COOCH3

CH,CHsCHaX + CH3COOH , (23)

•yW-* CH,OCOCH2X + CH.COOH . (24)

The reaction of peroxides of acyclic diketones or keto-
-esters with iron(II) sulphate in the presence of butadiene
produces diketones and esters of long-chain dicarboxylic
acids a»»99.

The reaction of hydroperoxides of ketone phenylhydra-
zones with iron(II) or copper (I) salts in the presence of
Cl", Br", SCN", or N3 follows the course of the Sand-
meyer reaction, with the formation of the correspondingly
substituted aryl compounds100:

R'

C,H6-N=N-C—R

OOH

C.H.X + R'COR + Na (25)

The reaction of these hydroperoxides with acrylonitrile
or aery late s under analogous conditions (the Meerwein
reaction)101 gives good yields of the α-substituted β-phenyl-
propionitriles or β-phenylpropionate esters respectively:

C , H 6 - N = N - c ( + C H 1 = C H - C N p ^ > C,H5CH3CHC1CN + R'COR + N , . ( 2 6 )

OOH

4. IONIC REACTIONS OF PEROXIDES UNDER THE
INFLUENCE OF LEWIS ACIDS

Recent years have seen the accumulation of much experi-
mental material which shows that certain peroxides can
decompose in solution by an ionic, as well as a radical,
mechanism102"107.

The ionic reactions of peroxides are catalysed by polar
solvents 102>«», strong acids «»-*» and Lewis acids (A1CL,,

FeCL,, BF3, etc.)104»106»108-11*.

Heterolytic decomposition of peroxides leads most
frequently to intramolecular rearrangement 2̂-105,110,113̂
and hence to loss of the ability to initiate radical poly-
merisation102»103. For example, p-methoxybenzoyl-
-/>-nitrobenzoyl peroxide decomposes by a radical mecha-
nism in benzene, but by an ionic mechanism in the strongly
polar thionyl chloride, producing a mixed anhydride of
p-nitrobenzoic acid and mono- (methoxypheny 1) carbonate
(XXII)102:

ο ο
CHjOC,H,COOCC6H«NO, [CH3OC4H4CO+ -OCC,H4NOj

^-* (XX) -1

[ ο ο -|

CHjOC6H4OC+ -OCC.H^NOj •

(XXII J
CHjOCeHiOCOCCeHjNO» . ( 1 )

(XXII)
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The p-methoxyphenyl radical in the cation (XX) migrates to
the peroxidic oxygen to form the carbonium cation (XXI);
recombination of the ions then gives the mixed anhydride
(XXII).

Alkanesulphonyl peroxides decompose in organic sol-
vents (irrespective of their polarity) by an ionic mecha-
nism m , with the formation of the mixed anhydrides (ΧΧΙΠ);
this reaction is catalysed by the alkanesulphonic acid which
is produced by the initial homolytic decomposition of the
peroxide1 0 4'1 0 5:

RSO 2 OOCOC e H 5 + H
in

J
(2)

RSO2OCOOC<,H5

(XXIII)

where R is CH3, C2H5, n-C3H7, or iso-CjR,. If the sul-
phonic acid is bound (for example, by means of dry
powdered potassium carbonate 104>105)> the peroxides decom-
pose predominantly by a radical mechanism; on the other
hand, addition of a sulphonic acid or of aprotonic acids
(AlClg, SnC^, or SbCl5) directs the reaction towards the
heterolytic isomerisation (2), the mixed anhydrides of
alkanesulphonic acid and monophenyl carbonate (XXIII)
being obtained in more than 85% yield.

