VIIK 542.943

Slavcho Kirillov Rakovsky, Metody Anachkov,
G. E. Zaikov, O. V. Stoyanov, S. Yu. Sofina

REACTIONS OF OZONE WITH ALCOHOLS, KETONES,
ETHERS AND HYDROXYBENZENES (PART 2)

Keywords: ozonation, alcohols, ketones, ethers, hydroxybenzenes, kinetics, mechanisms.

The paper is focused on degradation of organics by ozonation and it comprises various classes of oxygen-containing
organic compounds — alcohols, ketones, ethers and hydroxybenzenes. The mechanisms of ozone reactions with these
compounds in organic solvents are discussed in details, the reaction schemes and the corresponding kinetic and some
thermodynamic parameters are given. The dependences of the kinetics and the mechanism of the ozonation reactions
on the structure of the compounds, on the medium and on the reaction conditions are revealed. The various possible
applications of ozonolysis are specified and discussed. All these reactions have practical importance for the protection
of the environment.

Knmouesvie cnosa: O030HUpOBAarue, cnupnivl, KEMOHbL, 3([)upbz, 2u()p0KCM5€H3€th, KUHemuKka, MexaHu3maul.

B cmamve paccmampusaemcsi paznodicenue OpeaHuHecKux eujecme nymem O30HUPOBAHUS PA3IUYHBIX KIACCO8
KUCTIOPOOCOOEPACAWUX OP2AHUYECKUX COCOUHEHUL — CRUPMOS, KeMOH08, d(hupos u cuopokcubenzenos. O6cyicoervl
MEXauusMvl  peakyuii 030HA € OMUMU COCOUHEHUAMU 8 OpP2AHUYECKUX PACMEOPUMENsX, NpedcmasieHsl
coomeemcmeylowue  CXembl peakyuil U  NpueedeHvl  COOMEEMCmEylowue KuHemuueckue U  HeKOmopbvie
mMepMOOUHAMUYecKue napamempyl. Boisgnenvl 3a6ucumocmu KUHEmMuKu U MeXAHUSMA Peakyuii O30HUPOBAHUS Om
CMPYKmMypsl cOeOUHenUll, cpedbl U YCA08Ull NPosedeHUs peakyuill. YKazanvl u 06CyicOeHbl pasiuinble 603MOMCHOCTU

NPpUMEHEHUA O30HOIU3A. Bce omu peaxkyuu umerom npakmuieckoe 3nadernue ons 3auiumaol o;cpy.wcaiou;eﬁ Cpe()bl.

Introduction

The  ozonolysis of  oxygen-containing
compounds is a promising process that takes place
under mild conditions and yields compounds of a higher
oxidation state than that of the starting compounds. It
may find various applications in chemical and
pharmaceuticals industries, fine organic synthesis, etc.
(1-2). The widest application, in this respect, has been
found for the oxidation of primary and secondary
alcohols respectively into their corresponding aldehydes
and ketones. For example in the cases of the oxidation
of open-chain (simple) and cyclic secondary alcohols
the yield of ketones is within the range 57% up to 83%
(3). Moreover, the considered interactions are extremely
important from an ecological point of view for the
utilization and purification of industrial wastewaters,
originating from hydroxybenzene production, through
their partial or complete oxidation (4-24). The
importance of this process for theory and practice gave us
an impetus to carry out systematic investigations (25-
35). The aim of the present paper is the precise
determination of the rate constants of ozonolysis of
some more widely occurring representatives of the
studied classes of organic compounds. Applying the
activated complex method (ACT) (36) and collision
theory (CT) (36) some theoretical investigations have
also been carried out elucidating the structure of the
transition state formed in the course of the reaction. On
the basis of the correlation between the results from the
experimental and theoretical studies some peculiarities
in the mechanism of ozone reactions with the considered
classes of oxygen containing compounds have been
established.

Experimental

Ozone has been obtained from dry oxygen by
means of a silent discharge of 5-8 kV at an oxygen flow
rate of 0.1 L/min. The ozone concentration, 107 -107 M,
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has been measured spectrophotometrically in the
wavelength region of 254-300 nm in a 5 cm quartz gas
cell.

Methods

The UV, IR, ESR spectra were registered on
standard equipments, as well as HPLC, and GC
analyses.

