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Abstract
The tautomeric equilibrium of Sildena�l molecule was theoretically studied using B3LYP and M06-
2X Density Functional Theory (DFT) methods in connection with aug-cc-pVDZ correlation consistent basis
set. Calculations were performed for gas phase and water solution conditions modelled by Polarizable
Continuum Model (PCM). Three tautomeric forms are possible. Two keto forms: A – where the tautomeric
proton in more distant from carbonyl group, B – where it is closer, and one enol form denoted C. Both DFT
methods qualitatively give similar tautomer stability order: B>A>C. The B tautomer is dominant in gas phase
and water environment, whereas the C tautomer is too high in energy to be present in the tautomeric mixture.
Regarding the A tautomer, it is not present in the gas phase but is present in small amounts in water
solution. According to B3LYP/ aug-cc-pVDZ the relative Gibbs free energies for A and C relative to B, are
10.05 kcal/mol and 11.91 kcal/mol for gas phase and 5.49 kcal/mol and 12.49 kcal/mol for water solution.
According to M06-2X/aug-cc-pVDZ the relative Gibbs free energies for A and C are 9.12 kcal/mol and 10.60
kcal/mol for gas phase and 4.27 kcal/mol and 10.23 kcal/mol for water solution. Therefore, for in vivo
conditions we expect that the B tautomer is dominant and there may exist small amounts of the A tautomer.
The C enol tautomer is not present at all. This picture is very different from the parent tautomeric system: 4-
hydroxypyrimidine/4-pyrimidinone where the C enol tautomer is less stable than keto B only by about 1
kcal/mol in the gas phase and the A keto tautomer is the least stable and not present in the tautomeric
mixture.

In order to understand these differences we performed additional calculations for series of parent molecules
starting from 4-hydroxypyrimidine/4-pyrimidinone, going through two in-between model molecules and
ending at Sildena�l molecule. We found that the most important reasons of C form destabilization are:
dearomatization of the 6-membered ring caused by the fusion with pyrazole ring, lack of strong
intramolecular hydrogen bond in C form of Sildena�ll and presence of destabilizing steric interaction of
oxygen and nitrogen atoms of two 6-memberd rings in this tautomer.

Introduction
The phenomenon of prototropic tautomerism is common amongst biologically active molecules containing
heteroatoms. It has been estimated that about 26% of 1791 marketed drugs can exist as three possible
tautomers12]. To properly determine the mechanism of action of a drug, it is important to know the
composition of the tautomeric mixture[3,4]. However, it is not always the dominant form which interacts with
the enzyme or receptor active site . Therefore, all possible tautomeric forms and their relative stabilities
should be determined. The Gibbs free energy is the proper measure of the relative ratio of the tautomers,
because it relates directly to the equilibrium constant of the tautomerization reaction. If the energy gap
between the dominant form and other form is small enough, roughly about several kcal/mol, there may exist
other tautomeric forms (or forms) in certain amount. If the energy gap is large, roughly more than 10
kcal/mol it may be assumed that the high-energy forms are not present in the tautomeric mixture.  Most
often, the prototropic tautomers easily interconvert, especially in water solution, by proton transfer (most
often water-assisted) and the determination of relative Gibbs free energies, gives reliable information on the
tautomeric mixture composition. While it is possible to experimentally determine the position of hydrogen
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atoms in a medicine-ligand complex[5], it is most convenient to model all possible tautomeric forms by
means of quantum-chemical calculations. Regarding the computational power of modern computers it is
quite easy to calculate the thermochemical parameters including Gibbs free energy at the accurate-enough
level of theory, often with the so called chemical accuracy of 1 kcal/mol. 

In this study we focus on the Sildena�l molecule, a selective cGMP phosphodiesterase inhibitor, used in
male erectile dysfunction treatment[6]. Three distinct tautomeric forms are possible for this molecule
(Scheme 1) and we will enumerate them according to Katritzky et al.[3]

Tautomers A and B are lactams and tautomer C is a lactim. Therefore this is a case of lactam-lactim
tautomerism, although for convenience we use often the terms keto for lactam tautomer and enol for lactim
tautomer. The literature data on relative stabilities of these tautomers is very scarce, in fact we found only
one paper which describes the semiempirical AM1 study[7] and its conclusion is that the pyrimidinone
tautomers A and B are more stable than 4-hydroksypyrimidine tautomer C. Thus, there is a need to perform a
computational study on much more sophisticated level to determine the relative stabilities of these
tautomers. 

Tautomerism of 2-hydroxypyridine/2-pyridone

In order to �nd a valid model chemistry to accurately determine tautomer energy differences we �rst focus
on a very simple and well-studied parent tautomeric system, namely the 2-hydroxypyridine/2-pyridone. We
will use the same convention for naming tautomers as for the Sildena�l molecule in Scheme 1.  We will
name the tautomers from 2-hydroxypyridine, thus there is 2HP_C which is 2-hydroxypyridine itself and the
second tautomer is 2-pyridone: 2HP_B  (Scheme 2).

The relative stability of these two tautomeric forms in the gas phase presents a challenge to determine,
because their stabilities are quite similar. The 2-pyridone form is stabilized by strong carbonyl bond, but the
2-hydroxypyridine form bene�ts from higher aromaticity of the phenolic ring. Therefore as these two factors
compensate, the relative stability is similar. Some early studies in the gas phase postulated that the 2-
hydroxypyridine tautomer is dominant[8,9] other found that both tautomers exist in similar amounts10 and
yet other that the 2-pyridone tautomer is slightly dominant[11]. A recent study seems to con�rm the last result
with an experimental enthalpy difference of 0.46 kcal/mol[12].