Analogous rearrangements are undergone by benzoyl
peroxide 102,108,109,115,116 u n der the influence of A1CL, or
SbCl5, and by unsymmetrically substituted analogues of
benzoyl peroxide and other non-symmetric acyl peroxides
under the influence of BF 3 . 1 1 3 The acyl phenyl carbonates
produced by the heterolytic rearrangement are unstable,
and decompose in the presence of aprotonic acids to form
the corresponding esters (in 70-95%) and CO2:

ο ο
II II

RCOOCC«Hj
M"+X

(3)

RCOOC,H6

(XXIV)
C,H4COOR

(XXV)

where Mn*Xn is AICi,, SbCl5, or BF3, and R is CeH5,
/>-CH3OC6H4, P-CKsC^, P-CIC^, P-BrC^, / J - N O - A ^ ,
o-CHgCgl^, O-C1C 6 H4, CH3, C1CH2, C2H5, etc. Depending
on R, either (XXIV) or (XXV) may predominate; thus the
reaction produces 100% (XXIV) when R is />-NO2C6H4, and
100% (XXV) when R is p-

Denney and coworkers have investigated the heterolytic
rearrangement, under the influence of SbCl5, of benzoyl
peroxide 1 1 5> l l e and of some other peroxides " 7 - " ^ labelled
with **O in the carbonyl group; the resulting ester —
(XXIV) or (XXV), R = C6H5 - still contains 18O in the
carbonyl group, but the phenolic oxygen does not contain
the remaining 18O. It is therefore concluded that the
heterolysis of the peroxide does not produce free carbo-
nium cations, but that the rearrangement proceeds in the
transitional complex (XXVI):

II !! sbci
C.HjCOOCCiHj

Λο-SbCl,

II
,c.

L (xxvi)

•SbCU + C

(XXVII)

Under the influence of the SbClg the mixed carbonate (XXVII)
rapidly decomposes as follows:

"o o1·
I! II

C,H5COCOC6Hj

"O—SbCIs

C,HSC—Ο
+

(5)

Benzoyl peroxide reacts quantitatively with
SbCL, at room temperature as follows118:

and

(CHjCO,), -
(C,HBCO,), SnCla

(6)

Apparently, in these reactions the benzoyl peroxide splits
homolytically at the O-O bond, and the resulting benzoyl-
oxy-radicals react with the salt present, the Sn2+ and Sb**
being converted into Sn** and Sb5+ respectively.

Edward and coworkers have recently shownm that
under the influence of an equimolar amount of AICI3
/>/>'-dinitrobenzoyl peroxide can react with strongly nucleo-
philic solvents (anisole, mesitylene, 1,3-dimethoxybenz-
ene) at 0-25° by a Friedel-Crafts type reaction, giving
moderate yields of the corresponding />-nitrobenzoates:

ο
OCH, OCH·,

I

H j C — O O C C e H 4 N O 2

OCH,

I

+ f J + p-NO.2C,H4COOH . (?)

O C O C e H 4 N O ,

The peroxide apparently splits heterolytically at the O-O
bond, and the resulting />-nitrobenzoyloxy-cation attacks
the aromatic ring. This electrophilic attack is facilitated
by electron-donating substituents, and does not occur with
benzene or toluene.

The reaction between dicyclohexyl peroxodicarbonate
(XXVIIa) and aromatic compounds under the influence of
FeClg,112 SbCl5, SbCL,, and A1CL, has been investigated. In
the absence of the aprotonic acids, the peroxodicarbonate
decomposes homolytically in toluene at 50-65° to form CO2

and cyclohexyloxy-radicals, which partially disproportion-
ate in a "cage" of solvent, and partially react with the
toluene, the resulting benzyl radicals dimerising to pro-
duce 1,2-diphenylethane120.

Catalytic amounts of aprotonic acids (SbCl5, FeClg) do
not affect the decomposition of the peroxodicarbonate,
since they are removed from the sphere of reaction as
solid complexes120. If the aprotonic acids are added in
amounts of 10-50 mole %, the homolytic reaction with the
solvents is suppressed, and the peroxodicarbonate enters
into a Friedel-Crafts reaction with aromatic compounds,
forming the corresponding mixed carbonates (XXIX, XXX):

Ο
ο
II / — \

—ocooco - ς >̂
(XXVIIa)

O H
—OCO+

(XXVill)

,—ν 11

<̂  )-OCO-
M " C l n

(8)

(XXIX)

where X is H, CE,, OCH3, or Cl.
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The cyclohexyloxycarboxy-cation (XXVm) is fairly re-
active and does not require activation of the aromatic ring
by electron-donating substituents; under the influence of
FeClg it reacts with benzene to give a 17% yield of cyclo-
hexyl phenyl carbonate, and with toluene to give cyclohexyl
ο -tolyl and cyclohexyl />-tolyl carbonates in yields of 34%
and 7% respectively. Electron-donating substituents
favour the electrophilic attack; thus even in the absence
of Lewis acids anisole reacts to give cyclohexyl o-methoxy-
phenyl and cyclohexyl />-methoxyphenyl carbonates in good
yield.

