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Aqueous Solution: a Test of Molecular Dynamics and Continuum Models of 
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The keto-enol tautomerism of 3- and 5-hydroxyisoxazole in the gas phase and in aqueous solution 
has been investigated by a range of theoretical methods. In the gas phase, ab initio studies using 
basis sets with polarisation functions, and the inclusion of electron correlation at the MP4 level, 
predict that the hydroxy form of 3-hydroxyisoxazole, and the 4H-oxo form of 5-hydroxyisoxazole 
are the only forms that will be observed. Free energies of hydration, predicted by free energy 
perturbation studies using molecular dynamics, and by the polarisable continuum model due to 
Tomasi et a/. yield consistent results which differ from those predicted by the self-consistent 
reaction field (SCRF) model. All methods studied here predict that the enol form of 3-hydroxyisox- 
azole is dominant in aqueous solution, in agreement with experiment, whilst it is only the SCRF 
model that correctly predicts that the 2H-ox0 form of 5-hydroxyisoxazole is observed in aqueous 
solution. 

The tautomeric equilibria of heterocycles continue to be 
investigated by a variety of theoretical methods ranging from 
semiempirical molecular orbital (MO) methods to more 
sophisticated calculations which include electron ~orrelation.~ 
A major problem in judging the accuracy of these calculations is 
the sparsity of gas phase data which are available, so that 
estimates of solvent effects are needed to compare theoretical 
predictions with experimental data which are often obtained in 
aqueous solution. Here too there are a number of theoretical 
methods available to estimate solvent-solute interactions, rang- 
ing from quite simple reaction field models to computationally 
demanding simulation studies. 

The combination of high-level ab initio calculations of the 
isolated tautomers together with estimates of differential solv- 
ation effects by the free energy perturbation (FEP) method has 
led to excellent correlation with experiment for a number of 
 system^.^'^ However, a self-consistent reaction field (SCRF) 
method implemented within the AM 1 semiempirical MO 
scheme8 has also been found to be successful in predicting 
tautomer preferences in aqueous solution for a wide range of 
heterocycles . 3*9 

Among the remaining problems in heteroaromatic tauto- 
merism, those that involve compounds having contiguous 
heteroatoms are probably the most challenging. The case of 
1,2,3- and 1,2,4-triazole has been studied both as the isolated 
molecule and in aqueous solution with essentially quantitative 
agreement between theory and experiment. It is of interest to 
examine the situation in the 0x0-heterocycles of this type, since 
they are almost the only class for which the 0x0-tautomer 
cannot be presumed to be dominant. They thus provide a 
sensitive test of predictive methods. In this paper we study 
theoretically two such heterocycles. The first, 3-hydroxyisox- 
azole, can be written as the hydroxy (1, la) and 0x0 forms (2). 
The two hydroxy forms written differ in the orientation of the 
hydroxy group. This species is known to exist in solution as the 
hydroxy form." However, for 5-hydroxyisoxazole, it is the 2H- 
0x0 form (5) that exists in aqueous solution rather than the 

t Present address: Glaxo Group Research, Greenford Road, Greenford, 
Middlesex UB6 OHE. 

3 3a 4 

4H-ox0 form (4) or the hydroxy form (3, 3a).2 It is the purpose 
of the present work to study the effects that are responsible for 
the observed tautomer preferences, and to construct a model for 
the prediction of tautomer preferences. We note that for the 
species investigated herein no quantitative data on tautomer 
ratios are available to provide a more stringent test of the 
predictive value of the theory. We now describe the comput- 
ational methods employed which involve both free molecule 
calculations and the modelling of solvent effects, and the results 
obtained from these methods. 