As the Sildena�l molecule is a medicine acting in vivo in water solution, we are especially interested in
modelling the tautomeric equilibria in this environment.  In apolar solvents the 2-hydroxypyridine tautomer
seems to dominate and in polar solvents the 2-pyridone is dominant regardless of the solvent being protic or
aprotic[13,14] which can be rationalized by higher dipole moment of the 2-pyridone tautomer. Cook estimated
the enthalpy gap in polar non-aqueous media to be 3.4 kcal/mol[15]. Recent theoretical estimation by Fu et
al. of the Gibbs free energy  at the B3LYP/6-311++G(2d,2p) level including water environment by means of
PCM model yielded 3.7 kcal/mol[16].

Tautomerism of 4-hydroxypyrimidine / pyrimidinones
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The actual proton transfer in the Sildena�l molecule occurs within the 4-pyrimidone/4-hydroksypyrimidine
ring, the tautomeric proton can be attached to one of nitrogen atoms or to the oxygen atom. We will use the
same convention for naming tautomer as for Sildena�l molecule in Scheme 1. We will name the tautomer
from the 4-hydroxypyrimidine, so in case of enol form of 4-hydroxypyrimidine we have the 4HP_C and two
pyrimidinone forms 4HP_A and 4HP_B (Scheme 3)

According to early studies, the 4-hydroksypyrimidine (4HP_C) tautomer is predominant in gas phase[17].
However, a recent microwave experimental study show the dominance of the pyrimidinone 4HP_B
tautomer[18] which is more stable by 0.48 kcal/mol than 4-hydroxypyrimidine tautomer 4HP_C. The other
pyrimidinone tautomer 4HP_A was not detected in the tautomeric mixture. In the same paper the theoretical
estimation at the B3LYP/6-31G(d,p) level yielded 1.0 kcal/mol which is in reasonable agreement with the
experimental result. However the MP2/6-311++G(d,p) calculation gave the reversed stability order and the
energy difference of -1.24 kcal/mol. The fact, that MP2 calculation overestimates the enol form stability, has
been already recognized[19]. The di�culty in studying tautomeric equilibria of these systems is con�rmed by
another study by Giuliano et al[20]. The authors performed the B3LYP/6-311++G(d,p) calculation which gave
a value of 2.1 kcal/mol, thus overestimating the stability of the keto 4HP_B tautomer. On the other hand the
MP2/6-311++G(d,p) calculations gave -0.55 kcal/mol favouring the enol 4HP_C tautomer as more stable.
Another recent theoretical paper points out that SCS-MP2 variant of the MP2 method gives proper tautomer
order[21]. However, the SCS-MP2 variant, because of introduction of empirical parameters, loses
unfortunately its ab initio �avour and belongs rather to �rst-principles methods, like DFT. According to this
study the keto 4HP_B tautomer is more stable than 4HP_C enol by 0.29 kcal/mol at the SCS-MP2/cc-pVTZ
level, which is close to experimental value.

The in�uence of the other parts of the molecule on Sildena�l tautomerism

The fusion with the pyrazole ring in Sildena�l molecule ring does not introduce more tautomeric forms
because the pyrrole-type nitrogen atom of the pyrazole is methylated. However, this fusion may severely alter
the relative values of  tautomer, which will be investigated in the course of this study. The other parts of the
Sildena�l molecule also may in�uence the tautomeric equilibrium, mainly by the possibility of formation of
intramolecular hydrogen bonds.

The aims of the study

In the course of this article we will try to: (1) determine the proper theoretical model chemistry to reliably
evaluate the Gibbs free energy of the Sildena�l molecule, (2) calculate the Gibbs free energy of the three
Sildena�l tautomers at chosen theoretical level/levels to determine their relative stability, (3) try to
understand the reasons behind the differences of tautomer stability order of Sildena�l compared to 4-
pyrimidinone/4-hydroxypiridine system by building several in-between model molecules and evaluating the
relative tautomer stability for each of them. 

Computational Details
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Main Density Functional Theory (DFT) and ab initio calculations were performed by using the Gaussian 16
suite of programs[22]. The geometric parameters of all molecules were fully optimized and followed by the IR
frequency calculations to ensure that the obtained stationary points are true minima on the potential energy
surface. For the 2-hydroxypyridine/2-pyridone system the DFT methods: B3LYP[23,24] and M06-2X[25], ab
initio methods: MP2[26] and CCSD(T)[27,28] (Single Point Energy), compound method CBS‐QB3[29,30] were
employed in connection with basis sets of Pople: 6-31G(d,p)[31], 6-311++G(d,p)[32,33] and Dunning: aug-cc-
pVXZ where X=D,T,Q[34]. The modelling in solution was done by employing the Polarizable Continuum
Model[35] (PCM) built in the Gaussian program. The conformational analysis of the Sildena�l molecule was
done by using the free Avogadro[36] software using the MMFF molecular mechanics force �eld. The lowest
energy konformers were optimized �rst at the B3LYP/6-31G(d,p) level and �nally at the B3LYP/aug-cc-pVDZ
and M06-2X/aug-cc-pVDZ levels of theory. Aromaticity of the 6-membered and 5-membered rings was
estimated by using the free AromaTcl[37] software. Two aromaticity indices were calculated:  geometric –
HOMA[38,39] and electronic – pEDA[40,41]. 

