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Modeling of Protonation Processes in Acetohydroxamic Acid
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This work presents a theoretical study of acetohydroxamic acid and its protonation processes using
ab initio methodology at the MP2(FC)/cc-pdVZ level. We find the amide form more stable than the
imidic tautomer by less than 1.0 kcal mol~. For comparison with the experimental data, a three-
dimensional conformational study is performed on the most stable tautomer (amide). From this
study, the different barriers to rotation and inversion are determined and the intramolecular
hydrogen bond between the OH group and the carbonyl oxygen is characterized. The electrostatic
potential distribution shows three possible sites for electrophilic attack, but it is shown that only
two of them, the carbonyl oxygen and the nitrogen atoms, are actual protonation sites. The
protonation energy (proton affinity) is obtained from the results of the neutral and charged species.
Proton affinities for the species charged on the carbonyl oxygen and the nitrogen atoms are estimated
to be 203.4 and 194.5 kcal mol 2, respectively. The development of a statistical model permits the
guantification of AG (gas-phase basicity) for the two protonation processes. In this way, the carbonyl
oxygen protonated form is found to be more stable than that of the nitrogen atoms by 8.3 kcal
mol~! at 1 atm and 298.15 K, due to the enthalpic contribution. As temperature increases, the
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proportion of the nitrogen protonated form increases slightly.

Introduction

Hydroxamic acids (N-acylhydroxylamines) are natu-
rally occurring compounds that follow the formula RCON-
R'OH (R, R'=H, aryl or alkyl) and usually exhibit
biological activity. Some of them are antibacterial, anti-
fungal, anticancer agents, antibiotic agents, and specific
enzyme inhibitors.~3 As iron chelators, siderophores,
they have applications for iron-related diseases. In most
of the metal chelates formed by hydroxamic acids,
coordination occurs by the deprotonation of the hydroxyl
group and the subsequent coordination of the deproton-
ated OH and the carbonyl oxygen.?#2 The metal com-
plexing character of hydroxamic acids makes them useful
for analytical applications as well.> Hydroxamic acids act
as weak acids (pK ~ 8—9) and can also act as weak
bases.® The mechanism of these processes is not yet fully
understood.
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It was initially assumed that the deprotonation of
hydroxamic acids occurs at the OH group.” However,
deprotonation on the nitrogen is, in principle, also
possible. The structure of the anion had been a matter
of controversy until XPS studies, in the solid state,® and
70 NMR studies, in methanol,® confirmed the N-depro-
tonation. At present, the theoretical and experimental
evidence shows the existence of both O and N depro-
tonation,°1° depending on the system and which solvent
is used.

The basicity of hydroxamic acids has received less
study. In theory, protonation can occur at the nitrogen,
the carbonyl oxygen, or the oxygen in the OH group. By
similarity with the chemical behavior of amides, it is
usually accepted that the protonation site is the carbonyl
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oxygen®1%17 rather than the nitrogen or the OH group.
However, Fourier transform ion cyclotron resonance (FT-
ICR) studies of gas-phase basicities on the acetohydrox-
amic acid and its N-methyl and O-methyl derivatives!®
do not provide conclusive results. In this context, N
NMR measurements on acetohydroxamic acid in aqueous
solution seem to support protonation on the oxygen.**

Another long-standing problem is the relative stability
of the amide and imidic (RCOH=NOH) tautomeric
forms.! Both forms can be present in either the E or the
Z orientation about the C—N bond. However, only the
amide form seems to be experimentally found.*° On the
other hand, several high level ab initio studies on
formohydroxamic acid have yielded small energy differ-
ences between the tautomers.'21° These energetic stabili-
ties contrast with the experimental data. Until now, no
definitive explanation of these results has been provided.

Several theoretical studies at the semiempirical,
INDO,?° AM1,* and ab initio level*13-1521-23 have been
reported on hydroxamic acids. Most of these studies
focused on conformational stabilities, especially in formo-
hydroxamic acid. In addition, it is usually the energetic
stability of the different anions and cations and the
stability of the amide and imidic tautomers that are
considered. These studies suggest that deprotonation
occurs at the nitrogen, whereas protonation takes place
at the carbonyl oxygen. However, thermodynamic con-
siderations have not yet been taken into account.

