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Kinetic description of the oxidation of hydrocarbons inhibited by
sulfur-containing hydrogenated quinolines
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The inhibiting effect of dithiolthione derivatives of hydrogenated quinolines (DTT) on
the oxidation of various hydrocarbons (n-decane, n-decene, ethylbenzene, p-carotene) was
investigated. The inhibiting effect of the DTTs is greater at high temperatures (>100 °C)
than that of the parent hydrogenated quinolines and weaker at moderate temperatures. The
DTTs do not affect the decomposition of hydroperoxides. Probably, the introduction of a
dithiolthione cycle to a hydroquinoline molecule decreases its reactivity toward O, and
peroxide radicals, which favors the enhancement of the antioxidative activity of the DTTs at

elevated temperatures.
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Hydrogenated 2,2,4-trimethyl-substituted quinolines
(HQ) are amine-type antioxidants, of which acetonanil
and ethoxyquin! are known the best. The HQs are
efficient inhibitors of the oxidation of hydrocarbons of
various classes including unsaturated hydrocarbons,? but
the inhibiting effect at elevated temperatures is not
high.3 The inhibiting action of HQs depends signifi-
cantly on the type of substituent in the aromatic
ring and on the degree of hydrogenation of the hetero-
cycle.4—6 Sulfur-containing inhibitors are known to effi-
ciently inhibit oxidation at high temperatures.” It was
therefore interesting to study HQ derivatives that con-
tain, along with the >NH group, a sulfur-containing
fragment. In the present work we estimated the inhibit-
ing action of novel sulfur-containing hydrogenated
quinolines in the oxidation of hydrocarbons belonging to
various classes over a wide temperature range. We varied
the oxidation conditions and the substrates, which al-
lowed us, based on comparative phenomenological data,
to draw some conclusions about the particular features
of the mechanism of the antioxidative action of these
compounds.

Experimental

Dithiolthione derivatives of dihydroquinoline (DTT) were
obtained by boiling the respective 6-R-2,2,4-trimethyl-1,2-
dihydroquinolines (la—d) with sulfur in DMF8 (Scheme 1).
DTT 2a was transformed into dithiolthiones 2e, 2f, and 3 by
nitration with nitric acid (p = 1.4 g cm™>) in acetic acid, by
alkylation with triphenylmethanol, and by acetylation, respec-

tively. Condensation of 2a methicdide with aniline gave imine
4 which was transformed by acid hydrolysis intc compound 5
(see Scheme 1). The parameters of compounds 2a—d agree
with the literature data.? The properties of DTT 2e, 2f, 4, and
5 are presented in Table 1. Dimer 6 was obtained similarly to
compounds 2 from the respective dimer of acetonanil. The
compounds were purified by repeated crystallization from
toluene and ethanol. The purity of the compounds was moni-
tored by TLC.

The hydrocarbons (RH) were oxidized in thermostated
bubbling-type vessels in a stream of oxygen or air (1.6 L h™})
or in the oxidating cell of a gasometric setup at po, = 1 atm.
n-Decane (at 150 °C), n-decene (120 °C), ethylbenzene
(60 °C), and a polyenic hydrocarbon, B-carotene (50 °C),
were used as substrates for oxidation. The oxidation rate was
monitored by the accumulation of hydroperoxides, whose
content was measured by the iodometric method (n-decane,
n-decene), by oxygen absorption (ethylbenzene), or by hydro-
carbon consumption (3-carotene®).

n-Decane and ethylbenzene were purified according to
standard procedures. #-Decene (grade "pure") and B-carotene
(Hoffmann-LaRoche, Basel, Switzerland) were used without
additional purification.

Results and Discussion

The oxidation of n-decane can be a model reaction
for a comparative estimation of the inhibiting action of
various antioxidants during the oxidation of a wide range
of oil products at elevated temperatures. The accumula-
tion of hydroperoxides (ROOH) at 150 °C occurs with
self-acceleration (Fig. 1, curve I), and the kinetic curve
has a parabolic shape. When oxygen is replaced by air
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Scheme 1

R = H (a), Me (b), OMe (¢}, OEt (d), NO, (e), CPh; (f)

(curve 17), the reaction rate during the initial period of composition of ROOH. Probably, the relative decelera-
the process almost does not change, i.e., the initiation of tion of the accumulation of ROOH when air is bubbled
oxidation chains occurs mostly due to the thermal de- ([IROOH] > 5-1072 mol L7!) results from the more

Table 1. Physicochemical parameters of the DTT synthesized

DTT M.p./°C  Yield (%) Found %) Mol.  Molecular IR, v/cm™!
(7]
Calculated mass formula >NH C=8(0, N)
N
2e 237—238 40 9.21 310 CpHgN;0O,8; 3380, 1227,
9.02 1345* 1630
2f 270—271 45 293 507  CyHysNS; 3400 1230
2.76
4 131—132 65 8.38 323 Cy;gHsN;S, 3320 1620
8.50
5 145—146 30 5.91 245 CyjpH;NOS, 3330 1630
5.62