Results And Discussion
First, we need to choose an appropriate model chemistry which gives tautomer energies of a parent
molecule as close as possible to experimental results. The method should not be very computationally
expensive because our main subject – the Sildena�l molecule contains 63 atoms, thus the number of
atomic orbital basis functions will be quite large, and the computations can be very time-expensive. 

Choosing the model chemistry

We begin by evaluating the 2-hydroxypyridine/2-pyridone relative tautomer stability at various levels of
theory and comparing them to the experimental results. First, the tautomers were optimized at the B3LYP/6-
31G(d,p) level. We decided to use the 6-31G(d,p) basis set instead of standard 6-31G(d) because of the
presence of additional polarization p-function for hydrogen atoms in the former, which is better suited for
modelling the proton-transfer and prototropic tautomerism. The obtained enthalpy and Gibbs free energy are
presented below. 

Table 1. The enthalpy and Gibbs free energy of the 2-hydroxypyridine (2HP_C) and 2-pyridone tautomers
(2HP_B) optimized at the  B3LYP/6-31G(d,p) level of theory

Tautomer ΔH

[kcal/mol]

ΔG

[kcal/mol]

ΔH

[kcal/mol]

ΔG

[kcal/mol]

  Gas Phase Water solution (PCM)

2HP_B 0.00 0.00 0.00 0.00

2HP_C -0.11 0.03 3.56 3.60

exper. 0.46   3.4  
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It follows from Table 1 that this simple theoretical level agrees well with the experimental results, especially
in the water solution. In the gas phase the order of tautomers is reversed but the enthalpy difference is very
small. This can be of course because of a fortuitous cancellation of errors, so we followed with B3LYP
calculations using more extended orbital basis sets. The results are gathered below in Table 2 where we give
only the enthalpy as the focus is on comparison with experiment and the experimental data is enthalpy. We
will follow the convention of subtracting the pyridone tautomer energy from hydroxypyridine tautomer
energy in the following tables as the pyridone tautomers most often has lower energy, and operating the
positive values is more convenient.

Table 2. The relative entalphy of the 2-hydroxypyridine/2-pyridone tautomers optimized at the  B3LYP level
of theory with various basis sets (ACCX = aug-cc-pVXZ)

  6-31G(d,p) 6-311++G(d,p) ACCD ACCT ACCQ exper.

ΔH [kcal/mol]
 Gas phase

-0.11 0.74 0.12 0.37 0.39 0.46

ΔH [kcal/mol]

Water solution (PCM)

3.56 5.27 4.71 4.91 4.91 3.40

It follows from Table 2 that larger basis sets give the proper tautomer order in the gas phase. In water
solution modelled by PCM method the theoretical methods seems to overestimate the pyridone tautomer
stability in comparison to experimental result. The results of calculations using the correlation-consistent
basis sets behaves as expected with ACCT and ACCQ basis sets giving almost the same result. However
even the simpler ACCD basis set gives a result within 0.2-0.3 kcal/mol from larger bases, thus for Sildena�l
molecule he ACCD basis set should be of appropriate size. Therefore we decided that our method of choice
for evaluation of Sildena�l molecule tautomer stability will be B3LYP/aug-cc-pVDZ.

We also tested the other DFT method, namely M06-2X, a compound method: CBS-QB3 and two ab initio
methods: MP2, CCSD(T) (Single Point Energy). The results are compared below.

Table 3: The relative entalphy of the 2-hydroxypyridine/2-pyridone tautomers optimized at the various levels
of theory and aug-cc-pVDZ (ACCD) basis set.

  MP2 CBS-QB3 CCSD(T) SP

geom. B3LYP

CCSD(T) SP

geom. MP2

M06-2X exper.

ΔH [kcal/mol] 
 Gas phase

-2.40 -1.41 -1.20 -1.37 -2.21 0.46

ΔH [kcal/mol]

Water environment (PCM)

1.75 2.77 2.92 2.69 2.21 3.40

Using the MP2, M06-2X, CBS-QB3 calculations the tautomers were fully optimized but in the case of
CCSD(T) method the Single Point Energy calculation was performed on B3LYP and MP2 optimized
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geometries and the proper thermal corrections to enthalpy were added.

It follows that ab initio methods seem to overestimate the stability of enol (2-hydroxypyridine) tautomer in
gas phase, a fact that is well known for the MP2 method and was mentioned in the Introduction. A similar
problem is present with CBS-QB3 compound method and also with M06-2X DFT method. It is interesting to
note that the M06-2X functional results are close to MP2 results. In the water solution the order of tautomers
is at least proper, however we observe the same bias – the enol tautomer stability is overestimated by other
methods comparing to B3LYP and experimental results. 

The MP2, CCSD(T) and CBS-QB3 methods are too time expensive to employ them for such a large molecule
as Sildena�l. As the M06-2X method gives similar results to them, but at a substantially lower computational
cost, we decided to use it as a second method of choice and to compare its results to B3LYP results. Thus
the second theoretical method used for the Sildena�l molecule will be M06‐2X/aug-cc-pVDZ.

Tautomerism of Sildena�l molecule

The initial structure of Sildena�l molecule was downloaded from the PubChem database[42]. This is the B
type of pyrimidinone tautomer. The two other possible tautomeric forms A and C were built on the basis of
the PubChem structure by proper shifts of the proton. Next, these three tautomers were optimized at the
B3LYP/6-31G(d,p) level of theory in gas phase and water solution using the PCM model. The Gibbs free
energy and relative energies of these structures are gathered below. 

