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The kinetics of oxidation of cumene with potassium permanganate in acetonitrile was studied. It was shown that the
rate of oxidation increases in a weakly acidic medium, and the kinetics of the consumption of permanganate ions taken
at concentrations substantially lower than the cumene concentration is described by the first-order equation. The effective
rate constant linearly depends on the concentration of cumene. It was shown that the addition of small quantities of
potassium permanganate into the reaction solution (0.01 mol/L) initiates oxidation of cumene by molecular oxygen. It
was proposed the mechanism of reaction, where, at the first stage, the abstraction of the H-atom from the C—H bond of
cumene by the reactive Mn’* containing species occurs and as a result the C-centered Ph(CH3;).Cs radicals are formed.
They react with oxygen and then participate in the reactions of the propagation of the chain of the process of liquid phase

oxidation.
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Introduction

Oxidation is an important area in both
chemical science and industry [1]. Oxidation
products such as phenol, carboxylic acids and
their anhydrides are important universal
synthetic intermediates for the production of
many chemicals, pharmaceuticals and functional
materials, some of which are produced in
millions of tons annually. For example, phenol, a
product of oxidation of cumene, has a world
annual consumption of 11.6 million tons [2]. In
the last decades, the direct oxidation functionali-
zation of C—H and C—C-bonds has proven to be
one of the most effective methods for synthesiz-
ing complex products from simple and easily ac-
cessible source materials. Among oxidation pro-
cesses these, where molecular oxygen as a
"green™ and accessible oxidant is used, attracts
special attention due to its high atomic economy
and environmentally friendly characteristics. Im-
provement of the processes of oxidation of petro-
chemical and coal-chemical origin substrates,
which are realized on an industrial scale, for ob-
taining important oxygen-containing products re-
mains an actual task [3-5].
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Potassium permanganate (KMnOs) is the
most common salt, widely used in organic
chemistry as an active stoichiometric oxidant [6].
It is well soluble in water and organic solvents,
inexpensive and refers to "green™ oxidants [7].
The mechanism of oxidation by permanganates
was widely studied [8-11]. The catalysis of
liquid-phase oxidation with Mn3*, Mn?* salts was
also studied [12-15]. But the catalysis by
KMnO4 of the oxidation with molecular oxygen
remains virtually unexplored.

It is interesting to study the catalytic action
of potassium permanganate in the radical-chain
oxidation process with molecular oxygen. In this
case, its content in the reaction mixture will be
several orders of magnitude smaller than when it
acts as a stoichiometric oxidant.

Experimental Part

The process of oxidation of cumene in an
inert-to-oxidation acetonitrile, in which the
organic and inorganic components of our system
are well dissolved was studied at 25°C in a
weakly acid medium created by the addition of
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acetic acid. The kinetics of the reactions was fol-
lowed by recording the concentration of
permanganate ions (MnQOs), determining
photocolorimetrically change in optical density
(Dsa40) of a band with a wavelength of 540 nm in
quartz cuvettes of 5 mm thick. The studies were
carried out in the region of concentrations, where
no deviations from the Bouguer—Lambert—Beer
law were observed. Reagents from Merck and
Sigma were used as obtained.

Results and Discussion

It was established that when potassium
permanganate is added to acetonitrile, there is no
decrease in the optical density of the absorption
band of permanganate ions at Amax = 540 nm,
which indicates that this solvent is inert in our
conditions (Fig. 1, curve 0).
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Fig. 1. The kinetics of the change in the optical density Dsao
in acetonitrile in the presence of cumene, [CsHsCH(CHs)],
mol/L: 0—-0;1—-2.18-10%2-6.5-102;3—-0.11; 4 - 0.15;
5 1.43 mol/L. [KMnO4] = 2.67-10* mol/L, [CH;COOH]
=0.066 mol/L. A =540 nm, | =5 mm

However, the addition of even small
amounts (about 0.02 mol/L) in the solution of
cumene causes a decrease in the optical density
of Dsa4o, which indicates the oxidation of cumene
by permanganate. In the absence of acid, the
reaction rate remains small, therefore, the
reaction in solutions with additives of acetic acid,
which significantly increases the rate of the
process further was studied. Experimental data
(Fig. 1) show that the reaction rate increases with
an increase in the amount of cumene in the
system.

The kinetic curves for decreasing the optical
density become straight in half-logarithmic
coordinates InDy/Do — t: (Fig. 2) which makes it
possible to calculate the effective rate constant
kets O the pseudo-first-order reaction, which is a

complex function of the rate constants of the
individual process steps, hydrogen ion
concentration and cumene concentration.

