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mations are characterized by configurations with a high bond order
and few occupied antibonding M-=M MO’s. Those Mn,(CO),
configurations that favor a bridging carbonyl have common M-M
MO’s with g, 8, o, 6%, and =, character. Generally, when these
Mn,(CO), configurations have more than one a, and more than
two b, M-M MO’s occupied, the extra a, and b, M—M MO’s have
#*;, and o* character, respectively. Thus, bent semibridging and
symmetrically bridging conformations are characterized by con-
figurations with a low bond order. The appearance of linear
semibridging signifies strong metal-to-metal bonding.

In the previous work of Hall et al.’® and Benard et al.' on linear
semibridging carbonyls, linear semibridging was attributed to the
maximization of the interaction between an occupied in-phase
combination of metal d orbitals and one lobe of the carbonyl 2
orbital. Although orbital interactions like those previously de-
scribed®1° exist here, they are not the primary origin of the ob-
served structure. In many cases, these interactions may be a
response to the linear semibridging structure forced upon the
system by steric considerations. Thus, in this electronic interaction
the system is attempting to minimize the repulsive interactions
by creating an in-phase orbital combination.

In real compounds, as opposed to our simple M,(CO), model,
it is much more difficult to resolve the competing effects of steric
(repulsive) and bonding (attractive) interactions. The observed

equilibrium geometry is, of course, a balance of both, and any
distortions from this structure affect both interactions. In addition,
both interactions are electronic in origin and cannot be separated
in any rigorous way. Thus, the structure of a dimer is determined
by inter- and intrafragment electronic effects (both steric and
bonding) and one cannot predict from our model alone how a
change in a non-bridging ligand or a change in the metal might
modify the structure.
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Abstract: High level ab initio molecular orbital studies, using basis sets up to 6-31+G**, with electron correlation included
at the second-order Maller—Plesset perturbation (MP2) and quadratic configuration interaction with singles and doubles (QCISD)
levels, are reported for the tautomeric equilibria of formamide/formamidic acid and 2-pyridone/2-hydroxypyridine in the gas
phase and solution. The solvent effects on the tautomeric equilibria were investigated by self-consistent reaction field (SCRF)
theory. The calculated tautomerism free energy changes for 2-pyridone in the gas phase, cyclohexane, and acetonitrile are
—0.64, 0.36, and 2.32 kcal mol™, in very good agreement with the experimental values (—0.81, 0.33, and 2.96 kcal mol™!, respectively).
The introduction of a dielectric medium has little effect on the electronic structure of the enol forms. On the other hand,
significant effects on the molecular geometry, charge distributions, and vibrational frequencies are found for the more polar
keto tautomers. The calculated changes are readily understood in terms of the increasing weight of the dipolar resonance

structure.

Introduction

The 2-pyridone/2-hydroxypyridine equilibrium represents one
of the classic cases of medium-dependent tautomeric equilibrium.!
In the gas phase, the preference of the hydroxy-form has been
conclusively shown by IR, UV, mass spectrometric, and photo-
electron experiments.> In nonpolar solvents such as cyclohexane,
both tautomers exist in comparable amounts.®> However, in
solvents of high dielectric constant® and in the solid state,* the
tautomeric equilibrium is shifted in favor of the more polar
oxo-form. The dependence of such an equilibrium constant on
solvent polarity has been reported previously by Frank and Ka-
tritzky*® and by Kuzuya et al.>® The theoretical prediction of the
tautomerism energy of 2-pyridone has been the subject of intense

*Yale University.
*Lorentzian Inc.

interest in the past decade.!®> Most ab initio calculations to date
have focused on the relative stability of the two tautomeric forms
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in the gas phase. Only, two studies>S have attempted to examine
the tautomeric equilibrium in a polar medium.
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Recently, Onsager’s reaction field model,” in the context of ab
initio molecular orbital (MO) theory, has been shown to be a useful
tool to study solvent-solute interaction.®® Energy calculations
including electron correlation using methods such as MP2 and
QCISD? as well as analytical gradients'® and second derivatives'®
for geometry optimizations and frequency calculations are now
available. We have applied this solvation model to study several
problems related to macroscopic (nonspecific) solvent effects and
found that this method reproduced successfully the solvent effects
on conformational equilibria and infrared absorption spectra.’!2
In this paper, we use the ab initio reaction field theory to study
the tautomeric equilibrium of 2-pyridone in a nonpolar solvent
cyclohexane and in an aprotic polar solvent acetonitrile. We
wished to see if the solvent effect on this equilibrium is reproduced
by the reaction field theory. In addition, we have re-examined
this keto—enol energy difference in the gas phase with various levels
of theory with the aim to obtain a more definitive theoretical
estimate.

We have also examined the tautomeric equilibrium of form-
amide, which represents the simplest model of keto—enol equi-
librium. Knowledge of the energetics of tautomerism in these
prototype systems in the gas and liquid phases may provide useful
information on the intrinsic stability of other complex biologically
important tautomers.