Table 4. The Gibbs free energy/relative energy of the Sildena�l tautomers optimized at the  B3LYP/6-
31G(d,p) level of theory in the gas phase and in water environment modelled by the PCM method

  Gas phase Water solution (PCM)

Tautomer G [hartree] ΔG [kcal/mol] G [hartree] ΔG [kcal/mol]

A -1883.524084 11.48 -1883.553281 7.03

B -1883.542373 0.00 -1883.564477 0.00

C  -1883.520329 13.83 -1883.542851 13.57

From these initial results we see that the keto B tautomer is most stable in both environments. The most
striking feature is that the energy difference between it and the enol C tautomer is very large (13.83
kcal/mol) comparing to 4-hydroxypyrimidine/4-pyrimidinone (0.48 kcal/mol)  mentioned in the Introduction.
In water environment this energy gap stays at a very similar level. In the gas phase the energy of the A form
is slightly lower than C so both A and C are not detectable in the tautomeric mixture. However, in water
solution, the energy gap to A pyrimidinone form is lowered. 

As the Sildena�l molecule contains some rotatable single bonds, it is necessary to perform a conformational
analysis to obtain the lowest energy conformations of all tautomers. This should not have a large impact on
the result, but is necessary to perform, if our aim is to obtain the real lowest energy tautomers. All three
tautomers were thus subjected to systematic rotor search procedure, all single bonds were rotated and all
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possible conformers generated using the Molecular Mechanics MMFF force �eld. The resulting conformers
were ordered by increasing energy and 5 lowest energy conformers for each tautomer were chosen for
optimization at the B3LYP/6-31G(d,p) level in the gas phase. The Gibbs free energies of the optimized
conformers are presented in Table 5 below.

Table 5. The Gibbs free relative energy of the lowest energy conformers of Sildena�l tautomers A, B, C
reoptimized at the  B3LYP/6-31G(d,p) level of theory in the gas phase. The “Starting structure” is the original
structure before the conformational search. Lowest energy conformers are in bold.

 

Conformer

ΔG [kcal/mol]

A B C

1 0.58 0.66 0.75

2 0.02 0.61 0.00

3 0.34 0.51 0.31

4 0.00 0.00 0.81

5 0.32 0.10 0.06

Starting structure 0.59 0.11 0.30

Note that the order of conformers in the Table 5 is by the MMFF energy and it follows that according to
B3LYP/6-31G(d,p) the order of stability is a little bit different. In each column in the last row the starting
structure which was optimized before the conformational search is shown. It follows that for all three
tautomers, thanks to conformational analysis, we obtained the lower energy conformers. The energy
lowering is at a level of fraction of kcal/mol but nevertheless it exists. In the Table 6 below we gathered the
lowest energy conformers of our 3 Sildena�l tautomers.

Table 6. The Gibbs free energy/relative energy of the Sildena�l tautomers optimized at the  B3LYP/6-
31G(d,p) level of theory in the gas phase 

Tautomer G [hartree] ΔG [kcal/mol]

A_conf_4 -1883.525017 11.00

B_conf_4 -1883.542553 0.00

C_conf_2 -1883.520802 13.65

Comparing to Table 4 the absolute values of Gibbs free energy are lower, but relative values are similar
because the energy lowerings were quite similar and thus they didn’t in�uence the relative energies much.
Next, we reoptimized these best conformers at the B3LYP/aug-cc-pVDZ level of theory. The results are
gathered in Table 7 below.
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Table 7. The Gibbs free energy/relative energy of the Sildena�l tautomers optimized at the  B3LYP/aug-cc-
pVDZ  level of theory in the gas phase and in water environment modelled by the PCM method.

  Gas phase Water solution (PCM)  

Tautomer G [hartree] ΔG [kcal/mol] G [hartree] ΔG [kcal/mol]

A -1883.676990 10.05 -1883.708749 5.49

B -1883.693011 0.00 -1883.717503 0.00

C -1883.674026 11.91 -1883.697599 12.49

      

It follows from Table 7 that at this level of theory the B tautomer is still dominant, however the energy gap to
A and C is slightly lowered. For the water solution the similar trend is observed, the B tautomer is dominant
but the gap to A is lowered by about 2 kcal/mol (compare Tables 7 and 4).

The 3d models of optimized Sildena�l tautomers are shown in Figure 1 below.

One striking structural feature is that in both A and B tautomers there exist an intramolecular hydrogen bond
between the N-H of the pyrimidinone ring and O from the ethoxy group of the second phenyl ring. A second,
much weaker hydrogen bond is formed by C-H of the phenole ring and the pyrimidine-type nitrogen atom of
the pyrimidinone. The whole fragment of the Sildena�l molecule is appropriately rotated to facilitate the
hydrogen bonds and thus the three rings lie approximately in one plane. The case of C tautomer is different.
Only the weak C-H …. N hydrogen bond is possible but there is present an unfavourable steric interaction of
oxygen and nitrogen atoms from both 6-membered rings which causes the rotation of the C-C bond
connecting the rings and thus the two rings do not lie in one plane. It is a factor which certainly destabilizes
the C tautomer comparing to A and B tautomers. 

As a second method of choice we performed the M06-2X/aug-cc-pVDZ calculations for the lowest
conformers of the Sildena�l molecule. The results are gathered in Table 8 below.