As a prototype for more complex cases, this paper
presents a detailed theoretical study of protonation
processes in the acetohydroxamic acid in gas phase. The
neutral form is considered in its different tautomeric and
conformational isomers. In addition, the possible pro-
tonation sites are identified from the electrostatic poten-
tial distribution. For the first time, statistical models are
developed for these protonation processes. We analyze
the thermodynamic properties associated with protona-
tion and the thermodynamic stability of the protonated
species. In this way, we determine the proton affinities
and the gas-phase basicities. Our aim is to use this work
as a starting point for the theoretical and experimental
study of more complex hydroxamic systems of biological
interest in solution.

Computational Details

Molecular structures, potential electrostatic maps, and
atoms in molecules properties are obtained using ab initio
methodology at the MP2(frozen core)/cc-pVDZ level. This
double-¢ correlation consistent basis set includes, by definition,
polarization functions on hydrogen and heavy atoms. This
basis set has been selected because it was developed on a
rational basis for working at the MP2 (FC) level.?* All the
calculations are carried out using the GAUSSIAN 94 pack-
age.?® Enthalpy, entropy, and Gibbs energy values are com-
puted statistically with the PARTI program,? using the
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Figure 1. Numbering convention and C1 equilibrium struc-
ture of the amide tautomer of acetohydroxamic acid. The
methyl torsional, 61, OH torsional, 6, and C—N bond torsional,
7, angles are also shown.

semiclassical model for rotation and the harmonic model for
vibration.260.27

Results and Discussion

Our first concern is the stability of the amide and
imidic tautomers of the acetohydroxamic acid. Therefore,
we obtain the total molecular energy, on both systems,
after full geometry optimization. The starting geometry
for the amide form is taken from the HF/6-311G(d, p)
data of Bagno et al.* The numbering convention, equi-
librium geometry, methyl torsional angle 6, (H8C1C203),
and OH torsional angle 6, (H60O5N4C2) are shown in
Figure 1. The r angle (O5N4C203) defines the rotation
around the C—N bond. These three coordinates suffice
to describe all of the conformational isomers. The equi-
librium structure is found in a C1, non-planar, 6, = 65.7°,
6, = 7.0°, t = —13.6° conformation. See Figure 1 and
Table 1. The application of the atoms in molecules
theory?8 show a bond path linking Oz and He. A bond path
is a line connecting the nuclei, along which the charge
density is a maximum. The existence of such a line
implies that the two nuclei are bonded to one another.
In short, this Z isomer exhibits an intramolecular hy-
drogen bond, Os—Hg---O3. This fact has been suggested,
although not conclusively, by previous experimental®?°
data and calculations at the AM1 level.* Also, the methyl
group is antieclipsed with respect to the O3. This situa-
tion contrasts with the behavior of acetaldehyde, in which
the methyl group eclipses the carbonyl oxygen. In acet-
aldehyde, evidence has been found that the eclipsed
conformation is due to hyperconjugative interactions
between the in-plane and out-of-plane methyl hydrogens
and the carbonyl oxygen.3° In the present case, the
carbonyl oxygen is involved in the hydrogen bond.
Therefore, its interaction with the methyl hydrogens is
weakened. As a consequence, steric hindrance prevails
over bonding interactions, and the methyl group adopts
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Table 1. Structural Parameters for the Neutral and
Protonated Forms of the Acetohydroxamic Acid
Obtained at the MP2(FC)/cc-pVDZ Level2

parameter neutral O3 protonated N4 protonated
cic2 1.511 1.488 1.488
C203 1.231 1.320 1.188
C2N4 1.380 1.303 1.619
N405 1.405 1.361 1.390
H605 0.983 0.978 0.986
H7N4 1.020 1.021 1.036
H8C1 1.101 1.102 1.103
H9C1 1.100 1.099 1.103
Og3:+*Hg 1.924 2.123 1.931
H10C1 1.100 1.103 1.099
H*O3 0.974
H*N4 1.036
C1C203 124.7 123.9 134.5
N4C203 120.1 114.2 113.0
O5N4C2 113.8 125.3 111.4
H605N4 99.5 105.7 103.1
H7N4C2 116.9 122.8 110.5
H8C1C2 108.9 109.2 110.0
H9C1C2 112.5 1114 109.9
H10C1C2 108.7 109.2 108.5
H*O3C2 111.4
H*N4C2 110.5
N4C203C1 183.5 180.0 180.0
H8C1C203 (61) 65.7 59.4 120.6
HB0O5N4C2 (6,) 7.0 0.0 -0.6
O5N4C203 (7) —13.6 0.0 0.5
H7N4C203 216.5 180.0 240.1
H9C1C2H8 121.8 120.5 119.7
H10C1C2H8 —117.0 —118.9 —120.2
H*O3C2N4 180.1
H*N4C2H7 -119.4

a Distances in angstroms and angles in degrees.