Computational Met hods 
Free Molecule Calculations.-The case of the 2-hydroxypy- 

ridine-2-pyridone equilibrium is well-studied, since gas phase 
data are available. It has been found that geometry optimisation 
using at least a double-zeta basis, followed by energy 
calculations using a large basis with polarisation functions and 
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including electron correlation, are needed to obtain tautomer 
energy differences accurate to ca. 1 kcal mol-’.” Such a 
computational procedure has also been found to be effective in 
the study of tautomerism in the pyrimidine bases. Thus, the 
species studied here were optimised at the 3-21G level and 
characterised as minima by calculations of their harmonic 
frequencies. Subsequently, energy evaluations were carried out 
using a 6-31G** basis ’ with electron correlation included 
using Merller-Plesset theory l 4  both at second order (MP2) and 
fourth order (M P4). These calculations were carried out using 
the programs GAMESS and GAUSSIAN88.l6 

Modelling of Solvent-Solute Interactions.-Both continuum 
models, and those that include explicit solvent-solute inter- 
actions were studied. The SCRF method allows the incorpor- 
ation of Onsager’s reaction field model into molecular orbital 
calculations, to allow for the consideration of non-specific 
solvent-solution interactions in terms of the solute dipole 
moment and the relative permittivity ( E )  of the solvent. The 
formalism described by Tapia and Goscinski has been imple- 
mented ’ in the semiempirical M O  package, MOPAC. We have 
implemented this method in the ab initio package GAMESS. 
These SCRF calculations were carried out at the SCF level, 
using a 6-31G** basis, at the optimised gas phase geometry 
obtained by an SCF calculation using a 3-21G basis. In view of 
the approximate nature of this calculation, we assume that the 
corrections due to electron correlation are the same as those 
calculated for the isolated molecules. The total solvent-solute 
interaction obtained from the SCRF model arises from the 
interaction in the absence of solute polarisation together with 
the increased interaction resulting from solute polarisation. 

A more realistic shape for the solvent cavity and a more 
accurate representation of the solute charge distribution are 
incorporated in a polarisable continuum model (PCM) devel- 
oped by Tomasi and coworkers.” This method involves the 
generation of a cavity from spheres centred at each atom in the 
molecule and the calculation of virtual charges on the cavity 
surface to represent the polarisation of the solvent. The magni- 
tude of these charges is proportional to the derivative of the 
solute electrostatic potential at each point directly calculated 
from the electronic wavefunction. The PCM treatment has also 
been implemented by us in the program GAMESS. 

The only parameters in the SCRF and PCM models, in ad- 
dition to those present in the MO treatments, are those re- 
lated to the cavity geometry. The radius of the spherical cavity 
in the SCRF model can be chosen either from simple geometric 
considerations or from the molar volume. We have chosen a 
constant value (2.5 A) for the cavity radius for the species 
studied here, using the former approach, following Karelson et 
al.’ For the PCM treatment, the individual sphere radii must 
naturally depend upon atom type, but should also vary with 
formal atomic charge, and are also expected to be basis-set 
dependent. Appropriate parameters have been developed ’ to 
allow the atomic radii to be calculated in terms of Mulliken 
charges and basis sets, and are used herein. 

The second strategy for estimating solute-solvent interaction 
energies considers such interactions explicitly using a free 
energy perturbation method ’ in molecular dynamics simula- 
tions to obtain directly the contribution of solvation (AAGSoI,) 
to the total free energy difference (ALIG,~~)  between pairs of 
tautomers. The calculations were carried out using the program 
AMBER.*’ The atomic partial charges of the species studied 
were obtained using the strategy proposed by Singh and 
Kollman.21 Following the geometry optimization at the 3-21G 
level, single-point calculations were carried out using a 6-3 1G* 
basis. This wavefunction was then used to calculate the elec- 
trostatic potential around the molecule which leads to the 
determination of the partial atomic charges. As far as other 

