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Ab Initio Study of the Energetics of Protonation and Homocomplexed Cation Formation in
Systems with Pyridine and Its Derivatives
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The energetics of protonation of pyridine and a series of its derivatives, as well as the energetics of formation
of hydrogen-bonded N...H...N homocomplexed cations in systems involving substituted pyridines and conjugate
cationic acids were investigated by means of restricted Harffeek (RHF) and MgllerPlesset (MP2) ab

initio calculations. The Gaussian functional basis set 6-31G* was employed to calculate energy and Gibbs
free energy of protonation and cationic homoconjugation in the gas phase. The proton potential of a
homocomplexed pyridine cation exhibits a double minimum with a 5.7 kcal/mol energy barrier, which could
be reduced to 2.7 kcal/mol by accounting for a thermodynamic correction factor. The calculated protonation
energiesAEpq, and Gibbs free energieAGo, have been found to correlate well with the acid dissociation
constants (expressed akpvalues) in acetonitrile. On the contrary, the calculated energiés, s+, and

Gibbs free energiesAGgpgt, Of formation of the homocomplexes do not correlate with the cationic
homoconjugation constant values (expressed ag Kgis+) determined in acetonitrile.

Introduction

Acid—base equilibria set up in nonagueous media in systems
containing heterocyclic bases such as aniirfefyridine and
substituted pyridines) and ami¢-oxideg 617 (pyridine N-
oxide and its derivatives) have been systematically studied in
our laboratory. Our interest was focused not only on acid
dissociatioh 13

BH"=B+H" 1)

of protonated pyridine and pyridind-oxide, as well as their
derivatives, but also on consecutive aclthse reactiort8
occurring in media of limited capability to exchange proton
(polar aprotic and medium polar amphiprotic solvents), referred
to as cationic homoconjugatidni?

Figure 1. Molecular structure of pyridine derivatives.

N N passing aprotic protophobic nitrometha&nacetonitrilel pro-
BH" +B=BHB (2) pylene carbonaté,and acetorfeover aprotic protophilic di-

In the preliminary step, the above equilibria were systematically methyl sulfoxidé to amphiprotic methand.

surveyed in the BEI/B systems of substituted pyridimM¢oxides Thg objective of the. present stu.dy was to compare the
in nonaqueous media, as well as by ab initio metfbitsthe ex.perlmental data obtained for pyridine anq its derivatives
gas phase. The calculations accomplished at the RHF and mpAFigure 1 shows a molecular structure of this class of com-

levels revealed that the experimental quantities were well relatedPouUNds) with theoretical ones and the correlation of experi-
to the theoretical ones. mental and calculated values. To do this, the energies,

In the next step, the BHB systems containing substituted ~2Epro{RHF,MP2), and the Gibbs free energiespo(RHF),
pyridines were investigated. All preceding studies of these of protonation as well as the energiessyg+(RHF,MP2), and
systems were only fragmentary, involved various types of the Gibbs free energie®\Gana*(RHF), for the formation of
amines, and were carried out using various instrumental homocgmplexed ions in the gas phase wer.e.flrst calculated by
techniqueg®-30 Consequently, the results could not provide a the ab initio method for the substituted pyridines under study.
sound basis for any generalizations in relation to atidse In the second step, an attempt_has been made to _corr_elate_ the
properties of substituted pyridines in solutions. For this reason, qalculated quantities with expe_nmental val_ues c_)f acid dissocia-
the studies of acidbase equilibria in substituted pyridines 1ON constants, K, and cationic homoconjugation constants,

systems have been planned to encompass a series of compoun(jﬁ,glo Kens™, in acetonitrile (AN) as a representative of polar

of as large as possible basicity range. Further, polar solvents of1012dueous solvents. In addition, estimation of the solvent
a broad range of donefacceptor properties were used, encom- effects has been attempted by using the self-consistent reaction
’ field (SCRF) and more elaborate polarizable continuum (PCM)

* Corresponding author. Phonet48 58 345 0392. Fax:+48 58 341~ models. Apart from pyridine (Py), the following substituted
0357. E-mail: lech@chemik.chem.univ.gda.pl. pyridines were selected for theoretical considerations: 2-me-
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thylpyridine (2Pic), 3-methylpyridine (3Pic), 4-methylpyridine
(4Pic), 2-aminopyridine (2NEPy), 3-aminopyridine (3NEPY),
4-aminopyridine (4NHPy), 2,4-dimethylpyridine (2,4Lut),
3-acetylpyridine (3AcOPYy), 2-bromopyridine (2BrPy), 3-bromo-
pyridine (3BrPy), 2-chloropyridine (2CIPy), 3-chloropyridine

Makowski et al.

