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One of the major reaction products besides cyclohexanol from the reaction of cyclohexyl hydro-

peroxide with cyelohexanone was isolated and confirmed as ε-cyclohexyloxycaproic acid. The

rate of formation of ε-cyclohexyloxycaproic acid was measured in excess cyclohexanone and found

to follow a first order law for cyclohexyl hydroperoxide. The activation energy of 10.1kcal/mol

was found for the formation of the acid. The rate of decomposition of cyclohexyl hydroperoxide

in cyclohexane was measured in the presence of various concentrations of cyclohexanone and

the rates of formation of cyclohexanol and the free carboxylic acids were also measured. An adduct

formation between cyclohexyl hydroperoxide and cyclohexanone followed by homolytic decom-

position of the adduct was suggested to explain the experimental results.

The reaction of hydrogen peroxide with cyclo-

hexanone has been studied by Criegee et al.1) and

they showed the formation of four rather stable

peroxides at 40℃.

(1)

Denisov et al.2) have studied the free-radical forma-

tion in the similar reaction by means of α-naphthyl-

amine technique at 120-140℃. It is also known

that alkyl hydroperoxides were strong oxidizing

1) R. Criegee, W. Schnorrenberg and J. Becke, Ann.,
565, 7 (1949).

2) E. T. Denisov, V. V. Kharitonov and E. N
Raspopova, Kinetika i Kataliz, 5, 981 (1964).
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agents in the presence of alkali hydroxides and

cleaved alkyl aryl ketones into corresponding aryl

carboxylic acids and alkyl alcohols.3, 4) Cyclo-

hexanone was found to be inert on treatment with

t-butyl hydroperoxide in the presence of an alkali

hydroxide.3) On the other hand, cyclohexanone

reacts readily with peracids to produce ε-caprolac-

tone.5, 6)

This report deals with the decomposition of

cyclohexyl hydroperoxide in the presence of

cyclohexanone and a novel rearrangement product,

namely ε-cyclohexyloxycaproic acid, C6H11・O・

(CH2)5・COOH (Ⅰ). Some kinctic investigations

were carried out to estimate the reaction mechanism

to this reaction and the characteristic nature of the

decomposition of cyclohexyl hydroperoxide in the

presence of cyclohexanone was elucidated.

Experimental

Reagents. Commercial cyclohexane and cyclohex-

anone were fractionated using 2 feet Vigreaux column,

by 80.7℃ for cyclohexane and by 156-156.5℃ for

cyclohexanone.

Cyclohexyl hydroperoxide was prepared by the follow-

ing procedure. The air-oxidation of cyclohexane was

carried out using an aluminum walled autoclave at 140℃

for three hours by passing approximately one l/min of

air, and the oxidate solution was concentrated by evap-

orating cyclohexane at a room temperature under a

reduced pressure employing a water aspirator until

approximately 0.3mol/l of the hydroperoxide concen-

tration was attained. The conecntrated oxidate solution

was washed with an equal volume of aqueous 10%

Na2CO3 solution to remove free acids. The amount

of the hydroperoxide in the solution was determined by

an iodometric titration of an aliquot of the solution.

Two equivalents of NaOH as 40% aqueous solution

were added dropwise to the oxidate solution with vigor-

ous stirring at around 5℃. The precipitated salt of

hydroperoxide was separated by means of a centrifuge

and washed with cyclohexane several times and dried

in a desiccator under the reduced pressure of 10mmHg.

Dried precipitate was dissolved in the least volume of

ice-water and neutralized with 50% acetic acid to pH 6.

The solution was extracted with an equal volume of

diethyl ether three times. The ether layer was dried

and ether was evaporated at a room temperature under

the reduced pressure of 3mmHg.

Isolated cyclohexyl hydroperoxide was 85-90% pure

and stored in a refrigerator. The identity of the hydro-

peroxide was established by an infrared and an NMR

spectra. IR spectrum (Hitachi model EPI-S2) (γmax,

1450, 1365, 1160, 1150, 1020, 950 and 840cm-1).

NMR spectrum (Nihon Denshi model JNM 3H-60)

measured at 60Mc (2.16τ(-OOH) (singlet) (1H), 6.08τ

(=CH-O-) (multiplet) (1H) and mutiplets centerd around

8.5τ(-CH2-) (10H)).