Table 8. The Gibbs free energy/relative energy of the Sildena�l tautomers optimized at the  M06‐2X/aug-cc-
pVDZ  level of theory in the gas phase and in water environment modelled by the PCM method.

  Gas phase Water solution (PCM)

Tautomer G [hartree] ΔG [kcal/mol] G [hartree] ΔG [kcal/mol]

A -1883.083989 9.12 -1883.116007 4.27

B -1883.098517 0.00 -1883.122806 0.00

C -1883.081624 10.60 -1883.106500 10.23

Comparing Tables 8 and 7 we see the trend previously observed for 2-hydroxypyridine tautomers that the
M06-2X method slightly favours the enol tautomers both in gas phase and in water solution. Therefore, the



Page 10/20

energy difference between enol tautomer and keto tautomers is lowered by about 2 kcal/mol. Also the
energy difference between two keto tautomers is lowered by about 1 kcal/mol. 

Tautomerism of the model in-between molecules

To look more deeply into the reasons behind the relative energy differences of A, B and C tautomers we
decided to build and optimize model molecules which are in-between 4-hydroxypyrimidine/4-pyrimidinone
and Sildena�l and to compare the relative tautomer energies at each step. As we need only the qualitative
explanation the simple B3LYP/6-31G(d,p) model was chosen for these calculations. We decided to use the
following model molecules:

Thus �rst we observe how the fusion of the pyrazole ring in�uences the tautomeric equilibrium of 4-
hydroxypyrimidine, second we observe how the addition of the ethoxy-phenyl ring affects the equilibrium
and at the end we observe the effect of addition of the rest of the Sildena�l molecule. The results obtained
are gathered in Table 9.

Table 9. The Gibbs free energy [kcal/mol] of the model in-between and Sildena�l tautomers optimized at the
 B3LYP/6-31G(d,p)  level of theory in the gas phase 

Tautomer 4HP 4HP-pz 4HP-pz-PheEt Sildena�l

A 9.62 10.32 9.40 11.00

B 0.00 0.00 0.00 0.00

C 1.29 7.55 13.60 13.65

The results are shown also in Figure 3 to better illustrate the trends in the energy change.

The difference of energy between A and B tautomers is changing not very much. It basically oscillates within
10 kcal/mol for all studied molecules. A very different picture emerges for C and B relative energy. For the
starting 4-hydroxypyrimidine/4-pyrimidinone system this energy gap is very small. Experimentally it is
determined as 0.48 kcal/mol and theoretically estimated by us at 1.29 kcal/mol. Thus these two forms
coexist in equilibrium. However even �rst step – fusion with pyrazole ring dramatically in�uences this
equilibrium by strongly disfavouring the C form. For the 4HP-pz system the energy gap is 7.55 kcal/mol and
the C tautomer is already almost not present in the tautomeric mixture. The reason for this behaviour can be
associated with changes of aromaticity. The 6-membered ring of the C form is highly aromatic comparing to
the B form. A very rough and approximate measure of this aromaticity can be drawn from the picture of the
“aromatic” bonds which order is between of 1 and 2. This is nicely illustrated in Figure 2: almost all the ring
bonds of 4HP_C are “aromatic” but only two of them in 4HP_B. Now, let us compare the 4HP-pz molecules
(after the fusion with pyrazole): the 4HP-pz_C tautomer lost one “aromatic” bond and the 4HP-pz_B tautomer
got two additional “aromatic” bonds. Thus we may expect increase of aromaticity of the B tautomer
(stabilization) and decrease of C (destabilization).
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The next step – addition of the phenyl ring with the etoxy group enlarges the energy gap between C and B
tautomers up to 13.6 kcal/mol. This time the reason is a strong intramolecular hydrogen bond present in B
(and also in A) but not present in C. Additionally in the C tautomer there exist an unfavourable steric
repulsion between O (ethoxy group) and N (6-membered ring) atoms. 

In order to deeper understand the trends presented in Table 9 and Figure 3 we performed the aromaticity
estimation using two indices: geometric HOMA and electronic pEDA.  The results are presented in Tables 10
and 11.

Table 10. HOMA index of various parent molecules of Sildena�l.

Nazwa 4HP 4HP-pz 4HP-pz-PheEt Sildena�l

5-
ring

6-ring 5-ring 6-ring 5-ring 6-ring 5-ring 6-ring

A - 0.415752 0.915586 0.587573 0.907504 0.649285 0.906729 0.644629

B - 0.627920 0.875378 0.678504 0.862715 0.730823 0.859539 0.727147

C - 0.988619 0.799357 0.937675 0.794111 0.939296 0.792986 0.938766

The value for 5-membered ring for 4HP is absent because there is no 5-membered ring in this molecule. In
order to get reference the indices of a free 5-membered ring we optimized the N-methylated 3-Me-pyrazole –
see Figure 3. The aromaticity indices for this molecule are as follows: HOMA = 0.8906 and pEDA = -0.01782

The geometric HOMA index is based on the length of the bonds. Basically HOMA index tends to unity when
the bond lengths of the ring are all close to the “aromatic” bond length similar to that in benzene. On the
contrary, if the bonds are pure single and double, the HOMA tends to zero. As we see in Table 10 for 4HP
molecule, the HOMA for C tautomer is quite close to 1, thus is highly aromatic. The B tautomer is much less
aromatic and the A tautomer is even less aromatic. If we take a look at the Figure 2 we see that in case of B
tautomer the two “aromatic” bonds are separated by on double bond, and in the A tautomer the both are
connected to the same pyrrole-type nitrogen atom. Apparently the latter is regarded by HOMA algorithm as
less aromatic. Fusion with pyrazole ring is re�ected by de-aromatization of the C ring (from 0.99 to 0.94) and
aromatization of the A (from 0.42 to 0.59) and B (0.63 to 0.68) rings. The aromaticity of A and B rings are
now much more similar, however still the B tautomer is more aromatic. Addition of Ethoxy-phenyl ring still
increases aromaticity of A and B tautomers, but do not lower that of C tautomer and the �nal addition of the
rest of the Sildena�l molecule do not alter the situation much. 