Kinetic Measurements

Static Method

Pure reagent or reagent solution was injected
into thermostatic 1 cm quartz cuvette, containing a
solution of ozone in CCly, the time of mixing being less
than 0.2 second. Ozone concentration was monitored
spectro-photometrically in the region of 270-290 nm. At
[RH]o/[O3]is>100, the ozone pseudomonomolecular
constant K'=k[RH], was determined on the basis of the
equation 1g([O3]io/[O3]i)=k’t where [O3], and [Os]y are
the initial and current concentrations of ozone in
solution, respectively (27).

Dynamic Method

The ozone was bubbled through a cylindrical
glass reactor with inner diameter &=1.7-3.7 cm and
height 7-15 cm, supplied with porous glass grit-G2 at its
bottom. The accuracy of maintaining constant
temperature was +0.1°C. Conventionally, gas flow rate
was v=0.1 L/min; the solutions volume was V=10 ml;
the ozone concentrations at the reactor inlet ([Os]o)
varied from 10° to 10° M; the solvent was CCly;
[RH],=10"-10' M. The inlet and outlet ozone
concentrations were measured in the gas phase in the
254-300 nm wavelength range. The determination of
rate constants is based on the approach, which connects
the balance of consumed ozone with the rate of the
chemical reaction - Eq. (1):

o([O5]o-[Osy) = K[Os][RH] )



where o is the relative flow rate of ozone—oxygen gas
mixture (in litres per L of solution per sec); [Os], and
[Os]y are the ozone concentrations at the reactor inlet
and outlet, respectively, [Og]; is 0zone concentration in
the solution; [RH] is concentration of the reagent. This
model is valid in all cases, when the rate of ozone
absorption is considerably greater than the rate of the
chemical reactions. If in the case of a bimolecular
reaction, in accordance with Henry’s Law, [O3] is
substituted with o[O3]y, where o is Henry’s coefficient,
Eq. (1) can be transformed into Eq. (2) (1):

k = @.A[O3])/([RH]. a[O3]g) 2)

One of the widely applied criteria with respect
to the conditions of validity (applicability) of Henry’s
Law is the expression:

Dog.kl'/kL2<<1

where Dqjz is the diffusion coefficient of ozone in the
solution; ki =Dg3/d is the coefficient of mass transfer in
the liquid phase, and & is thickness of the boundary
layer in the hydrodynamic model of renovation surface;
or kL=(D03.S)1/2, where s is the time interval of
renovation. In the case of applying the bubbling method
with small bubbles (diameters up to 2.5-3 mm) then
kL=O.31X(gv)1/3X(D03/v)2/3, where v=n/p, is the
kinematic viscosity of the solvent, n is the viscosity of
the solvent, p is the solvent density, g is the earth
acceleration. Usually the k. values are of the order of
0.1-0.05 cm/s. As k; =k[RH], in most of the cases it is
possible to select such values for [RH],, at which the
criterion for applicability of Henry’s Law is fulfilled
(34).

In order to minimize the influence of the so-
called “effect of delay in the response function”—
[Os]g=f(r) upon -calculating the values of k such
sections of the kinetic curves are selected, which appear
to be practically parallel or only slightly inclined with
respect to the abscissa: ki a[Oz)g>> d[Og]g/dt. The
advantages and limitations of this method have been
discussed in detail in (37, 38). Despite some
contradictory observations, the significant part of rate
constants of ozone with organic compounds and
polymers are obtained on the basis of Eq. (2) (1, 34).

Results and their discussion

Ketones

Reactions of ozone with alcohols were
considered in the first part of the review (39). The
investigation of the reactions of ozone with ketones is of
interest from the viewpoint of the theory of reactivity,
the ozone chemistry, preparation of oxygen-containing
compounds, and the degradation and stabilization of
organic materials. In particular, the ozonation of
methylethylketone (MEK) (40-42) yielded acetic acid
(AcAc), diacetyl and hydroperoxide as the main
reaction products in CCly. It has been assumed that the
process is not an oxidation chain-radical reaction.
Similar products are also formed when the reaction
takes place in water. However, in this case ozone
interacts with the enol form of MEK (40). The addition
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of nitric acid accelerates enolization, which is evidenced
by the increase of the oxidation rate (42). The decrease
of the oxygen content in the ozone-oxygen mixture
results in an increase of the oxidation rate, which is due
to a change of the radical leading to oxidation, from
RO," to RO®. The ozonation of isomeric decanones
indicates that the reactivity of ketones depends on the
length and structure of the alkyl chain. In this case the
main products are a-ketohydroperoxides,
monocarboxylic acids, keto alcohols and alkylbutyric
lactones. However, it should be noted that the
conclusions in these studies were based on product
analysis at very high degrees of conversion whereby the
secondary reactions play an important role in the
product formation. This gives us reasons to doubt
whether the proposed mechanism describes adequately
the initial steps of the reaction. The rate constant and the
activation energy of interaction between cyclohexanone
and ozone are 1.6x107 M's! and 11.2 kcal/mol,
respectively.