Methyl-ε-cyclohexyloxycaproate. A mixture of

cyclohexanone and cyclohexyl hydroperoxide (1:1 molar

ratio) was heated at 140℃ for 2hr in a round bottom

flask. The reaction mixture was treated with an ethereal

solution of diazomethane and the methyl esters of the

produced acids were analyzed on the gas liquid partition

chromatography, glpc, (Hitachi model KGL-2B), using

a 2m column packed with silanized kieselguhr (30-60

mesh) impregnated with 25% diethyleneglycol succinate

operating at 160℃ with helium as a carrier gas. A few

mg of the comparatively pure unknown compound was

obtained by repeated condensation of the eluted vapor

corresponding to one of the two major products besides

cyclohexanol and identified as methyl-s-cyclohexyl-

oxycaproate, C6H11・O・(CH2)5COOCH3(Ⅱ).

Found: C, 68.2; H, 8.8% (F & M glpc type

analyzer). Calcd for C13H24O3; C, 58.4; H, 10.5%.

Infrared spectrum (νmax, 2980, 2920, 1750, 1460,

1440, 1370, 1200, 1180, 1110, 1025 and 955cm-1).

NMR spectrum (6.32τ(-COOCH3) (sing.) (3H), 6.53τ

(-CH2O-) (tripl.) (2H), 7.70τ(-CH2COO-) (tripl.) (2H),

multiplets centerd around 8.5τ(-CH2) (16H) and

multiplet around 6.35τ(=CHO)) (1H) seemed to be

overlapped with the methyl singlet). The structure of

the unknown compound was confirmed by the com-

parison with the spectra of authentic methyl-ε-cyclo-

hexyloxycaproate. The other major product was

identified as dimethyl adipate. The total carboxylate

content was determined by the use of potentiometric

automatic titrater (Hiranuma Sangyo model RA-1)

after saponification of the reaction mixture.

Synthesis of Metby1-ε-cyclohexyloxycaproate.

In a 500ml round bottom flask 200g of cyclohexanol

was heated with 5.8g (0.25mol) of metallic sodium for

several hours until homogeneous solution was obtained.

ε-Chlorocaproic acid, 15.1g (0.1mol), was then added

dropwise with vigorous stirring to the solution and heat-

ing was continued further for one hour after the addition.

The excess cyclohexanol was removed under a reduced

pressure and the residue was digested with 150g of water.

Unreacted alkoxide was neutralized by bubbling suffi-

cient volume of carbon dioxide gas through the solution,

which was then evaporated to dryness. The solid residue

was dissolved in 100ml of water, washed with ether and

then acidified. The aqueous solution was extracted

with ether. The ether layer was dried and treated with

the ethereal diazomethane, and ether was removed to

give crude methyl ester of ε-cyclohexyloxycaproic acid,

which was then fractionated, by 115℃ at 2mmHg.

Yield 16.4g (72% of the theoretical yield).

Found: C, 68.4; H, 10.5%. Calcd for C13H24O3:

C, 68.4, H, 10.5%.

The IR and NMR spectra of this compound agreed

with those of the unknown compound.

Decomposition of Cyclohexyl Hydroperoxide.

Thermal decomposition of cyclohexyl hydroperoxide in

cyclohexane in the presence of cyclohexanone was studied

in an aluminum walled autoclave at 130℃ under a

stream of nitrogen (1.51/min). Cyclohexane solutions

(300ml) containing ca. 0.15mol of cyclohexyl hydro-

peroxide and three different concentrations of cyclo-

hexanone were placed in the autoclave, heated to 130℃

with vigorous stirring (800rpm) and maintained at that

temperature. Aliquots were withdrawn at specified

3) K. Maruyama, R. Goto and H. Suzuki, Nippon
Kagaku Zasshi, (J. Chem. Soc. Japan, Pure Chem. Sect.),
80, 521 (1959).
4) K. Maruyama, This Bulletin, 34, 102, 105 (1961).
5) S. L. Fries and P. E. Frankenberg, f. Am. Chem.
Soc., 74, 2679 (1952).
6) M. F. Hawthorne and W. D. Emmons, ibid., 80,
6398 (1959).
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intervals through a sample outlet device. The hydro-

peroxide concentrations in the aliquots were determined

by the iodometric titration and the total free carboxylate

contents were determined by the use of potentiometric

automatic titrater. The total carbonyl contents were

estimated by the method described in an earlier publica-

tion.7) Cyclohexanone and cyclohexanol contents in

the aliquots were determined by glpc (Hitachi model

KGL-2A), using a 3m column packed with kieselguhr

(30-60mesh) impregnated with 25% of polyethylene-

glycol 3000 operating at 140℃ with helium as a carrier

gas. Chlorobenzene was used as an inner standard.

