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The products and kinetic regularities of the reactions of 1,3�dioxacycloalkanes with chlo�
rine dioxide were studied. The effects of the nature of solvent and the temperature on the
reaction rate were considered and the activation parameters were determined.
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The products of oxidative transformations of 1,3�di�
oxacycloalkanes and their derivatives find extensive prac�
tical application.1,2 Chlorine dioxide is of obvious interest
as an oxidant. Meanwhile, data on reactions of chlorine
dioxide in nonaqueous media are virtually missing.

In this work, we studied the products and the kinetic
regularities of the reaction of chlorine dioxide with 1,3�di�
oxacycloalkanes (DH) of various structures: 2�isopropyl�
1,3�dioxolane (1), 2�phenyl�1,3�dioxolane (2), 2,2�penta�
methylene�1,3�dioxolane (3), 4�chloromethyl�1,3�di�
oxolane (4), 4�chloromethyl�2�phenyl�1,3�dioxolane (5),
4�methyl�1,3�dioxane (6), 2�isopropyl�4�methyl�1,3�di�
oxane (7), 4�methyl�2�phenyl�1,3�dioxane (8), and
5,5�dimethyl�2�phenyl�1,3�dioxane (9).

Experimental

Chlorine dioxide was prepared by the reaction of potassium
chlorate with oxalic acid in the presence of sulfuric acid accord�
ing to a known procedure.3 The concentration of ClO2 was
determined by spectrophotometry on a Specord M40 instru�
ment at λmax = 360 nm. Solvents were purified by standard
procedures.4

The starting 1,3�dioxacycloalkanes and the reaction prod�
ucts were analyzed by GLC using a Chrom 5 chromatograph
(3.5 m × 3 mm column, 5% SE�30 on Chromaton) and by 1H
and 13C NMR spectroscopy on a Bruker AM�300 instrument
(300 MHz). The solvents used were CDCl3 (99.8 at.% D;
Aldrich) and acetone�d6 (99.9 at.% D; Aldrich).

Oxidation of 1,3�dioxacycloalkanes with chlorine dioxide (gen�
eral procedure). 1,3�Dioxacycloalkane (0.86—4.0 mmol) in 3 mL
of MeCN was maintained at 35 °C and a specified amount of

ClO2 (1.24—6.0 mmol) in a known concentration was added.
The reaction was carried out for 4—7 h. The solvent was evapo�
rated and the reaction products were identified.

Oxidation of 1,3�dioxanes with chlorine dioxide in the pres�
ence of 2,2,5,5�tetramethyl�4�phenyl�3�imidazolin�1�oxyl
3�oxide (general procedure). A specified amount of 1,3�dioxane
(0.86—4.0 mmol) in MeCN (3 mL) was placed in a reactor, the
iminoxyl radical (>N—O•) and KBr were added, and then
the specified amount of a solution of ClO2 with a known con�
centration was introduced. The reaction was carried out for 4 h
at 35 °C. Acetonitrile was evaporated and the reaction products
were identified. The ratio [DH] : [>N—O•] : [KBr] : [ClO2] =
1 : 0.01 : 1 : 2.

The kinetics of oxidation of 1,3�dioxacycloalkanes with chlo�
rine dioxide was studied by monitoring the consumption of ClO2.
The change in chlorine dioxide concentration was determined
by spectrophotometry (Specord M40, Carl Zeiss Jena) by moni�
toring the decrease in the optical density at λmax in thermostated
quartz cells (the optical lengths were 1 and 0.1 cm, the error was
≤5%). The concentration of 1,3�dioxacycloalkanes and ClO2
was varied in the ranges of 0.04—3.2 and (4—8)•10–3 mol L–1,
respectively. Benzene, acetone, MeCN, CCl4, AcOEt, EtOH,
and MeOH were used as solvents. The temperature was varied in
the range of 30.6—61 °C.

Results and Discussion

Reaction products. The oxidation of compounds 1, 2,
and 4—9 with chlorine dioxide gives the corresponding
glycol monoesters, their yield reaching 60% (Scheme 1,
Tables 1, 2). The oxidation of nonsymmetrical 1,3�di�
oxacycloalkanes 4, 5, 7, and 8 affords a mixture of two
isomeric esters of types A and B in 2 : 1 ratio. The reaction
of 1,3�dioxolane 3 with ClO2 results in cyclohexanone
(82%) and the product of its chlorination, chlorocyclo�† Deceased.
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hexanone. The reaction of ClO2 with cyclic acetals con�
taining a Ph substituent in position 2 gives, in addition to
monoesters, benzaldehyde and/or benzoic acid (see
Scheme 1).