* y(NO,).
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Fig. 1. Kinetic curves of ROOH accumulation during the
oxidation of n-decane in the absence (I, 1) and in the
presence of inhibitors (2—11): 2, 1a; 3and 3’, 1d; 4, 3; 5, 2a;
6,2b, 7, 2e; Sand &, 2d; 9, 7; 10, 6; 11, ionol. [InH},; =
2-107* mol L7, 150 °C; I—11,in Oy; I’, 3’, and &', in the
air.

intense decomposition of ROOH when the concentra-
tion of oxygen is decreased.

The comparison of the inhibition periods (1) caused
by the addition of acetonanil (1a) and ethoxyquin (1d)
(see Fig. 1, curves 2 and 3, respectively) as well as the
sulfur-containing (curves 5—8) and 6-hydroxysubstituted
(7) HQ analogs shows that the introduction of both a
dithiolthione ring and an OH group in an HQ molecule
significantly increases the antioxidative effect in the
system studied. It is remarkable that the inhibition time
in the presence of a DTT is practically independent of
the nature of the substituent R. There is only one
NO,-containing compound 2e which shows no signifi-
cant inhibiting effect. The comparison of t values ob-
tained at higher inhibitor concentrations ({InHJ, =
4.5-107* mol L71) demonstrates that the addition of
compounds 4 or 2f decreases the inhibition time by ca.
10 % compared to that in the case of DTT 2a.

Dimer 6 is the most efficient inhibitor of the DTTs
studied (¢f. Ref. 12). One can see from Fig. 1 that the
inhibition period in the presence of this dimer is almost
twice as long as in the presence of compound 2a,
although it contains only one dithiolthione ring. This
may result from the presence of two hydroquinoline
moieties in molecule 6 and, hence, to some extent, from
an increase in the stoichiometric coefficient of inhibi-
tion. Furthermore, oxidation in an open vessel or with
bubbling oxygen or air at elevated temperatures signifi-
cantly depends on the volatility of the inhibitor, which
normally decreases with an increase in the molecular
mass. Therefore, other conditions being equal, oligomeric
antioxidants, which are more efficient due to their better
retention in the system, are more convenient in practical
use.

The inhibition periods in the presence of all DTTs
are several times shorter than in the presence of the
same amounts (in mol L™!) of a hindered phenol, ionol
(see Fig. 1, curve 1I). This fact indicates that a DTT
that participates in breaking the chains involving RO, ",
is also markedly consumed through other pathways (in
reactions with O,, ROOH, erc.).

The inhibition effects of DTTs are stronger than
those of HQs, which may be due to the following
factors: a) participation of the sulfur-containing moiety
in chain breaking, i.e., an increase in the stoichiometric
factor of chain breaking (f); b) participation of DTT in
the decomposition of hydroperoxides (a typical reaction
of sulfur-containing inhibitors’) and the resulting
decrease in the rate of the chain initiation (wy);
c) higher anti-radical activity of DTT, i.e., a higher rate
constant of the reaction of the inhibitor with RO, " (k,,);
d) a change in the reactivity of the aminyl radical,
namely, an increase in its stability with respect to the
elimination of the methyl group occurring at elevated
temperatures.3

The stoichiometric coefficient of chain breaking,
determined for DTTs by the standard method based on
the duration of the inhibition periods in ethylbenzene
oxidation initiated by azobisisobutyronitrile (AIBN)0
(Table 2), does not exceed ffor the corresponding HQs:4

f=w; t/[InH]p = 1.3+1.4.

The kinetic curves of oxygen absorption in the pres-
ence of DTTs are similar to those obtained in the
presence of HQs:41! when an inhibition period comes
to an end, the rate of O, absorption is almost equal to
that of the non-inhibited process. The addition of DTT
Ze, which contains a NO, group at the aromatic ring,
does not change the oxidation rate, just like the corre-
sponding HQ.3 Compound 3, in which a hydrogen atom
in the amino group is replaced by an acetyl group, does
not affect the oxidation of ethylbenzene and n-decane
(see Fig. 1, curve 4). It follows from the combined
body of these data that the dithiolthione moiety itself is
not an acceptor of radicals.

Direct experiments (Fig. 2) showed that small DTT
additions, which are used for the inhibition of n-decane
oxidation (1074—1073 mol L), do not affect the ther-
mal decomposition of hydroperoxide. It is necessary to
note that DTTs are colored compounds, which, unlike
HQs, have a characteristic absorption band in the visible
spectrum region at 405—460 nm (depending on the type
of substituent R). It is convenient to monitor the
consumption of a DTT by measuring the changes in the
intensity of this band. As seen from Fig. 2, the rate of
consumption of compound 2a is proportional to
[ROOH]; but is much less than the rate of ROOH
decomposition: wprt/wroog = 0.05.