Since the remaining cyclohexyl hydroperoxide in the

sample decomposed on glpc and also gave cyclohexanone

and cyclohexanol, their amounts should be deduced from

the measured values to obtain true concentrations of

cyclohexanone and cyclohexanol in the samples. Glpc

of 91mmol/l and 183mmol/l of cyclohexyl hydro-

peroxide solution in cyclohexane gave 52mmol/l and

97mmol/l of cyclohexanone and 42mmol/l and 92

mmol/l of cyclohexanol respectively.

Results and Discussion

The decomposition of cyclohexyl hydroperoxide

(100mmol) in 1mol of cyclohexanone at 140℃

for three hours gave 3mmol of adipic acid and 3.9

mmol of ε-cyclohexyloxycaproic acid. The total

carboxylate content after saponification of the

reaction mixture was 34.2meq. There was some

indication of the presence of a higher boiling sub-

stance which was revealed by glpc using a capillary

column, but no dodecanedioic acid was found in

the reaction mixture.

The rates of formation of ε-cyclohexyloxycaproic

acid were followed at the three different tempera-

tures, (see Table 1) and an over-all activation

energy for the first order rate constants was cal-

culated as 10.1kcal/mol.

TABLE 1. RATE CONSTANTS OF ε-CYCOLHEXYLOXY-

CAPROIC ACID FORMATION*

The rates of decomposition of cyclohexyl hydro-

peroxide in the presence of three different con-

centrations of cyclohexanone in cyclohexane solu-

tion at 130℃ were followed by iodometry, and the

rates of formation of cyclohexanone, cyclohexanol

and the total free acids in the reaction mixture were

also measured. (see Tables 2, 3)

The rate of formation of the total free acids

(expressed in meq) was found to obey the equation,

(2)

TABLE 2. DECOMPOSITION OF CYCLOHEXYL HYDROPEROXIDE IN CYCLOHEXANE IN THE

PRESENCE OF CYCLOHEXANONE AT 130℃

7) S. Siggia, "Quantitative Organic Analysis via
Functional Groups, "(Japanese Edition), Maruzen,

Tokyo (1957), p. 26.
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TABLE 3. FORMATION OF CYCLOHEXANOL AND TOTAL FREE ACIDS IN THE DECOMPOSITION OF CYCLOHEXYL

HYDROPEROXIDE IN CYCLOHEXANE IN THE PRESENCE OF CYCLOHEXANONE AT 130℃

where, FA, total free acids; CHPO, cyclohexyl

hydroperoxide; ANON, cyclohexanone. (see Figs.

1, 2)

It might be expected that cyclohexyl hydro-

peroxide forms an adduct (Ⅲ) with cyclohexanone-

like hydrogen peroxide.

(3)

The formation of ε-cyclohexyloxycaproic acid can

be explained by the probable-O-O-bond scission

of the adduct followed byβ-scission ofα-hydroxy-

Fig. 1. Relationship between decomposed cyclo-

hexyl hydroperoxide and free acids formed.

●, cyclohexanone 0.67mol/1;○, cyclohexanone

0.38mol/1;○, cyclohexanone 0.22mol/l

Fig. 2. Relationship between rate constants of
acid formation and cyclohexanone concentra-
tions.

alkoxy free radical (Ⅳ) to produce a rearranged

free radical (Ⅵ) and the cage recombination of

the radical (Ⅵ) with incipient alkoxy radical (Ⅴ).

(4)

This process may be either stepwise or a concerted

one. If the whole course of the reaction scheme

involved the fast pre-equilibrium of the adduct
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formation and the slow decomposition of the adduct,

the rate of formation of ε-cyclohexyloxycaproic

acid would be expressed as follows.