the antieclipsed conformation. The nitrogen is pyramidal,
with a O5N4C2H7 angle of —129.9°. To assess the
existence of conjugation with C,, we locate the transition
state for the C—N bond (r angle). The resulting structure
is 4983 cm™* (14.2 kcal mol~?t) higher in energy than the
equilibrium value. Consequently, the torsion about the
C—N bond is highly restricted. This result contrasts with
the torsional barrier for the C—N rotation found in
methylamine,3* 708.6 cm™ (2.0 kcal mol™'), and di-
methylamine,®? 1201.2 cm™ (3.4 kcal mol~?). This large
difference cannot be attributed solely to conjugation. It
must also be attributed to the existence of hydrogen
bonding. The C—N distances for the equilibrium and the
twisted structure are found to be 1.3800 and 1.4706 A,
respectively. This increase in the C—N distance is in
agreement with a loss of conjugation. This fact is also
supported by the increase, in absolute terms, of the
pyramidalization angle (O5N4C2H7) from 129.9° to
111.2°. The conjugation can be visualized using a map
of the Laplacian of the charge density(Figure 2).The
negative values of the Laplacian correspond to zones of
locally concentrated charge. Accordingly, the positive
values correspond to zones of locally depleted charge
density. In Figure 2, we observe a negative zone involving
the O3, C2, and N4 atoms, which reveals the existence
of conjugation among these atoms. The existence of
conjugation is translated into a smaller conformational
flexibility that contributes to stabilize the intramolecular
hydrogen-bonded structure.

The most probable imidic structures,’® see Figure 3,
would be built from the previous geometric results of the
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Figure 2. Laplacian of the charge density (v2p) for aceto-
hydroxamic acid at the equilibrium position. The map corre-
sponds to the O3C2N4 plane. Only the atoms closest to the
plane are represented. Laplacian in atomic units (au) and
distances in Angstroms. Interval between isolaplacian lines
is 0.1 au. Shadowed zones correspond to v2p<0 values.

H
H-O, ,0 Imidic tautomer |
,C=N Z-isomer: 9.8 kcal/mol
H;C
H / H
0 o O  o-H
" C’C—N\ N CIC=N Imidic tautomer Il
3 H 3 Z-isomer: 0.9 kcal/mol
Amide tautomer \ O'H
Z-isomer: 0.0 kcal/mol \ Imidic tautomer Il
.C=N E-isomer: 5.2 kcal/mol
H3C O-H

Figure 3. Most stable amide and imidic conformers of
acetohydroxamic acid. Relative energies to the most stable
tautomer are included.

amide form. At each considered conformation, the geom-
etry is fully relaxed at the MP2(FC)/cc-pVDZ level. The
energy differences refer to the most stable form (amide)
and are shown in Figure 3. We observe that the imidic
tautomer Il is the most stable tautomer. The energy
difference between the most stable form and this imidic
structure is smaller than 1.0 kcal mol~t. These results
agree with the small difference in energy (even 1.3 kcal
mol~1) found in the formohydroxamic acid at different
levels of theory.21° However, the experimental findings?
show only the amide tautomer. Clearly, these questions
deserve further attention. Because only the amide tau-
tomer is found experimentally, the present study will
focus on this system.

To assess the importance of the different conforma-
tional isomers, a conformational analysis on the methyl
torsional angle, 0;, and the OH torsional angle, 6, is
carried out in the amide form. We use a grid of points
from 0° to 360° in 6, and 0,, with increments of 90°. The
result is shown in Figure 4. There, we observe the 3-fold
periodicity of the methyl group with a barrier of ~200
cm™1. On this torsional coordinate, three minima appear
(60°, —60°, and 180°). The OH torsion reaches a maxi-
mum near 180°, which is much higher in energy than
the torsional barrier. Analysis of the geometry changes
show that the nitrogen inverts as the OH group rotates.
However, no inversion appears upon rotation of the
methyl group. This fact can be understood from the
values of the barriers to rotation and inversion.

