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By using the potentiometric titration method, acidity constants in the polar aprotic solvent acetonitrile (in the
form of pK;\N values) of cations obtained by protonation of 13 substituted 4-nitropyriNhogides and

cationic homoconjugation constants(is+) of the cationic acids conjugated with theoxides studied have

been determined. A correlation has been established between the tendency toward cationic homoconjugation
(expressed as loKgrs+) and the basicity of thél-oxides in acetonitrile (KQN). Further, by using ab initio
methods at the RHF and MP2 levels utilizing the Gaussian 6-31G* basis set, energies and Gibbs free energies
have been determined of protonation and formation of homocomplexed cations stabilizecHby-O bridges

in the gas phase. The calculated protonation energi€s,:, and Gibbs free enthalpieAGyor, in vacuo have

been found to correlate well with the acid dissociation constants (expresse@'\éyaiues) of protonated
N-oxides, whereas the calculated energiesgs+, and Gibbs free energieAGgrs+, of homoconjugation do

not correlate with the cationic homoconjugation constant values determined in acetonitrile.

Introduction

This contribution is a continuation of investigations carried
out in our laboratory, using both experimental and theoretical
approaches, into acitbase equilibria present in systems involv-
ing organic bases. It is worth noting that a model of adidse
equilibria established between acids (both molecular and cat-
ionic) and organic bases in nonaqueous media is highly
complext—3 Nevertheless, this model can be both predicted and
limited, under experimental conditions, to so-called fundamental
equilibria only, namely those of dissociation of cationic acids
(1), as well as cationic homoconjugation (2):

BH" =B+ H" 1)
. . Figure 1. Structure of substituted 4-nitropyridif¢oxide. R denotes
BH" + B=BHB (2) at least one substituent.

where B denotes the base molecule,Bld a cation of the for developing the antifungal efficacy of these compounds. In
protonated base, and BHBs a symmetric homocomplexed  this respect, all studies concerned directly or indirectly with the
cation. These equilibria have been the main objects of our electronic structure of thd-oxides of heterocyclic amines
interest. substituted with the nitro group and with their protonated forms
Our investigations were primarily focused on two series of are of particular importance, as they may contribute to under-
heterocyclic bases, pyridine and its derivativésand the standing the mechanism of antifungal activity of these com-
derivatives of pyridineN-oxide® 1 The chemistry of hetero-  pounds.
cyclic amineN-oxides raised widespread interest due to the  Recently, there has been a distinct upsurge of interest in
exceptionally high bioactivity of these compourtdssncom- 4-nitropyridine N-oxide and its derivatives owing to certain
passing, among others, antibiotics, antibiotic antagonists, andinteresting features of the compounds themselves and their
compounds exhibiting cancerostatic, mutagenic, sedative, an-piochemical activitie34-16 Specifically, the structure of these
ticonvulsive, and fungistatic efficacy.Referring to the sub-  compounds is of interest as are inherent properties, in particular,
stituted 4-nitropyridineN-oxides studied here, an important electron-donor and electronacceptor ones. The molecule of
feature i$3 that the presence of the nitro group has been crucial 4-nitropyridineN-oxide carries both the electron-attracting nitro
group and an electron-donatimgtoxide group (oxygen atom

0%?";?;?”%2%@"’“&“5;ifsﬁgﬁﬁﬁi\?s5’;5|0392' Fax:+48 58 341 linked to the nitrogen atom of the pyridine ring; see Figure 1).
t University of Gdask. univ-gaa-pl Other ele_ctron-donating s_ubstituents, for _instance, methyl,
*School of Economics. methylamino, and ethylamino groups, are likely to affect the
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acid—base properties of thé-oxides. Results of spectroscopic  2-chloro-4-nitropicolineN-oxide and 20 crhof 30% alkylamine
investigations revealed a strong charge-transfer band in the rangesolution in methanol was refluxed for 5 h. Then the reaction
242—-333 nm in the spectra of substituted 4-nitropyridine mixture was evaporated to dryness. After the methanol was
N-oxides!” Ehara and co-worket¥shave found that the tendency  distilled off and water was added, the precipitate was filtered
toward intramolecular charge-transfer declines with increasing off and recrystallized from water to give the proper 2-alkyl-
electropositive character of tioxide oxygen. It has also been  amino-4-nitropicolineN-oxide.

found that the so-calledrtho effect of the methyl substituents The simple perchlorates oi-oxides under study were
in the ring of 4-nitropyridine results in the appearance of prepared by mixing together equivalent quantities of a 72%
paramagnetism of the nitro grodp. aqueous perchloric acid (Merck Co.) withoxide in methanol.