The use of iminoxyl radicals in the oxidation is due to
the fact that they are able to form oxoammonium salts,
which are potent oxidizing agents.5 Oxygen, hydrogen
peroxide, and sodium hypochlorite are used most often as
primary oxidants.5,6 Therefore, the increase in the prod�
uct yield in the oxidation of 1,3�dioxacycloalkanes with

chlorine dioxide in the presence of 2,2,5,5�tetramethyl�
4�phenyl�3�imidazolin�1�oxyl 3�oxide can be explained
by the action of the oxoammonium salt resulting from the
reaction of the iminoxyl radical with chlorine dioxide.7

We found that the addition of catalytic amounts of
2,2,5,5�tetramethyl�4�phenyl�3�imidazolin�1�oxyl
3�oxide accelerates the reaction (see Table 1). However,
the effect of the iminoxyl radical is much less pronounced
in this case than in 1,3�dioxacycloalkane oxidation with
oxone.8

Scheme 1

1 2 4 5 7 8

R1 Pri Ph H Ph Pri Ph
R2 H H CH2Cl CH2Cl Me Me
n 1 1 1 1 2 2

Table 1. Composition and yields of the products of oxidation of 1,3�dioxanes 7—9 (DH) with chlorine
dioxide (MeCN, 35 °C)

DH Time/h Products Yielda (%) at DH : ClO2
b

1 : 1 1 : 3 1 : 3c

6 24 60 75

12 30 25

4 27 46 53

14 23 27

PhCOOH 1 — 1

4 16 24 60

PhCOOH 6 4 4

a The product yield based on the starting DH.
b Molar ratio.
c Oxidation in the presence of 2,2,5,5�tetramethyl�4�phenyl�3�imidazolin�1�oxyl 3�oxide (DH : >N—O• =
1 : 0.01 mol mol–1).
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Reaction kinetics. The kinetics of the reaction of ClO2
with 1,3�dioxacycloalkanes was studied by monitoring
chlorine dioxide with the condition [ClO2]0 << [DH]0,
where [ClO2]0 and [DH]0 are the starting concentrations
of chlorine dioxide and the substrate, respectively. Typi�
cal kinetic curves for the consumption of ClO2 are de�
scribed by a first�order equation with a high correlation
coefficient (r ≈ 0.980—0.999) (Fig. 1).

The linearized kinetic curves were used to calculate
the apparent pseudo�first�order rate constants kapp =
k•[DH]n (k is the second�order rate constant, n is the
order of the reaction with respect to DH). The linear
dependence of kapp on the concentration of 1,3�dioxa�
cycloalkanes (r > 0.99) implies the first order with respect
to DH (Fig. 2).

Thus, the kinetic equation of the reaction has the form

–d[ClO2]/dt = k•[ClO2]•[DH].

For all 1,3�dioxacycloalkanes studied, the tempera�
ture dependence of the second�order rate constant was

Table 2. Composition and yields of the oxidation products of 1,3�dioxolanes 1—5 (DH) with
chlorine dioxide (MeCN, 35 °C)

DH DH : ClO2 Time Products Yield*
/mol mol–1 /h (%)

1 : 3 4 46

29

1 : 3 4 61

24

PhCHO 1

PhCOOH 2

1 : 3 12 82

7

1 : 3 7 11

20

1 : 3 4 20

11

PhCHO 27

* Product yield based on the starting DH.

Fig. 1. Typical kinetic curves for the consumption of ClO2 in
the reactions with 1,3�dioxanes (1, 2) and their lineariza�
tion in semilogarithmic coordinates (3, 4): 4�methyl�1,3�di�
oxane (6) (1, 3), 2�isopropyl�4�methyl�1,3�dioxane (7) (2, 4)
([ClO2]0 = 8•10–3 mol L–1, [DH]0 = 0.8 mol L–1,
MeCN, 61 °C).
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measured and the activation parameters were determined
(Table 3).

According to the data of Table 3, an increase in the
activation entropy is accompanied by an increase in the
activation enthalpy, i.e., a compensation effect is ob�
served (Fig. 3).

∆H≠
298 = (105.7±3) + (0.37±0.03)•∆S≠

298 (r = 0.99)

The presence of the compensation effect attests, ap�
parently, to a single reaction mechanism for all of the
1,3�dioxacycloalkanes.

The influence of the solvent nature on the apparent
rate constant for the consumption  of chlorine dioxide in
the reaction with 2�isopropyl�1,3�dioxolane (1) was stud�
ied in the following solvents: MeCN, CCl4, benzene, ac�
etone, AcOEt, EtOH, and MeOH. It was found that the
nature of the solvent has a slight influence on the kapp

value (Table 4), which is indicative of low polarity of the
transition state of the rate�limiting step.

The results obtained provide the conclusion that the
reactivity of the compounds under study varies in the
following sequence:

6 < 7 < 9 < 8 (dioxanes);

4 < 3 < 5 < 1 < 2 (dioxolanes).