Strong Lewis acids, such as AICI3, can decompose the
mixed carbonates. The main product of the decomposition
of the peroxodicarbonate in toluene at 40-60° in the pres-
ence of 50 mole % AlCL, is />-tolylcyclohexane (40% yield),
which is obtained as the result of decomposition of the
initial cyclohexyl tolyl carbonates (XXIX) and (XXX):

H3C >O

(10)

When carried out in chlorobenzene the reaction produces
/»-chlorophenylcyclohexane. The reaction mechanism is
confirmed by the quantitative liberation of hydrogen chlor-
ide.

The ionic reactions of peroxides with solvents are
almost restricted to the examples given 1 1 2 > m . However,
the growing interest in such processes suggest that in the
near future the ionic reactions of peroxides will form the
basis of new methods of synthesis.

1. N. N. Semenov, "O Nekotorykh Problemakh Khimicheskoi
Kinetiki" (Some Problems of Chemical Kinetics), Izd. Akad.
NaukSSSR, 1958, pp. 260-270.

2. C. Walling, "Free Radicals in Solution" (Translated into
Russian), Inostr. Lit., 1960, pp. 447-454.

3. D. D. Coffman, E.L.Jenner, and R. D. Lipscomb, J.Amer.
Chem.Soc, 80, 2864 (1958).

4. M. S. Kharasch and H. C. Brown, J. Amer. Chem. Soc., 62,
926 (1940).

5. M. S. Kharasch and M. T. Gladston, J. Amer. Chem. Soc,
65, 15 (1943).

6. G. A. Razuvaev and L. S. Boguslavskaya, Zhur. Obshch. Khim.,
31, 3440 (1961).

7. G. A. Razuvaev and L. S. Boguslavskaya, Zhur. Obshch. Khim.,
32_, 2320 (1962).

8. L. S. Boguslavskaya and G. A. Razuvaev, Zhur. Obshch. Khim.
33, 2021 (1963).

9. G. A. Razuvaev and L. S. Boguslavskaya, Bui. Inst. Politeh.
Iasi, VIII (ΧΠ), Nos. 3-4, 141 (1962); Trudy Khim. i Khim.
Tekhnol. (Gor'kii), No. 1, 155 (1963).

10. Η. Ε. De La Mare, J.K.Kochi, and F. F. Rust, J.Amer.
Chem.Soc., 83, 2013 (1961).

11. D. J. Mackinnon and W. A. Waters, J. Chem. Soc., 323(1953).
12. N.Uri, Chem.Rev., 50, 375 (1952).
13. J. K. Kochi and F. F. Rust, J. Amer. Chem. Soc., 83, 2017

(1961).
14. H. E. De La Mare, J.K.Kochi, and F. F.Rust, J.Amer.

Chem.Soc., 85, 1437 (1963).

15. Shono Tatsuya, Jicumi Tetsuo, and Oda Ryohei, J.Chem.
Soc. Japan, Pure Chem. Sect., 81, 1344 (1960); Ref. Zhur.
Khim., Zh60 (1962).