To estimate solvation contributions to the protonation and
homoconjugation energies, self-consistent reaction field (SCRF)
and polarizable continuum (PCM) models were applied. In the
SCRF model the solvent is represented as a continuous dielectric
and the solute as a spherical cavity of a given radius immersed

(3CIPy), and 3-cyanopyridine (3CNPYy). The selected derivatives in a dielectric of fixed dielectric constant corresponding to a
ensured representativeness of this class of compounds (a totaparticular solventé—3° The PCM modef—43 employs a van der
of 14 derivatives) and were characterized by a wide range of Waals surface type cavity and parametrizes the cavity/dispersion

pKa values.

Methods
Closed-shell RHF calculations were carried out on pyridine

and its derivatives, conjugate cationic acids, and homocom-

plexed cations using the GAMESS progrdrm the 6-31G*

contributions on the basis of the surface area. In this model,
the free energy of a solvated system is described by two terms
where the first term represents the solute Hamiltonian, which
is modified by the electric field of the solvent. The second term
includes both the solventolute stabilization energy, as well

as the reversible work needed to polarize the solvent. The second

basis set. The starting geometry of the systems was constructed€m is evaluated from the induced charges on the reaction field

by the MOLMOL progran®? All systems had an optimized

cavity surface. In both models the dielectric constant of

geometry down to a gradient standard not lower than 0.0001 acetonitrile was assigned a value of 35*€alculations were

au/bohr (0.12 kcal/(mek)).
The protonation and homoconjugation energies are define

by egs 3 and 4, respectively:
AEprot = B+ —

Es ®)

AEgyg: = Egpg: — (Egn+ + Ep) (4)
whereEgys* is the energy of a homocomplexed cati&gy+ is
the energy of proton donor, args is the energy of proton
acceptor.

carried out for fixed geometries corresponding to the structures

goptimized in vacuo.

A proton potential in the PyH..Py homocomplex was
calculated by accomplishing a series of constrained energy
minimizations with fixed N...H distances and optimizing the
remaining degrees of freedom.

Results and Discussion

The C-N—C angles calculated at the RHF level with a
6-31G* basis set for optimized neutral bades; simple
cations?® and complexed catioff8®°match those experimentally

Because in the optimization procedure a molecule is regardedgetermined, being by almost larger than the latter. Their

as a rigid solid, after optimization has been completed, a
thermodynamic correction was derived to account for the
translational, rotational, and vibrational modes of the molecule.
To do this, an energy Hessian matrix was comptitemcheck

if the stationary point found was an actual minimum and to
compute contributions of harmonic entropy and zero-point
energy of the system (eqs 5 and 6).

Also, the perturbation theotywas applied to the calculation
of protonation and homoconjugation energies at the MP2 level
(Mgller—Plesset). A dynamic correlation effect was computed
for a single iteration for the structures optimized at the RHF
level 35

The Gibbs free energies of protonatiakGye, and homo-
conjugation, AGgpg*, were calculated from eqs 5 and 6,
respectively:

prot —

AGpyor= AEy g+ AES, oo+ PAV,

prot prot

3
T’(S/ib,BH+ + Srot,BH+) - (S/ib,B + Srot,B) - ER] (5)
AGBHB+ = AEBHB+ + AE\?ib,BHB*- + pAVBHB+ -
T[(Svib,BHB+ + Srot,BHB+) -

(S/ib,BH+ + Srot,BH+ + S/ib,B + Srot,B) - gR] (6)

values oscillate around 12@&nd increase upon moving from
the free bases (116.6818.68) over complexed cations
(120.45-123.53) to simple cations (121.22124.4F). Very
similar relations are retained within the homocomplexed cations
between pyridine molecules acting as proton donors and proton
acceptors. This finding is compatible with a conclusion reached
from measurements carried out by using the neutron diffraction
method}® which showed that in a homocomplexed cation one
molecule of substituted pyridine can be regarded as the
protonated one, a cation (proton donor), while the other (proton
acceptor) is a neutral molecule.

