ISSN 1070-3632, Russian Journal of General Chemistry, 2021, Vol. 91, No. 10, pp. 1932—1937. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Zhurnal Obshchei Khimii, 2021, Vol. 91, No. 10, pp. 1483—1489.

To the 90th Anniversary of A.V. Suvorov

Sublimation Enthalpies of Substituted Pyridine N-Oxides

N. V. Belova?, N. I. Giricheva®, Yu. A. Zhabanov*, V. P. Andreev’, and G. V. Girichev®*

¢ Ivanovo State University of Chemistry and Technology, Ivanovo, 153460 Russia
b Ivanovo State University, Ivanovo, 153025 Russia
¢ Petrozavodsk State University, Petrozavodsk, 185910 Russia
*e-mail: g.v.girichev@mail.ru

Received June 29, 2021; revised July 22, 2021; accepted July 26, 2021

Abstract—The enthalpies of sublimation of five substituted pyridine N-oxides were determined by the Knudsen
effusion method with mass spectrometric control of the vapor composition within the framework of the second law
of thermodynamics. The sublimation enthalpy of mono-substituted compounds 4-X-PyO depends on the nature of
the substituent X and increases in the order CH;—NO,—OCH;. A difference is noted in the nature of dissociative
ionization of disubstituted derivatives 2-CH;-4-NO,PyO and 3-CH;-4-NO,PyO. The relationship between the
packing of molecules in crystals and the AHg,;, values is considered.
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Many heterocyclic N-oxides exhibit high biochemical
activity [1]. Among the N-oxides there are compounds
with carcinogenic, mutagenic, herbicidal, fungicidal,
insecticidal, bactericidal, analgesic, anticonvulsant,
growth-regulating, and apoptogenic activities [2, 3]. The
unique biological activity of N-oxides makes it possible to
use them as inhibitors in the fight against various viruses,
including HIV [4, 5], and against strains of the SARS
virus [6], and also for the regulation of the Na, K-ATPhase
activity [7]. Medicines are being developed on the basis
of heterocyclic N-oxides. However, the data obtained
are insufficient to reveal regularities in the change in the
biological activity of N-oxides upon the introduction of
substituents.

N-Oxides are convenient intermediates in nucleophilic
substitution reactions in organic synthesis [3, 8—10].
There is information about the use of some N-oxides in
photonics in order to develop new materials for nonlinear
optics [11].

In contrast to unoxidized analogs, N-oxides have
a number of unique properties caused, among other
things, by the accessibility of the reaction center and
its high nucleophilic reactivity (supernucleophilicity).

According to numerous studies, the biochemical activity
of heterocyclic N-oxides is directly related to complex
formation in living organisms [12—14]. Complexes
of N-oxides with d-metals have magnetic properties
[15, 16]. In addition, N-oxides are promising reagents for
the extraction of metal ions.

The specificity of the N-oxides properties is caused
by the peculiarities of the N—O functional group, which
can act both as an acceptor and as an electron donor.
This depends not only on the structure of the N-oxide
itself, but also on the compound that reacts with it. The
properties of the N—O bond can vary depending on the
various substituents on the ring. Changing substituents
creates wide opportunities for chemical modifications of
N-oxides and makes it possible to affect their properties
as complexing agents.

Our quantum-chemical study of a number of N-oxides
[17] made it possible to detect the effect of donor and
acceptor substituents on some characteristics of the N—O
bond, whereas the electron diffraction study of 4-CH;PyO
1 [18] and 4-NO,PyO 2 [19] molecules helped to refine
their structure (Fig. 1).
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Fig. 1. Molecular structure of studied N-oxides 1-5.

For a series of substituted pyridine N-oxides 1-5,
we have studied the vaporization and composition of
the gas phase by the Knudsen effusion method with
mass spectrometric control of the vapor composition,
the fragmentation of molecules upon their ionization
by electrons, and the effect of the nature, position,
and number of substituents in pyridine N-oxides on
the fragmentation. There are only fragmentary, often
contradictory, data on the sublimation enthalpy of some
para-substituted pyridine N-oxides [20-23]. The AHg,,
values found for compound 2 in two different studies
[20, 21] differ significantly. In [21], the microcalorimetric
method of vacuum sublimation was used to determine
the sublimation enthalpy, and in [20], the total vapor
pressure was measured by the method of free evaporation
in vacuum (Langmuir method). Most of the works on the
study of the thermodynamics of vaporization is based on
the measurement of the total vapor pressure. However,
the composition of the gas phase is often complicated
by the formation of oligomeric forms, the presence of
volatile impurities, or the decomposition of the starting
material. To reliably determine the thermodynamic
characteristics of vaporization, it seems important to
control the composition of the gas phase during the
effusion experiment.

Table 1 shows the relative current intensities and
stoichiometry of ions recorded in the mass spectra of
compounds 1-5. The nature of the mass spectra points
to the presence of molecular forms and the absence of
impurities and oligomeric forms in the gas phase over the
studied compounds under the experimental conditions. In
all the mass spectra, the most intense is the molecular ion.