Theoretical Methods and Results

Standard ab initio molecular orbital calculations'? were per-
formed using a development version of the Gaussian 91 series of
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programs.!* Geometry optimizations for all structures were
carried out with the 6-31G™** basis set'’ at the Hartree-Fock (HF)
level with ¢ = 1.0 (corresponding to the gas phase), ¢ = 2.0
(cyclohexane), and ¢ = 35.9 (acetonitrile). Harmonic vibrational
frequencies and infrared intensities were predicted at these
equilibrium geometries. All molecules considered here were
confirmed to be planar by the vibrational frequency calculations,
which gave all real frequencies. The directly calculated zero-point
vibrational energies (ZPEs) were scaled by 0.9 to account for the
overestimation of vibrational frequencies at the HF level.!> For
the gas-phase structures, additional optimizations were performed
at the HF/6-31G* and MP2/6-31G** levels. Improved relative
energies were obtained through second-order Mgller—Plesset
(MP2)'¢ and quadratic configuration interaction with singles and
doubles (QCISD)"’ calculations with the larger 6-31+G** basis
set based on the HF/6-31G** optimized geometries. The use of
basis sets which include diffuse sp functions of heavy atoms has
been shown to be particularly important for “solution” calculations
of dipolar species.”!! To investigate further the effect of basis
set and electron correlation on the tautomerism energies in the
gas phase, we have also performed single-point energy calculations
at the HF level with 6-31G*, 6-31G**, 6-31+G**, and 6-311G**
basis sets,'> and MP3 and MP4SDQ calculations!® with the 6-
31+G** basis set.

The effect of solute—solvent interaction was taken into account
via the self-consistent reaction field (SCRF) method.® This
method is based on Onsager’s reaction field theory’ of electrostatic
solvation. In the reaction field model, the solvent is considered
as a uniform dielectric, characterized by a given dielectric constant
e. The solute is assumed to occupy a spherical cavity of radius
ay in the medium, The permanent dipole of the solute will induce
a dipole (reaction field) in the surrounding medium, which in turn
will interact with the molecular dipole to lead to stabilization. In
the SCRF MO formalism, the solute—solvent interaction is treated
as a perturbation of the Hamiltonian of the isolated molecule. The
reaction field is updated iteratively until a self-consistency is
achieved for the intramolecular electric field (cf. ref 9). The
solvation energy calculated by the SCRF method corresponds to
the electrostatic contribution to the free energy of solvation. In
the present work, the cavity radii of the formamide/formamidic
acid system (g, = 3.15 A) and the 2-pyridone/2-hydroxypyridine
system (a, = 3.80 A) were calculated by a quantum mechanical
approach.!? This involves computing the 0.001 au electron density
envelop (based on HF/6-31G** wave function) and scaling by
1.33 to obtain an estimate of molecular volume. To account for
the nearest approach of solvent molecules 0.5 A was added to the
final a, value. In the case of formamide, this method has been
shown to provide a better estimate of a, than the approach based
on experimental molar volume.!® Geometry optimizations and
vibrational frequencies in the liquid phase were obtained using
the recently developed analytical method of evaluating first and
second derivatives of HF energy in the presence of a reaction
field.!® The cavity radius was fixed during these optimizations.

We have investigated the possibility of using an NMR spec-
troscopic method to study the tautomeric equilibrium of 2-pyridone
in the gas phase. The chemical shifts of both oxo- and hy-
droxy-forms were calculated by the method of Kutzelnigg and
Schindler (IGLO)'® using the MP2/6-31G** optimized geome-
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Table I. Optimized Geometries for Formamide and Formamidic Acid

gas phase solution®®
HF/6-31G* HF/6-31G** MP2/6-31G** expt® e=20 €= 359
Formamide
r(C-N) 1.349 1.348 1.360 1.360 -0.004 -0.010
r(C-0) 1.193 1.193 1.223 1.219 0.003 0.008
r(C-H)) 1.091 1.092 1.100 1.098 0.000 =0.001
r(N-H,) 0.996 0.994 1.005 1.002 0.000 0.000
r(N-H,) 0.993 0.991 1.002 1.002 0.001 0.002
ZNCO 124,95 124.89 124.79 124.5 0.19 0.54
ZH,CO 112.66 112.75 112,13 112.7 -0.01 -0.09
ZH,CN 119.33 119.14 118.82 118.8 0.19 0.62
ZH;CN 121.79 121.64 121.68 121.4 -0.05 -0.04
Formamidic Acid

+(C-N) 1.246 1.246 1.273 0.000 0.000
r(C-0) 1.329 1.328 1.349 0.000 0.001
r(C-H,) 1.079 1.081 1.087 0.000 -0.001
r(N-H,) 1.002 1.001 1.016 0.000 0.000
r(O-H;) 0.953 0.948 0971 0.000 0.000
£OCN 122.53 122.56 121.66 -0.13 -0.28
(HCN 12685 126.73 128.10 0.06 0.14
£H,NC 111.74 111.70 110.00 -0.07 -0.09
¢H,0C 108.10 108.29 105.37 -0.11 -0.35

¢SCRF calculations (@, = 3.15 A). ?Change from the gas phase to solution (HF/6-31G**). “Taken from ref 21.

Bpyridone
"W KPS I I
2-hydroxypyridine
b
o 1000 2000 3000 4000
formammide
formamide formamidic acid
| I | l Figure 2. Charge density difference plots for 2-pyridone, 2-hydroxy-
al N l pyridine, formamide, and formamidic acid in going from the gas phase
formemidic acid to a polar medium (using the same gas-phase geometry). The oxygen
atom is shown to the right and the nitrogen atom to the left. The contour
level is 1 X 107* ¢/B*. The full lines indicate electron density increases
and dotted lines indicate decreases.
31+G** calculations based on the HF/6-31G** optimized ge-
| l ometries. In addition, we have calculated covalent bond orders
i L I . i T based on a scheme proposed by Cioslowski and Mixon.2 The
0 1000 2000 3000 4000

analysis of the wave functions was carried out with PROAIM
program.? The bond orders were calculated using BONDER.2

The results of the geometry optimizations are summarized in
Tables I and II. The total energies and relative energies in the

