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Abstract — Thermooxidative decomposition of pyridine N-oxide, 4-(4-dimethylaminostyryl)pyridine N-oxide,
4-(4-methoxystyryl)pyridine N-oxide, quinoline N-oxide, 2-methylquinoline N-oxide, 4-chloroquinoline
N-oxide, 2-styrylquinoline N-oxide, and 2-(4-dimethylaminostyryl)quinoline N-oxide was studied. The kinetic
parameters of the thermooxidative processes were calculated according to three independent procedures. The
relation between the nature of heterocyclic N-oxide and its stability to thermal oxidation was analyzed.
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Heterocyclic N-oxides are biologically active sub-
stances [1]. The spectrum of their activity is very
broad: it extends from environmentally safe plant
growth stimulants [2] and medical agents to excep-
tionally potent mutagens and cancerogens [3]. It is
known that pyridine N-oxides are capable of losing
oxygen on heating. Thermal deoxygenation occurs
when N-oxides are heated in various solvents or
without a solvent in the presence of solid catalysts.
For example, pyridine N-oxide yields pyridine at
220°C; the reaction is accelerated in the presence of
copper or zinc. 4-Ethoxypyridine N-oxide [4] and
N-oxides of the quinoline series [5] behave similarly.
The ability of N-oxides to readily lose oxygen was
used to oxidize sulfoxides to sulfones [6], alkenes to
epoxy derivatives [7], and carbenes [8, 9]. Some
N-oxides (including triethylamine N-oxide and N,N-
dimethylaniline N-oxide) were successfully synthesized
by reversible oxygen transfer from pyridine and quino-
line N-oxides to tertiary nitrogen atom on strong
heating [10].

Thus heteroaromatic N-oxides can eliminate
oxygen on heating and oxidize appropriate substrates.
Studies on these processes are especially important
taking into account that numerous derivatives of
heterocyclic compounds are convenient to obtain via
the corresponding N-oxides with subsequent deoxy-
genation. Insofar as many reactions performed at
elevated temperature are accompanied by tarring and
decomposition processes, leading to reduced yield of
the target products, it is necessary to know thermal
stability of N-oxides and the structure of possible

thermooxidative decomposition products. In particular,
deoxygenation is responsible in some cases for re-
duced yields of N-oxides in their syntheses [4].

There are published data [11-19] on the melting
points and decomposition temperatures of N-oxides
of the quinoline and pyridine series, as well as of their
styryl derivatives. However, data on the pyrolysis and
thermooxidative decomposition of these compounds
and the corresponding kinetic parameters (activation
energies E,, orders of reaction n, preexponential factor
A) are almost absent. Therefore, the goal of this study
was to examine thermooxidative decomposition of
pyridine N-oxide (I), 4-(4-dimethylaminostyryl)py-
ridine N-oxide (IIa), 4-(4-methoxystyryl)pyridine
N-oxide (IIb), quinoline N-oxide (IIlIc), 2-methyl-
quinoline N-oxide (IIId), 4-chloroquinoline N-oxide
(IV), 2-(4-dimethylaminostyryl)quinoline N- oxide
(Va), and 2-styrylquinoline N-oxide (V¢) by thermo-
gravimetry and determine the kinetic parameters of
their thermal oxidation.

The thermal oxidation of compound IIlc includes
several steps (Table 1). In the first step (294-407 K),
crystal water molecules are removed. The weight loss
at that step is about 22-22.6%, indicating the Illc:
H,O ratio to be equal to 1:2 (1:2.24) (Fig. 1a). The
two water molecules in the crystal hydrate IIIb-2H,0
are thermodynamically nonequivalent, as follows from
the presence of two peaks on the DTG curve (Fig. 1b)
and the corresponding two peaks on the DTA curve
(Fig. 1c). Elimination of the first water molecule from
the crystal hydrate (IIlc-2H,0 —IIIc-H,0) involves
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Table 1. Temperature ranges (K) of different steps of thermooxidative decomposition of heterocyclic N-oxides