Table 1 summarizes some selected bond lengths calculated
for optimized pyridine bases, their conjugated acids and
homocomplexed cations. Their values are in good agreement
with those determined experimentaify>! being shorter by only
0.01-0.02 A. A closer inspection of the calculated-8 bond
lengths shows that within the homocomplexed cation there is a
shortening of the bond in the acceptor molecule relative to its
length in the cationic acid, while in the donor molecule there is
an increase in bond length. Nevertheless, experimentally
determined bond lengths are usually differénthis way
revealing the asymmetry of the NHN bond. Further, in non-
protonated bases in the case of 2-substituted derivatives,
remarkable is a shortening (up to 0.02 A) of the boneNCat
the carbon atom carrying a substituent relative to the length of
a bond on the opposite side of the ring (unsubstituted carbon

whereAEy, . andAEy, g5 are the differences between the atom). A similar effect, but somewhat less pronounced, is
zero-point vibrational energies of the products and those of the observed in the proton acceptor molecule within the complexed
substrates, respectively (these quantities can be calculated frongation. This effect was observed experimentally during hydrogen

egs 5 and 6)p is the pressure, andis the volume of a system

bond formation between 2-aminopyridine and 5,5-diethyl-

under assumption that it satisfies the ideal gas equation-of-stateparbituric acicP!

Sot and S;p are the rotational and vibrational entropies,
respectively, and the terff;R refers to translational degrees

The N—H bond length in the cationic acids studied varies
only slightly (between 0.998 and 1.003 A), exhibiting a weak

of freedom of the system. A temperature of 298 K and a pressuretendency toward shortening with decreasing basicity of substi-

of 1 atm were assumed in all calculations.

tuted pyridines. There is, however, a distinct increase in the
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TABLE 1: Selected Geometric Parameters of Substituted Pyridined, Their Cationic Acids, and Homoconjugated Cations (Bond
Lengths in A) Calculated in the 6-31G* Basis Set

basé cationic acid homoconjugated catfon

d(NC) d(NC) d(N—H) d(N—N) d(N—H) d(NC): d(NC)
ANH,Py 1.323 1.337 0.998 2.878 1.029 1.330 1.339
3NHPy 1.327 1.333 1.002 2.887 1.031 1.324 1.327
2NHPy 1.325(1.321) 1.338 0.999 3.680 1.031 1.328(1.318) 1.338
2.4Lut 1.326(1.318) 1.337 1.001 2.878 1.029 1.332(1.326) 1.335
4Pic 1.318 1.338 1.001 2.884 1.031 1.328 1.331
3Pic 1.317 1.333 1.002 2.878 1.031 1.324 1.335
2Pic 1.324(1.321) 1.337 1.001 2.874 1.031 1.332(1.326) 1.336
Py 1.320 1.337 1.002 2.878 1.032 1.326 1.332
3AcOPy 1.319 1.333 1.002 2.868 1.031 1.324 1.331
3BrPy 1.321 1.336 1.003 2.889 1.031 1.326 1.331
2BrPy 1.325(1.303) 1.337 1.002 2.997 1.024 1.331(1.312) 1.337
3CIPy 1.320 1.335 1.003 2.889 1.031 1.324 1.331
2CIPy 1.325(1.304) 1.337 1.003 2.996 1.026 1.330(1.312) 1.333
3CNPy 1.321 1.333 1.003 2.897 1.031 1.324 1.331

a Substituted pyridine abbreviations: 4-aminopyridine, 4Ry 3-aminopyridine, 3NEPy; 2-aminopyridine, 2NbPy; 2,4-dimethylpyridine,
2,4Lut; 4-methylpyridine, 4Pic; 3-methylpyridine, 3Pic; 2-methylpyridine, 2Pic; pyridine, Py; 3-acetylpyridine, 3AcOPy; 3-bromopyriae, 3B
2-bromopyridine, 2BrPy; 3-chloropyridine, 3CIPy; 2-chloropyridine, 2CIPy; 3-cyanopyridine, 3CNIRyo quantities are given for the 2-substituted
derivatives (neutral molecules and homoconjugated cations). The first, standing before parentheses, refers to the bond length between the nitroge
atom and the unsubstituted carbon atom of the ring. The other quantity (in parentheses) refers to the bond length between the nitrogen atom and
the substituted carbon atom of the riideroton acceptor Proton donor.

N—H bond length (1.0241.032 A; in most cases 1.031 A) upon
going from a simple cation to the homocomplexed one due to
hydrogen bond formation with the nitrogen atom of the proton
acceptor. In this case there is no relation between the bond lengtr
and basicity of the substituted pyridine. Generally, the lengths =
are in good agreement with the experimental ones, which are
1.004 and 1.086 A for protonated 2-aminopyridthand the
homocomplexed pyridine catidf respectively.