As far as the 5-membered (pyrazole) ring is concerned, we see that for the 4HP-pz molecule it loses its
aromaticity for B tautomer and especially for C, but slightly increases for A. The aromaticity of the 5-
membered ring do not change much for the consecutive, more complex molecules.

Table 11. pEDA index of various parent molecules of Sildena�l
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Nazwa 4HP 4HP-pz 4HP-pz-PheEt Sildena�l

5-ring 6-ring 5-ring 6-ring 5-ring 6-ring 5-ring 6-ring

A - 0.56567

 

-0.06294 0.74448 -0.06352 0.76148 -0.07174 0.76116

B - 0.50103

 

-0.12566 0.7310 -0.11995 0.74241 -0.13427 0.74424

C - 0.14731

 

-0.14848 0.35856 -0.13991 0.37776 -0.15528 0.37860

Regarding the pEDA index it is de�ned here as the electron excess/de�ciency from the ideal Huckel sextet (6
pi electrons). Thus we see that for the 4HP molecule we observe a slight excess for highly aromatic C
tautomer (only 0.15e) and much larger excess for A and B molecules (more that 0.5e). Such large pi-electron
excess means lower aromaticity and this picture is in accordance to HOMA – the B tautomer is more
aromatic that A. After fusion with pyrazole the pi-electron excess of C tautomer is increased and this is in
accordance with decrease of HOMA. However for A and B tautomers pEDA indicates similar increase of pi-
electron excess, therefore we see that the fusion with pyrazole increase the pi-electron excess for all
tautomers. As it follows from Table 11 for the rest of the molecules there is no great change in pi-electron
excess of the 6-membered ring. 

Regarding the 5-membered ring it becomes more pi-de�cient which can be especially seen for B and C (the
largest change) tautomers. 

Conclusions
The ab initio MP2, Single Point CCSD(T), composite CBS-QB3 method and also DFT methods B3LYP
and M06-2X were tested at 2-hydroxypyridine/2-pyridinone system and compared to experimental
results

The B3LYP/aug-cc-pVDZ (B3LYP/ACCD) seems to be a reasonable model chemistry for studying the
Sildena�l molecule thermodynamic aspects of tautomeric equilibrium composition.

The ab initio MP2, Single Point CCSD(T), composite CBS-QB3 method and the M06-2X method in
connection with ACCD basis set gave the reversed tautomers order for the gas phase and weaker
dominance of the keto form than experiment for the PCM modelled water solution. 

According to B3LYP/ACCD method in the gas phase the most stable tautomer is the B keto form in
which the tautomeric proton is connected to the nitrogen atom closest to the carbonyl bond. The Gibbs
free relative energy to the next stable A keto form is 10 kcal/mol. Thus, the keto B tautomer dominates
in the gas phase

For water solution modelled by PCM method at the B3LYP/ACCD level, the most stable is the same B
tautomer, the only difference is that the energy gap to the next stable A keto tautomer is only 5.5
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kcal/mol. In the water solution (e.g. in vivo) the B tautomer dominates but there is some small amount
of the A tautomer.

The C enol tautomer is the least stable both in gas phase and water solution with the difference in
Gibbs free energy to B keto tautomer close to 12 kcal/mol. It may be safe to assume that regardless of
the conditions this tautomer is not present in the tautomeric mixture.

The M06-2X/ACCD results were similar, the differences were quantitative. For the gas phase the A keto
form was less stable by 9 kcal/mol and for water solution by 4.3 kcal/mol. The C form was less stable
by about 10 kcal/mol in both environments. 

The calculations at the B3LYP/6-31G(d,p) level of theory for series of parent molecules shed some light
on the reasons behind the differences of Sildena�l tautomerism and parent 4-hydroxypyrimidine
tautomerism. 

The fusion with pyrazole ring results in large destabilization of C tautomer mainly by causing electron
excess in 6-memberd ring and thus decreasing its aromaticity. This is documented by the changes in
HOMA and pEDA aromaticity indices. Further destabilization of this tautomer is caused by unfavourable
steric interactions of oxygen and nitrogen atoms of two 6‐membered rings and the lack of strong
intramolecular hydrogen bond present in A and B tautomers.

The relative energy between the A and B tautomers do not change much for the consecutive model
molecules and is only about 1 kcal/mol larger than in the smallest parent molecule.

