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ABSTRACT:  A density functional theory (DFT) calculations were carried out to investigate the relative 
energies, equilibrium constants and dipole moments of 2-thiouracil in the gas phase and in solutions with 
different polarities. Solvent effects were examined by means of the self-consistent reaction field (SCRF) 
method. All possible tautomers are optimized at the B3LYP/6- 31++G (d,p). All calculations indicate that 
the most stable tautomer for both species, in the gas phase as well as in solution, has the 2TU1 form.In 
addition to calculate the thermodynamic properties and the inter conversion equilibrium constants for all 
tautomers. The molar transfer Gibbs energies of ∆∆Gt

0(solvent1- solvent 2), determines the solvent effect 
on the position of the equilibrium. 

Key words: 2-Thiouracil, DFT method, Tautomerism, relative stabilities, equilibrium constants, and solvent 
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1. INTRODUCTION 

Tautomerism interconversions[1] have been investigated by chemists during last decades. Recently, 

study of tautomerism received renewed attention due to its importance on determination of compounds’ 

properties and their area of applications. The importance of tautomerism is revealed more since in recent 

years the investigation about tautomerism has been the major topic in theoretical chemistry. For example, 

tautomerisms in keto-enol [2], imine-enamine [3] and many other systems [4] have been studied during 

past decades. Tautomerism and proton transfer of the keto-enol tautomer of heterocyclic systems with 

several basic centers, N, O and S atoms, are of great interest to medicinal and biochemical applications. 

Also, understanding of the relative stabilities of heterocyclic tautomers and any subsequent conversions 

between tautomeric forms is very vital for both structural chemists and biologists [5]. Along this line, 

relative stabilities of various tautomeric structures of five-, six- and seven-member heterocyclic rings were 

investigated using both theoretical and experimental tools [6]. 



In recent years, uracil and its thio derivatives have already become the intense focus of research due to 

their biological, pharmacological, and spectroscopic activities. For example, a series of thiouracils, such 

as 2-thiouracil, 4-thiouracil, and 2,4-dithiouracil, have been identified as minor components of t-RNA and 

peptide nucleic acids, where the former two thiouracils have also been used as anticancer and antithyroid 

drugs and for the treatment of heart disease [7–11]. The in appropriate replacement of uracil by a 

thiouracil can be responsible for the misrecognition in m-RNA [12]. Moreover, their various tautomeric 

forms seem to be important for explaining the mutation occurring during DNA duplication. Meanwhile, the 

complexes of thiouracil derivatives with transition metal ions of biological importance have been shown to 

exhibit anticancer and antimicrobial activity [13]. Additionally, thiouracils have also been proposed to be 

efficient metal corrosion inhibitors [14]. Thus, the properties and characteristics of thiouracils are of great 

interest in pharmaceutical researches and applications. In the present paper, the geometries, dipole 

moments, Mullikan charges and realitive energies have been calculated, using the DFT method. 

2. COMPUTATIONAL METHOD DETAILS 
 
2-thiouracil has 6 keto– enol and enol–enol tautomeric forms altogether. Considering the orientation of 

the hydroxyl hydrogen and thio hydrogen (it is in the same or opposite direction with the C=N bond of the 

enol), the number of the tautomers ascends to 12, Fig. [1], illustrates the 12 tautomers. All the geometries 

of the tautomers have been fully optimized using the B3LYP method within the framework of density 

functional theory (DFT) in conjunction with the 6-311++G (d,p) basis set, i.e., Becke’s three parameter 

non-local hybrid exchange potential with the non-local correlation functional of Lee, Yang, and Parr 

[15,16]. The B3LYP method has been shown to yield reliable geometries for a wide variety of systems 

also including the relevant uracil species [17-19].Following the geometry optimizations, analytical 

frequency calculations were proceeded at the DFT/6-311++G(d,p)  level, using following standard 

procedures, to obtain the thermochemical properties. Solvent effect was considered when calculating the 

equilibrium constant. All these calculations were carried out on a Pentium V personal computer by means 

of GAUSSIAN09 program package and for our computations [20].  

Thermodynamic properties such as: the enthalpy, the Gibbs free energy and the entropy were given 

according to the formulas [21] 

H = E + RT            (1) 
G = H −TS            (2) 



E is the thermal energy 
H is the enthalpy 
G is the Gibbs free energy  

In order to determine the kinetic parameters of the transformations, we calculated their tautomeric 

equilibrium constants by using the following relations [22]. 