The composition of the reaction products (see Tables 1
and 2) and the kinetic data indicate that the C(2)—H
bond is attacked predominantly in the reaction of 1,3�di�
oxacycloalkanes with ClO2. The introduction of an alkyl
(compounds 1, 2, 5, 7—9) or, the more so, a phenyl
(compounds 2, 5, 8, 9) groups into position 2 of the
substrate decreases the strength of the tertiary C—H bond,
which, in turn, results in a higher reactivity toward chlo�
rine dioxide. Indeed, for compounds 6 and 7, k•104 = 0.07
and 0.28 L mol–1 s–1 (40.5 °C); for compounds 6 and 8,

Fig. 2. Apparent rate constant for the oxidation of 1,3�dioxanes
with chlorine dioxide (kapp) vs. the concentration of 1,3�diox�
anes 6 (1), 7 (2), 8 (3), 9 (4) ([ClO2]0 = (4—8)•10–3 mol L–1,
[DH]0 = 0.2—3.2 mol L–1, MeCN, 61 °C).
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Table 3. Activation parameters of the reaction of chlorine dioxide with 1,3�dioxacycloalkanes (DH)
at 25 °C

DH Solvent k•104 Ea logA ∆H≠
298 –∆S≠

298
/L mol–1 s–1 /kJ mol–1 /kJ mol–1 /J mol–1 K–1

1 CCl4 1.90 73.4 9.0 69.9 80.3
2 CCl4 8.28 42.7 4.4 40.2 169.4
3 CCl4 0.43 64.8 7.0 62.3 118.4
4 CCl4 0.12 57.7 5.2 55.2 154.0
5 CCl4 2.50 45.6 4.4 43.1 169.2
6 MeCN 0.01 101.7 11.79 99.1 27.8
7 MeCN 0.05 88.3 10.2 85.8 58.6
8 MeCN 0.49 73.6 8.6 71.1 88.7
9 MeCN 0.03 77.4 9.1 74.9 78.2

Note. k is the second�order rate constant, Ea is the activation energy, A is the pre�exponential factor in the
Arrhenius equation, ∆H≠

298 and ∆S≠
298 is the activation enthalpy and entropy, respectively.

Fig. 3. Activation enthalpy (∆H≠
298) vs. activation entropy

(∆S≠
298) for the reaction of 1,3�dioxacycloalkanes 1—9 with

chlorine dioxide.
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k•104 = 0.31 and 4.51 L mol–1 s–1 (51 °C); for com�
pounds 4 and 5, k•104 = 0.25 and 6.4 L mol–1 s–1 (40 °C),
respectively.

In view of the fact that solvent polarity has a slight
influence on the oxidation rate of 1,3�dioxacycloalkanes
with chlorine dioxide under the experimental conditions
and by comparing the second order rate constants for the
reaction of 1,3�dioxanes and 1,3�dioxolanes at the same
temperature (see Table 3), one can conclude that 1,3�di�
oxanes are more stable against chlorine dioxide than
1,3�dioxolanes. The difference between five� and six�
membered rings is explained by conformational proper�
ties of the molecules.9 The introduction of substituents

into 1,3�dioxane results in fixation of the chair conforma�
tion in such a way that the C—H bond to be attacked
occurs in a conformation favorable for the reaction, be�
cause it has an antiperiplanar orientation with respect to
the orbitals of the oxygen lone electron pairs. The five�
membered ring does not have a clear�cut conformational
minimum; therefore, the steric effect of the substituents
in position 2 is less pronounced.10 The introduction of
Me groups into the fourth or fifth position of 1,3�di�
oxacycloalkanes changes insignificantly the susceptibility
of compounds for oxidation compared to the unsubstituted
analogs.11,12 These trends are observed in the oxidation of
1,3�dioxacycloalkanes with ozone,9 molecular oxygen,13

and dimethyldioxirane.11,12

The results of the study of the products and kinetics of
the reaction of ClO2 with 1,3�dioxacycloalkanes, together
with published data on the oxidation of hydrocarbons
with chlorine dioxide14,15 and cyclic acetals with nitrogen
dioxide16 allowed us to propose a reaction scheme that
accounts for the products and kinetics observed. Chlorine
dioxide containing an unpaired electron attacks the C—H
bond adjoining the O atom to give an alkyl radical. The
radical reacts with ClO2 to give the reaction products
(Scheme 2). The accumulation of benzaldehyde and ben�
zoic acid upon the oxidation of cyclic acetals containing a
phenyl substituent in position 2 is due to an attack by
ClO2 on the C(4) atom. The accumulation of the chlori�

Table 4. Solvent effect on the oxidation rate of 2�isopropyl�1,3�
dioxolane (1) with chlorine dioxide (22 °C, [ClO2]0 = 1.44•10–2

mol L–1, [DH]0 = 1.14 mol L–1)

Solvent ε kapp•104/s–1

CCl4 2.2 1.50±0.02
C6H6 2.3 2.11±0.03
AcOEt 6.7 0.97±0.01
MeC(=O)Me 20.7 1.70±0.04
EtOH 24.3 2.01±0.02
MeOH 32.7 0.75±0.04

Note. ε is the dielectric constant of the medium, kapp is the
apparent rate constant.

Scheme 2
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nation products can be due to the action of hypochlorous
acid formed during oxidation.
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