Figure 1. Computed IR spectra of 2-pyridone, 2-hydroxypyridine, form-
amide, and formamidic acid.

tries. The charge distributions in the gas phase and solution were
examined using Bader’s theory of atoms in molecules.'” The
electron populations were derived by numerical integration of the
charge densities, using the boundary conditions derived by Bader’s
theory.'® The charge densities were obtained from the HF/6-

gas phase are given in Table III. Computed NMR chemical shifts
for 2-pyridone and 2-hydroxypyridine are given in Table IV.
Calculated entropies, enthalpies, zero-point energies, free energies,
dipole moments, and thermal corrections are summarized in Tables
V and V1. Vibrational frequencies and infrared intensities of

(19) (a) Bader, R. F. W. Acc. Chem. Res. 1985, 9, 18. (b) Bader, R. F.
W. Atoms in Molecules. A Quantum Theory; Oxford University Press: New
York, 1990.

(20) Cioslowski, J.; Mixon, S. T. J. Am. Chem. Soc. 1991, 113, 4142.
(21) Biegler-Konig, F. W.; Bader, R. F. W.; Tang, T.-H. J. Compur.
Chem. 1982, 3, 317.
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Table II. Optimized Geometries for 2-Pyridone and 2-Hydroxypyridine

Wong et al.

gas phase solid solutions®*
HF/6-31G* HF/6-31G** MP2/6-31G** expt’ e=2.0 e =359
2-Pyridone
r(N-C,) 1.383 1.382 1.404 1.401 -0.002 -0.005
r(C-Cy) 1.457 1.457 1.449 1.444 -0.002 -0.005
7(Cy~Cy) 1.343 1.342 1.367 1.334 0.001 0.003
H(Cs-Cy) 1.438 1.438 1.422 1.421 ~0.001 -0.004
r(CCs) 1.339 1.339 1.363 1.371 0.000 0.001
7(C,-0) 1.203 1.203 1.234 1.236 0.003 0.008
r(N-H,) 0.997 0.996 1.011 0.000 0.000
7(C-H,) 1.073 1.073 1,080 0.000 0.000
7(Cs-H,) 1.076 1.076 1.082 0.000 0.000
H(Cq-H,) 1.072 1.072 1.078 0.000 0.000
7(Cs-Hy) 1.073 1.074 1.080 0.000 0.000
INC,C, 113.65 113.69 112.55 112.7 0.02 0.02
£C,C,C,4 121.15 121.12 122.05 122.3 0.01 0.02
£C,yC,C, 121.51 121.51 121.22 122.2 0.01 0.06
£C4C,Cs 117.59 117.59 118.13 116.0 -0.04 -0.12
LOC)N 120.51 120.49 120.38 121.3 0.02 0.05
£H)NC, 114,78 114.75 113,74 0.13 0.32
(H,C,C, 116.29 116.33 116.23 0.05 0.18
(H,C,C, 119.66 119.62 119.41 0.04 0.09
¢(H,.C,C, 121.41 121.44 121.73 0.04 0.10
(HCsC, 123.37 123.27 123.80 -0.01 0.01
2-Hydroxypyridine

r(N-C,) 1.307 1.308 1.331 0.000 0.000
7(C=C,) 1.396 1.396 1.399 -0.001 -0.001
r(Cy—Cy) 1.373 1.372 1.386 0.000 0.001
r(Cy—Cp) 1.395 1.395 1.398 0.000 -0.001
HCCs) 1.374 1.374 1.388 0.000 0.000
7(C,-0) 1.336 1.335 1.385 0.001 0.003
7(O~H,) 0.951 0.946 0.969 0.000 0.000
7(C-H,) 1.073 1.073 1.080 0.000 0.000
r(Cs-H;) 1.075 1.076 1.081 0.000 0.000
7(Ce-Hy) 1.073 1.073 1.080 0.000 0.000
r(Cs-Hs) 1.075 1.076 1.083 0.000 0.000
(NC,C, 124.02 123.98 124.29 0.04 0.12
£C,C,Cs 117.22 117.24 117.58 -0.02 -0.04
£C,CiCs 119.70 119.71 119.30 -0.01 -0.02
£LC4C,Cs 117.53 117.53 118.32 0.02 0.04
ZOC\N 117.74 117.75 117.38 -0.09 -0.26
(H,0C, 107.93 108.12 105.13 -0.15 -0.47
(H,C,C, 119.94 119.92 119.83 0.03 0.10
(H,C,C, 119.97 119.95 120.12 0.03 0.06
HCC, 121.59 121.64 121.31 -0.04 -0.07
HCC, 120.73 120.67 120.98 -0.02 -0.03

2SCRF calculations (a, = 3.80 A). ?Change from the gas phase to solution (HF/6-31G**). <Taken from ref 4c.