Table 2. Determination of the stoichiometric inhibition
factor (f) for a series of DTTs (ethylbenzene, w; =
5-1077 mol L7} 571, 60 °C)

DTT [InH]-10%mol L™!  1/min f
2a 4.15 18 1.3
2a 8.30 36 1.3
2d 4.15 18 1.3
2e 8.10 0 —
5 4.00 19 1.4
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Fig. 2. Kinetics of the consumption of n-decyl hydroperoxide
(1, 2) and DTT 2a (3) at 150 °C in an atmosphere of nitrogen
("special purity"); I, consumption of ROOH without additives,
[ROOH], = 3-1072 mol L™}; 2, the same in the presence of
2a (2-1073 mol L™1); 3, dependence of the initial rate of the
consumption of 2a on [ROOH], [2a]ly = 2.5~ 1073 mol L1,

Thus, the sulfur atoms of the dithiolthione moiety in
a DTT molecule are not acceptors of radicals and do not
significantly affect the decomposition of ROOH. Most
probably, the increased antioxidative action of the DTTs
(in comparison with the HQs) originates from a change
in the electron environment of the nitrogen atom and,
hence, the anti-radical activity of the DTTs and the
reactivity of the aminyl radicals formed from the DTTs.
The trend in the changes in the anti-radical activity of
the DTTs in comparison with that of the HQs can be
qualitatively estimated by testing the inhibiting effect of
these compounds during the oxidation of a polyenic
hydrocarbon, B-carotene, since in this case the inhibij-
tion times in the presence of HQs correlate with the
constants of the reaction of the HQs with RO," (cf.
Ref. 4). It turned out that the inhibition periods during
the oxidation of B-carotene in the presence of ionol, 1d,
and 2d are 30, 200, and 80 min, respectively, while in
the absence of inhibitor this period is 30 min (50 °C,
benzene as the solvent, [InH], = 2.5-1075 mol L7,
[B-carotene]y = 6-1073 mol L™1). According to
these data, the inhibition period in the presence of
DTT 2d has an intermediate duration between those
for ionol and ethoxyquin: 1d > 2d > ionol. Thus, it
can be assumed that 106 mol L7! s71 > k (2d) >
104 mol L1 s, and the DTTs display a lower anti-
radical activity than the corresponding HQs.

At elevated temperatures, compounds 1d and 7 are
mainly consumed due to the reaction with oxygen.3:6
The oxidation of compound 1d is enhanced by a chain
process with the decay of the aminyl radical as the key
step.3

R
R x ~ 0,, RH
— + CH; —%— RO;
P
N N

This reaction affords an active radical CH;" partici-
pating in the chain propagation of the oxidation of the
hydrocarbon and HQ. Figure 1 (curves & and &) shows
that the inhibition period in the presence of a DTT
increases with a decrease in po,. It can be assumed that
the direct interaction of DTTs with O, contributes to the
consumption of the inhibitor. However, the sulfur-con-
taining derivatives are less active in the reaction with
RO, than the HQs and, probably, react more slowly
with O,. As a rule, when the temperature is decreased,
the fraction of the reaction with oxygen in the overall
consumption of the inhibitor decreases sharply due to
the difference in the activation energies. Therefore, the
DTTs more efficiently inhibit the oxidation of hydrocar-
bons at elevated temperatures than the HQs, whereas
the opposite relation is observed at moderate tempera-
tures.

Summarizing the data on the inhibiting action of the
DTTs for various hydrocarbons, it can be concluded that
dithiolthione derivatives should be employed in systems
characterized by high rates of chain initiation and propa-
gation at elevated temperatures. Industrial olefins can
serve as examples of such systems.!? For example, it is
seen in Fig. 3 that DTT 6 provides a longer inhibition
period in the oxidation of n-decene (initial content of
peroxides 4-1073 mol L™!) than ionol and the most
active HQs. Hence, the reversal of the series of the

[ROOH]-10%/mol L}

10

1 1

100 200  f/min
Fig. 3. Kinetic curves of ROOH accumulation during the
oxidation of n-decene in the absence () and in the presence
of inhibitors (2—4): 2, 1d; 3, ionol; 4, DTT 6. [InH]y =
2-107% mol L7L, 120 °C, bubbling of O,.
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inhibiting activity in comparison with the series for
n-decane and B-carotene is observed: 1d < DTT < ionol in
purified #-decane at 150 °C; 1d < ionol < DTT in
industrial n-decene at 120 °C; ionol < DTT < 1d in
B-carotene at 50 °C.
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