The rate constants of oxidation of cumene by
potassium permanganate Kesr in acetonitrile are
given in Table 1.
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Fig. 2. Semi-logarithmic anamorphoses of absorption
dependencies (D) of a solution at 540 nm on time at
oxidation of cumene by KMnO, in acetonitrile.
[CeHsCH(CHa)2], mol/L: 1 — 0.0218; 2 — 0.065; 3 — 0.11;
4 -0.15; 5-1.43. [KMnO4] = 2.67-10"* mol/L,
[CH3;COOH] = 0.066 mol/L

Table 1. Dependence of the rate constant (ke) of
consumption of MnO4 in the oxidation from the
concentration of cumene in acetonitrile. 25 °C,
[KMnQ4] = 2.67-10* mol/L, [CHsCOOH] = 0.066 mol/L

[CeHsCH(CHa)z], mol/L k- 104, st
0.022 0.31
0.065 2.0
0.11 3.4
0.15 6.5
1.43 46.0

The slope of linear dependence InW —
In [CeHsCH(CHa)2] (Fig. 3) is 1.0073, which
indicates the first order on cumene in the
oxidation reaction of potassium permanganate.

y=1,0073% - 7,6499
R2=0,9863
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Fig. 3. Dependence of the logarithm of the rate of cumene
oxidation by KMnQy in acetonitrile on the logarithm of cu-
mene concentration. [KMnO4] =2.67-10* mol/L;
[CH:COOH] = 0.066 mol/L
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It is supposed, that the first stage of
oxidation with potassium permanganate of
organic substrates is the abstraction of the
hydrogen atom from their C—H or O—H bonds
[16-18]. Taking into account the proposed in the
work [19] participation of various reactive
species in the oxidation of permanganate in an
acidic medium, the following reactions can be
assumed in the mechanism of oxidation of
potassium permanganate:

MnO4 + H* = HMnO4
HMnO4 + H* = HoMnO4*
H,MnO4* = H,O + MnO3*

Depending on the medium, there may be
different reactive species and, respectively, the
following reactions:

MnOa4(-) + HR — HOMnOs(-) + R*
HOMnOs + HR — (HO);MnO; + R*
(HO)2MnO3(+) + HR — (HO)sMnO(#) + R*

In the process of oxidation of cumene with
potassium permanganate to abstract the hydrogen
atom from the C-H bond can MnO4 (in a neutral
or alkaline medium), and in an acidic medium
one of its protonated forms, for example,
HoMnO4*. This is confirmed by the results of
quantum-chemical calculations performed for
oxidation reactions with potassium permanga-
nate of N-hydroxyphthalimide, where the rise of
reaction rate in an organic solvent is observed
with an increase in the concentration of acid in
it [20].

The action of potassium permanganate in
radical-chain processes was investigated on
example of liquid-phase oxidation of cumene
(RH) with molecular oxygen (Fig. 4).

The kinetics of oxidation was studied by gas
volumetric measuring absorbing oxygen. The
amount of oxygen absorbed was measured at a
constant temperature (40 °C) and constant partial
pressure of oxygen (760 mm Hg). The frequency
of the reactor shaking, which provides the
reactions in the kinetic mode, was determined in
special experiments.

The rates of cumene oxidation with molecu-
lar oxygen were calculated by the tangent of the
slope of the kinetic curve of oxygen absorption.

The effect of the presence of potassium
permanganate on the oxidation of cumene by
molecular oxygen in an acetonitrile medium was
investigated.
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Fig. 4. The kinetics of oxygen absorption when oxidation
of cumene in absence of KMnOys (1), and with KMnOs (2).
[CeHsCH(CH3)2] = 1.76 mol/L, [ACN] = 14.2 mol/L,
[KMnO4] = 0.013 mol/L

The data in Figure 4 show that under the
chosen conditions (40 °C, oxygen pressure
760 mm Hg) in the absence of permanganate, the
reaction practically does not occur, no oxygen
absorption is observed. The addition of small
(0.013 mol/L) amounts of permanganate to the
reaction medium results in the oxidation
proceeding at a rate of 9.7-10° mol/(Ls). The
fact that oxygen is absorbed in the course of oxi-
dation can be explained by the formation of rad-
icals in the reaction medium in the reaction of
permanganate with cumene.

Therefore, the results obtained in the inves-
tigation of the cumene oxidation with potassium
permanganate and the action of permanganate in
the oxidation of cumene by molecular oxygen
indicate that a known scheme of radical-chain
liquid phase oxidation can be used to describe the
Kinetics of the process:

RH —Mn(7)_, Re Wi
R*+ 02, —» ROO* ko
ROO* + RH —» R* + ROOH Kp
2RO0O* — molecular products kt

At the first stage of cumene oxidation by
potassium permanganate radicals are formed that
subsequently initiate the chain oxidation process,
which leads to the formation of hydroperoxide,
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and Mn™ may be reduced further to Mn*" or
Mn?*, as evidenced by the complete discoloration
of the solution. The ions of Mn** and Mn?* are
effective catalysts for the radical decomposition
of hydroperoxide formed by the Haber—\Weiss
mechanism.