Table III. Calculated Total Energies (hartrees) and Relative Energies (AE,® kcal mol™!) in the Gas Phase

level formamide formamidic acid AFE 2-pyridone 2-hydroxypyridine AFE
HF/6-31G*//HF/6-31G* -168.93070 -168.908 01 -14.24 -321.56725 -321.56711 -0.09
HF/6-31G**//HF/6-31G* -168.94048 -168.92023 -12.70 -321.578 36 -321.58081 1.54
HF/6-31G**//HF/6-31G** -168.94049 -168.92025 -12.70 -321.578 37 -321.58084 1.55
HF/6-31+G*//HF/6-31G** -168.948 40 -168.928 00 -12.80 -321.58907 -321.59103 1.23
HF/6-311G**//HF/6-31G** -168.98222 -168.962 31 -12.49 -321.644 98 -321.646 88 1.19
MP2/6-31G**//MP2/6-31G** -169.432 58 -169.41271 -12.47 -322.601 45 -322.604 89 2.16
HF/6-31+G**//MP2/6-31G** -168.946 49 -168.92552 -13.16 -322.58578 -322.588 49 1.70
MP2/6-31+G**//MP2/6-31G** -169.448 61 -169.428 39 -12.69 -322.62079 -322.62520 2,77
MP3/6-31+G**//MP2/6-31G**? -169.443 20 -169.42627 -10.62 -322.609 89 -322.61355 2.30
MP4SDQ/6-31+G**//MP2/6-31G**? -169.45372 -169.43468 -11.95 -322.62333 -322.62335 0.01
QCISD/6-31+G**/ /MP2/6-31G**? -169.454 46 -169.43587 -11.67 -322.62518 -322.62607 0.56

¢ AE(enol-keto). ®Frozen-core approximation.

all species are summarized in Tables VII and VIII, and the
corresponding IR spectra are given in Figure 1. Finally, the
calculated electron populations are given in Table IX, and the
electron density difference plots in going from the gas phase to
a polar medium (e = 35.9) are given in Figure 2. Throughout
this paper, bond lengths are given in angstroms and bond angles
in degrees.

Geometrical Structures

Previous theoretical studies®® suggested that perhaps the use
of basis sets which include p-polarization functions on hydrogens

is important for the structure of 2-pyridone and 2-hydroxypyridine.
Here, we have carried out geometry optimizations for both tau-
tomers at both HF/6-31G* and HF/6-31G** levels. As seen in
Tables I and II, the optimized geometries are relatively unaffected
by the inclusion of p-polarization functions on hydrogen atoms.
Geometry optimizations with the inclusion of electron correlation
(MP2/6-31G**) are reported for the first time for 2-pyridone
and 2-hydroxypyridine. Significant effects appear to be associated
with the incorporation of electron correlation. The changes are,
however, systematic in that the calculated bond lengths at the MP2
level are uniformly longer than the corresponding Hartree—Fock
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Table IV. Calculated NMR Chemical Shifts (ppm) for 2-Pyridone
and 2-Hydroxypyridine®

2-hydroxy-
2-pyridone pyridine
atom o? & o & diff
O 21.3 260.4 177.3 104.4 156.0
N 74.7 173.7 -54.1 302.5 -128.8
(o) -13.4 203.8 9.0 181.4 224
C, 72.9 117.5 65.3 125.1 -1.6
C, 31.2 159.1 36.3 154.1 5.1
C, 84.9 105.5 56.4 134.0 28.5
Cs 55.9 134.5 10.4 180.0 -45.5
H, 21.1 10.1 28.8 24 7.7
H, 25.8 5.4 24.2 7.0 -1.6
H, 23.9 7.3 232 8.0 -0.7
H, 253 5.9 235 7.7 -1.8
H; 244 6.8 21.8 9.4 -2.6

“HF/DZP calculations based on MP2/6-31G** geometries.
®Values relative to the bare nucleus. ©Values relative to methane for
carbons and hydrogens, water for oxygens, and ammonia for nitrogens.

values. Geometry optimizations at the MP2 level generally provide
good agreement with experimental data,'? as can be seen in the
comparison of the structure of formamide with that from the
gas-phase experiment?? in Table I. For 2-pyridone, several bond
lengths and bond angles are known in the solid state.* The
structural parameters calculated at the MP2/6-31G** level are
also in good agreement with the experiment values (Table II).
Thus, we expect that the MP2 optimized geometries of 2-
hydroxypyridine will be reliable.

The calculated changes in structure in going from the gas phase
to solutions are given in Tables I and II. As one might have
expected, the introduction of a solvent reaction field has little effect
on the calculated geometry of formamidic acid and 2-hydroxy-
pyridine. In contrast, significant changes in molecular geometry
are predicted for the more polar keto tautomers. The calculated
C-N and C-O bond lengths of formamide and 2-pyridone are
found to be altered by 0.005-0.010 A in going from the gas phase
to a solvent of dielectric constant 35.9. These changes, lengthening
of C-O bonds and shortening of C~N bonds, correspond to a small
increase in the weight of the dipolar resonance structure. The
importance of the dipolar resonance structure in solution is further
supported by the calculation of covalent bond orders. For instance,
the C-O bond order decreases from 1.13 to 1.08 and the C-N
bond order increases from 0.89 to 0.94 in going from the gas phase
to a polar medium.

Tautomeric Energies

The relative stability of 2-pyridone and 2-hydroxypyridine in
the gas phase has been the subject of numerous ab initio studies.!®
A large variation of the tautomerism energy, ~3.5 to +2.1 kcal
mol™!, has been reported using various levels of ab initio theory.’
Here, we attempt to establish a more definitive theoretical estimate
of the relative energy by considering the effect of basis set and
electron correlation in greater detail. The calculated tautomer-
ization energy of 2-pyridone in the gas phase using various the-
oretical levels of theory is summarized in Table III. Consistent
with previous findings,**° inclusion of p-polarization functions on
hydrogen has a significant effect on the relative energy (by 1.6
kcal mol™!). On the other hand, the effects of including diffuse
sp functions on heavy atoms and expanding the basis set from
double-{ to triple-{ are small. As mentioned in the previous
section, p-polarization functions on hydrogen have a small effect
on the molecular geometry. Therefore, the use of 6-31G* and
6-31G** geometries gives essentially the same results. The same
trends of basis set effects are found with the tautomerism energy
of formamide (Table III). Different levels of electron correlation,
using the 6-31+G** basis set, are found to have different effects
on the tautomerization energy of 2-pyridone. MP2 and MP3 levels
increase the relative energy, whereas higher treatments of electron