In the mass spectra of 1, 3, and 4 oxides, the ions
caused by the detachment of the CH; group have a high
intensity. The mass spectra of oxides 2 and 4 contain
ions associated with the elimination of the O atom from
the NO, group. The [CsH,N]" ions are recorded in the
mass spectra of four compounds, with the exception of
4-NO,PyO 2, whereas the [C,H,]" ion is present in each
mass spectrum.

Comparison of the mass spectra of disubstituted
pyridine oxides shows a difference in the directions
of dissociative ionization of these molecules. The
mass spectrum of oxide 4 contains signals of the
[CsH;NO(NO)]" and [CsH3NO]" ions, m/z 123 and 94,
whereas the [CsH,NO]" ion, m/z 109, is absent. The
absence of the first two ions, as well as the [CH;]" ion,
from the mass spectrum of oxide 5 indicates that the
removal of the methyl group from the ortho-position
in relation to the N—O group is unlikely, in contrast to
p- and m-methyl-substituted pyridine oxides. This is also
evidenced by the presence of [CsH;NO(CH,)(NO)]" and
[CsH3;NO(CHj;)]" ions with N—O and CH; groups.

The presence of a peak corresponding to the [HCN]"
radical cation is characteristic of N-heteroaromatic
compounds with the exception of o-methylpyridine oxide.
Consequently, this type of substitution gives a special
direction to the fragmentation of the molecule under the
electron impact action.

The form of our mass spectra of pyridine N-oxides
with various substituents is consistent with the form of the
mass spectra of saturated vapors of these compounds [22].
The differences in the relative intensities of the ions seem
to be associated with different experimental conditions.
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Table 1. Ion intensities in mass spectra of N-oxides 1-5

0
Ton? m/z e %0

1 2 3 4 5
[CsH;NOCH;NO,]* 154 100 [M]* 100 [M]*
[CsH,NONO,)]* 140 100 [M]*
[CsH;NONO,)]* 139 50
[CsH;NO(CH5)(NO)T* 138 40
[CsH,NO(OCH;)* 125 100 [M]*
[CsH,NO(NO)* 124 19
[CsH;NO(NO)* 123 43 -
[CsH,NO(CH;)]" 110 100 [M]*
[CsH,NO(O)] " 110 - 21 43 - -
[CsH;NO(CH3)]* 109 - - - 10
[CsH,NOT" 94 33 25 20 13 -
[CsH,N]* 78 36 - 28 12 12
[C,H,N] 66 12 - 20 - -
[CsH,I" 63 - 15 - - 15
[C,H,]" 51 38 11 21 10 6
[CsH,]" 39 32 45 - 10 12
[HCN]" 27 29 35 20 9 -
[CH5] " 15 30 - 17 8 -

2 A group of ions differing in the number of hydrogen atoms (the intensity of the main ion included in the group is given).

The shape of the mass spectra of pyridine oxides
1 and 2 corresponds to the shape of the mass spectra
recorded during synchronous electronographic/mass
spectrometric (EG/MS) studies [18, 19], despite the fact
that the vapor temperature of the studied compounds in
EG/MS experiments exceeded the temperature range of
our research by 20-50°C. This allows us to conclude that
pyridine oxides 1 and 2 are thermally stable over a wider
temperature range.

For the currents of molecular ions in the mass
spectra of each of the studied compounds, the In (/7) =
f(1000/T) dependences were plotted (Fig. 2). Each
graph is a collection of points obtained with a sequential
increase and decrease in temperature. It can be stated
that the points on these dependences correspond to
near-equilibrium states, since the hysteresis phenomena
with increasing/decreasing temperature are very weakly
expressed. In all cases, the In (/T) = f{1000/7T) functions
are well approximated by linear dependences, which is
typical for vaporization occurring in a narrow temperature
range without changing the condensed phase aggregate
state. Since in all cases the maximum vapor temperature
did not exceed the melting temperature of the compounds,

it can be concluded that the sublimation corresponds to
the vaporization.

The sublimation enthalpies were calculated by the
linear regression method on the basis of Clausius-
Clapeyron equation within the framework of the II law
of thermodynamics. The measurements were carried out
in the temperature range for which the approximation
AC, = 0 is permissible. The sublimation enthalpies are
given in Table 2 together with the AHg,;,; values obtained
by other methods.

The sublimation enthalpies of pyridine oxides 1
[20, 23] and 2 [20, 21] determined by different authors,
differ significantly from each other. Our results, obtained
with the control of the gas phase composition, coincide
within the experimental error with the results of [20], but
noticeably differ from the results of [21] and [23].