Conclusions

The oxidation of cumene with potassium
permanganate in acetonitrile has been studied. It
is shown that the addition of small amounts of
potassium permanganate to the reaction solution
(0.01 M) initiates the oxidation of cumene with
molecular oxygen. A reaction mechanism was
proposed: the H-atom is abstracted from the
C-H bond of cumene by the active Mn™
containing species at the first stage and
C-centered Ph(CH3).C* radicals are formed.
They react with Oz, and then ROO* participate in
the reactions of the chain liquid phase oxidation.
Summarizing, one can expect high efficiency of
using systems based on permanganate to catalyze
the liquid phase oxidation of organic substrates
with molecular oxygen due to the combination of
the initiating role of Mn’* containing species
with subsequent catalyzing action of the formed
Mn3* or Mn?* ions.
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Pinnnnoda3zne okucHEeHHSI KYMOJY B IPUCYTHOCTI MePMaHraHATy KaJilo

JI. 1. Oneiina, }O. M. I'punpa, O. 0. XaByHko, A. I'. MatBieHko

BuBuUeHO KiHETHKY OKUCHEHHS KyMOJy IE€pMaHraHaTOM Kajilo B aueToHiTpwii. [lokasaHo, 1110 MIBUAKICTH OKHC-
HEHHS 301IBIIYETHCS B CITA0OKHCIOMY CEpPEIOBHII, a KiIHETHKA BUTPATH IIEpPMaHTaHAT-10HIB, B3STHX TP KOHIICHTPAIIsIX
3HAYHO HIKYMX, HDK KOHIIGHTPALsl KyMOIY, OIIUCY€ETHCS PIBHAHHIM MepInoro nopsaky. CrocrepesxyBaHa KOHCTAHTa
IIBUIKOCTI JIiHIITHO 3aJIeKUTh BiJ KOHIEHTpalii kymoury. [loka3ano, mo momaBaHHS HEBEMUKUX KUTBKOCTEH IepMaHTa-
HaTy Kaiito B peakuiiiauii pozuns (0,01 MoJIb/11) 1HILIIOE OKMCHEHHS KYMOJTy MOJIEKYJISIPHUM KHUCHEM. byJo 3amponono-
BaHO MEXaHi3M peaxllii, B IKOMy Ha IepuIomy eTarti BinoyBaeTbes Biqpus H-aroma Bin C—H-3B’s13Ky KyMOJIy aKTHBHUMH
YaCTHHKaMH MepMaHraHaT-i0HiB, i BHACTIAOK 11bOr0 yTBOPIOIOThCs C-tieHTpoBani Ph(CH3)2Ce paaukanu. Bonu peary-
IOTh 3 KUCHEM, a MOTIiM OepyTh YJacTh ¥ PeaKilisiX IpOIOBKEHHS JaHIIOTa OKICHEHHS PiAKoi (a3u.

KoarouoBi cjioBa: nepMaHranat Kajiro, OKUCHEHHsI, KyMOJI, PaJUKaJIN, MOJICKYJIIPHUI KUCEHB.
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KuakodaszHoe oxkuciaeHue KyMoJia B IPUCYTCTBUY MePMAHIAHATA KaJIus

JI. Y. Omeiina, 0. H. I'peinga, O. FO. XaBynko, A. I'. MaTtBueHko

M3ydeHa KMHETHKA OKHUCICHUS KyMOJIa IepMaHTraHATOM Kallus B arieToHuTprIie. [loka3aHo, 9To0 CKOPOCTh OKHCIIe-
HUS YBEITMYHUBACTCA B CITA0OKHCIION cpefie, a KHHETHKA pACXOIOBAHMS IEPMAHTaHAT-HOHOB, B3ATHIX IPH KOHIIEHTPAITHIX
3HAUUTEJIBHO 00JIee HU3KUX, YeM KOHLEHTpAIMs KyMOJIa, ONMChIBACTCS YpaBHEHUEM IepBoro nopsaka. Habmonaemas
KOHCTaHTa CKOPOCTH JINHEHHO 3aBUCUT OT KOHLEHTpaluu Kymoia. [lokasano, 4ro nobasieHne HEOONBIINX KOJINYECTB
nepMaHraHara Kanus B peakiinoHHbIi pacTBop (0,01 M0JIb/1T) HHULIMMPYET OKUCIICHHE KyMOJIa MOJIEKYJISIPHBIM KHUCIIOPO-
oM. Bbuto mpeanoxkeHo MeXaHU3M peakliy, B KOTOPOM Ha IEpBOM 3Tare npoucxoaut oTpelB H-atoma ot C—H cBs3u
KyMoOJla aKTHBHBIMH YaCTHI[AMHU TIEPMaHTaHAT-HOHOB, U B pe3ybTaTte o0pasytorcs C-nenrpupoBannsie Ph(CHs).Ce pa-
nmukanel. OHH pearupyroT ¢ KUCIOPOJOM, a 3aTeM YIaCTBYIOT B PEAKIHAX MPOIOIKCHUS TN OKUCIICHHS YKUIKOU (a3bl.

KiroueBble cj10Ba: mepMaHTaHAT KaJlisl, OKHCICHHUE, KYMOJI, paJIUKAIIbl, MOJICKYIISIPHBIA KUCIIOPO/I.