All these interesting features of the family of organic bases The mixture was vacuum concentrated. The residue was filtered
prompted us to undertake investigations into their atidse off, washed twice with chloroform, and dried in a vacuum over
properties. First of all, the potentiometric titration method has P,Os.
been used to determine acidity constants (eq 1) of the protonated pijcric acid (Fluka AG) was purified by triple crystallization
N-oxides and cationic homoconjugation constants of the free from ethanol. Tetrarbutylammonium picrate was obtained by
and protonatedN-oxides (eq 2) for a representative group of mixing together equimolar quantities of the purified picric acid
13 methyl-substituted 4-nitropyridiré-oxides. Then, by utiliz-  ith 250 tetran-butylammonium hydroxide in methanol. Tetra-
ing ab initio methods, energetic parameters (energies and Gibbsy-putylammonium perchlorate was obtained by mixing together
free energies) of protonation and formation of the homocom- equimolar quantities of 72% aqueous HGEDIution with 25%
plexed cations were determined both in the gas phase at theetran-butylammonium hydroxide in methanol. Both salts were
restricted HartreeFock (RHF) and MgllerPlesset (MP2)  crystallized twice from ethanol. Tetrabutylammonium chlo-

levels. In the next step, an attempt has been made to correlatgjge (Serva Co.) was purified by triple crystallization from a
the calculated quantities with experimental values of acid 1:1 mixture of acetonitrile and ethyl acetate.

dissociation constants,K@ , and cationic_homoconjugation Acetonitrile (Serva Co.) was purified by the modified Coetzee
constants, lo§gns*, in acetonitrile (AN) as a representative of |\ athod? At first the solvent was dried with CaH10 g/dn)
polar nonaqueous solvents. for 48 h. After decantation AN was distilled oves® (3 g/dn®).

The following 4-nitropyridineN-oxides were investigated  The distillate was dried again with Caldnd distilled after 48
(their acronyms in parentheses): 2-methyl (2Me), 3-methyl  The purified solvent had a specific conductivity of #0 x
(3Me), 2,3-dimethyl (2,3Mg, 2,5-dimethyl (2,5Mg), 2,6- 10 8 S:em L.
dimethyl (2,6Me), 3,5-dimethyl (3,5Mg), 2,3,6-trimethyl (2,3,-
6Mez), 2-methylamino-3-methyl (2MeNH3Me), 2-methylamino-
5-methyl (2MeNH5Me), 2-methylamino-6-methyl (2MeNH6Me), studied|modified calomel electrode) were run with an OP-208
2-(ethylamino)-3-methyl (2EtNH3Me), 2-(ethylamino)-5-methy| digital potentiometer (Radelkis) with the accuraep.1 mV.
(2EtNH5Me), and 2-(ethylamino)-6-methyl (2EINHBMe), which — z; op_7183 (Radelkis) indicator glass electrode and an OP-
alpart fro(;n th? electrk(])nl-acct:)eptlng n_ltrohg_roup Iconltaln :]he 08303 (Radelkis) reference calomel electrode were used. The
electron-donating methyl substituent in their molecules, thus o¢orence calomel electrode, modified by replacing the aqueous

constituting a family of 4-nitrppyridine\|-oxides. To expand KClI solution by a 0.1 mol/drhsolution of tetran-butylammo-
the range of acigbase properties, some of the compounds have ;i choride in nonagueous solvent, was placed in a shortened

additional methyl and/or other electron-donating substituents salt bridge filled with 0.01 mol/dftetran-butylammonium

such as methylamino and ethylamino ones. perchlorate solution in the solvent under study. The reversible
potential difference measurements of Mexide perchlorate

Experimental Procedures.The reversible potential differ-
ence E) measurements of the cell (indicator glass electaydeem

Experimental Section N-oxide systems were run at a constant ionic strength. The
Compounds. The syntheses of the methyl derivatives of Solution containindN-oxide perchlorate (BHCI¢) at a concen-
4-nitropyridineN-oxide were described previougiy:24 How- tration of about 10° mol/dn¥ was titrated with the solution

ever, these syntheses were modified. Accordingly, a solution containing theN-oxide B at a concentration of about ¥anol/

of 10 g of methyl derivative of pyridine in 50 chof acetic dm® and BHCIQ at the same concentration as that of the titrand
anhydride was treated with portions of 30%0fi 50% hydrogen ~ (to keep the formal ionic strength constant for all titration
peroxide. The reaction mixture was left standing at room Points). The reversible potential difference) (was recorded

temperature for 24 h and then heatedSd at 70-80°C. Then, for each titration point, after electrode relaxation (i.e. when the
the excess of acetic acid was distilled off under reduced pressureMeasured potential was stable). Each reversible potential dif-
the residue was added in small portions to 3¢ afconcen- ference measurement in the system studied was preceded by

trated sulfuric acid, and the resulting solution was poured into the determination of the characteristic of the glass electrode.
nitrating acid (50 crof HNOs, d = 1.52 g/cnt + 30 cn? of The linearity of the response of the glass electrode versus the
concentrated b8Oy). The nitration reaction was carried out at modified calomt?l _electrode in acetonitrile was checke(_:l by means
100°C for 1.5 h. Then the reaction mixture was poured on ice, Of the standardizing system: tetnebutylammonium picrate
neutralized with solid ammonium carbonate, and finally neutral- picric acid (4" = 11.0f7 at a constant ionic strength. A
ized with ammonia up to an alkaline reaction with lithmus. The 0.001 mol/dm tetran-butylammonium picrate solution was
methyl derivative of 4-nitropyridin&l-oxide formed was filtered ~ titrated by the solution containing picric acid and tetra-
off. The filtrate was extracted with chloroform, and the extract butylammonium picrate at the concentrations 0.01 and 0.001
was dried with anhydrous magnesium sulfate. In the next step mol/dn, respectively, to keep the formal ionic strength constant.
chloroform was removed and the residue was combined with Solutions for potentiometric measurements were prepared on
the previously filtered product. The obtained methyl derivative the volume basis. All potentiometric measurements were run
of 4-nitropyridine N-oxide was recrystallized from a mixture at 298.1+ 0.1 K.