(22) Brown, R. D.; Godfrey, P. D; Kleibomer, B. J. J. Mol. Struct. 1987,
124, 34.
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correlation at MP4SDQ and QCISD levels reduce the relative
energy. At the QCISD/6-31G**//MP2/6-31G** level, 2-
hydroxypyridine is more stable than 2-pyridone by 0.6 kcal mol™.
Zero-point energy (ZPE) corrections at the HF/6-31G** level
favor the hydroxy-form by 0.2 kcal mol™ (Table VI), in good
accord with the experimental estimate by Beak (0.1 kcal mol™).%
However, this calculated AZPE value is considerably less than
those reported previously (0.7-1.2 kcal mol™).5 Thus, our final
best estimate of the tautomerism energy of 2-pyridone is 0.8 kcal
mol™, in good agreement with the experimental value (0.3 kcal
mol1).2% For formamide, our best estimate of tautomerization
energy at the QCISD/6-31+G**//MP2/6-31G** + ZPE level
is 12.5 kecal mol™, in close agreement with the experimental
estimate, 11 + 4 kcal mol™.%f

Although the tautomeric equilibrium of 2-pyridone in the gas
phase has been studied by various spectroscopic techniques, no
NMR spectroscopic study has yet been reported. To investigate
the possibility of using this experimental technique to study the
tautomeric equilibrium, we have calculated the chemical shifts
of 2-pyridone and 2-hydroxypyridine using the IGLO method.!®
The calculations were based on the MP2/6-31G** optimized
geometries and the results are summarized in Table IV. The
observed proton NMR shifts in DMSO (10.1, 6.4, 7.5, 6.2, and
7.4 ppm for H,, H,, H;, H,, and Hj;, respectively)?? are well
reproduced by the calculated values of 2-pyridone (10.1, 5.4, 7.3,
5.9, and 6.8, respectively). Large differences in chemical shifts
are predicted for O, N, C,, C,, and H; of the 2-pyridone/2-
hydroxypyridine system. Thus, the NMR spectrum (e.g. '*C of
C,) at low temperatures should be well resolved and clearly in-
dicate the presence of the two tautomers, and it should be possible
to determine the equilibrium constant from the change in chemical
shifts with temperature.

As seen in Tables V and VI, the calculated dipole moments (at
the MP2/6-31+G** level) of the keto tautomers are larger than
the corresponding enol forms, by almost 3 D. Thus, one would
expect a differential solvent stabilization in solution. For instance,
in a nonpolar solvent of ¢ = 2.0, 2-pyridone is computed to have
larger stabilization energy (1.2 kcal mol™') than 2-hydroxypyridine
(0.2 kcal mol™!). This differential solvent stabilization effect is
even more pronounced in a polar medium of ¢ = 35.9. Thus, a
reversal of stability is predicted for the 2-pyridone/2-hydroxy-
pyridine system in a polar medium. These results are consistent
with experimental observations of 2-pyridone is condensed
phases.>* As with 2-pyridone, formamide is preferentially sta-
bilized in solution. One important observation that comes from
the AE calculations of the formamide/formamidic acid system
at different levels of theory is that the difference between QCISD
and MP2 values is almost unchanged in going from the gas phase
to solutions. The QCISD-MP2 corrections of AE for formamide
are 0.86, 0.87, and 0.88 kcal mol™!, for ¢ = 1.0, 2.0, and 35.9,
respectively. Similar results have also been obtained for the energy
difference between the keto and enol forms of acetaldehyde.?*
Thus, for the 2-pyridone/2-hydroxypyridine system, we have
employed the QCISD-MP2 correction in the gas phase to estimate
the “solution” AE values at the QCISD level. The tautomeric
equilibrium constants of 2-pyridone in solvents of different polarity
have been determined by UV spectroscopic experiments, and -log
K7 values of 0.24 and 2.17 were measured for the tautomeric
equilibrium in cyclohexane and acetonitrile.’® These values
correspond to free energies (AG) of 0.33 and 2.96 kcal mol!,
respectively, calculated from the expression AG = -RT In K. As
with gas-phase free energy, the prediction of AG in solution re-
quires correctsion for internal energy and entropy.!® A correction
term for solute concentration is required to calculate the total
entropy in solution. However, this term should be essentially the
same for two tautomers and has negligible effect in the highly
dilute solution in which this equilibrium was observed. The details
of the computation of AG in the gas and liquid phases are sum-

(23) Nuclear Magnetic Resonance Spectra. The Standard Sadlter
Spectra; Sadtler Research Laboratories: Philadelphia, 1990.
(24) Wong, M. W_; Wiberg, K. B.; Frisch, M. J. Unpublished results.
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Table V. Calculated Energies® and Dipole Moments (1) of Formamide and Formamidic Acid in the Gas Phase and Solutions (Cyclohexane and