The N...N distances between the proton donor (cationic-acid
protonated substituted pyridine) and proton acceptor (conjugate
substituted pyridine) range from 2.868 to 2.997 A for all pyridine
derivatives with the exception of 2NRy. These values differ  Figure 2. Equilibrium structure of the 2NPyHPYy2NH* cation
by 0.01-0.02 A from the experimental ones, amounting to 2.744 calculated with the 6-31G* basis set.
and 2.698 A for the complexed pyridine cafiérand the
4-aminopyridine catiol? respectively. The disagreement be-
tween the experimental and calculated N...N distances can be
attributed to the classical treatment of the vibrational degrees
of freedom of the NHN moiety and absence of the crystal field
effects®? It should be noted that the values close to the lower
limit are characteristic for the 3- and 4-substituted derivatives
while the ortho-substituted (2-substituted) ones display the
greatest distances. This finding is supported by experiments
where the N...N distances in complexed cations formed by
2-substituted pyridines are markedly greater than those of bothFigure 3. Equilibrium structure of the PyHPycation calculated with
unsubstituted and 4-substituted derivatives, amoufttio?.85 the 6-31G* basis set.

A. As seen in Table 1, the homocomplexed cation of 2-amino-

pyridine exhibits a still greater N...N distance of 3.04 A. This calculations show that the pyridine rings in the homocomplex
can be explained in terms of the possibility of formation of a are even not coplanar. Similar conclusions were reached from
structure consisting of a double hydrogen bonding between thethe ab initio study of homocomplexed cations formed by
nitrogen atoms of the ring and those of the Nstibstituents  pyridine N-oxide1954 The calculated structures of the homo-
(Figure 2; the MOLMOL prograf? has been employed for  complexed cations formed by substituted pyridines are all similar
deriving the structure). with the exception of the cation formed by MNPy (Figure 2).

Bearing in mind the calculated N...N distances on one hand The foregoing consideration of the geometric parameters leads
and the N-H bond lengths in the homocomplexed cation on to a general conclusion that the bond lengths and angles
the other, a conclusion reached from experimental“#8a  calculated by the ab initio method are compatible with experi-
stating that the NH...N bonds in cations formed by pyridines mental data and that they change upon going from bases over
are weak asymmetric hydrogen bondings can unambiguouslysimple cations to the complexed cations in the same sequence
be confirmed. An energetically optimized structure of the as do those of pyridind-oxide and substituted pyridiré-oxide
homocomplexed pyridine cation is shown in Figure 3. The cations!® Furthermore, for pyridine, the parameters are in very
hydrogen bonding in it is asymmetric. The angles of both good agreement with those previously calculated by ab initio
pyridine rings relative to the axis determined by two nitrogen methods. For instance, the-Gl bond length and the CNC angle
atoms are not tied with symmetry elements. Moreover, the calculated by Lane et &f.are respectively 1.321 A and 117.7
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124 The calculated energieAFy(RHF) and Gibbs free energies
of protonation AGy{ RHF), at the RHF level, the protonation
104 energies at the MP2 levehE,o{(MP2), and experimentaliy
= 4] values in acetonitrifeare collected in Table 2. For comparison
g with theoretical quantities, those determined only in one
ﬁ 6. nonagueous solvent were taken, because, as was demonstrated
= previously%? the dissociation constant values (expressedal p
w4 in various polar solvents can be linearly intercorrelated.
w Acetonitrile was chosen as a representative of nonaqueous
2 1 solvents because it belongs to a small class of those solvents in
which the acid-base constants were determined with the greatest
01 precisiont?
0.8 1.0 1.2 1.4 16 1.8 ~As seen in Table 2, theoretical quantities change in the same
d(0..H) (A) direction, as do the experimentdpvalues. This prompted us

to make an attempt at finding linear correlations between the

Figure 4. Energy variation on proton potential in the-f{---N bridges pKg's and AEprot and AGprot values at the RHF level and the

of the pyridine homoconjugated cation. Filled circles represent points AE, o at the MP2 level AEMPZ) The following linear func-
prof .

where 6-31G* energies have been calculated. . . prot .
g tions can be written for the found correlations:

TABLE 2: Energies, AEy(RHF), and Gibbs Free Energies,

AGpt(RHF), of Protonation Calculated at the RHF Level, pK, = —0.344(0.03QME,,,, — 65(7) R=—-0.964 (7)
as Well as MP2,A.Eprot(MP2), and PCM, AGprot(PCM), o
Protonation Energies and Gibbs Free Energies for Pyridine pK, = _0-338(0-02%Gprot — 64(7) R=—0.966 (8)