molecular mechanics parameters are concerned, the van der 
Waals parameters were taken from Weiner et a1.22 and the 
intramolecular parameters for the tautomers were chosen to 
obtain a good fit to the optimised 3-21G geometries. The 
molecular dynamics simulations were carried out at T = 300 K 
and 1 atm of pressure in a water bath containing 580 TIP3P 
water molecules. In the free energy perturbation method, the 
transformation between the two species involved in the equi- 
librium is carried out in a number of small steps involving the 
coupling parameter A. The molecular mechanics energy of the 
system is expressed in terms of this parameter A.23 The per- 
turbations were carried out in a series of 21 ‘windows’ where the 
values of A differed by 0.05. For each value of A, 1000 steps 
of equilibration followed by lo00 steps of data collection with a 
time step of 0.002 ps at constant pressure and temperature were 
performed using periodic boundary conditions. 

Computational Results 
3-Hydroxyisoxazole.-The results of the ab initio calcu- 

lations are presented in Tables 1 and 2. At the 3-21G level 
(3-21G//3-21G), the keto form 2 is predicted to be the most 
stable. However, all calculations using the basis containing 
polarisation functions on all atoms (6-31G**) predict the ‘anti’ 
hydroxy form 1 to be the most stable, the ordering of the ‘syn’ 
hydroxy form l a  and the keto form 2 being dependent upon 
the inclusion of correlation effects. At both the MP2 and MP4 
level, electron correlation preferentially stabilises the hydroxy 
form, so that at the highest level of theory used here [6- 
31G**(MP4)//3-21G] the relative energies are 1 < l a  < 2, 
with the keto form being 7 kcal mol-’ * higher than the most 
stable hydroxy form. The AM 1 results (Table 2) are more in line 
with the 3-21G//3-21G results, the keto form 2 being predicted 
to be most stable. The ab initio values presented in Table 2 do 
not include zero-point terms. For the three species (1, la, 2) the 
zero-point energies, calculated at  the 3-21G//3-21G level, using 
the harmonic approximation, are to within 0.2 kcal mol-’, and 
thus will not affect the conclusions of this study. 

We turn now to the prediction of the hydration energies 
obtained from the FEP method, and the SCRF and PCM 
treatments, summarised in Tables 3, 4 and 5 respectively. The 
M D  simulations predict that the solvation energies of the keto 
and ‘syn’ hydroxy forms are essentially the same, being 2 kcal 
mol-’ greater than that for the most stable gas phase tautomer 
(‘anti’ hydroxy 1). When combined with the gas phase energies 
(Table 2), the predicted ordering in water is unchanged, with 1 
and l a  being predicted to be significantly more stable than the 
keto form. This prediction is in agreement with experiment, 
where the observed tautomer in aqueous solution is the hydroxy 
form. 

We next consider the predictions of the two continuum 
models. In the SCRF model, the solvation energy is strongly 
dependent upon the dipole moment of the solute, being propor- 
tional to the square of this quantity in the absence of solute 
polarisation. This is the reason for the greater stabilisation of 
the ‘syn’ hydroxy form l a  compared with that of tautomers 1 
and 2 seen in Table 4, so that la is predicted to be the most 
stable form. The SCRF model also predicts a greater solvation 
energy for 2 than for 1, owing to its larger dipole moment (Table 
4), so that this treatment predicts the relative energies in water 
to be in the order l a  < 2 < 1. Thus, the SCRF model, like the 
M D  simulations treatment, predicts the hydroxy form to be 
observed in water, although the two methods predict a different 
conformer to be predominant. 