Acetonitrile)
formamide formamidic acid
e=10 e=20 e= 359 e=1.0 e=2.0 e =359
Absolute Value
E(HF/6-31G**) -168.980 49 -168.943 10 -168.947 35 -168.92025 -168.92047 -168.92081
E(HF/6-31+G**) -168.948 40 -168.951 30 -168.956 13 -168.928 00 -168.928 27 -168.928 70
E(MP2/6-31+G**) -169.446 17 -169.448 83 -169.45332 -169.42601 -169.426 25 -169.426 65
E(QCISD/6-31+G**) -169.463 86 -169.466 51 -169.47101 -169.44507 -169.44531 -169.44573
ZPE 30.79 30.89 31.00 31.55 31.52 31.47
H-H, 2.34 227 2.20 2.02 2.02 2.03
AN 61.52 60.97 60.48 59.51 59.53 59.57
ud 3.90 4.20 4.72 1.18 1.24 1.34
Relative Value
AE(HF/6-31G**) 12.70 14.20 16.65
AE(HF/6-31+G**) 12.80 14,45 17.21
AE(MP2/6-31+G**) 12.65 14.17 16.74
AE(QCISD/6-31+G**) 11.79 13.30 15.86
A(ZPE)* 0.69 0.573 0.42
AE + A(ZPE)* 12.48 13.87 16.28
A(H - Hy) -0.32 -0.25 -0.17
AH 12.16 13.62 16.11
-TAS 0.60 0.43 0.27
AG 12.76 14.05 16.38

Based on HF/6-31G** geometries; at room temperature (298 K). ®E in hartrees; ZPE, H - Hy, AE, AH, -TAS, and AG in kcal mol™; and §
in cal mol™! K. <The solution entropies were calculated using the gas phase translational partition coefficient. The change in S on going from the
gas phase to solution should be essentially the same for the tautomers. The solute concentration term was not included. ?MP2/6-31+G** values;
in D. “Scaled by 0.9. /Based on AE calculated at the QCISD/6-314+G** level.

Table VI. Calculated Energies®® and Dipole Moments (i) of 2-Pyridone and 2-Hydroxypyridine in the Gas Phase and Solutions (Cyclohexane

and Acetonitrile)

2-pyridone 2-hydroxypyridine
e=1.0 e=20 e= 359 e=1.0 e=20 e =359
Absolute Value
E(HF/6-31G**) -321.578 37 -321.58030 -321.58373 -321.580 84 -321.58103 -321.58136
E(HF/6-31+G**) -321.58907 -321.59122 -321.59514 -321.59103 -321.59125 -321.59164
EMP2/6-31+G**) -322.62079 -322.62268 -322.626 34 -322.62520 -322.62545 -322.62590
ZPE 63.32 63.33 63.33 63.13 63.11 63.08
H - H, 3.10 3.09 3.08 3.06 3.06 3.06
S 72.83 72.78 72.69 72.38 72.39 72.42
ud 4.20 4.68 5.57 1.46 1.61 1.90
Relative Value
AE(HF/6-31G**) -1.55 -0.46 1.49
AE(HF/6-31+G**) -1.23 -0.02 2.20
AE(MP2/6-31+G**) -2.77 -1.74 0.28
AE(QCISD/6-31+G**)* -0.56 0.47 2.49
A(ZPEY -0.17 -0.20 -0.23
AE?® + A(ZPEY -0.73 0.27 2.26
A(H - Hy) -0.04 -0.03 -0.02
AH; -0.77 0.24 2.24
-TAS 0.13 0.12 0.08
AGE -0.64 0.36 2.32

?Based on HF/6-31G** geometries; at room temperature (298 K). b E in hartrees; ZPE, H - H,, AE, AH, -TAS, and AG in kecal mol™; and §
in cal mol™! K*!. “The solution entropies were calculated using the gas phase translational partition coefficient. The change in S on going from the
gas phase to solution should be essentially the same for the tautomers. The solute concentration term was not included. “MP2/6-31+G** values.
¢QCISD - MP2 corrections (2.21 kcal mol™!) were estimated from the gas-phase calculations (see text). /Scaled by 0.9. ¢Based on AE calculated

at the QCISD/6-31+G** level.

marized in Tables V and VI. The enthalpy of the tautomerization
reaction, AH, was obtained by adding the zero-point energy
correction, A(ZPE), and the thermal correction, A(H - H,) to
AE, and the final AG value was computed from the equation AG
= AH - TAS, where AS is the entropy change. Our theoretical
estimates of tautomerization free energy for 2-pyridone with e =
1.0, 2.0, and 35.9 are —-0.64, 0.36, and 2.32 kcal mol™, in very
good agreement with the experimental estimates (-0.81, 0.33, and
2.96 kcal mol™!, respectively).?>32 Thus, the dependence of the
tautomeric equilibrium of 2-pyridone on solvent polarity is
well-reproduced by the ab initio SCRF calculations. These results
provide another example of the usefulness of the reaction field
theory in providing both qualitative and quantitative understanding
of the solvent effects on chemical equilibrium.,

Finally, it is important to note that the solvation free energy
calculated at the QCISD level is also satisfactorily reproduced

by HF and MP2 calculations. For instance, the calculated sol-
vation free energies for formamide in acetonitrile solution (e =
35.9) are 4.85 and 4.49 kcal mol™ for HF and MP2 levels, re-
spectively, and compare well to our best estimate of 4.49 kcal mol™
at the QCISD level. However, a more accurate treatment of
electron correlation (QCISD) is important for the computation
of absolute free energy in solution.