Comp. no. Step 1 Step 11 Step 111 Step IV Step V Step VI
I 413-580 580-655 655-745 - - -
ITa 496-532 533-610 - - -
ITb 303-384 417-439 467-585 - - -
Ilc 294-407 407-460 460-500 500-573 - -
ITId 292-362 362-397 397-481 481-687 687-798 -
1AY 292-393 393-424 424-482 482-595 595-753 753-954
Va 305-457 457-597 - - -
Ve 293-463 463-531 532-623 623-725 730-871 -
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Fig. 1. Typical thermograms for the thermal oxidation N . N
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of quinoline N-oxide (IIlc¢), 2-methylquinoline N-oxide 0 0
(IIId), and 4-chloroquinoline N-oxide (IV): DTG is VAN H”
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THERMOOXIDATIVE DECOMPOSITION OF HETEROCYCLIC N-OXIDES 1095
Table 2. Kinetic parameters of thermooxidative decomposition of heterocyclic N-oxides
Comp. Step | Temperature, E,, L may Ord.er of 2 Flo) Model | Reference
no. no. K kJ mol reaction, n
I I 413-580 96.06 - - 0.997 - - [27]
55.46 14.69 - 0992 | (1 - w F1 [28]
42.03 - 1 0.982 - - [29]
i 655-745 96.06 - - 0.997 - - [27]
67.86 18.31 - 0968 | (1 — w) F1 [28]
51.03 - 1 0.968 - - [29]
IIa 1 496-532 372.06 - - 0.981 - - [27]
232.28 56.13 - 0942 | (1 — w) F1 [28]
295.52 - 1 0.988 - - [29]
IIb 11 417-439 368.66 - - 0.989 - - [27]
213.96 62.52 - 0932 | (1 - w F1 [28]
256.79 - 1 0.996 - - [29]
i 467-585 139.38 - - 0.984 - - [27]
69.85 16.36 - 0952 | (1 - w F1 [28]
74.32 - 1 0.988 - - [29]
IIc 1i-1v 460-673 142.20 - - 0.997 - - [27]
107.23 26.40 - 0969 | (1 — w) F1 [28]
109.63 - 1 0.978 - - [29]
I11d i 397481 134.15 - - 0.991 - - [27]
54.79 16.65 - 0907 | (1 - w F1 [28]
70.77 - 1 0.987 - - [29]
v 11 393-424 595.66 - - 0.94 - - [27]
255.12 78.16 - 0775 | (1 - w F1 [28]
309.32 - 1 0.86 - - [29]
Va 11 457-597 53.27 - - 0.964 - - [27]
59.57 16.51 - 0976 | (1 — w) F1 [28]
58.66 - 1 0.980 - - [29]
Ve 1 463-531 423.53 - - 0.985 - - [27]
134.32 33.65 - 0788 | (1 — w) F1 [28]
157.04 - 1 0.954 - - [29]

Structure A was found in most cases [21], e.g., in
tris[hydrogenbis(pyridine N-oxide)] hexathiocyanato-
chromate(IIl) [22] and 2,6-dimethylpyridine N-oxide—
pentachlorophenol complex (1:2) [23]. Structure B
was reliably identified in 4-dimethylaminopyridine
N-oxide dihydrate [24] and 2,2-bipyridine 1,1'-di-
oxide dihydrate [25]. The results of X-ray powder
analysis of IIle-2H,O [26] showed that two water
molecules are involved in hydrogen bonding with the
N-oxide oxygen atom. The length of one of these
O---H bonds is 2.705 A, and of the other, 2.601 A
(structure A). Thus the X-ray diffraction data also
indicate nonequivalence of the water molecules in
dihydrate IIlIc-2H,O0.

The second step of the process (407-460 K) is
characterized by monotonic change of all the recorded
parameters and by insignificant weight loss (about

5.2%). When the temperature reaches 460 K, thermo-
oxidative decomposition clearly starts. In the tempera-
ture range up to 500 K, the weight loss amounts to
16%, and a small exothermic peak is observed on the
DTA curve (T,,,, = 490 K). The next step (500-
573 K) is characterized by the maximal exothermic
effect (T,,,x = 533 K) with a weight loss of 56.2%.
These steps are indistinguishable on the DTG curve;
therefore, the kinetic parameters were calculated for
the temperature range 460-573 K (Tables 2, 3). The
obtained data are well described in terms of the F1
model [28] (see Experimental); this implies that the
rate-determining stage of thermal decomposition of
quinoline N-oxide is diffusion [30].