To obtain the barriers to rotation and inversion, the
corresponding transition states are determined. There-
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Figure 4. Potential energy surface for the methyl, 6, and
OH torsion, 65, of acetohydroxamic acid. The interval between
isopotential lines is 50 cm™ in the range 0—200 cm~* and 300
cm~! from the 300 cm™! line.

fore, we find the first-order saddle points corresponding
to maxima for the methyl rotation, OH rotation, and
nitrogen inversion coordinates. The maximum for the
methyl rotation appears in an almost eclipsed conforma-
tion, 6; = 5.6°, 6, = 7.4°, and r = —14.1°. The barrier to
methyl rotation is 190 cm~1. This value contrasts with
the larger barrier to methyl torsion (408.4 cm™') found
in acetaldehyde.® As previously shown, the difference can
be attributed to the lack of the stabilizing hyperconju-
gative interactions, between the methyl group and the
carbonyl oxygen, in the acetohydroxamic acid. On the
other hand, the transition state for the OH rotation
appears for 6, = 77.0°, 0, = 221.2°, and T = —15.4° where
the hydroxyl hydrogen is located in a conformation
opposite to that of equilibrium. The barrier is found to
be 3819 cm™1 (10.9 kcal mol~1). As previously shown, the
transition state for the C—N rotation gives an energy
barrier of 14.2 kcal mol™!. These data include the
hydrogen bond energy, and they show a very stable
equilibrium structure. Finally, the transition state for the
inversion of nitrogen appears in a planar conformation,
6, = 58.6°, 6, = 0.0°, T = 0.0°. The barrier to inversion is
442 cm~! (1.3 kcal mol~1). The difference in zero point
energies (ZPE), 0.4 kcal mol~! (the difference between
the 49.3 kcal mol~1 ZPE for the equilibrium and the 48.9
kcal mol~* ZPE for the transition state), is much smaller
than the barrier. Thus, we can expect to find the
pyramidal structure experimentally. These data explain
the inversion of nitrogen upon rotation of the OH group.
In this case, the variation of energy is much higher than
the barrier to inversion, and therefore, the molecule
inverts. However, the barrier to methyl rotation is much
smaller than the inversion barrier. Consequently, the
nitrogen does not invert.

Protonation of the neutral molecule can be analyzed
from the molecular electrostatic potential. The electro-
static potential has proven to be useful in rationalizing
interactions between molecules and in molecular recogni-
tion processes.®*% This is due to the fact that electrostatic
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Figure 5. Electrostatic potential maps, in kcal mol~ per unit
electron charge, for the acetohydroxamic acid. Case a: XY
plane. Case b: YZ plane. The interval between isopotential
lines is 10 kcal mol~* e~! in the negative zone and 100 kcal
mol~1 e~ in the positive region. Distances in angstroms.

forces are primarily responsible for long-range interac-
tions. Therefore, an electrostatic potential map is ob-
tained at the equilibrium conformation. Figure 5a shows
the map on the XY, C;C,0;3 plane. The map shows two
electronegative zones around O3 and O5. These zones are
appropriate for electrophilic attack and correspond to the
lone pair of electrons of the oxygens. Figure 5b shows
the electrostatic potential in the YZ plane passing
through N4 and H7. We observe an electronegative zone
corresponding to the lone pair of electrons of nitrogen and
directed opposite to H7. Figure 5 shows that the elec-
tronegative zones created by the oxygens are further
extended in space and deeper than the one created by
the nitrogen. In short, the oxygens seem best suited for
electrophilic attack. Consequently, there are three pos-
sible sites for protonation. However, because the molec-
ular electrostatic potential is a static reactivity index,3*
it changes in the process. It is therefore not possible to
affirm that these three sites are actually protonation
points. Therefore, we simulate protonation by placing in
each site an H* at an initial distance of 1 A and at angles
defined by the maximum of the electrostatic potential in
Figure 5. After full geometry optimization, we find
protonated structures in O3 and N4, but the optimization
process is unable to converge in the case of O5. The
problem is traced back to the nonpositive definitiveness
of the Hessian in this zone. As would be expected, no
stable protonated structure seems to exist on O5.

The molecular frame of the O3 protonated form is fully
planar, giving rise to a Cs structure (Table 1). In this
structure, we still find the intramolecular hydrogen bond

(35) Leach, A. R. Molecular Modelling, 1st ed; Addison-Wesley
Longman Limited: Reading, 1996.
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and the antieclipsed conformation of the methyl group.
The proton is placed at 0.974 A of O3 with an HTO3C2
angle of 111.4°. In the N4 protonated form, the structure
is also planar with H7 and the proton found sym-
metrically in an out-of-plane position (Table 1). The HtN4
distance, H"N4C2 angle, and H*N4C2H7 dihedral are
found to be 1.036 A, 110.5°, and —119.4°, respectively.
These angle values show N4 in an sp3-like structure. This
fact favors a loss of conjugation and a pyramidal struc-
ture.