Vibrational Frequencies and Infrared Spectra

The gas-phase infrared spectra of 2-pyridone and 2-hydroxy-
pyridine have been examined recently by Moreno and Miller using
a similar level of theory (HF/DZP(d,p)).** As suggested by these
authors, the N—H (»,) and C==0 (v,) stretching frequencies of
2-pyridone as well as the O-H (»,) stretching frequency of 2-
hydroxypyridine can be used to differentiate between the two
tautomeric forms. This is clearly shown in the computed spectra
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Table VII. Calculated Vibrational Frequencies® (cm™!) and Infrared Intensities (km mol™) of Formamide and Formamidic Acid®
formamide
frequency formamidic acid
e=1 intensity frequency intensity
cale expt’! e=2° €=36° e=1 e=27 =367 e=1 =2 =36 e=1 e=29 =367
A’ ¥ 3632 3545 -6 -16 65 15 39 3775 1 4 91 3 6
vy 3500 3451 -4 -10 58 13 44 3454 0 -2 8 1 5
vy 2893 2852 4 11 101 4 8 3015 3 8 38 0 -1
N 1758 1734 -16 -43 510 68 186 1692 -5 -14 355 3 85
Vs 1560 1572 2 4 89 9 24 1366 -1 -2 47 5 13
Vg 1370 1378 1 1 11 5 18 1308 -1 -1 6 1 1
vy 1208 1255 5 13 152 12 32 1151 -2 -6 137 7 15
vg 1016 1030 5 10 8 -2 -5 1032 -3 -10 198 31 89
I 543 565 1 2 17 3 9 565 -2 -5 57 8 20
A" oy 1040 1059 4 8 2 0 0 1049 1 1 3 0 0
m 588 602 7 16 35 -4 -11 803 1 2 33 0 0
¥z 174 289 59 136 312 18 44 565 -10 -25 241 10 24

“Scaled by 0.91 if over 2000 cm™* and 0.88 if under 2000 cm™. Calculated at the HF/6-31G** level. °Frequency shift from the gas phase to
solution. “Intensity change from the gas phase to solution. *Taken from ref 25.

Table VIII. Calculated Vibrational Frequencies® (cm™) and Infrared Intensities (km mol™) of 2-Pyridone and 2-Hydroxypyridine®

2-pyridone 2-hydroxypyridine
frequency intensity frequency intensity
e=1 e=2 =36 e=1 e=29 e=2367 e=1 e=2 =365 e=1 e=2¢ =367
A’ » 3525 0 2 88 11 30 3780 0 1 130 16 40
v, 3099 3 7 8 -2 -6 3092 -1 -1 2 0 1
V3 3091 -1 -4 5 2 1 3082 0 2 19 1 3
vy 3078 4 8 2 -1 9 3054 1 3 24 0 0
Vs 3050 1 3 14 1 1 3048 1 2 10 4 10
Vg 1721 -15 -41 830 164 449 1600 0 -1 131 11 30
¥y 1622 -2 -8 60 16 80 1581 -1 -2 164 24 64
vg 1537 -2 -6 99 21 64 1461 -2 -5 174 22 56
vy 1427 -2 -5 7 0 1 1427 -1 -2 56 15 48
V10 1390 0 0 13 2 9 1302 1 1 24 3 9
» 1333 -1 -3 3 2 10 1280 -2 -6 73 14 41
12 1200 0 -1 9 -1 -3 1183 -1 -2 88 14 36
13 1163 0 1 29 6 18 1147 -1 -2 100 24 72
14 1111 1 3 21 5 18 1064 -1 -2 12 1 1
vs 1052 0 -1 25 4 12 1048 0 -1 65 17 52
Vg 949 0 -1 17 4 8 1003 0 1 4 1 3
vy7 941 2 5 4 1 7 954 0 1 14 2 6
ig 778 2 5 12 0 0 817 -1 -2 10 3 9
19 583 1 3 0 0 0 605 0 0 3 1 3
30 519 0 0 11 3 11 538 0 0 1 0 0
¥3 436 0 0 9 2 5 402 0 -2 19 3 10
A" vy 998 1 4 0 0 0 990 1 3 0 0 0
V33 952 4 11 0 0 0 973 1 2 0 0 0
Va4 830 -1 -2 38 -3 -9 852 1 2 7 -1 -2
Vs 753 3 8 103 8 20 769 0 -1 88 4 10
V26 714 2 6 1 -1 -1 734 0 0 0 0 0
¥y 641 2 4 58 7 17 527 0 -1 8 0 -1
Vyg 470 1 2 51 3 7 452 -5 -14 145 8 20
Va9 363 1 4 3 -1 -1 407 0 0 0 1 2
39 168 3 9 2 0 0 217 0 0 1 0 1

Scaled by 0.91 if over 2000 cm™* and 0.88 if under 2000 cm™. ®Calculated at the HF/6-31G** level. ©Frequency shift from the gas phase to

solution. “Intensity change from the gas phase to solution.

in Figure 1. Relatively large infrared intensities are predicted
for these absorption bands for experimental estimate of the
oxo/hydroxy concentration ratio. For formamide, the gas-phase
spectrum has been studied previously.? Our scaled calculated
spectrum is in good agreement with the observed spectrum
(root-mean-square error = 38 cm™).

As with other carbonyl compounds, large frequency shifts upon
solvation are calculated for the carbonyl stretching vibrations of
formamide and 2-pyridone. In both cases, a red shift of about
40 cm™! is predicted in going from the vapor phase to acetonitrile
solution. These results are in good accord with the large carbonyl
frequency shifts observed for formamide!® and N-methyl-2-
pyridone.?® For the case of formamide, significant frequency shifts

(25) (a) Evans, J. C. J. Chem. Phys. 1954, 22, 1228. (b) King, S. T. J.
Phys. Chem. 1971, 75, 405.

are also calculated for »;, »;, and », vibrational modes. In
particular, a sizable shift of 136 cm™ is predicted for the lowest
vibrational mode (v,,). Smaller changes in vibrational frequencies
in going from vacuo to solution are computed for the less polar
enol compounds, formamidic acid and 2-hydroxypyridine. The
infrared intensities of most absorption bands are calculated to
become more intense in going from the gas phase to cyclohexane
to acetonitrile.