16. D.D. Coffman and E. L.Jenner, J.Amer. Chem. Soc., j№,
2872 (1958).

17. E.L.Jenner, U.S. P. 2 757 210 (1956); Ref. Zhur. Khim.,
16 387 (1959).

18. C. E. Frank and J. L. Mador, U. S. P. 2 832 809 (1958);
Chem.Abs., M, 1142e (1958).

19. F. Minisci and R. Galli, Tetrahedron Letters 533 (1962).
20. D.D. Coffman, R.Cramer, and W. Ε. Mochel, J.Amer. Chem.

Soc, 80, 2882 (1958).
21. S. L. Cosgrove and W. A. Waters, J. Chem. Soc, 1726 (1949).
22. J. H. Merz and W. A. Waters, J. Chem. Soc, 2074 (1949).
23. Eiichi Iwata, Senichi Joshikawa, and Shigeru Tsutsumi,

J.Chem. Soc. Japan, Ind. Chem. Sect., 64, 463(1961); Ref.
Zhur. Khim., L40 (1961).

24. J.R. L. Smith and R. O.C.Norman, J.Chem. Soc, 2897(1963).
25. A. I. Brodskii and N. A. Vysotskaya, Zhur. Obshch. Khim., 32,

2273 (1962).
26. J. A. Hamilton and J. R. Friedman, J. Amer. Chem. Soc, £15,

1008 (1963).
27. A. Cier and C Nofre, Bull. Soc chim. France, 1523 (1959).
28. C. Nofre, A. Lafier, and A. Cier, Compt. rend., 253, 687

(1961).
29. A. Cier, A. Lafier, M.Ravier, and C. Nofre, Compt. rend.,

254, 504 (1962).
30. R.Grinstead, J. Amer. Chem. Soc, 82, 3464, 3472(1960).
31. R. F. Brown, S.E.Jamison, U. K. Pandit, J. Pincus,

G.R. White, and H.R.Braendlin., J.Org. Chem., 29, 146
(1964).

32. N.A.Milas, S.A.Harris, and P.S. Panagiotacos, J.Amei
Chem. Soc, 61, 2430 (1939).

33. N.A.Milas, U.S. P. 2 298 405 (1942); Chem.Abs., 37,
14585 (1943).

34. R. Criegee, W. Schnorrenberg, and J. Becke, Annalen, 565,
7 (1949).

35. W. Cooper and W. Η. Τ. Davison, J. Chem. Soc, 1180 (1952).
36. M. S. Kharasch and G. Sosnovsky, J.Org.Chem., £3, 1322

(1958).
37. N.Brown, M.J.Hartig, M.J.Roedel, A.N.Anderson, and

C.E.Schweitzer, J.Amer.Chem.Soc, 77, 1756 (1955).
38. E.G. E.Hawkins, B. P. 740 747 (1952); Chem.Abs., 50.,

15 582b (1956).
39. M.J.Roedel, U.S. P. 2 601223 (1952); Chem.Abs., 47,

2202d (1953).
40. M. S.Kharasch and W.Nudenberg, J.Org.Chem., 1£, 1 9 2 1

(1954).
41. E. G. E. Hawkins and D. P. Joung, J. Chem. Soc, 3463 (1955).
42. F. Minisci, Chimica e Industria, 44, 740 (1962).
43. F. Minisci, Gazzetta, 89, 626 (1959).
44. F. Minisci, Gazzetta, 89, 1910 (1959).
45. F. Minisci, Ital. P. 580 012 (1958); Chem.Abs., 54, 1318e

(1960).
46. F. Minisci, Angew.Chem., 70, 599 (1958).
47. F. Minisci and A. Portolani, Gazzetta, 89, 1921(1959).
48. F. Minisci and A. Portolani, Gazzetta, 89- 1941(1959).
49. H. E. De La Mare, J. K. Kochi, and F. F. Rust, U. S. P.

3 013 068(1961); Ref. Zhur. Khim., 8N7 (1963).
50. F. Minisci, Gazzetta, 89, 2428 (1959).
51. F. Minisci and U. Pallini, Gazzetta, 89, 2438(1959).
52. J.B.Braunwarth and G.W.Crosby, J.Org.Chem., 27., 2064

(1962).
53. F. Minisci and U. Pallini, French P. 1276 989 (1961); Ref.

Zhur. Khim., 9N16 (1963).
54. F. Minisci and U. Pallini, Gazzetta, 89, 1030 (1961).
55. J.K.Kochi and F.F.Rust, J.Amer.Chem.Soc, 84, 3946

(1961).