of water and ethanol. 2-Alkylamino-4-nitropicoling-oxides Calculations. To calculate the acidiebasic constant values
were obtained according to refs 25 and 26. A sample @ of from potentiometrie-titration data, the general nonlinear con-
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Figure 2. Calibration graph of the glass electrode for the (tetra-

butylammonium picrate+ picric acid) standardizing system in aceto-
nitrile.
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Figure 3. Reversible potential differenceEl vs log cs/Cgu+ in

acetonitrile for the 2MeNH6Me system.

entropies, respectively, and the teffsR refers to the transla-
tional degrees of freedom of the system. A temperature of 298

fluence analysis program STOICHIO based on the algorithm K and a pressure of 1 atm were assumed in all calculations.

of Kostrowicki and Liw@® 30 was used.

Theoretical Methods

Subsequently, the perturbation theory was applied to further
improve the calculated electronic enerdfesf protonation and
formation of the homocomplexed cations at the MP2 (Mgtler

All the systems were optimized by the ab initio methods at Plesset) level. The effect of the dynamic correlation was

the RHF (restricted HartreeFock) level using the GAMESS

calculated within a single iteration procedure for structure

program. The optimization was performed to a gradient of Optimized at the RHF levéf Such a procedure was used due

0.0001 au/bohr (approximately 0.1 kcal mbA~2). In calcula-
tions, the 6-31G* basis set was used.

Equations 3 and 4 define the protonation and homoconjuga-

tion energies, respectively:

AE Egn+ — B 3

4
whereEgyg* is the energy of a homocomplexed catid,

is the energy of a proton donor, akg is the energy of proton
acceptor.

prot —

AEgyg: = Egpg+ — (Egn+ + Eg)

to the complexity of the systems considered (large molecules
and cations).

In systems consisting of at least two monomers, their
energie¥* are replaced by basis functions of a single molecule
(BSSE-basis superposition set error), which affect another
molecule, and vice versa. To demonstrate this effect, the energy
of the systems was estimated under consideration of the BSSE
effect. The calculations were performed by using the following
general scheme (they are analogous when calculating Gibbs free
energies):

ABgsse= AE + (Ea + Eg) = (EcompielA) +

complex

After optimization, to gain a better insight into variations of EcompieB)) (7)

the energy of the systems, translational, rotational, and vibra-
tional contributions have been calculated. To do this, thermo- WhereAEssseis the energy of a system under consideration of
dynamic corrections were calculated. Their values enabled usthe BSSE AEcompiexis the energy without consideration of the
to check whether the stationary point found was a true minimum BSSE,Ea andEg are the energies of the A and B monomers,
and to compute zero-point energy contributions (egs 5 and 6). "espectively, anécompieA) andEcompie{B) are the energies of

The Gibbs free energies of protonatiahGyr, and homo- complexes A and B, respectively, on assumption that the orbitals
Conjugation' AGBHB+1 were calculated from egs 5 and 6, of molecules A and B are the so-called “ghOSt" Orbiﬁls.
respectively: ] )

Results and Discussion

Potentiometric Data. As mentioned in the Experimental
Section, before running each series of measurements in substi-
tuted 4-nitropyridineN-oxide, the response of the glass electrode
was checked in a (picric acitl tetran-butylammonium picrate)
standardizing system. The characteristic of the glass electrode
used for the standardizing system picrate ion)Apicric acid
(HA) in acetonitrile is shown in Figure 2. In all the standardizing
titrations there were linear relationships between reversible
potential difference &) and log€ua/ca’) over the range-1.5
to 1, and slopes, ranging from 59 to 61 mV, were close to the
Nernst theoretical ones. On the basis of determined in the
whereAEj, s and AEj, 45" are the differences between the  calibration procedur&® (standard reversible potential differ-
zero-point vibrational energies of the products and those of the ence) ands (slope) values, as well as the reversible potential
substrates, respectively,is the pressure, and is the volume difference variations in the systems studied (an example system
of a system under the assumption that it satisfies an ideal gasis shown in Figure 3), acid dissociation and cationic homocon-
equation-of-stateSo: andS;i, are the rotational and vibrational  jugation constant values were calculated. The -abase equi-

AC-:'prot = AEprot + AE\jib,prot_‘_ pAVprot - T[(S/ib,BHJr +
3
Srot,BH+) - (S/ib,B + Srot,B) - ER] (5)
AGgyg: = ABgpg: + AEjp grig+ T PAVprg: —
T (S/ib,BHBJr + S’Ot,BHB*) - (S/ib,BHJr + SrOt,BHJr + Slib,B +

Sud) 57 ©)
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TABLE 1: Acidity Constants, pK4", and logKgyg* of the
Cationic Homoconjugation Constants of Substituted
4-Nitropyridine N-Oxides Determined Potentiometrically in
Acetonitrile at 298.1 K