Charge Distributions

The charge distributions of dipolar compounds are often altered
significantly in the presence of a solvent reaction field.>"! We
have examined the charge distributions of all tautomers in both
the gas phase and in a polar medium using Bader’s theory of atoms

(26) Bellamy, J. L.; Rogash, P. E. Spectrochim. Acta 1960, 16, 30.
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Table IX. Calculated Electron Populations®

formamide formamidic acid
atom e=10 e=359 A e=10 e=359 A
C 4.037 4.040 0.003 4.214 4217 0.003
N 8.490 8.494 0.004 8.525 8.528 0.003
0 9.395 9.406 0.011 9.334 9.332 -0.002
H, 1.023 1.019 -0.004 0.988 0.982 —0.006
H, 0.520 0.519 -0.001 0.601 0.599 -0.002

H; 0.535 0.523 -0.012 0.340 0.342 0.002

total 24.000 24.001 24.002  24.000
2-pyridone 2-hydroxypyridine
atom e¢=10 e=359 A e=10 =359 A
C, 4.237 4.258 0.021 4.558 4.575 0.017
C, 5.950 5.959 0.009 5911 5910 -0.001
C, 5.974 5968 -0.006 5.963 5.961 —0.002
C, 5.871 5851 -0.020 5952 5.947 -0.005

C;s 5.433 5.450 0.017  5.233 5.239 0.006

N 8.600 8.601 0.001  8.654 8.658 0.004
0 9.414 9.437 0.023  9.335 9.334  —0.001
H, 0.514 0.518 0.004 0339 0.343 0.004

H, 0.992 1.017 0.025  1.001 1.003 0.002

H, 1.012 0999 -0.013 1016 1.007 -0.009
H, 1.017 0982 -0.035 1.027 1.016 -0.011
H; 0.990 0966 -0.024 1.013 1.011  -0.002

total 50.004  50.006 50.002  50.004

“HF/6-31+G**//HF/6-31G** wavefunctions.

in molecules.”® As expected, the charge distributions of formamide
enol and 2-hydroxypyridine are found to be slightly influenced
by a dielectric medium. However, a larger degree of charge
separation is predicted for the more polar keto compounds, for-
mamide and 2-pyridone. This difference in reaction field effect
on charge distributions is in accord with the changes in dipole
moments, molecular geometry, and vibrational frequencies in going
from the gas-phase to solution. However, the charge distribution
in solution is more delocalized than one would have expected from
the dipolar resonance picture. For the keto compounds, the
electron populations at the carbonyl oxygens increase in going from
vacuo to a polar volume medium, by 0.11 and 0.23 e for formamide
and 2-pyridone, respectively (Table IX). Consistent with previous
observations for other carbonyl compounds,?” the change in charge

at oxygen does not come from the carbon, but instead comes from
the hydrogens. In fact, an increase in electron population is
predicted for the carbonyl carbon. It is interesting to note that
the electron populations of C4 and C; of 2-pyridone are also
perturbed by the reaction field. The changes in electron density
in the presence of a solvent reaction field for formamide and
2-pyridone are shown pictorially in Figure 2. It can be seen that
the electron density is transferred from the hydrogens to the
carbonyl moiety, which leads to a larger degree of charge sepa-
ration. The SCRF wave functions were obtained using the un-
relaxed (gas-phase) geometries in order to make a direct com-
parison of the effects of solvation.

Conclusions

Several important points emerge from this study:

(1) Geometry optimizations at the correlated level (MP2/6-
31G**) are reported for the first time for 2-hydroxypyridine and
2-pyridone. NMR spectroscopy is predicted to offer another
means of studying the tautomerization of 2-pyridone in the gas
phase.

(2) The solvent effects on the tautomeric equilibrium of 2-
pyridone are readily reproduced by ab initio reaction field theory.
The calculated tautomerism free energies in the gas phase, cy-
clohexane, and acetonitrile are in very good agreement with the
experimental estimates.

(3) High-level treatment of electron correlation, such as QCISD,
is essential for a reliable estimate of the tautomerism energy of
2-pyridone in both the gas phase and solution, However, SCRF
calculations at the HF and MP2 levels can provide reasonable
estimates of solvation free energy.

(4) The calculated changes in geometry, charge distributions,
and infrared spectra of the keto tautomers in going from the gas
phase to solution are in accord with the increasing weight of the
dipolar resonance structure.
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Abstract: The bond critical point model is used to calculate the electronegativities of over 100 groups from ab initio wave
functions. The data show that the electronegativity of a group is largely determined by the connecting atom: atoms that are
one bond or more removed have very little effect on the electronegativity of a group. The small effect of atoms one bond or
more removed, however, is consistent with qualitative predictions: the higher the electronegativity of B for a given A, the
greater the electronegativity of group ~AB. Two other trends of note are, firstly, that increasing unsaturation in the vicinal
bond increases electronegativity and, secondly, that protonation increases electronegativity of a group while deprotonation

decreases it.

Few chemical concepts are as enduring and as widely used as
that of electronegativity, “the power of an atom in a molecule to
attract electrons to itself”.! The popularity of the concept is due
to its simplicity and to the availability of numerical values for most

¥ Dalhousie University.
*Mount Saint Vincent University.
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of the elements. In general, numerical scales indicate that elec-
tronegativity increases from left to right within a given row of
the periodic table and decreases from top to bottom. Numerous
correlations between atomic electronegativities and a variety of

(1) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University: Ithaca, NY, 1960, and references therein.
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