514



Vol.34 No.7 RUSSIAN CHEMICAL REVIEWS July 1965

56. G. P. Chiusoli and F. Minisci, Ital. P. 568 332 (1957); Chem.
Abs., 53, 15 992c (1959).

57. G. P. Chiusoli and F. Minisci, Gazzetta, !8> 43(1958).
58. G. P. Chiusoli and F. Minisci, Gazzetta, 88, 261(1958).
59. G. P. Chiusoli and F. Minisci, Ital. P. 570 446 (1957); Chem.

Abs., 53, 14 944c (1959).
60. G. P. Chiusoli and F. Minisci, Ital. P. 579 419 (1958); Chem.

Abs., 54, 1318h (1960).
61. F. Minisci, Gazzetta, 91, 386 (1961).
62. E.L.Gasson, E. G. E. Hawkins, A. F.Millidge, and

D. C.Quin, J .Chem. Soc, 2798(1950).
63. H. Rein and R. Criegee, Angew. Chem., 62, 120 (1956).
64. E. G.E.Hawkins and D. P. Joung, J . Chem. Soc., 2804 (1950).
65. D. D. Coffman and Η. Ν. Cripps, J .Amer. Chem. Soc., 80,

2877 (1958).
66. F. Minisci and G. Belvedere, Gazzetta, 90, 1299 (1960).
67. S. Murai, N. Sonoda, and S. Tsutsumi, Bull. Chem. Soc

Japan, 36, 527 (1963).
68. M.Milas, R. Peebar, and O. Mageli, J . Amer. Chem. Soc.,

76, 2323 (1954).
69. J . Kumamoto, Η. Ε. De La Mare, and F . F . Rust, J .Amer.

Chem. Soc, 82, 1935 (1960).
70. J . H. Jones and M. R. Fenske, U. S. P. 2 989 563 (1961); Chem.

Abs., 56, 2336b (1962).
71. R. V. Digman and D. F. Anderson, J. Org. Chem., 28, 239

(1963).
72. M. S. Kharasch and A. Fono, J . Org. Chem., 23_, 324, 325

(1958).
73. M. S. Kharasch and G. Sosnovsky, J . Amer. Chem. Soc, 80,

756 (1958).
74. M. S. Kharasch and A. Fono, J. Org. Chem., 24, 72 (1959).
75. M. S. Kharasch and A. Fono, J . Org. Chem., 24, 606 (1959).
76. M. S. Kharasch, G. Sosnovsky, and N. C. Jang, J . Amer.

Chem. Soc, 81, 5819 (1959).
77. J . K . Kochi, J .Amer . Chem. Soc, 84. 3271(1962).
78. J . K . Kochi, Tetrahedron, 18, 483(1962).
79. C. Walling and A. Lawitsas, J .Amer. Chem. Soc, 85, 2084

(1963).
80. G. Sosnovsky and N.C.Jang, J. Org. Chem., 1J5, 899(1960).
81. G. Sosnovsky, J . Org. Chem., 25, 874 (1960).
82. G. Sosnovsky, Tetrahedron, 13, 241(1961).
83. G. Sosnovsky, J . Org. Chem., £6, 281 (1961).
84. G. Sosnovsky, Tetrahedron, 18, 15 (1962).
85. S. -O. Lawesson and C. Berglund, Tetrahedron Letters,

No. 2, 4 (1960).
86. S.-O. Lawesson and C. Berglund, Arkiv Kemi, 1£, 287

(1960).
87. S.-O. Lawesson and C. Berglund, Arkiv Kemi, Γ7, 465,

485 (1961).
88. S. -O. Lawesson and C. Berglund, Angew. Chem., 73, 65

(1961).
89. S. -O. Lawesson and C. Berglund, Acta Chem. Scand., lj>,

36 (1961).
90. S.-O. Lawesson, C. Berglund, and S. Gronwall, Acta

Chem. Scand., 15, 249 (1961).
91. S. Story, J . Amer. Chem. Soc, 84, 3271 (1962).
92. S. Story, J . Org. Chem., 26, 287(1961).
93. J .K. Kochi, J .Amer . Chem. Soc, 84, 1572 (1962).
94. J . K . Kochi, J .Amer. Chem. Soc, 84. 2 7 8 5 (1962).
95. J .K. Kochi, J .Amer. Chem. Soc, .85, 1958(1963).
96. M. S. Kharasch, F. S.Arimoto, and W. Nudenberg, J .Org .