N-oxide? log Keng* pKAM pK'b
2Me 1.89 5.73 —-1.52
3Me 2.02 6.38 —-1.16
2,3Me 2.10 6.92 -0.87
2,5Me 2.56 6.47 —-1.11
2,6Me 2.28 6.71 —0.98
3,5Me 2.49 7.32 —0.65
2,3,6Meg 2.42 6.86 —0.90
2MeNH3Me 2.32 8.22 —-0.16
2MeNH5Me 2.44 7.95 —-0.31
2MeNH6Me 2.72 7.81 —0.38
2EtNH3Me 2.72 9.22 0.39
2EtNH5Me 291 8.49 —-0.01
2EtNH6Me 2.68 8.18 —0.18

aN-oxide abbreviations: 2Me, 2-methyl-4-nitropyridimeoxide;
3Me, 3-methyl-4-nitropyridinéN-oxide; 2,3Mg, 2,3-dimethyl-4-nitro-
pyridine N-oxide; 2,5Mg, 2,5-dimethyl-4-nitropyridinéN-oxide; 2,6Me,
2,6-dimethyl-4-nitropyridinéN-oxide; 3,5Me, 3,5-dimethyl-4-nitropyr-
idine N-oxide; 2,3,6Me, 2,3,6-trimethyl-4-nitropyridineN-oxide;
2MeNH3Me, 2-methylammino-3-methyl-4-nitropyridindl-oxide;
2MeNH5Me, 2-methylammino-5-methyl-4-nitropyridindl-oxide;
2MeNH6Me, 2-methylammino-6-methyl-4-nitropyriditeoxide; 2Et-
NH3Me, 2-ethylammino-3-methyl-4-nitropyridié-oxide; 2EtNH5Me,
2-ethylammino-5-methyl-4-nitropyriding-oxide; 2EtNHEMe, 2-ethyl-
ammino-6-methyl-4-nitropyridinl-oxide. ® Acidity constants in aque-
ous solutions, obtained from eq 10.

librium constant values were calculated under the assumption
that the acid dissociation and cationic homoconjugation equi-
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Figure 4. Plot of log Keug+ against A" for the substituted
4-nitropyridineN-oxides under study. Abbreviations fbFoxides are
given in the graph.

This means that a correlation between the tendency toward
cationic homoconjugation and the basicity of the compounds
does exist (Figure 4).

In view of the lack of K, values in aqueous solutionsl(ff)
for the majority of the cationic acids investigated, these were
estimated from linear relationships betweé@y'p in acetonitrile,
pK4", and those in water,KY’, of the cationic acids conju-
gated with mono- and disubstituted pyridiNeoxides:

pKAN = 1.83(0.05))’ + 8.51(0.08) R=0.998 (10)

libria are set up simultaneously in the systems studied using a

general Kostrowicki and Liwo methad:2° The general algo-
rithm of this method is based on a general description of
chemical equilibria in ideal solutions and uses nonlinear
confluence analysis to determine equilibrium parameters from
physicochemical data. It can also take into account the errors
in electrode-calibration parameters and composition of the stock
solutions and reagents.

The acidity (expressed akp" values) and cationic homo-
conjugation (as lodkgne+) constants determined in acetonitrile
for 13 substituted 4-nitropyridinks-oxides are collected in Table
1. Inspection of the K. values collected in the table shows

that the sequence of changes of the acidity constants is consister}\ﬁ:

with that predicted on the basis of substituent effects. Thus,
with increasing electron-donating strength of the substituent (the
methymethylamine-ethylamino series), the basicity of the
substituted 4-nitropyridinl-oxides also increases. On the other
hand, the tendency toward cationic homoconjugation, expresse
in terms of logKgns*, also increases with increasing basicity,
This finding is compatible with conclusions drawn from a
relationship between the tendency toward homoconjugation and
the basicities of monosubstituted pyridiNeoxides3® To verify

this relationship, an attempt has been made to linearly correlate
log Kgne+ against A". Unfortunately, after taking into
account all theN-oxides studied, the respective equation
(standard deviation in parenthes&sgorrelation coefficient):

log Kgpg: = 0.24(0.06)K5" + 0.64(0.44) R=0.800 (8)
had a too small coefficierR to justify linear correlation. How-
ever, after rejection of two outliers (2,5Mand 2MeNH3Me),

a much higheR was obtained:

log Kgyyg: = 0.30(0.04)4N + 0.22(0.29) R=0.933 (9)

The above linear relationship was derived from a previously
establishe® equation: 5" = 1.83KY + 8.56 after ac-
counting for the literaturg-38 pK;N values for some trisubsti-
tuted pyridineN-oxides. The KZ’ values obtained in this way
are summarized in Table 1 together with those determined by
the potentiometric method in acetonitrilek]'. As seen, the
pKY values are all higher than thek} for 4-nitropyridine
N-oxide. As the | value of one of tha-oxides studied here
was found in the literature, its comparison with that obtained
from correlation (10) can provide a quality assessment of the
hole procedure for estimation of th&j values based on
ose obtained in nonaqueous media, in this case, in acetonitrile
(pKQN). Thus, the literature Pp\;" for 2,6-dimethyl-4-nitropyri-
dine N-oxide®® is —0.861, while that calculated from eq 10 is
—0.980 and falls in the range of error of the correlation.