Derivatives? (kcal/mol) (pK, Values' in Acetonitrile Included
for Comparison)

compd AEpofRHF) AGpoRHF) AEpiot (MP2) AGpiot (PCM)  pKa

pK, = —0.367(0.034\Epe’ — 72(8)  R=—0.960 (9)

g“:z:zy *ggggg *ggg?g *ggggg *g‘;-% ﬁgg in which Ris the correlation coefficient. A closer inspection of
ONHPy 23174 23220 2311 3900 1466  LNese equations shows that paramewrand b, as well as
24lut —23416  —23456  —237.11 3847 1500 coefficient R, in |nd|V|dl_JaI equations are very close to one
4Pic _22950 —230.75 —233.34 ~3731 1452 another, theR values being relatively high. The latter was still
3Pic —229.35  —227.52  —232.72 -36.22  13.66 higher when 2-substituted pyridines were excluded from the
2Pic —229.40  -230.90  —233.97 —37.13  13.88 correlations. The exclusion was done on assumption of a
g,Xcopy :ggi-g; :ggg-ég :ggg-gg :gigg 15-?2 negative influence of the derivatives on the quality of the
3BrPy 21898 -21910  —22456 _3093 .49 correlations by virtue of the so-called ortho effect. Namely, the
2BrPy  —218.77 —218.90  —223.31 —26.45 7.02 ortho substituent (position 2 or 6) has been claimed to shield
3ClPy —218.22  —218.33  —223.31 -30.27 10.01 the nitrogen atom thus making difficult attachment of the
2Clpy  —217.21  —216.33  —221.43 —25.65 6.80 hydrogen atom. A significant influence of this effect on the
3CNPy ~ —-21097  -211.14  -216.41 —27.84 804 quality of the correlations has been reported for substituted
a Substituted pyridine abbreviations: 4-aminopyridine, 4Ry pyridine N-oxides!® After exclusion of the 2-substituted com-
3-aminopyridine, 3NEPy; 2-aminopyridine, 2NPy; 2,4-dimethyl- pounds, the following equations were obtained:

pyridine, 2,4Lut; 4-methylpyridine, 4Pic; 3-methylpyridine, 3Pic;

2-methylpyridine, 2Pic; pyridine, Py; 3-acetylpyridine, 3AcOPy; 3-bro-  pK, = —0_360(0_02&)\Eprot —69(6) R=-0.984 (10)

mopyridine, 3BrPy; 2-bromopyridine, 2BrPy; 3-chloropyridine, 3CIPy;

2-chloropyridine, 2CIPy; 3-cyanopyridine, 3CNPy. pK, = _0_359(0_0251)\(3’”0t — 68(6) R=—-0.984 (11)

In summary it can be stated that the 6-31G* basis set is sufficient

to reliably predict the geometry of hydrogen-bonded systems pK, = —0.393(0.028)\Eyc; — 78(6) R=—0.985 (12)

for substituted pyridinesA similar conclusion concerning this

type of basis set was reached as regards the possibility of The high correlation coefficient values in these equations lead

estimation of spectroscopic features of hydrogen bonds formedto the conclusion that the experimentaKpvalues of the

by pyridine56 protonated substituted pyridines can be represented as linear
The proton potential in the N...H...N bridge of the pyridine functions of theoretical energetic parameters of protonation of

homocomplexed cation shown in Figure 4 exhibits a potential these compounds in the gas phase. Similar correlations were

barrier of 5.7 kcal/mol, this being ca. 2.5 times as high as that also found for substituted pyridinii-oxides!® It should be

of the pyridine N-oxide homocomplexed catidfl. After ac- emphasized that the quality of the correlations does not improve

counting for a thermodynamic correction, the barrier has been significantly upon moving from the RHF level to the MP2 level.

suppressed to a still relatively high level of 2.7 kcal/mol. More This means that even CPU nonintensive ab initio calculations

precise simulatiotf of the proton-transfer reaction in solution at the RHF level enable prediction of the sequence of acid

and, consequently, the accurate value of potential barrier needglissociation constants of protonated pyridines in polar solvents.

mixed quantum/classical molecular dynamics methods, e.g., theFor the sake of comparison, relationships Kf,m acetonitrile

mean field®5° or the surface hopping approacfE® to be vs AGprot are shown in Figure 5 with inclusion of all the

applied. Nevertheless, the calculated barrier can be treated asubstituted pyridines studied (solid line) and of those after

indicative of a restriction of the proton movement within the rejection of the 2-substituted derivatives (broken line), eqs 8

hydrogen-bonded bridge and the inherent asymmetry of theand 11, respectively.