The dissociation energies computed from the bottom
of the potential well (D) are determined as the energy
difference between the neutral and charged species. For
the O3 and the N4 protonated forms, the dissociation
energies are 211.5 and 202.2 kcal mol™, respectively. We
calculate the protonation energies, that is, proton affini-
ties, correcting energy origins with zero point energies
(49.3 kcal mol~* (neutral), 57.4 kcal mol~ (proton on O3),
and 57.0 kcal mol~! (proton on Ny)). The results are 203.4
and 194.5 kcal mol~! for the O3 and N4, respectively.
These data show that, on energetic (enthalpic) grounds,
protonation on O3 is favored over protonation on N4
by 8.9 kcal mol~%. This value for hydroxamic acid is
smaller than the 14.8 kcal mol~! obtained by Bagno et
al.** for the formohydroxamic acid at the MP2(FC)/6-
311++G(d,p)//HF/6-311G(d,p) level. The present result
agrees with the conclusion of Decouzon et al.,*® obtained
by comparison of FT-ICR results for acetohydroxamic
acids and alkyl-substituted amides, regarding preferred
protonation on oxygen.

However, only at low temperatures, with the popula-
tion of levels almost restricted to the ground state, are
the energetic (enthalpic) considerations fully determinant
of stability. To analyze the behavior of our systems on
population of the energy levels we consider the ideal, pure
protonation equilibria

ACO; + H" = ACO,H"
ACN, + H"=ACN,H" 1)

where ACN,; H* and ACO; H* represent the acetohy-
droxamic acid forms protonated at N4 and O3, respec-
tively. The behavior will be analyzed considering the
increments of enthalpy, entropy, and Gibbs energy for
the reaction in eq 1. For the calculation of the different
partition functions, the A, B, and C rotation constants
are obtained at the equilibrium geometries. In turn, the
vibration frequencies are determined from a normal mode
analysis at the equilibrium structures. All of these data
are collected in Table 2. The thermodynamic properties
(AS, AH, and AG) corresponding to eq 1 are calculated
as the difference between the corresponding property for
the protonated and neutral species. The contribution from
the proton is obtained by applying a monoatomic ideal
gas model. All of the considered properties are computed
at 1 atm and at a temperature of 298.15 K. The results
are collected in Table 3. The AG (gas-phase basicities)
data show that the O3 protonated form is the most stable
species by 8.3 kcal mol~2. In addition, it is clear that the
stability arises from energetic (enthalpic) rather than
from entropic contributions.

Our thermodynamic data have been obtained using a
harmonic model for the vibrations. Thus, it is interesting
to determine if the existence of low-frequency vibrations
(Table 2) could significantly modify our results. As shown
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Table 2. A, B, and C Rotational Constants (GHz) and
Harmonic Frequencies (v in cm™!) Obtained at the
MP2(FC)/cc-pVDZ Level for the Neutral and Protonated
Species of the Acetohydroxamic Acid?

neutral O3H™ N4H™ neutral O3H™ N4HT

A 10428 9.8327 9.6463 vi3 1286.8 1117.5 11185
B 41041 3.9906 3.8022 vis 1387.2 1252.1 1303.4
C 3.0186 2.8912 2.8196 vis 1427.3 1339.6 1306.3

vy 817 92.3 38.9 vie 1469.7 1408.7 1395.8
vy 2412 1574 108.6 vi7 1491.2 14615 14453
vz 293.5 2709 277.9 vig  1559.6 1468.8 1464.0

vq 4137 2819 375.6 vig 1783.8 1500.3 1517.5
vs 433.2 399.1 3819 vo 3102.0 1574.3 1624.1

vs 513.6 441.7 480.6 v1  3206.5 1799.3 1936.3
v7  637.7 586.8 535.2 vy, 3214.8 3097.3 3092.6
vg 663.6 641.2 625.3 vz 3585.2 3197.9 3193.4
vg  956.1 701.8 8443 vy4 36085 32279 32354
vy 1016.0 951.8 983.2 V25 3607.2 3376.2

v11 1049.5 1009.5 1078.4 V26
V12 1092.0 1057.4 1081.1 Va7

3721.0 3458.2
3778.0 3579.3

2 The frequencies are ordered by increasing value.
Table 3. Thermodynamic Properties for the Protonation

Processes in the Acetohydroxamic Acid at a
Temperature of 298.15 K and a Pressure of 1 Atm

property O3H* N4H*
AH (kcal mol—1) —204.6 —195.7
AS (cal mol~t K1) —23.8 —-21.9

AG (kcal mol=1) -197.5 —189.2
Table 4. Difference of Thermodynamic Properties for
the Protonation Process in Acetohydroxamic Acid at a