Let us consider the results obtained for 4-chloro-
quinoline N-oxide (IV). The presence of chlorine
strongly affects the thermal stability. The first step
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Table 3. Average activation energies (kJ mol™') of steps
I-1V in thermooxidative decomposition of heterocyclic
N-oxides

C(I)lrglp. Step 1 Step 11 Step III | Step IV
I 48.74 - 59.44 -
IIa 263.90 - - -
IIb - 235.38 72.09 -
IIc - - 108.44 -
I11d - - 62.78 -
v - 282.2 - -
Va - 57.17 - -
Ve - 145.68 - -

(292-393 K) is accompanied by a weight loss of
about 4.8%, presumably due to partial sublimation.
The absence of crystallization water in crystalline
N-oxide IV (in contrast to IIlc) is consistent with the
theoretical views. Electron-withdrawing chlorine atom
reduced the electron density on the oxygen atom in
the N-oxide moiety; therefore, proton-acceptor power
of the oxygen atom and its ability to form H com-
plexes become weaker.

In the second step (393-424 K) of thermooxidative
decomposition of 4-chloroquinoline N-oxide the
sample weight sharply decreases, and vigorous evolu-
tion of gaseous products is observed (a strong sharp
peak on the DTG curve; Fig. 1b). Our results and
published data led us to presume that this step in-
cludes elimination of halogen. The concentration of
chlorine in IV is 19.74%, and the weight loss at the
second step (with account taken of weight loss at the
first step) is about 22.9%. The kinetic parameters
calculated for the second step according to the Sestak—
Berggren and Coats—Redfern procedures showed no
consistency with each other (Table 2). The activation
energy calculated from the data of differential
termogravimetry differs by a factor of more than
2 from the E, value determined according to Sestak—
Berggren and Coats—Redfern. The reason for the ob-
served disagreement is the high rate of removal of
gaseous pyrolysis products, and the calculations
cannot be performed with a required accuracy. It
should be noted that the value E, = 282.2 kJ mol™
(calculated as an average of E, values estimated ac-
cording to Sestak—Berggren and Coats—Redfern) ap-
proaches the activation anergy of the process
C,H;C1>C,H, (E, = 237.8 k] mol™) [31]. As re-
ported in [14], 4-chloroquinoline N-oxide melts at
406-408 K. Our results, specifically a considerable
exothermic effect on the DTA curve (7,,,, = 408 K)

ax
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did not allow us to interpret processes occurring at
393-424 K as melting of the sample of IV. Further
raising the temperature gives rise to three more
thermooxidative decomposition steps starting at 482,
595, and 753 K.

The pyrolysis of 2-methylquinoline N-oxide (IIId)
also includes several steps. In the first step (292—
362 K) no decomposition occurs, but crystallization
water is removed; the weight loss (13.3%) corresponds
to a crystal hdrate composition of 1: 1. Pentimalli [16]
reported on the IIId - 0.5 H,O crystal hydrate with mp
350-351 K. According to our data, the monohydrate
ITId - H,0 melts at 334 K. The next step (397481 K)
is accompanied by a weight loss of about 32% and a
small exothermic peak on the DTA curve (Figs. la,
1c). The kinetic parameters of the thermal oxidation
process are given in Tables 2 and 3. It is seen that
introduction of a methyl group into the 2-position of
the quinoline ring reduces the activation energy and
decomposition temperature.

Typical derivatograms of styryl-substituted quino-
line N-oxides are shown in Fig. 2. As follows from
the data in Fig. 2 and Table 1, 2-styrylquinoline N-
oxide (Vc¢) is the most thermally stable among the
examined quinoline N-oxides. The first step (293-
463 K) is likely to involve sublimation, melting, and
evaporation of the sample. Its melting corresponds to
a relatively strong endothermic peak on the DTA
curve (393 K). According to [32], compound Ve melts
at 389-391 K. The next step (463-531 K) is accom-
panied by a weight loss of about 16%, and an exo-
thermic peak appears on the DTA curve.

The kinetic parameters of the initial step of thermo-
oxidative decomposition of N-oxide Ve (Tables 2, 3;
step II) considerably exceed those found for com-
pound IIlc¢; presumably, N-oxide Ve is stabilized due
to conjugation with the styryl substituent. At higher
temperatures, three more thermal decomposition steps
starting at 532, 623, and 730 K are observed.