In Table 5, we show the solvation free energies predicted by 

* 1 cal = 4.184 J. 
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Table 1 Total energies (a.u.) of tautomers calculated by ab initio methods 
~~~ ~~ 

Tau tomer 3-21G//3-2 1G 6-3 lG**//3-21G 6-3 1 G**( MP2)//3-2 1G 6-3 lG**(MP4)//3-21G 

1 - 3 17.6574 - 3 19.4554 - 320.3951 
l a  -317.6481 - 3 19.4476 - 320.3880 
2 - 3 17.6620 - 3 19.4509 - 320.3825 
3 - 3 17.6594 - 3 19.4558 - 320.3947 
3a - 3 17.6538 - 319.4522 -320.3916 
4 - 3 17.6660 - 3 19.4674 - 320.40 1 1 
5 - 3 17.6619 - 3 19.451 1 - 320.3864 

- 320.4333 
- 320.4264 
- 320.4219 
- 320.4330 
- 320.4296 
- 320.4456 
- 320.4249 

Table 2 Relative energies (kcal mol-') of tautomers calculated by ab initio and semiempirical methods 

Taut omer 3-2 1 G//3-21G 6-3 1G**//3-21 G 6-3 lG**(MP2)//3-21G 6-3 lG**(MP4)//3-21 G  AM^ 3 

1 0 
la 5.8 
2 - 2.9 
3 4.2 
3a 7.7 
4 0 
5 2.6 

0 
4.9 
2.8 
7.3 
9.5 
0 

10.2 

0 
4.6 
7.9 
4.1 
6.0 
0 
9.3 

0 
4.3 
7.1 
8.0 

10.0 
0 

13.0 

0 

-0.1 
15.0 

0 
9.8 

- 

- 

Table 3 Free energy differences (kcal mol-') of tautomers in water 
obtained from MD simulations 

Table 5 
(AG,,) (kcal mol-') in water obtained by PCM treatment 

Solvation free energy (AGso,v)a and total relative free energies 

Tautomer pair AAGs0," AGO1 " Tautomer AGs0,, AGIO, PiD 

1 e 2  1-2 
-2.2 0.4, +4.9 f 0.4 

1 la 1-la 
-1.7 & 0.5 +2.6 2 0.5 

3 e 4  3-4 

3 3a 3 - 3a 
- 1.5 & 0.2 

4 e 5  4-5 
-2.1 _+ 0.1 

-1.8 0.3 -9.8 2 0.3 

+0.5 & 0.2 

+10.9 k 0.1 

" Evaluated using 6-31G**(MP4)//3-21G energies (Table 2). 

Table 4 Tautomer energy differences (kcal mol-') in water obtained 
from the self consistent reaction field (SCRF) method 

Tautomer AM1 ab initio" ~(6-31G**//3-21G)(D) 

1 0 0 2.5 (3.5) 
la - - 12.8 6.2 (8.5) 
2 2.6 - 1.8 3.8 (7.3) 
3 19.7 27.4 2.0 (3.3) 
4 0 0 5.4 (9.1) 
5 3.4 - 2.3 6.6 (12.9) 

"Evaluated at 6-31G**//3-21G level with gas phase values at 6- 
31G**(MP4)//3-21G level. The values in parentheses are the dipole 
moments calculated for the hydrated species. 

the second continuum model employed, the PCM treatment. 
For tautomers 1 and 2 the relative free energies of solvation are 
in excellent agreement with the results of the MD simulations. 
We have not considered tautomer la, which on the basis of MD 
simulations appear to be less stable than form 1 in water. On the 
basis of these results for 3-hydroxyisoxazole, it is suggested that 
the SCRF model overestimates the solvation of the tautomers 
with large dipole moments. 

5-Hydroxyisoxazole.-For this molecule we have studied the 
two conformers of the hydroxy tautomer 3 and 3a and the two 
0x0 forms 4 and 5. It is the 2H-0x0 form 5, which predominates 
in aqueous solution. For the gas phase species (Table l), the 

1 - 12.6 0 3.3 
2 - 15.0 4.7 5.1 
3 - 12.3 12.0 2.8 
4 - 16.3 0 7.4 
5 - 17.2 12.1 8.6 

" Evaluated at 6-31G**//3-21G level. 
values at 6-31G**(MP4)//3-21G level. 

Evaluated using gas phase 

changes in relative stabilities predicted at the different levels of 
theory parallel those found for 3-hydroxyisoxazole. Thus, a 
3-21G basis overestimates the relative stability of the keto form 
5, the correlation energy being greater for the hydroxy than 
for the keto forms, although the inclusion of correlation effects 
does not affect the energy ordering of the tautomers which is 
4 < 3 < 3a < 5. It is to be noted that there are considerable 
changes in the relative energies of the tautomers on increasing 
the level of electron correlation from MP2 to MP4, unlike the 
situation for 3-hydroxyisoxazole. Thus, we cannot define the 
relative energies of the tautomers in the gas phase as precisely 
as we would wish. However, it is clear from the results of Table 