Declarations
Acknowledgements

Computational Grant G36-9 from the Interdisciplinary Centre for Mathematical and Computational Modelling
at Warsaw University (ICM UW) is gratefully acknowledged

Funding

Not applicable

Con�icts of interest/Competing interests

The authors declare that they have no con�ict of interest

Availability of data and material

Additional data (geometric parameters and Gibbs free energies of optimized molecules) are available as
Supplementary Information

Code availability

Not applicable

Authors' contributions



Page 14/20

Not applicable

References
1. Martin YC (2009) Let's not forget tautomers. J Comput Aided Mol Des 23: 693–704

2. Bax B, Chung C, Edge C (2017) Getting the chemistry right: protonation, tautomers and the importance
of H atoms in biological chemistry. A Cryst D73: 131-140

3. Katritzky AR, Hall CD (2010) Tautomerism in drug discovery. J Comput Aided Mol Des 24:475–484

4. Kwon H, Smith O, Raven EL, Moody PCE (2017) Combining X-ray and neutron crystallography with
spectroscopy . Acta Cryst D73, 141–147.

5. Terrett NK, Bell AS, Brown D, Ellis P (1996) Sildena�l (VIAGRA), a potent and selective inhibitor of type 5
cGMP phosphodiesterase with utility for the treatment of male erectile dysfunction.  Bioorg Med Chem
Lett 6:1819–1824

�. Turker L (2000) Quantum chemical studies on Viagra - AM1 Treatment. ACH-MODELS IN CHEMISTRY
137:767-774

7. Brown RS, Tse A, Vederas JC  (1980) Photoelectron-determined core binding energies and predicted gas-
phase basicities for the 2-hydroxypyridine .dblarw. 2-pyridone system. J Am Chem Soc 102: 1174-1176.

�. Hatherley LD, Brown RD, Godfrey PD, Pierlot AP, Caminati W, Damiani D, Melandri S, Favero LB (1993)
 Gas-phase tautomeric equilibrium of 2-pyridinone and 2-hydroxypyridine by microwave spectroscopy J
Phys Chem 97: 46-51.

9. Nowak MJ, Lapinski L, Fulara J, Les A, Adamowicz L (1992) Matrix Isolation IR Spectroscopy of
Tautomeric Systems and Its Theoretical Interpretation. 2-Hydroxypyridine/2( 1 H)-Pyridinone. J Phys
Chem 96: 1562-1569

10. Dkhissi A, Houben L, Smets J, Adamowicz L, Maes G, Density functional theory and ab-initio
computational study of the 2-hydroxypyridine/2-pyridone system: a comparison with FT-IR, J. Mol.
Struct. 484(1999) 215-227

11. data from matrix isolation experiments

12. Abdulla HI, El-Bermani MF. Infrared studies of tautomerism in 2-hydroxypyridine 2-thiopyridine and 2-
aminopyridine. Spectrochim. Acta. A Mol. Biomol. Spectrosc. 2001;57(13):2659-2671.

13. Frank J, Katritzky AR (1976) Tautomeric pyridines. Part XV. Pyridone–hydroxypyridine equilibria in
solvents of differing polarity. J  Chem  Soc Perkin Trans  2(12):1428–1431.

14. Forlani L, Cristoni G, Boga C, Todesco PE, del Vecchio E, Selva S, Monari M (2002) Reinvestigation of the
tautomerism of some substituted 2-hydroxypyridines. Arkivoc 11: 198–215

15. Cook MJ, Katritzky AR, Hepler LG, Matsui T (1976) Heats of solution and tautomeric equilibrium
constants. The 2-pyridone: 2-hydroxypyridine equilibrium in non-aqueous media. Tetrahed Lett 17(31):
2685–2688.

1�. Fu A, Li H, Du D, Zhou Z (2005) Density functional study on the reaction mechanism of proton transfer
in 2-pyridone: effect of hydration and self-association. J  Phys  Chem  A 109(7):1468-1477.



Page 15/20

17. Les A, Adamowicz L (1990) Theoretical ab initio study of the protomeric tautomerism of 2-
hydroxypyrimidine, 4-hydroxypyrimidine, and their derivatives. J Phys Chem 94:7021-7032

1�. Sanchez R, Giuliano BM, Melandri S, Favero LB, Caminati W (2007) Gas-phase tautomeric equilibrium of
4-hydroxypyrimidine with its ketonic forms: a free jet millimeterwave spectroscopy study. J Am Chem
Soc 129:6287.

19. Maris A, Ottaviani P, Caminati W (2002) Pure rotational spectrum of 2-pyridone⋯water and quantum
chemical calculations on the tautomeric equilibrium 2-pyridone⋯water/2-hydroxypyridine⋯water. Chem
Phys Lett 360:155-160, and references therein

20. Giuliano BM, Feyer V, Prince KC, Coreno M, Evangelisti L, Melandri S, Caminati W (2010) Tautomerism in
4-Hydroxypyrimidine, S-Methyl-2-thiouracil, and 2-Thiouracil. J Phys Chem A 114:12725-12730

21. Galcao TLP, Rocha IM, Ribeiro da Silva MDMC, Ribeiro da Silva MAV (2013) From 2-Hydroxypyridine to
4(3H)-Pyrimidinone: Computational Study on the Control of the Tautomeric Equilibrium. J Phys Chem A
117:12668 - 12674