d Ab Initio Calculations. Selected geometric parameters of

the substituted 4-nitropyridin®-oxides, their neutral forms
(bases), their protonated forms (cationic acids), and systems
stabilized by the @-H---O bridges (homocomplexed cations)
are collected in Table 2. The-ND bond lengths of the NO
group of the bases range from 1.253 to 1.298 A. They are
generally longer than that calculated within the same functional
base for the parent compound (4-nitropyridd@xide), which

is8 1.25 A, being only slightly shorter than the experimental

value®® of 1.30 A. The elongation of the NO bonds in the

molecules of the substituted compounds as compared with the
length in the pareni-oxide can be explained in terms of the

presence of electron-donating substituents in various positions
of the ring. As seen in Table 2, the highest value emerges in

the presence of the strongest electron-donating group in the ring,
the ethylamino group, especially in the case when the strong

effect of this group is fortified by another electron donor, the
methyl group. With cationic acids, the presence of the amino
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TABLE 2: Selected Geometric Parameters of 4-NitropyridineN-Oxide Derivatives? Their Cationic Acids, and Their
Homoconjugated Cations (Bond Lengths in Angstroms and Angles in Degrees) Calculated in the 6-31G* Basis Set

cationic acid homoconjugated cation
N-oxide system bas#@(N—O) d(N—O) d(O—H) O(N—O-H) d(O—0) d(N—O)> d(N—O) d(O—H)¢ O(N—O—H)¢ [O(Nb—QOP—0°—NF)
2Me 1.261 1.354 0.957 108.16 2.550 1.309 1.347 0.997 106.33 160.39
3Me 1.253 1.353 0.957 108.03 2.552 1.307 1.344 0.995 106.86  —166.20
2,3Me 1.264 1.356 0.956 107.93 2.547 1.312 1.348 0.999 106.12 175.49
2,5Me 1.260 1.354 0.956 108.07 2.550 1.309 1.347 0.998 106.11 174.65
2,6Me 1.270 1.355 0.956 108.19 2.558 1.312 1.347 0.997 107.38 —149.24
3,5Me 1.258 1.354 0.957 107.91 2.549 1.311 1.345 0.997 107.11 —169.24
2,3,6Mg 1.267 1.356 0.956 107.17 2.560 1.314 1.348 0.997 107.40 —150.67
2MeNH3Me 1.283 1.351 0.955 107.35 2.528 1.330 1.352 1.009 105.92 —173.25
2MeNH5Me 1.272 1.357 0.955 107.39 2.530 1.323 1.351 1.008 105.74 168.47
2MeNH6Me 1.297 1.358 0.956 107.74 2.541 1.329 1.351 1.006 106.90 145.18
2EtNH3Me 1.293 1.357 0.955 107.29 2.540 1.329 1.353 1.003 106.08  —158.06
2EtNH5Me 1.291 1.356 0.956 107.59 2.534 1.328 1.351 1.006 105.56 —173.15
2EtNH6Me 1.298 1.358 0.956 107.54 2.552 1.329 1.351 1.003 106.36 161.09

@ N-oxide abbreviations: 2Me, 2-methyl-4-nitropyridifkeoxide; 3Me, 3-methyl-4-nitropyridin&l-oxide; 2,3Me, 2,3-dimethyl-4-nitropyridine
N-oxide; 2,5Me, 2,5-dimethyl-4-nitropyridindN-oxide; 2,6Me, 2,6-dimethyl-4-nitropyridinéN-oxide; 3,5Me, 3,5-dimethyl-4-nitropyridindN-oxide;
2,3,6Me, 2,3,6-trimethyl-4-nitropyridinéN-oxide; 2MeNH3Me, 2-methylammino-3-methyl-4-nitropyridiNeoxide; 2MeNH5Me, 2-methylammino-
5-methyl-4-nitropyridine N-oxide; 2MeNH6Me, 2-methylammino-6-methyl-4-nitropyridirié-oxide; 2EtNH3Me, 2-ethylammino-3-methyl-4-
nitropyridineN-oxide; 2EtNH5Me, 2-ethylammino-5-methyl-4-nitropyridiNeoxide; 2EtNH6Me, 2-ethylammino-6-methyl-4-nitropyridine NProton
acceptor* Proton donor.

group in the ring has only insignificant influence on the lengths 0)
of the N—O bond, these varying only slightly between 1.351
and 1.358 A, not showing any regularity in changes. It is

remarkable that this bond length matches that previously I I'¢_>~-L-S-‘}’:I_
calculated (1.35 A) for unsubstituted 4-nitropyridind-oxide P e <
using the same computational technique. In the case of the (c) =A% D) .. -'\.*féil"'."j.
homocomplexed cations, the situation resembles that of the g I Gy @ &
cationic acids: the lengths of the-ND bond are only slightly =4O 1] ‘?_‘jn} e
affected by the nature of the substituents. They are shortened VN C) -