hydrogen bond. This finding is in accord with the previously An attempt to estimate the solvent effects by employing the

drawn conclusions and with experimental evidéficeferring SCRF model was unsuccessful as far as an improvement in the

to structural and spectroscopic features of similar systems.  correlations between the calculated Gibbs free energies and
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Figure 5. Relationships of Ka in acetonitrile vsAGpq in vacuo. The Figure 6. Relationships of . in acetonitrile vsAGgo: in acetonitrile

solid line denotes inclusion of all the substituted pyridines studied, and solution calculated using the PCM model of solvation. The solid line
the broken line denotes the relationship after rejection of the 2-sub- denotes inclusion of all the substituted pyridines studied, and the broken
stituted derivatives. Abbreviations for pyridine derivatives are given line denotes the relationship after rejection of the 2-substituted

in the graph. derivatives. Abbreviations for pyridine derivatives are given in the
graph.

experimental §, values in acetonitrile is concerned. On the

contrary, a ranking of the SCRAEyo andAGpro values has a Table 3 summarizes the calculated energeSgs*(RHF),

weaker bearing (in relation to RHEEyot and AGypro: values) and Gibbs free energiesAGgus+(RHF), as well as the
on the ranking of experimentalkp values. Therefore, these  AEg,+(MP2) energies of formation of the homocomplexed
results are not included in Table 2. Consequently, it can be cations together with experimental cationic homoconjugation
concluded that the SCRF model is too crude to be successfullyconstant values (in logarithmic form) of the free and protonated
adopted for such chemical species as studied here, substituteghyridines in acetonitrilé The constant values determined in one
pyridines and their conjugated cations. Similar conclusions solvent only have been included, because the logarithms of
regarding the use of the SCRF model have been reachedcationic homoconjugation constants determined in various

previously? in our studies of the substituted pyridiheoxide solvents can be correlated lineaffyMoreover, the number of
systems, as well as by other auth@fré? pKa and logo Kgng+ values of substituted pyridines determined
In the next step the polarizable continuum mégief (PCM) in this solvent was greatésas compared with that determined

in which the solute cavity is represented as a union of spheresin other solvent@-4
was used to improve the agreement between the calculated Gibbs - gimilar to the protonation reactions, an attempt has been made

free energies and experimentd{gvalues in acetonitrile. The 15 establish a correlation between calculated values and experi-
values obtained using the PCM model Gibbs free energies of jyental data for the cationic homoconjugation. The very low

protonation,AGyo(PCM), including the solvation effect, are  coyrelation coefficient values in relationships between thelog
collected in Table 2. It turned out that their values correlate ..+ values in acetonitrile andEgus+(R = 0.054), as well

very well with the experimental Ky values in acetonitrile asAGgpe'(R = —0.036) values at the RHF level and between

according to the following relationship: AEgug* one at the MP2 levelR = 0.473) show that there are
_ _ no linear correlations between the energy parameters of the
PKa = 0'622(0'02%GPTO‘(PCM) 9.2(0.7) cationic homoconjugation in the gas phase calculated at both
R=-0.994 (13)  |evels and experimental constant values in acetonitrile. In this

The high value of correlation coefficieRtin the above equation situation, an atte.mpt has been made to ﬁiﬁab"Sh a correlation
enables us to conclude that the introduction of solvation in the PEWeen theoreticalAEewe, AGeus’, AEg;s.) energy pa-
PCM model improves the agreement between the calculated"@meters and homoconju_gann constant Va“.JeS (_:ietermlned n
Gibbs free energies and experimentid}palues in nonaqueous other polar sol\_/ents studied. Howgver, also in th's case therg
media. To check whether the so-called ortho effect is able to Was No correlation between theoretical and experimental quanti-
influence the quality of the above correlations between PCM tie; pharacterizing qationic homoconjugation in substituted
energies Gibbs free energies and acetonitrdg yalues, the pyrldln_e systems. Th'.s means that the sequence of change_s of
2-substituted derivatives were excluded from correlation (13). the cationic homoconjugation constants in systems containing

After exclusion of the 2-substituted compounds, the following free .and protonated .pyrldlnes n polar so.lvents cannot pe
equation was obtained: predicted on the basis of energies and Gibbs free energies

calculated by ab initio methods at the RHF and MP2 levels.