KT  = exp(-∆G/RT)          (3) 

Where KT is the equilibrium constant between the tautomers, the gas constant is R is 1.987x10-3 kcal.mol-

3and the temperature T is 298.15K. The quantity ∆G is the difference between the Gibbs free energies of 

the given tautomer with respect to stable one. The pKT values of the studied molecules were calculated 

by the following equation [21]: 

pKT = - log KT          (4) 

Calculated total energies (a.u), thermal Enthalpy (H) (a.u), thermal free energy (G) (a.u), dipole moment 

(µ) ( debye) ,enthalpy change (∆H0), free energy change (∆G0), entropy change (∆S0) equilibrium 

constants (K) and pKT  for various tautomers. These thermochemical parameters were obtained through 

the frequency calculation at DFT/6-311++G (d,p)  level. The solvents (acetonitrile & water) effect on the 

tautomerism processes of 2-thiouracil was investigated by self-consistent reaction field (SCRF) method 

based on Onsager’s reaction field theory. 

3. RESULTS AND DISCUSSION 

3.1. Energies and relative stability 

The total and relative energies (at DFT/6-311++G(d,p) level) of 12 tautomers of 2-thiouracil are presented 

in Table [1], among the 12 tautomers, four are (2TU2, 2TU3, 2TU11,and 2TU12) thio- enols, four are 

(2TU4, 2TU5, 2TU9,and 2TU10) keto-enols, three are di-enols (keto-enol and thio-enol) and one is keto 

tautomer (2TU1).The most stable 2TU1  is taken as reference to obtain the relative energetic stability of 

other tautomers. It can be seen from the results that among four mono-enol tautomers two are thio-

enol(2TU11&2TU12) and two are keto-enol (2TU9&2TU10) tautomers have highest energy, with relative 

energy about 20-25 kcal mol-1 , because of the possibility of migration of hydrogen atoms, and eliminating 

the simultaneous transfers little likely of more than atom, only the exchange of hydrogen atom between 

heteroatom spatially close and separate by more than two atoms can be carried out. From the table [1] 



shows that the mono-enol tautomers of thio-enol(2TU11&2TU12) and  keto-enol (2TU9&2TU10) 

tautomers have highest energy, with relative energy about 20-25 kcal mol-1. Because of the possibility of 

migration of hydrogen atoms, and eliminating the simultaneous transfers little likely of more than atom, 

only the exchange of hydrogen atom between heteroatom spatially close and separate by more than two 

atoms can be carried out. 

 Other mono and di-enol tautomers are less relative energy, except the tautomer 2TU5 (20.07kcal/mole), 

with relative energy about 11–18 kcal mol-1. The energy difference of the tautomers of same tautomeric 

form that differs in the orientations of hydroxyl hydrogens, varies for specific systems. The order of 

relative stabilities for  tautomer in gas phase with respect to stable tautomer:2TU2 > 2TU6 >  2TU7 >  

2TU4 >  2TU3 >  2TU8 >  2TU5 >  2TU12 >  2TU9 >  2TU11 >  2TU10. 

Solvent effects are relevant in tautomers stability phenomena, since polarity differences among tautomers 

can induce significant changes in their relative energies in solution. SCRF/B3LYP calculations were used 

to analyze the solvent effects on tautomerism of 2-thiouracil. The data presented in Table [1] show that 

polar solvents increase the stability of all 2-thiouracil tautomers in compare to gas phase. The difference 

between the total energies of 2-thiouracil and the other forms do not show a regular trend when changing 

from gas phase to most polar solvents (water). The solvent interactions have pronounced effect on the 

order of stability of the tautomers in the gas phase. The order of stability of 2-thiouracil in acetonitrile: 

2TU5> 2TU2 >  2TU3 >  2TU12 >  2TU6 >  2TU7 >  2TU11 >  2TU9 >  2TU8 >  2TU10 >  2TU4 and The 

order of stability in water: 2TU4> 2TU5 >  2TU2 >  2TU3 >  2TU12 >  2TU6>  2TU11 >  2TU7 >  2TU9 >  

2TU8 >  2TU10. 

Th dipole moment (µ) haS been calculated in different media, at the same basis set level and presented 

in Table [2]. It seems that the dipole moments (µ) increases by changing the gas phase to the solution as 

well as by increasing the solvent polarity. On going from gas phase to solution, dipole moments of all 

isomers are increased, as the solvent becomes much more polar. The increase in dipole moments implies 

that charges around the molecule are probably more developed due to the polarization induced by 

solvents. 

 

 



3.2 The thermodynamic parameters 

The thermodynamic parameters are presented in Table [3] in different media, the ∆H, ∆G and ∆S values 

are all positive for different solvents except 2TU1↔2TU4 has negative ∆S value in all solvents. ∆H values 

are all positive, i.e endothermic reaction, ∆S usually is relatively small, indicate that with no ring formation 

or other unusual changes in the constraints between the products and reactants. 