The reactivity of ozonized methyl derivatives
of cyclohexanone is considerably higher than that of the
H form. An increase in the rate of interaction between
the above derivatives and ozone is also observed
depending on the location of substitution and it follows
the sequence (43-45): 3-methylcyclohexanone < 4-
methylcyclohexanone < 2-methylcyclohexanone.

It is evident from the foregoing that so far no
systematic investigations on the ozonolysis of ketones
have been carried out. In our studies on the ozonolysis
of ketones we combined the kinetic approach and
product analysis with theoretical methods. The results
from the ozonolysis of some aliphatic ketones are
shown in Table 1.

Table 1 - Kinetic parameters of the reaction of ozone
with some aliphatic ketones at 21 °C

3 3
Ketone l;\(jlxllg v kl\s/tlxllso 1] Ker | 12 A kcalI/Er;,ol

CH,COCH; 3.5 7.7 | 02 [10.823] 18
CH3COC;Hs 12 24 0.7 | 10.63 17
CHsCOCsHy, 23 67 1 |1054| 165
CHyCOCeH13 45 58 2.4 | 10.46 16
CH3COCH1s 448 54 23 | 1031 | 158
CH3COCoH2 42 113 2.2 | 10.58| 16.2
C2HsCOCsH1u 20 74 1 11.48| 15.5
CHsCOCH,CO- | 29000 - - - -
CHs

¢c-C7H1.0 87 80 4.1 | 9.00 17
CH3CO-2-Naph | 22000 - - 5.77 6
4-CHs-c-CeHsO | 117 101 | 6.2 | 8.97 12
4-t-Bu-c-CeHoO | 166 123 | 8.1 | 7.93 11.8

Note: K, is calculated according to Equation 2; K is the
relative  rate  constant  determined by  gas
chromatography relative to ethylpentylketone.

The following six types of ketones have been
the subject of our investigations:

(1) Acetone containing only a.-C-H bonds,




(2) Ketones with the general formula
CH3CO(CH,),CH3, where n = 1, 4, 5, 6 and 9,
which contain secondary a, B, y C-H bonds,

(3) Ketones with the general formula CH3(CHy)n
CO(CH,),CHgs, where m = 1, n = 4, which contain
o, a'-secondary C-H bonds and cycloheptanone,
which contains a, f and y secondary C-H bonds, 4-
4-methyl or 4-fert-butyl cyclohexanone with y-tert-
C-H bond,

(4) 2-Naphthylmethylketone with various substituents,
and

(5) Acetylacetone containing o-C-H bond activated by
two keto groups.

The rate constant of keto-enol tautomerism for the latter
compound is considerably higher than those of the other
ketones studied, because of appearance of the C+C-
double bonds.

CH;-CO-CH,-CO-CH; < CH;-CO-CH=C(OH)-CH;

The values of k vary, depending on the ketone
structure, particularly on the content of primary,
secondary or tertiary a-C-H-bonds, in a wide range. The
ratio of their reactivities is 1 : 3.4+24.8 : 33.4+47.4. In
contrast to paraffins these values are more similar,
which are associated to the activation of a-C-H-bonds
by the keto group. Ozone is sensitive not only to the
activation of the a-C-H bonds but also to the keto-enol
equilibrium. The rate of its reaction with acetylacetone
is by three orders of magnitude higher than that with
monoketones. Ketones with different substituents, for
example, 2-naphthylmethylketones also show higher
reactivity than the aliphatic ketones. It is concluded that
the reaction centre in this case is the naphthyl ring and
not the a-C-H bond in the methyl group.