pK, = —0_623(0_03(n\Gpr0t(PC|\/|) —9.1(1.0) In the next step, an attempt to estimate the solvent effects by
R=—0.991 (14) employing the SCRF and PCM models was done. The results

of calculations confirmed that the SCRF model is definitely too
which means that the ortho effect has no influence on the PCM crude to be successfully adopted for such intricate chemical
Gibbs free energy values. This is illustrated in Figure 6 where species as the homocomplexed cations studied here, as far as
the relationships of Ig; in acetonitrile vSAGp{PCM) are the linear correlations between the calculated homoconjugation
shown with inclusion of all the substituted pyridines studied energies and experimental cationic homoconjugation constant
(solid line) and of those after rejection of the 2-substituted values are concerned. In the case of PCM approach some
derivatives (broken line), eqs 13 and 14, respectively. improvement in these correlations was observed. The correlation
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TABLE 3: Calculated Cationic Homoconjugation Energies, AEgs+(RHF), and Gibbs Free Energies AGgpg+(RHF), at the RHF
Level, as Well as MP2,AEgys+(MP2), and PCM, AGgyug+, Cationic Homoconjugation Gibbs Free Energies for Pyridine
Derivatives® (kcal/mol) (logio Kgnp+ Values' in Acetonitrile Included for Comparison)

COmpd AEBHB+(RHF) AGBHB+(RHF) AEBHB+(M P2) AGBHB+(PCM) |Oglo Kghs*
ANHPy —19.79 —9.42 —6.11 —4.51 1.76
3NHPy —14.27 —-3.99 —11.39 —6.43 b
2NH.Py —19.25 —9.57 —11.79 —6.93 b
2,4Lut —18.15 —-8.2 —6.79 —4.64 1.19
4Pic —18.85 —8.35 —6.20 —4.06 1.77
3Pic —18.52 —-6.71 —6.09 —4.15 1.48
2Pic —19.68 —6.55 —6.93 —5.51 1.47
Py —18.31 —7.88 —7.46 —4.18 b
3AcOPy —22.00 —6.24 —6.20 —2.54 1.34
3BrPy —15.99 —5.22 —5.97 —3.66 1.25
2BrPy —19.99 —-8.14 —7.57 —5.85 0.94
3CIPy —16.01 —5.33 —6.44 —3.47 1.44
2CIPy —17.83 —5.52 —6.73 —2.65 1.85
3CNPy —12.83 —4.32 —6.66 —2.82 b

a Substituted pyridine abbreviations: 4-aminopyridine, 4R¥4 3-aminopyridine, 3NEPy; 2-aminopyridine, 2NbPy; 2,4-dimethylpyridine,
2,4Lut; 4-methylpyridine, 4Pic; 3-methylpyridine, 3Pic; 2-methylpyridine, 2Pic; pyridine, Py; 3-acetylpyridine, 3AcOPy; 3-bromopyridafy, 3B
2-bromopyridine, 2BrPy; 3-chloropyridine, 3CIPy; 2-chloropyridine, 2CIPy; 3-cyanopyridine, 3CNFhe cationic homoconjugation constant
could not be determined from potentiometric measurements.

coefficientRin the relationship between the lpd<gns* values An inspection of the correlation coefficient values in these
in acetonitrile and calculateiGgs* values was increased from  equations shows that the protonation and cationic homoconju-
0.054 to 0.429 when the solvation effect was taken into account. gation energies in the gas phase calculated by the ab initio
Nevertheless, this value is still too low to claim the existence method at the RHF and MP2 levels for the substituted pyridine
of the linear correlation between the experimental and calculatedsystems cannot be linearly correlated. As far as the Gibbs free
quantities. The calculated values &fSgns*(PCM) are sum- energy is concerned (eq 16), it can be stated that there is only
marized in Table 3. a weak correlation (correlation coefficient almost exactly equal
This lack of correlation between quantities describing cationic to 0.9) between the quantities describing the protonation and
homoconjugation in systems involving substituted pyridines in cationic homoconjugation processes. This situation thus differs
the gas phase (calculated by ab initio metha&sugs+, AGpns*, from that reported for substituted pyridiheoxides where such
and AEy) 5. values) and the cationic homoconjugation con- a correlation has been establisH&drhis difference can be
stants Kgng*, determined in polar solvents, was not surprising explained in terms of the influence of various factors in the
in view of a conclusion drawn from previous experiments. O—H-:--O and N-H:-*N systems on the tendency toward
Namely, the studies of acid dissociation and cationic homo- cationic homoconjugation. Namely, in the-®l---O systems
conjugation in a variety of polar solveft§ have shown the  the electrostatic interactions play a main role, whereas in the
lack of linear correlations between experimental cationic homo- N—H---N systems other factors have to be also taken into
conjugation, logo Keng*, and acid dissociation,i, constant  account. A plausible explanation is the fact that nitrogen in
values in the acigtbase systems considered. A preliminary amine groups has a greater polarizability than oxygen in
hypothesis based on purely experimental grounds interpretedN-oxides and, therefore, the polarizability and charge-transfer
the lack of the discussed correlations in terms of a weak contribution to the hydrogen bonding energy is lower in the
tendency of substituted pyridines to enter into cationic homo- [N—H---N]* than in the [O-H---O]* bridges. This lack of
conjugation reactions in nonaqueous media. Consequently,correlation in the case of quantities calculated by ab initio
cationic homoconjugation constant values could not be deter- methods manifests itself in the lack of correlation between
mined in almost all the substituted pyridine systems surveyed, experimental quantities. The low probability of a theoretically
vyhile in those where they could bg established, they were re|a‘predictable (in the case of Gibbs free energy) weak linear
tively low (of the order of approximately 2, as expressed by ¢orrelation between the quantities describing the energetics of
10910 Kerg*) and burdened with relatively high values of stand-  protonation and homoconjugation processes in polar solvents
ard deviation. In view of these findings on one hand and the s syppressed by low homoconjugation constant values, bur-
lack of correlations between quantities describing cationic homo- gened. in addition, by large standard deviation values. As a
conjugation in systems involving substituted pyridines in the consequence, there is the obsefvédack of correlation in the