Pressure of 1 Atm#

property 273.15K 298.15K 373.15K 573.15K
AAH (kcal mol~1) —8.93 —8.91 —8.88 —8.81
AAS (cal mol™t K1)  —1.94 —1.90 —1.80 —1.65
AAG (kcal mol~1) —8.40 —8.34 —8.21 —7.86

2 The data have been computed with two decimal figures to show
the small variation with temperature.

in previous studies,*®37 the increase in the density of
states arising from anharmonicity translates to an
increase of entropy and a decrease of enthalpy and Gibbs
energy. However, the results obtained on the effect of low-
frequency vibrations in malondialdehyde®” show that the
difference is small (0.4%, 0.4%, and 1% for enthalpy,
entropy, and Gibbs energy, respectively).

The variation of the relative stability between the
protonated forms with changes in temperature can be
determined by considering an equilibrium between the
protonated forms

ACN,H" = ACO,H" 2)

For this process we compute the AAS, AAH, and AAG
values as the difference of the AS, AH, and AG values
corresponding to the protonation equilibria fromeq 1. In
these calculations, AH and AG refer to the same energy
origin, using the energy difference between both mol-
ecules, that is, 9.3 kcal mol~. The temperatures consid-
ered are 273.15, 298.15, 373.15, and 573.15 K, at a
pressure of 1 atm. The results are shown in Table 4. We
observe that the differences in enthalpy, entropy, and
Gibbs energy decrease with temperature increases. In all
the cases, the O3 protonated form is favored over the N4
form. As expected, this stability decreases slightly with

(36) Mufioz-Caro, C.; Nifio, A.; Senent, M. L. Chem. Phys. Lett. 1997,
273, 135.
(37) Niflo, A.; Mufioz-Caro, C. J. Phys. Chem. A 1998, 102, 1177.
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temperature increases. This fact is a consequence of the
higher density of vibrational states in the N4 protonated
forms (a contribution to the molecular partition function
of 0.6 x 10740 against a value of 0.1 x 107 for the O3
protonated form). At low temperatures, energetic (en-
thalpic) factors dominate, and the O3 protonated form
is favored. However, as temperature increases, the
population of states in the N4 protonated form is trans-
lated to a higher contribution of this form to the equi-
librium mixture. We can expect that these results are
not affected by explicit consideration of the low frequency
vibrations. As previously shown,?” the effect is small, and
it appears in both protonated forms. Therefore, we can
expect a cancellation of errors when computing the AAS,
AAH, and AAG values.

Conclusions

In this work, we have presented a theoretical study of
the protonation processes in acetohydroxamic acid in the
gas phase, using ab initio methodology at the MP2(FC)/
cc-pDVZ level. We have found that the most stable amide
form exhibits a hydrogen bond that stabilizes the Z
isomer. The most stable imidic tautomer is a Z isomer
that is 0.9 kcal mol~! higher in energy than the amide
form.

A conformational analysis of the amide form, the only
one found experimentally, yields a barrier to methyl
rotation of 190 cm~! and a barrier to nitrogen inversion

Mufioz-Caro et al.

of 442 cm™1. Our results show that the nitrogen inverts
upon rotation of the OH group, whereas no inversion
occurs when the methyl group rotates. We found that
these facts are a direct consequence of the energy changes
involved in the corresponding motions.

Calculated molecular electrostatic potentials show that
the two oxygens and the nitrogen are possible protonation
sites. However, we only found stable protonated struc-
tures at the nitrogen and carbonyl oxygen. Both pro-
tonated forms exhibited a planar frame.

We determined the proton affinities for protonation on
the carbonyl oxygen and on the nitrogen. Protonation on
the carbonyl oxygen is favored, on energetic (enthalpic)
grounds, by 8.9 kcal mol~1. Consideration of entropic
contributions does not modify this result because the
difference in Gibbs energies is 8.3 kcal mol~1.

The study of the variation of entropy, enthalpy, and
Gibbs energy shows that the nitrogen protonated form
stabilizes slightly with an increase in the temperature,
as a consequence of a higher density of vibrational states.
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