Another interesting observation is the higher
values of E; compared with those of paraffins (with
some 2-3 kcal/mol). As ozone is an electrophilic reagent
and the activation of the a-C-H bonds from the keto
group favours the nucleophilic attack, it is reasonable to
expect an increase in Ej.

Figure 1 shows a typical kinetic curve
illustrating the change of ozone concentration at the
reactor outlet during ozonolysis of ketones in solution.

15

oL
Mg,
11
=
)
-
LI
n,
am T T T T T T T
u 1 2 3 a 5 = )

Fig. 1 - Ozonolysis of 0.712 mmol cycloheptylketone
in 10 ml CCly,, 21°C, v - 0.1 L/min

99

The horizontal line describes the inlet ozone
concentration and the curve corresponds to the change
in its concentration at the reactor outlet. It is seen that
the addition of ketone results in a sharp decrease in the
ozone concentration, followed by a section with only
slight changes of [Oglq;. After some time the ozone
concentration rises up again to reach a region, where the
respective curve is practically parallel to the abscissa
(10sl2).

The shape of the kinetic curve of ozone
consumption (Figure 1) is complicated and this implies
that ozone reacts with more than one compound (46-
48). The two horizontal sections of the curve are the
result of the interaction of ozone with two compounds,
the rate constants of which differ considerably. The
areas over the curve correspond to the amount of
absorbed ozone. Knowing the concentrations of the
reacted compounds the stoichiometry coefficients and
other kinetic parameters can be calculated.

This type of kinetic curve for the ketones is
associated with the keto-enol equilibrium and with the
ability of ozone to react with the C=C bonds 106 times
faster than with the C-H bonds with almost zero
activation energy (46).

The processes corresponding to the ozone-gas
curve (Figure 1) are the following:

(1) The ozone starts its reaction with ketone (probably
with the enolic form) and an abrupt fall of its
concentration is registered,

(2) When the rate of ozone supply becomes equal to
the rate of the chemical reaction, the first step is
formed,

(3) The end of the step is connected with the
consumption of the enolic form and the ozone
concentration begins to rise up,

(4) At this moment the ozone begins to react with the
keto form and the second step is formed, whereby
the rate of ozone supply becomes equal to the rate
of the second reaction. The sharp transition between
the two steady-state regions gives evidence that the
rate of restoration of the keto-enolic equilibrium is
considerably lower than the rate of ozone
interaction with the keto form.

HO or H'
CH;COCH; === CH;3;C(OH)=CH,
*OH
fast 1

— -

== CH,CCH,4

+
( (‘)‘I’{/\ ’/\ slow (‘)H

CH,—C—CH,:H + H,0 —> CH;—C=CH,

( \(\) ¥ N\ /\ slow \O

2.CH;—C—CH,:H + OH [CHf~C=CH,]
“H,0

1. CH;COCH; + H*

+ H;™0

O OH
li _ fast |
[ CH;—C=CH, ] —_— CH;—C=CH,

The concentration of the enolic form can be
estimated from the area enclosed below the kinetic
curve in Figure 1 and then the equilibrium constant of
enolization could be measured:



It is known that the stoichiometry of the
reaction of ozone with C=C is 1:1 and thus the amount
of the enolic form can be judged based on the amount of
absorbed ozone, i.e., in this particular case the
concentration of the enolic form is 0.134 mM. As the
initial concentration of ketone is known, the equilibrium
quantity will be the difference between the initial
concentration and that of the enolic form. Then the
equilibrium constant can be easily calculated using the
formula:

Ke=[Enol]/[Keton]e,
and it amounts to 1.9 x 102,

Based on the curve in Figure 1 one can also
determine the rate constants of the ozone interaction
with the two tautomeric forms. Taking into account the
parameters of the first section of curve ([Ozlg1) and by
using Equation 2, the value of the rate constant with the
enolic form is found to be kg = 2.9x10*> M'.s! and
therefore the second rate constant with the keto form is
ke = 0.048 M's™. In this way the possibility of
application of the method of ozone titration to the
measurement of the equilibrium constant and the rate
constants of ozone interaction with the two tautomeric
forms in one kinetic experiment has been demonstrated.