gas phase and in polar nonaqueous solvents on the other, oNgsnaqueous media between cationic homoconjugation constant
of the reasonable explanations of this situation would be the \5)yes and the basicity of the pyridine derivatives.

lack of correlation between the calculats&(RHF), AG(RHF),

and AE(MP2) parameters of the protonation and homoconju-

gation reactions in the gas phase. To check the reliability of Conclusions

this hypothesis, an attempt has been made to correlate these

quantities. The following relationships were thus obtained: The calculations accomplished for pyridine and 13 substituted
pyridine systems (neutral bases, protonated basiesple

=0 ' L+ =0. cations and homocomplexed cations) lead to the following
AE, o = 0.176(0.054\Eg 5, +22(12) R=0.714 (15) conclusions.

The 6-31G* basis set is sufficient to reliably predict the
geometry of hydrogen-bonded systems for substituted pyridines.

MP2 MP2 CPU nonintensive ab initio calculations at the RHF level
AEgo = 0.170(0.073MEgyg. + 31(17) R=0.589 (17) enable prediction of the sequence of acid dissociation constant

AGpy = 0.185(0.027AGg 5. + 35(6) R=0.905 (16)
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values of protonated pyridine derivatives in polar nonaqueous

J. Phys. Chem. A, Vol. 105, No. 27, 2008749

(19) Makowski, M.; Liwo, A.; Wrdel, R.; Chmurzyski, L. J. Phys.

solvents. Corrections made by inclusion of the MP2 perturbation Chem. A1999 103 11104.

corrections do not improve correlations between the calculated

(20) Witschonke, C. R.; Kraus, C. A. Am. Chem. S0947, 69, 2472.
(21) Kolthoff, I. M.; Stocesowa, D.; Lee, T. 8. Am. Chem. So&953

protonation energies (Gibbs free energies) and experimental acidrs, 1843.
dissociation constant values in nonaqueous solvents. On the (22) Coetzee, J. fRrog. Phys. Org. Cheni966 4, 45.

other hand, the introduction of solvation in the PCM model

(23) Malarski, Z.; Rospenk, M.; Sobczyk, L. Grech,EPhys. Chem
1982 78, 2157.

improves the agreement between the calculated energies (Gibbs (24) pawlak, Z.; Sobczyk, LAdy. Mol. Relaxation Process&973 5,

free energies) and experiment#ljvalues in nonaqueous media.

The variation of the cationic homoconjugation constant values ,
in systems containing free and protonated pyridines in polar

99.

(25) Pawlak, Z.; Mukherjee, L. M.; Bates, R. G.Ghem. Thermodyn
82 14, 1041.

(26) Arnett, E. M.; Mitchell, E. J.; Mury, T. S. S. R.; Chwala, B.Am.

nonagueous solvents cannot be predicted on the basis of energieShem. Soc1974 96, 3875;1978 100, 217.

and Gibbs free energies calculated by ab initio methods at the

RHF and MP2 levels.
The proton potential of a homocomplexed pyridine cation
exhibits a relatively high energy barrier even when the

thermodynamic correction is included. The existence of such a

barrier is indicative of a restriction of the proton movement

within the hydrogen-bonded bridge and that the homoconjugated

cation is effectively asymmetric.

The self-consistent reaction field (SCRF) model is not suitable

for calculation of solvation effects in complicated systems
devoid of spherical shape.
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