by 0.004-0.009 A as compared to those in the corresponding
cationic acids. On the other hand, the situation in proton .
acceptors resembles that in the molecules ofNfexides; the Figure 5. Example structure of the homoconjugated cation of 2-methyl-
bonds become longer with increasing electron-donating power 4-nitropyridineN-oxide (2MeH2Me}.
of substituents. The extent of the variations is, however, slightly
smaller than that for fre&l-oxides (1.3071.330 A). the O-H bonds are significantly longer than those in the
The lengths of the ©H bonds in cationic acids (protonated ~corresponding cationic acids. In each case the difference
4-nitropyridineN-oxides) fall in the range 0.955.957 A. The oscillates around 0.045 A. On this basis one can speculate that
bonds are short, thus indicating that the proton is firmly bound there is a possibility of free transfer (or through a low energy
to the oxygen atom of the NO group. The angles between the barrier) of the proton in the homocomp|6XEd catifrom the
N—O—H atoms in the cationic acids range from 107.17 to Proton donor to the proton acceptor. Moreover, the angle
108.19, thus revealing sbhybridization of the oxygen atom  between the NO—H atoms in the molecules of the proton
in the protonated\-oxide group. A slight deviation of the angles donors undergoes deformation. In the homocomplexed cations
from that in a regular tetrahedron is due to the presence of it varies between 105.56 and 107.3vhereas in the amino
substituents in the ring. The greater the number of the substit- derivatives the deformation is still larger. Examination of
uents, the larger the deviation from the ideal value of 109.5 dihedral angles between theD—O—N atoms, where the first
The lengths of the ©-0 hydrogen bridges in the complexed N—O atoms belong to proton acceptors and the successive ones
cations vary between 2.528 and 2.560 A, thus indicating a strong© Proton donors, shows that the homocomplexed cations are
hydrogen bonding in the homoconjugated cations. These valueg0t coplanar; that is, the proton donor and proton acceptor do
match those previously calculated for substituted pyridine MOt lie in one plane (see Figure 5). These angles range from
N-oxides that range from 2.51 to 2.55 A. This shows that in 145-18 to 175.49 It can also be seen that the more the angle
the homocomplexed cations of 4-nitropyridiNeoxides, similar ~ deviates from linearity (189, the longer is the ©-O bridge
to the case of pyridiné-oxides, there is a strong symmetric nd the weaker the hydrogen bonding. Accordingly, the forma-
hydrogen bonding, only slightly weaker than that in unsubsti- ton energies of the homocomplexed cations formed by the
tuted pyridineN-oxide. As predicted on the basis of the strong Substituted 4-nitropyridin&l-oxides are likely to decline in the
electron-donating power of the amino group, the shortest Same direction.
hydrogen bridges occur in the amino derivatives. In all cases, Table 3 lists protonation energieSEyro, determined at the
the N—O bonds in the homocomplexed cations are longer in RHF and MP2 levels and Gibbs free energia&pro, deter-
proton acceptors by0.03 A relative to those in the molecules mined at the RHF level. For the sake of comparison, included
of the correspondingN-oxides. This is indicative of a strong also are KQN constants determined by potentiometric titration
affinity of the proton toward the oxygen of tlid-oxide group. in acetonitrile representing polar nonaqueous solvents. For
In the proton donors, the lengths of the-® bond are only comparison with the calculated energetic protonation parameters,
slightly shorter (by approximately 0.007 A). Again, in this case pKa constants determined in one solvent only were taken,
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TABLE 3: Calculated Energies, AEyo(RHF), and Gibbs
Free Energies,AG,o:(RHF), of Protonation at the RHF 104
Level, as Well as MP2,AE(MP2), Respectively, for
4-Nitropyridine N-Oxide Derivativest (kcal/mol) with
Experimental pK" Values in Acetonitrile Included for o  memiue
Comparison HeNHSMe
. AN " 2EtNH6Me
N-oxide  AEyoRHF) AGuoRHF) AEyo(MP2) pKA o MNHIMCR .
Z 2MeNH5Me 2MeNH6Me
2Me —217.86 —218.88 —213.26 5.73 E‘
3Me —216.89 —219.02 —214.97 6.38 =
2,3Me —222.14 —223.98 —218.94 6.92 7 -
2,5Me, —220.60 —220.29 —216.85 6.47
2,6Me —222.22 —223.57 —217.65 6.71
3,5Me —222.35 —224.28 —219.88 7.32 6 -
2,3,6Me —224.30 —226.24 —219.58 6.86
2MeNH3Me —232.25 —232.72 —226.23 8.22
2MeNH5Me  —231.23 —231.33 —224.39 7.95 5 , . : . . ;
2MeNH6Me —227.43 —227.36 —222.66 7.81 235 -230 225 -220 =215 210
2EtNH3Me —235.51 —238.89 —232.84 9.22 AE pro(MP2) [keal/mol]
2EtNH5Me —229.61 —227.98 —224.11 8.49 ] AN ) )
2EtNH6Me —226.96 —226.06 —221.95 8.18 Figure 6. Plot of pK," against AE,o(MP2) for the substituted
. o ) o . 4-nitropyridineN-oxides under study. Abbreviations fbFoxides are
aN-oxide abbreviations: 2Me, 2-methyl-4-nitropyridifeoxide; given in the graph.
3Me, 3-methyl-4-nitropyridinéN-oxide; 2,3Mg, 2,3-dimethyl-4-nitro-
pyridine N-oxide; 2,5Me, 2,5-dimethyl-4-nitropyridind\-oxide; 2,6Me, represented as the following linear functions (whBrés the