2 that for tautomer 5 to be predicted to be the dominant form 
in aqueous solution requires at least 10 kcal mo t '  greater 
solvation energy for 5 compared with the 4H-OXO form 4 which 
is predicted to be the predominant tautomer in the gas phase. 
The latter form is also predicted by the AM1 method to be 
the predominant form in the gas phase. 

The modelling of solvation using M D  simulations (Table 3), 
predicts that the solvation energy for the hydroxy form 3 is 2-4 
kcal mol-' less than that for the other three structures. Such a 
small differential solvation effect does not change the ordering 
of the tautomers from that predicted for the gas phase, with the 
4 H - 0 ~ 0  form (4) being of considerably lower energy. The 
predictions of the PCM treatment (Table 5 )  are again very 
similar to those of the M D  simulations, although the differen- 
tial solvation energies between 3 and 4,5 are somewhat larger 
(4-5 kcal mol-'). However, the ~ H - O X O  form is again predicted 
to be the only form observed in aqueous solution, in disagree- 
ment with experiment. The SCRF model yields considerably 
different predictions, with substantially increased differential 
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solvation for the 0x0 forms (4, 5 )  compared with 3 and a 
much larger solvation energy for 5 compared with 4. These 
effects result in the 0x0 forms being considerably more stable in 
aqueous solution compared with 3, with the 2H-0x0 form 5 
being slightly more stable than the 4H-oxo form 4, in agreement 
with experiment. This result arises both from the different gas- 
phase dipole moments of the tautomers (Table 4), with that of 5 
being the largest, and from the greater polarisation energies of 4 
and 5, compared with 3, and of 5 compared with 4, as witnessed 
by the calculated dipole moments of the hydrated species. It is 
to be noted that the increases in the dipole moments upon 
solvation are considerably greater for the SCRF compared with 
the PCM treatment (Tables 4 and 5). The greater polarisation of 
5 compared with 4 may be understood in terms of the greater 
conjugation of 5. 

Conclusions 
The ab initio calculations described here have led to confident 
predictions of the tautomeric species present in the gas phase, 
although experimental data are lacking at present. Such data 
could probably be provided by infrared studies of matrix- 
isolated species which have been used with great success in 
identifying the tautomers present in other systems, particularly 
the pyrimidine bases.24 Large basis set ab initio calculations 
have been shown24 to be valuable in the assignment of such 
infrared spectra. The results we have obtained show the need for 
polarisation functions to predict accurate energetics, and the 
relative stabilisation of the hydroxy tautomers produced by 
the inclusion of electron correlation. The results of modelling 
hydration are less definitive. Of particular note is the success 
of the PCM treatment in giving results close to those 
obtained by MD simulations with considerably less expendi- 
ture of computer time. However, although both treatments 
are successful in their predictions for 3-hydroxyisoxazole, they 
both fail to predict the most stable tautomer for hydrated 5- 
hydroxyisoxazole. This latter deficiency is not shown by the 
SCRF model, where the greater stabilisation of the 2H-0x0 
form is attributed both to the dipole approximation, and to 
the large degree of electron polarisation occurring upon 
hydration, predicted by this model. There is a clear need for 
more accurate treatments of tautomerism in 5-hydroxyisox- 
azole, including both terms beyond the dipole approximation 
and the accurate treatment of polarisation effects. 
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