The effect of the medium on the position of equilibrium can be considered from two points of view: (a) 

comparison of the gas-phase and solution equilibrium constants, and (b) comparison of the equilibrium 

constants for different solvents. These are primarily non-ionic reactions where the interaction between 

reacting molecules and solvent is relatively small. Let us consider a simple isomerization reaction A ↔ B 

in the solvents I and II, whose abilities to solvate A and B are different. This corresponds to the Gibbs 

energy diagram shown in Fig. [2] [23]. From Fig. [2], Eq. (5) can be immediately derived, 

 
∆G0(II) + ∆G0

t (A, I →II) = ∆G0
t (B, I →II) = ∆G0

t (B, I →II ) + ∆G0(I)   (5) 
 
which, on rearrangement, leads to Eq.6 
 
∆G0(II) - ∆G0(I) = ∆G0

t (B, I →II ) - ∆G0
t (B, I →II) 

 
    = ∆ ∆ G0(I→II)        (6) 
 
Since, for equilibria, the logarithm of the equilibrium constant is proportional to the standard molar Gibbs 

energy change, ∆G0, according to Eq. (7), 

∆G0 = - RT ln K          (7) 

It follows from Eqs. (6) and (7) that the difference in the molar transfer Gibbs energies of reactant A and 

product B, ∆∆Gt
0(I→II), determines the solvent effect on the position of this equilibrium.In studying solvent 

effects on equilibria, it is, in principle, not sufficient to investigate the ∆G0 changes alone, because this 

term is determined by both an enthalpy and an entropy term according to Eq. (8). 

∆G0 = ∆H0 - T∆S0          (8) 

Transfer functions can also be defined for the thermodynamic state functions ∆H0 and ∆S0 If both transfer 

Gibbs energies and transfer enthalpies are available, it should be possible to achieve a complete 

dissection of the effect of solvents on the various thermodynamic parameters. The values of ∆ ∆H0 and T 

∆ ∆H0 were presented in Table [4] in all the solvents. From the table four types of reaction control can be 

recognized: 



(a) Cooperative effects, with ∆∆H0 and T∆∆S0 having opposite signs. Then these two terms will be 

additive;(b) Enthalpy-controlled effects, in which the two terms are opposed, but the enthalpy term is 

larger;(c) Entropy-controlled effects, in which the two terms are opposite but the ∆∆S0is larger; and(d) 

Compensating effects, in which the two terms are opposed but nearly equal. 

 
3.3. Equilibrium constants 
 
In order to determine the kinetic parameters of the transformations, we calculated their tautomeric 

equilibrium constants by using the relation [21]. The constants were calculated by considering that all the 

tautomers can be in the equilibrium with the most stable tautomer. Table [5] contained the equilibrium 

constants (K) and the pKT values in different solvents, calculated from tautomeric most stable which was 

2TU1.All pKT values in gas phase and the two solvents were positive and this confirmed the fact that 

2TU1 tautomer  is most stable. 

Calculated values for the equilibrium between the tautomers of 2-thiouracil show that the 2TU1 is more 

dominant than the 2TU2, for both the gas and solutions (water and acetonitrile) with pKT value of 6.5874, 

8.4344 and 8.3833, respectively. The 2TU1 form is also a more dominant tautomer than the 2TU6 form, 

2TU7 form, 2TU3 form and the 2TU4 form. Tautomers 5, 8, 9, 10, 11 and 12 are not present in detectable 

amounts. In the gas phase the order of the stability of 2-thiouracil tautomers is 1 > 6 >7 > 3 > 4 while 

tautomers 5, 8, 9, 10, 11 and 12are not detected. However, we predict the order of stability in aqueous 

and acetonitrile solutions are same, to be 1 > 4 > 2 > 3 > 5. 

We can return to our diagram of interconversion, to evaluate in a more realistic way the constants of 

equilibrium as presented in Fig [3].Table [6] contained the pKT of the equilibrium constants calculated 

from the general outline of interconversion. Some pKT were positive and other negative; that determine 

the privileged direction of equilibrium. If the pKT was positive, equilibrium moved from right towards the lift 

and when it was negative, equilibrium moved from left towards the right. 

4. Conclusion  

For 2-thiouracil, tautomerization in gas phase and solution was studied  using DFT at the B3LYP/6- 

31++G(d,p) basis set. In this work we calculated relative stability, the constants of equilibrium for different 

tautomers of 2-thiouracil. According to our calculations, the most stable form is di ketone form (2TU1) and 



the order of energies; acetonitrile > water > gas, the dipole movements are order: Gas > acetonitrile > 

water, because of polarity increasing. In addition the equilibrium constants and inter conversation 

equilibrium constants also calculated. Form this we observed some pKT were positive and other negative; 

that determine the privileged direction of equilibrium.      
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