2,6-dimethyl-4-nitropyridinéN-oxide; 3,5Me, 3,5-dimethyl-4-nitropyr-
idine N-oxide; 2,3,6Me, 2,3,6-trimethyl-4-nitropyridineN-oxide;
2MeNH3Me, 2-methylammino-3-methyl-4-nitropyridindl-oxide; AN _
2MeNH5Me, 2-methylammino-5-methyl-4-nitropyridindl-oxide; pKy™ = _0-16(0-0233Eprot(RHF) —29.60(4.08)
2MeNH6Me, 2-methylammino-6-methyl-4-nitropyriditeoxide; 2Et- R=—0.939 (11)
NH3Me, 2-ethylammino-3-methyl-4-nitropyridié-oxide; 2EtNH5Me,
2-ethylammino-5-methyl-4-nitropyriding-oxide; 2EtNHEMe, 2-ethyl- AN _
ammino-6-methyl-4-nitropyridiné-oxide. PKa 0.16(0.020G

correlation coefficient):

(RHF) — 28.34(5.14)
R=—0.903 (12)

prof

because, as it was previously demonstrdfethe acidity AN _ B
constants determined in different solvents can be intercorrelated.pKa o 0'18(0'03AEF"0I(MP2) 33.18(3.71)
Again, acetonitrile was chosen as a representative solvent, R=—0.957 (13)

because the aC|d|t)_/ constants just in this solvent have been mosf , exemplary graphical representation of these correlations is
accurately determinetd. Another reason was that the solyent shown in Figure 6, wherelﬁj“ is plotted againshEpo(MP2).

has consequently been used for such comparisons in ourrpg relatively highR values reveal a strong correlation between
previous studie3®*2 As seen, the amino derivatives display  the pasicities of thé-oxides in vacuo and those determined in
higher absolute values of the protonation energies than thespjution. Similar correlations were established previously for
methyl derivatives. This means that the amino-substituted monosubstituted pyridindl-oxide$ and pyridine derivatives.
4-nitropyridine N-oxides are stronger bases than the methyl It is worth noting that the quality of these correlations does not
derivatives and, consequently, they should have higli&r p increase significantly upon going from the RHF to the MP2
values. Preliminary comparison of the calculated and experi- level. This means that even the relatively cheap ab initio
mental K5" values seems to support this hypothesis. The calculations accompli:?h_ed at the RHF level enable predic_tion
protonation energies of the methyl derivatives obtained by the ©f the sequence of acidity constants of the protonated 4-nitro-
MP2 method oscillate around215 kcal mott (range between pyridine N-o>§|de derlvatl\(es in polar nonagueous solvgnts.
—213.26 and-219.88), whereas those for the amino derivatives 'The energies Of. formation of the homocomplexed cations an.d
oscillate around—225 kcal mot? (range from—221.95 to Gibbs free energies calculated at both levels are collected in

. ) L Table 4. Included also are values calculated at the RHF level
_2,32'84)’ thus being 10 kcal mdilhigher (taking |nto.account under consideration of the base set superposition error (BSSE).
their absolute values) on average. THGQ% values display @ The strongest impact of the BSSE on the energetic parameters
similar trend. For methyl substituted 4-nitropyridibheoxides is seen for the disubstituted and more greatly substituted
they fall in the range 5.737.32, whereas for the amino  compounds and for those with bulky substituents (methylamino
compounds they are 1.5Kp units higher (7.8%+9.22). For and ethylamino groups). For the sake of comparison, included
comparison, the Ip{:N for 4-nitropyridine N-oxide is'® 5.64, also are logarithms of the cationic homoconjugation constants
being lower than that for any of its derivatives studied here. of substituted 4-nitropyridin&l-oxides (logKgng*). Similar to
Consequently, as predicted on the basis of electron-donatingthe case of the protonation reactions, an attempt has been made
effects of substituents, all the substitutéexides under study ~ to correlate the energetic parameters of the cationic homocon-

are stronger bases than their parent compound, 4-nitropyridinelugation with the experimental cationic homoconjugation con-
N-oxide. stants in acetonitrile. After consideration of all the derivatives,

the correlation coefficients were low, ranging between 0.5 and
Further, a closer look at Table 3 shows that both the calculated g Rejection of the two outliers did not improve the coefficients

and experimental values change in the same direction. On thissigniﬁcanﬂy_ Much higherR values (in excess of 0.9) were
basis an attempt has been made to establish linear correlationgptained only after rejection of five systems, this resulting,

between the |§§N and the calculated\Ep o RHF), AGpror however, in doubtful statistical significance. It can thus be
(RHF), and AE,o(MP2) values. The correlations can be concluded that there are no linear correlations for the substituted
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TABLE 4: Calculated Cationic Homoconjugation Energies, AEgys+(RHF), and Gibbs Free Energies AGgns+(RHF) (for Both
AEgus+ and AGgys+, BSSE Values Also Included), at the RHF Level, as Well as MP2AEgys+(MP2), Energies of Formation of
Homocomplexed Cations and Gibbs Free Energies, Respectively, for 4-Nitropyridine-Oxide Derivatives® (kcal/mol)°