22. Gaussian 16 Revision B.01 Frisch MJ,  Trucks GW,  Schlegel HB,  Scuseria GE,   Robb MA,  Cheeseman
JR,  Scalmani G,   Barone V,  Petersson GA,  Nakatsuji H ,   Li X,  Caricato M,  Marenich AV,   Bloino J,
 Janesko BG,  Gomperts R,   Mennucci B,  Hratchian HP,  Ortiz JV,   Izmaylov AF,  Sonnenberg  JL ,
Williams-Young D,  Ding F,   Lipparini F,  Egidi F,  Goings J,   Peng B,  Petrone A,  Henderson T,  
Ranasinghe D,  Zakrzewski VG,  Gao J,   Rega N,  Zheng G,  Liang W,   Hada M,  Ehara M,  Toyota K,  
Fukuda R,  Hasegawa J,  Ishida M,   Nakajima T,  Honda Y,  Kitao O,   Nakai H,  Vreven T,  Throssell K,  
Montgomery Jr JA,  Peralta JE,  Ogliaro F,   Bearpark M J,  Heyd JJ,  Brothers EN,   Kudin KN,  Staroverov
VN,  Keith TA,   Kobayashi R,  Normand J,  Raghavachari K,  Rendell AP,   Burant JC,  Iyengar SS,  Tomasi
  J,  Cossi M,  Millam JM,   Klene M,  Adamo C,  Cammi R,   Ochterski JW,  Martin RL,  Morokuma K,  
Farkas O,  Foresman JB,  Fox DJ. Gaussian Inc. Wallingford CT 2016

23. Becke AD (1988) Density-functional exchange-energy approximation with correct asymptotic behavior.
Phys Rev A 38(6):3098

24. Lee C, Yang W, Parr RG (1988) Development of the Colle-Salvetticorrelation-energy formula into a
functional of the electron density. Phys Rev B 37(2):785

25. Zhao Y, Truhlar DG (2008) The M06 suite of density functionals for main group thermochemistry,
thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two new
functionals and systematic testing of four M06-class functionals and 12 other functionals.  Theor
Chem Acc 120:215-241. 

2�. Møller C, Plesset MS (1934) Note on an Approximation treatment for many-electron systems. Phys Rev
46(7):618

27. Purvis III  GD, Bartlett RJ (1982) A full coupled-cluster singles and doubles model – the inclusion of
disconnected triples. J Chem Phys 76:1910-1918.

2�. Pople JA, Head-Gordon M, Raghavachari K (1987) Quadratic con�guration interaction – a general
technique for determining electron correlation energies.  J Chem Phys 87:5968-5975

29. Montgomery Jr JA, Frisch MJ ,  Ochterski JW,   Petersson GA (1999) A complete basis set model
chemistry. VI. Use of density functional geometries and frequencies. J Chem Phys 110:2822-2827



Page 16/20

30. Montgomery Jr JA, Frisch MJ ,  Ochterski JW,   Petersson GA (2000) A complete basis set model
chemistry. VII. Use of the minimum population localization method. J Chem Phys 112:6532-6542

31. Petersson GA, Bennett A, Tensfeldt TG, Al-Laham MA, Shirley WA, Mantzaris J (1988) A complete basis
set model chemistry. I. The total energies of closed-shell atoms and hydrides of the �rst-row elements. J
Chem Phys 89(4):2193

32. McLean AD, Chandler GS (1980) Contracted Gaussian basis sets for molecular calculations. I. Second
row atoms, Z=11–18. J Chem Phys 72(10):5639–5648

33. Clark T, Chandrasekhar J, Spitznagel GW, Schleyer PR (1983) E�cient diffuse function-augmented basis
sets for anion calculations. III. The 3-21+G basis set for �rst-row elements. Li–F. J Comput Chem
4(3):294–301

34. Dunning Jr. TH (1989) Gaussian basis sets for use in correlated molecular calculations. I The atoms
boron through neon and hydrogen. . J Chem Phys 90(2):1007-1023

35. Scalmani G, Frisch MJ (2010) Continuous surface charge polarizable continuum models of solvation. I.
General formalism. J Chem Phys 132:114110–114115

3�. Hanwell MD, Curtis DE, Lonie DC, Vandermeersch T, Zurek E, Hutchison GR (2012). J Cheminform 4:17

37. Oziminski WP (2020) AromaTcl: a program for calculation of sEDA, pEDA and HOMA indices.
Internet:https://www.researchgate.net/project/AromaTcl-a-program-for-calculation-of-sEDA-pEDA-and-
HOMA-indices

3�. Kruszewski J, Krygowski TM (1972) De�nition of aromaticity basing on the harmonic oscillator model.
Tetrahed Lett 13:3839

39. Krygowski TM (1993) Crystallographic studies of inter- and intramolecular interactions re�ected in
aromatic character of .pi.-electron systems. J Chem Inf Comput Sci 33:70

40. Oziminski WP, Dobrowolski JC (2009) σ- and π-electron contributions to the substituent effect: natural
population analysis. J Phys Org Chem 22:769

41. Oziminski WP, Krygowski TM (2011) Effect of aromatization of the ring on intramolecular H-bond in 3-
hydroxy-4-formylo derivatives of fulvene. Chem Phys Lett 510: 53-56

42. Pubchem Open Chemistry Database.
Internet:https://pubchem.ncbi.nlm.nih.gov/compound/Sildena�l#section=3D-Conformer

Figures



Page 17/20

Figure 1

The 3d models of tautomers of Sildena�l molecule optimized at the B3LYP/aug-cc-pVDZ level of theory.
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Figure 2

Model in-between molecules optimized at the B3LYP/6-31G(d,p) level of theory
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Figure 3

The differences in Gibbs free energy between tautomers at the B3LYP/6-31G(d,p) level of theory: A and B in
blue, B and C in orange.
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Figure 4

The N-Me 3-Me-pyrazole molecule.
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