Chem., 16, 1556 (1951).
97. F. Minisci, R. Galli, and U. Pallini, Gazzetta, 91, 1023

(1961).
98. D.D. Coffman and H. Cripps, J . Amer. Chem. Soc, 80,

2880 (1958).
99. D. D. Coffman and H. Cripps, U. S. P. 2 671 810 (1954);

Chem. Abs., 49, 5522d (1955).

100. F. Minisci, Gazzetta, 90, 1307 (1960).
101. F. Minisci and U. Pallini, Gazzetta, 90, 1318(1960).
102. J.E.Leffler, J . A m e r . C h e m . S o c , 72, 67 (1950).
103. J . E. Leffler and C. C. Petropoulas, J . Amer. Chem. Soc,

79, 3068 (1957).
104. G.A.Razuvaev, V.R. Likhterov, and V. S. Etlis, Tetra-

hedron Letters, 527 (1962).
105. G. A. Razuvaev, V. P. Likhterov, and V. S. Etlis, Zhur.

Obshch. Khim., 32, 2033 (1962).
106. P. D. Bartlett and B. T. Storay, J . Amer. Chem. Soc, 80_,

4954 (1958).
107. H. Hart and R.A.Cipriani, J .Amer . Chem. Soc, 84, 3697

(1962).
108. A. F.Reyngart, Rec.Trav.chim., 46, 5472 (1927).
109. H. Grelissen and P. H. Germans, Ber., 58, 479(1935).
110. V. N. Latyaeva and G. A. Razuvaev, Trudy Khim. i Khim.

Tekhnol. (Gor'kii), No. 3, 640 (1961).
111. V. P. Likhterov, V. S. Etlis, G.A.Razuvaev, and

A.V.Gorelik, Vysokomol. Soed., 4, 357 (1962).
112. G.A.Razuvaev, N.A.Kartashova, and L.S.Boguslavskaya,

Zhur. Obshch. Khim., 34, 2093 (1964).
113. G. Huisgen and W. Edl, Angew. Chem., 74, 588 (1962).
114. G.T.Edward, H.C.Chang, and S. A. Samad, Canad.J.

Chem., 40, 804 (1962).
115. D. B. Denney and D. Z. Denney, J . Amer. Chem. Soc, 84,

2455 (1962).
116. D. Z. Denney, T.M. Valega, and D. B. Denney, J .Amer.

Chem. Soc, 86, 46 (1964).
117. D.B. Denney, J .Amer . Chem. Soc, 78, 590 (1956).
118. D. B. Denney and D. Z. Denney, J . Amer. Chem. Soc, 79,

4806 (1957).
119. G.A.Razuvaev, B.N.Moryganov, E.P.Dlin, and

Yu.A.Ol'dekop, Zhur. Obshch. Khim., 24, 262 (1954).
120. L. S. Boguslavskaya, N.A. Kartashova, V. E.Shurygin, and

G.A.Razuvaev, Zhur. Obshch. Khim., 34, 3081 (1964).

Scientific Research Institute of
Organochlorine Products and
Acrylates

U.D.C. 547.415.3:541.64

ADVANCES IN THE CHEMISTRY OF
POLYETHYLENEIMINE (POLYAZIRI-
DINE)t

D.S.Zhuk, P . A . G e m b i t s k i i ,
and V. Α. Κ a r g i η

CONTENTS

1. Methods of synthesising polyethyleneimine

2. Polymerisation of aziridine

3. Thermal decomposition of 2-oxooxazolidine

4. Properties of polyethyleneimine

516

516

520

522

t Since polyethyleneimine is an industrial product, and really
a straight-chain compound, it has seemed advisable to retain this
name in the translation, while the more systematic aziridine is
used for the monomer (Ed. of Translation).
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