N-oxide AEBHB+(RHF) AEBHB+(RHF) (BSSE) AGBHB+(RHF) AGBHB+(RHF) (BSSE) AEBHB+(M PZ) IOg Kghe*
2Me —25.68 —25.59 —13.98 —13.76 —28.20 1.89
3Me —26.02 —26.51 —15.59 —13.97 —29.57 2.02
2,3Me —26.39 —26.01 —15.83 —13.93 —30.30 2.10
2,5Me —24.88 —24.96 —14.20 —15.22 —28.72 2.56
2,6Me —25.36 —23.70 —15.90 —13.73 —30.49 2.28
3,5Me —28.32 —28.31 —15.07 —14.96 —30.90 2.49
2,3,6Me —25.99 —25.23 —15.40 —13.57 —30.23 2.42
2MeNH3Me —30.04 —25.51 —15.03 —11.20 —33.94 2.32
2MeNH5Me —40.33 —27.39 —24.57 —11.55 —41.11 2.44
2MeNH6Me —25.02 —25.11 —12.04 —12.20 —30.06 2.72
2EtNH3Me —31.20 —24.67 —20.21 —11.67 —40.00 2.72
2EtNH5Me —26.19 —26.02 —16.17 —14.50 —29.66 291
2EtNH6Me —26.41 —24.85 —14.59 —12.34 —32.00 2.68

aN-oxide abbreviations: 2Me, 2-methyl-4-nitropyridinkoxide; 3Me, 3-methyl-4-nitropyridin&l-oxide; 2,3Me, 2,3-dimethyl-4-nitropyridine
N-oxide; 2,5Me, 2,5-dimethyl-4-nitropyridinéN-oxide; 2,6Me, 2,6-dimethyl-4-nitropyridinéN-oxide; 3,5Meg, 3,5-dimethyl-4-nitropyridindN-oxide;
2,3,6Me, 2,3,6-trimethyl-4-nitropyridiné-oxide; 2MeNH3Me, 2-methylammino-3-methyl-4-nitropyridiNeoxide; 2MeNH5Me, 2-methylammino-
5-methyl-4-nitropyridine N-oxide; 2MeNH6Me, 2-methylammino-6-methyl-4-nitropyridiré-oxide; 2EtNH3Me, 2-ethylammino-3-methyl-4-
nitropyridineN-oxide; 2EtNH5Me, 2-ethylammino-5-methyl-4-nitropyridiNeoxide; 2EtNH6Me, 2-ethylammino-6-methyl-4-nitropyridiNeoxide.
b Experimental logKgns* values in acetonitrile are included for comparison.

4-nitropyridineN-oxides between the calculated, at both levels,  All the N-oxides studied are characterized by a distinct
energetic parameters of the cationic homoconjugation in the gastendency toward cationic homoconjugation (with |Egng+
phase and experimentally derived constants of this equilibrium ranging between 1.89 and 2.91), determinable by the potentio-
set up in acetonitrile. This situation is thus unlike that observed metric titration method. Their basicities are stronger than that
with monosubstituted pyridink-oxides, where such correlations  of the parent 4-nitropyridin&l-oxide and fall within the 4"

have been establish&dyut it is identical to that in the case of range 5.73-9.22.

substituted pyridine3This means that in systems with free and  The tendency toward cationic homoconjugation, as expressed
protonated 4-nitropyridiné\-oxides the sequence of changes by log Kgng+, is a linear function of the basicity of the
of the cationic homoconjugation constants in polar nonaqueouscompounds in acetonitrile K@)

solvents cannot be predicted on the basis of the energies and The method of estimation of the dissociation constants in
Gibbs free energies of homoconjugation calculated by ab initio aqueous solution, Kiﬂ/lv on the basis of the constants deter-

methods. In view of these findings, one of the plausible i o4 in nonaqueous solutions (for instance, in acetonitrile,

explanations of this situation may be the lack of correlation _ an : L . . .
pK3 ") can be applied to cationic acids obtained by protonation
between calculated parameteraE(RHF), AGRHF), and of substituted pyridineN-oxides. The K‘a’v values of the

AE(MP?2)) of protonation and cationic homoconjugation of the . . . . ;
4-nitropyridine N-oxides in the gas phase. To verify this T'loé'fis) (s)tzgled estimated by this method fall in the range

hypothesis, another effort to correlate these parameters was . . - . .
undertaken. Correlation coefficients in the derived correlations The 6-31G* basis set is sufficient to rehably_predlct the
lead to the conclusion that the energies of protonation and 960Metry of hydrogen bonded systems for substituted 4-nitro-

cationic homoconjugation in the gas phase calculated by the abpyrldlne N-o.X|des.. o .
initio methods at both the RHE and MP2 levels for the CPU-nonintensive ab initio calculations at the RHF level

4-nitropyridineN-oxides cannot be intercorrelated by a linear €nable prediction of the sequence of acid dissociation constant
function. This finding may be explained by the high specificity values of protonated 4-nitropyridif¢-oxide derivatives in polar

of the systems owing to the presence of various substituents infonagqueous solvents. o

the ring, including the electron-donating methyl, methylamino, The variation of_the cationic homoconjugation constant val_ues
and ethylamino groups adjacent to the electron-accepting nitroin Systems containing free and protonated substituted 4-nitro-
group which may interact. There may be, for instance, intramo- PYridine N-oxides in the polar nonaqueous solvent acetonitrile
lecular charge transfer from tiNeoxide group to the nitro group ~ €&nnot be predicted on the basis of energies and Gibbs free
across the ring. The lack of correlations between calculated nergies calculated by the ab initio methods applied.
energetic protonation and cationic homoconjugation parameters ] ) ]
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