(5)

where, CCA, ε-cyclohexyloxycaproic acid; K,

equilibrium constant (K=k2/k-2); k3, decomposition

rate constant; f, fraction of radicals to form CCA.

Hence, the over-all activation energy for this

reaction will be expressed by,

Ea=Ek2-Ek-2+Ek3, (6)

where, Ek2, activation energy for forward reaction;

Ek-2, activation energy for backward reaction;

Ek3, activation energy for decomposition reaction.

Denisov et al.2) reported the value of the heat of

formation of the cyclohexanone-H2O2 adduct as

6.7kcal/mol and value of an activation energy for

the decomposition rate constant of that adduct as

16.2kcal/mol. Thus an over-all activation energy

of that process would be around 9.5kcal/mol,

which is close to that of ε-cyclohexyloxycaproic

acid formation.

Theβ-scission of the radical (Ⅳ) will aiso be

able to give cyclohexanone and hydroxy radical

(・OH), but the recombination of hydroxy radical

with the alkoxy radical (Ⅴ) only produces cyclo-

hexyl hydroperoxide and reverses the adduct

formation. The main products of the decomposi-

tion of cyclohexyl hydroperoxide in the presence

of cyclohexanone are clearly cyclohexanol and the

carboxylic acids. (see Table 3) This is incom-

patible with the approximate 1:1 formation of

cyclohexanone and cyclohexanol in the decomposi-

tion of cyclohexyl hydroperoxide on glpc.

The diflnsion of the radicals (Ⅳ), (Ⅴ) and

hydroxy radical out of the solvent cage may cause

the formation of cyclohexanol and the other acidic

substances. The initial rate of the formation of

cyclohexanol is expressed as

Fig. 3. Relationship between initial rates of
cyclohexanol formation and cyclohexanone
concentrations.

(7)

where, ANOL, cyclohexanol. (see Fig. 3)
The chain reaction mechanism for the forma-
tion of cyclohexanol can be suggested by the ap-

proximate one half order dependence of the rate
on cyclohexanone concentration and illustrated by
the following reaction scheme.

(8)

where, RO・, C6H11O・; R'・, other radicals; ROOH,

C6H11OOH.

The rate of disappearance of cyclohexyl hydro-

peroxide was observed to be

Fig. 4. Disappearance of cyclohexyl hydroper-

oxide in the presence of cyclohexanone.

●, cyciohexanone 0.67mol/l;○, cyclohexanone

0.38mol/l;○, cyclohexanone 0.22mol/l

Fig. 5. Relation between decomposition rate
 constants of cyclohexyl hydroperoxide and cyclo-
hexanone concentrations.
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(9)

(see Figs 4, 5)
The catalytic effect of the produced acids (up to
35meq) on the rate of disappearance of cyclo-
hexyl hydroperoxide was examined by the addi-
tion of a small amount of carboxylic acids (up to
100mq) to the reaction mixture and found to be
not very significant in our experimental condition.

(see Table 4)

TABLE 4. EFFECTS OF ACID CONCENTRATION

ON THE RATE CONSTANTS

Temperature, 130℃; Cyclohexanone concentra-

tion, 0.37mol/l.

Consequently, the rate equation of disappearance

of cyclohexyl hydroperoxide is considered to involve

several independent terms

(10)

where, k6, first order rate constant for the decom-

position of cyclohexyl hydroperoxide; k7, rate

constant for the induced decomposition of cyclo-

hexyl hydroperoxide.

Farkas et al.8) reported the rate constant of the

disappearance of cyclohexyl hydroperoxide. in

cyclohexane (ks; 0.000143min-1 at 130℃). The

presence of cyclohexanone is found to increase the

rate of disappearance of cyclohexyl hydroperoxide

(kobs; 0.042+(ANON)0.67min-1 at 13℃). The ob-

served over-all rate enhancement of disappearance

of cyclohexyl hydroperoxide in the presence of

cyclohexanone would be the consequence of

the combined effect of the terms in the Eq. (10.)

We are indebted to Teijin Limited who granted

us permission of publication.

8) A. Farkas and E. Passaglia, J. Am. Chem. Soc., 72,
3333 (1950).