With a view to evaluate the possible influence
of the processes of mass transfer on the values of the
rate constants, determined by the barbotage method,
beside the observation of the criteria, described in the
experimental section, some additional experimentation
has been carried out, connected with the changes in the
size of the reactor, in the volume of the solution, and in
the concentration of the ozone at the reactor inlet. The
results, obtained upon varying the above-listed
parameters within the range up to about 30-50%, did not
show any significant deviations in the respective values
of k, and therefore there is noticeable effect of the
conditions of mass transfer on these values

It is evident that the rate constants of ozone
interaction with ketone, measured by the static method
(Figure 2) through mixing of ozone and ketone solutions
at [K]o>>[O3], are higher than those found by the
bubbling method (Table 1). This is not difficult to
explain because in the former case the obtained values
represent the total effective constant of interaction of
both the enol and the keto form.

The results from the calculation of the
equilibrium constants of keto-enol tautomerism for
some aliphatic ketones in CCl, are given in Table 2.
The data for acetylacetone and 2-naphthylmethylketone
are not presented in the table because in the former case
the rate of reaching the equilibrium is commensurable
with the rate of ozone consumption and in the latter case
the ozone reacts with the double bonds in the naphthyl
ring. The equilibrium constants do not differ from those
found within the temperature range of 21 °C to 3 °C and
agree with data from the literature (49-52).

The kinetics of ozone reactions with ketones is
also determined using gas chromatographic analyses.
The relative rate constants shown in Table 1, column 4
demonstrate that only acetone and methylketone possess
lower reactivity than the standard. It is seen that the rate
constants, calculated from the relative values and the
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value of the standard constant correspond to those found
by the bubbling method. The main products of ozone
interaction ~ with  methylethylketone are 2-
hydroxymethylethylketone, diacetyl, peroxides - alkyl
and hydro, acetaldehyde and AcAc.

Table 2 - Equilibrium constants of keto-enol
tautomerism of some ketones in CCl, solution at
21°C determined by titration with ozone

Ketone K, x 10*
CH3;COCH;3 1.2
CH3COC,H5 1.2
CH3COCsH; 46
CH3COCgH 15 29
CH3COC;H3s 96
CH3;COCgH», 130
c-C;H,0 190

On the basis of the kinetic results obtained and
the product analyses we suggest Scheme 3 for the
proceeding of ketone ozonolysis:

H H...0,
\ \

4 . . .
R,CHCOR, + Oz === [R;CHCOR,]" —> [R;CHCOR, + OH + O, , (HO5)}—>a, b, c

a. R;CH(OH)COR,—> R;CHO + R,CHO

+b
R,;COCOR, + R;COCH(OH)R, + O,
. b . .
b. R;CH(OO)COR, 2 R,CH(O)COR, + O,—> 2R,CO + 2R,CHO

H
R;CH(OOH)COR,—> R;CHO + R,C(OH)O

,oz
¢. R;CH(OOOH)COR, —» R;CH(OH)COR,

Scheme 3
[ 1 ]
Ll
3
- 2
. 1
-
. - - - - -
Tae s

Fig. 2 - Semilogarithmic anamorphosis of the Kinetic
curve of ozonolysis of: 1 - methylethylketone; 2 -
methylpentylketone; 3 — ethylpentylketone; and 4 —
cycloheptylketone; 21°C, ketone concentration 28
mM at [O3],, = 1.10° M

Ozone attacks the o-H atom forming a LC,
which further undergoes decomposition into a radical (or
ion) pair in one kinetic cage, or leads to the formation of
hydroperoxy and alkoxy radicals. The latter can further
undergo monomolecular decomposition.

The intermediate formation of LC is assumed
in the first stage, followed by breaking of a-C-H bond



leading to the formation of a radical (or ion) pair. Then -
hydroxyketone, o-peroxyketone radicals and -
hydroxytrioxyketone appear as a result of C-C bond
breaking can decompose into two aldehydes.

The a-peroxyketone radical, reacting with the
initial ketone, can be transformed into an o-
hydroxyperoxyketone, which is decomposed through
breaking of the C-C bond to aldehyde and acid or the two
radicals recombine giving rise to diketone and a-
hydroxyketone or two a-oxyketone radicals. The latter
react with the initial ketone and are transformed into o-
hydroxyketone  or  through a  monomolecular
decomposition and breaking of the C-C bond to an
alkoxy radical and aldehyde. a-Hydrotrioxyketone is
converted into a-hydroxyketone and it is transferred in
its turn into two aldehydes.
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