The AHg,, values for pyridine oxides 3 and 5 were
obtained for the first time. Despite the different nature
of the substituents in the pyridine ring, the obtained
values of the sublimation enthalpy are quite close to
each other. Table 2 shows that the value of AHg,, for

monosubstituted compounds 4-X-PyO depends on

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 91 No. 10 2021
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In(I7)

1 1

1 1

29 3.0 3.1 32 33

1000/T
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In(IT)

1 1 1

1 1

2.8 29 3.0 3.1 32 33
1000/T

Fig. 2. Temperature dependences In (/7) = f{1000/7) of molecular ions currents in the mass spectra of molecules of N-oxides 1 and
5 of pyridine series used to determine the sublimation enthalpies (data recording modes are given in parentheses): (a) 4-CH;PyO 1
(heating—cooling— heating); (b) 2-CH;-4-NO,PyO § (cooling—heating— cooling).

the nature of the substituent X in the para-position,
increasing in the series CH; — NO, — OCHs, and for
oxide 1 it practically coincides with the analogous value
for unsubstituted pyridine oxide PyO (81.9(15) [24] and
79.3(10) kJ/mol [25]).

Our attempts to find a relationship between electronic
characteristics of the substituents, dipole moments
of individual molecules, and the AH,;; values were
unsuccessful. We considered the crystal structure for
four of five compounds [26-31], for which information

is available in the Cambridge Structural Database [32].

Crystal of oxide 1 consists of two types of structural
units, in which two molecules are oriented to each other

Table 2. Sublimation enthalpies of N-oxides PyO and 1-5

by CH; (H-~H 3.1 A) or N—O (00 4.7 A) groups.
The pyridine fragments in these units are located in
mutually perpendicular planes [27]. Such a crystalline
packing is not dense, and this facilitates the sublimation
of compound 1.

Crystals of compounds 2 [26, 28] and 5 [31] consist
of flat layers with interlayer distances of 3.06 and
3.12 A, respectively. In a layer, each molecule of the
both compounds is surrounded by six neighboring
molecules and has eight closest contacts (2.2 <r<2.8 A)
N — O-*H-C and NO,'-*H-C. The number of short
contacts (up to 2.4 A) in the crystal of compound 5
is greater than in the crystal of compound 2, which is
reflected in the AHg,,, values of these oxides.

AHZ,,, kJ/mol
Oxide
this work references
PyO - 81.9(15) [24]
79.3(10) [25]
1 79.6(16) at 300-347 K 79.1(1.3) at 316-341 K [20]
85.3(26) at 345-392 K [23]
2 87.3(13) at 325-380 K 89.1 (2.5) at 311-335 K [20]
108.9(3) at 298 K [21]
3 100.0(12) at 315-362 K -
4 104.6(20) at 310358 K 106.7(20) at 345-392 K [23]
5 98.2(16) at 303-358 K -
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The more ordered structure of oxide 2 in comparison
with oxide 1 is probably responsible for the higher value
of AH,,; of compound 2 (Table 2).

su
Comparison of the crystal packings of two disubstituted
pyridine oxides reveals their fundamental difference. The
crystal of oxide 5 [31] consists of flat layers, whereas the
crystal of compound 4 consists of chains of molecules,
between which there are short contacts NO,-H—C and
N — O--H;3C, and also similar contacts between the
chains [29].
The somewhat larger AHg,,; of compound 4 as
compared to oxide 5 is explained by the different number
of short contacts (ten versus eight, respectively).

Thus, we have investigated the sublimation of five
substituted pyridine N-oxides: 4-CH;PyO 1, 4-NO,PyO
2, 4-CH;0PyO 3, 3-CH;-4-NO,PyO 4, and 2-CH;-4-
NO,PyO 5 using the Knudsen effusion method with
mass spectrometric control of the gas phase composition.
For oxides 3 and 5, the AH,;,; values were determined
for the first time. For compounds 1 and 2, the existing
contradiction in the AHg,; values is eliminated. The AHg,y,
value for monosubstituted oxides 4-X-PyO depends on
the nature of the substituent X in the para-position and

increases in the series CH;—NO,—OCH;.
EXPERIMENTAL

The N-oxides of 4-nitropyridine, 2-methyl-4-nitro-
pyridine, 3-methyl-4-nitropyridine, 4-methylpyridine,
and 4-methoxypyridine were synthesized and purified
according to the described methods [33, 34]. Chromato-
graphic analysis, the absence of ions in the mass spectra
that could be attributed to volatile impurities, and also
the completeness of the preparations burnout at the end
of the effusion experiment point to their high purity. The
effusion experiment was carried out on a serial MI-1201
mass spectrometer, re-equipped for thermodynamic
studies [35].

When studying saturated vapors over the substances
under study, an effusion cell made of molybdenum was
used, the ratio of the evaporation area/effusion hole area
was 1000. The ionizing voltage in the ion source was 30 V.
The temperature of the effusion cell was measured using a
WRe-5/20 tungsten-rhenium thermocouple calibrated by
the tin melting point. Mass spectra of the studied vapors
were recorded in the temperature range given in Table. 2.
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