Likewise, 2-(4-dimethylaminostyryl)quinoline
N-oxide (Va) decomposes in several steps. It under-
goes sublimation at relatively low temperatures (up to
457 K), and no melting of a sample of Va is observed
on the DTA curve. Thermooxidative decomposition
begins at 457 K and is accompanied by exothermic
peak on the DTA curve.

Apart from N-oxides of the quinoline series, we
examined thermooxidative decomposition of pyridine
N-oxide (I), 4-(4-dimethylaminostyryl)pyridine N-
oxide (IIa), and 4-(4-methoxystyryl)piridine N-oxide
(IIb). The corresponding derivatograms are shown in
Fig. 3, and the kinetic parameters of the initial thermal
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Fig. 2. Typical derivatograms of 2-styrylquinoline
N-oxides Va and Ve. For designation of curves, see

legend to Fig. 1.

oxidation step are given in Tables 1-3. Obviously,
styryl substituents containing amino and methoxy
groups considerably affect the stability of heterocyclic
N-oxides to thermooxidative decomposition: increased
basicity of these compounds due to donor character
of the substituents (see below) makes them more
thermally stable.

The thermal stability of the examined N-oxides of
the quinoline and pyridine series, estimated by the
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Fig. 3. Typical derivatograms of 4-styrylpyridine
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legend to Fig. 1.

temperature at which their decomposition starts, in-
creases in the following series: (1) IV < IIld << Va <
IIIc < Ve and (2) I < IIb < IIa. The energy of activa-
tion of the first thermooxidative decomposition step
increases in the series (3) and (4): (3) Va < IIId <
IIlc < Ve < 1V; (4) I < IIb < IIa. It is seen that series
(1) and (3) coincide except for the positions of IV and
Va. This may be due to different mechanisms of
thermooxidative decomposition of quinoline N-oxides
IV and Va. Probably, the first step of the process

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No.6 2007
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involves different reaction centers in these compounds.
For example (see above), the first step of decomposi-
tion of N-oxide IV is its dehalogenation.

It should be noted that electron-withdrawing sub-
stituents reduce the thermal stability of N-oxides; this
is consistent with published data: prolonged heating
(463-473 K, 10 h) of nicotinic acid N-oxide with
pyridine leads to quantitative transformation of the
latter into pyridine N-oxide with simultaneous de-
oxygenation of nicotinic acid N-oxide [33].

The pyridine N-oxide series (2) and (4) coincide,
indicating similar mechanisms of their thermal oxida-
tion at the given step. Series (2) and (4) show a rela-
tion with the Hammett constants o:

N-Oxide IIa IIb ) |
OpN-oxide [34] -0.31 -0.22 0
o [34] 015 005 0

The revealed relations suggest a considerable role
of the conjugation effect which is most pronounced
for para-substituted pyridine N-oxides.

Thus, the results of our thermochemical study
showed that the kinetic parameters of thermal oxida-
tion of N-oxides strongly depend on the nature and
position of substituent in their molecules and that the
substituent effect not only extends to the reaction
center but in some cases changes the mechanism of
pyrolysis. Further studies are necessary to rationalize
the revealed specificities of thermal decomposition of
different N-oxides and identify products at different
decomposition steps.

EXPERIMENTAL

All the examined heterocyclic N-oxides were
synthesized and purified according to the procedures
reported in [14, 18, 19].

Termochemical studies were performed on a
thermoanalytical setup whose metrological and certi-
fication parameters were described in detail in [34].
Experiments were performed on exposure to air;
heating rate 5 deg min.

Mathematical processing of the results. All
possible approaches to calculation of kinetic param-
eters of a reaction are based on the Arrhenius equation.
We calculated the kinetic parameters according to the
procedure described in [27], as well as using the
Coats—Redfern [29] and Sestak—-Berggren methods
[28]. A mixture of KMnO, with Al,O; was used as
reference substance to estimate the validity of the
calculated kinetic parameters. The activation energy

GUBAREV et al.

for the reference system was estimated at 140.52=*
1.00 kJ mol™ (correlation coefficient no less than
0.961), which is well consistent with published data
[27] recommended for that system.

Specificities of intermolecular interactions of
heterocyclic N-oxides with crystallization water were
also studied by thermogravimetric analysis; this
method makes it possible to determine the composi-
tion of crystal hydrates, change in the enthalpy during
vaporization of solvent molecules from solvates, and
decomposition temperature. The detailed procedure
for the determination of the above physical parameters
was described in [34, 35].
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