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Abstract

Phenytoin is a long-standing, anti-seizure drug used in the treatment of epilepsy, however 
it has been classified as possibly carcinogenic to humans. It may exhibit 1,3- and 1,5-type 
proton tautomerism. In the present study, within the constraints of density functional 
theory at the level of B3LYP/6-31++G(d,p), tautomerism of phenytoin has been 
investigated. The obtained data collected for vacuum as well as aqueous conditions 
indicated that the equilibrium concentration of the enol type tautomer should be low. On 
the other hand, lithium is often referred as an antimaniac drug and used clinically to 
prevent mood swings in patients with bipolar effective disorder. The present study also 
considers the mutual interaction of lithium cation and phenytoin at the molecular level. 
Both the unperturbed and perturbed (by lithium cation) phenytoin tautomers have 
exothermic heat of formation values and favorable Gibbs free energy of formation values. 
They are electronically stable. Various quantum chemical data for the unperturbed and 
perturbed tautomers of phenytoin have been collected and discussed.

1. Introduction

Epilepsy is a serious chronic brain disorder that is characterized by recurrent 
unprovoked seizures, which in most patients can be successfully treated and controlled 
with mono- or polytherapy. Antiepileptic drugs (AEDs) are commonly prescribed to 
control epileptic seizures. Traditional AEDs, carbamazepine (CBZ), phenytoin (PHT)      
[1-3] and valproate (VPA), are considered to be the first-line treatments for epilepsy in 
Europe and the United States [3,4].

Phenytoin (5,5-diphenylimidazolidine-2,4-dione) is a long-standing, anti-seizure drug 
widely used in clinical practice [5]. Phenytoin is a imidazolidine-2,4-dione that consists 
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of hydantoin bearing two phenyl substituents at position-5. It has a role as an 
anticonvulsant, a teratogenic agent, a drug allergen and a sodium channel blocker. It is 
functionally related to a hydantoin. Phenytoin binds to the inactivated state of the 
Na+ channel to prolong the neuronal refractory period [6]. 

There are two methods through which phenytoin can be synthesized. Phenytoin 
synthesis can be achieved by adding base-catalyzed urea to benzyl to produce benzylic 
acid, from which phenytoin is produced following a rearrangement. This process is called 
Biltz synthesis of phenytoin [7]. In addition, phenytoin can be produced by oxidation of 
benzoin with nitric acid to produce the benzyl, after which the procedure is the same as 
for Biltz synthesis. In this process, almonds may be used as a source of benzaldehyde [8].

Water-soluble phenytoin derivatives have also been synthesized [9]. It should be 
noted that during decomposition caused by heat, phenytoin typically produces several 
toxic fumes, including nitrogen oxide, carbon monoxide and carbon dioxide [10].

Phenytoin is metabolized by cytochrome P450 enzyme to 5-(p-hydroxyphenyl)-5-
phenylhydantoin (4′-HPPH). Further metabolization to a catechol is possible, and this can 
extemporaneously oxidize to quinone and semiquinone species [5,11,12].

Phenytoin displays non-linear elimination pharmacokinetics [13]. A result of this 
non-linearity the elimination half-life differs with plasma concentration.

The mechanism of action of phenytoin in neuropharmacology has been investigated 
for more than 80 years [14]. Phenytoin is a voltage-gated, sodium channel blocker [15]. It 
exerts its effect by stabilizing the inactive state of the Na+ channel and prolonging the 
neuronal refractory period [16,17].

The mutagenicity of phenytoin and the mutagenicity of its major metabolite, 5-(4-
hydroxyphenyl)-5-phenylhydantoin (HPPH), have been tested in vitro on different 
Salmonella typhimurium strains (TA1535, TA100, TA1537, TA1538, TA98) using an 
Ames test [18-20]. Although, from the results of these studies, it was concluded that 
phenytoin does not have mutagenic properties and experiments in laboratory animals 
have not provided any evidence of phenytoin carcinogenicity [21-23]; however, in one 
case the results are inconsistent [24]. Hepatocellular neoplasia in phenytoin-treated 
rodents have little to no relevance for humans. At present, in the context of epilepsy 
patients, no link has been found between cancer of the liver and phenytoin [25-27].

Phenytoin, has been widely used since the 1930s as an anticonvulsant in the 
treatment of epilepsy, however it was classified as possibly carcinogenic to humans [28].
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The literature contains some molecular orbital calculations which have been done on 
phenytoin and phenytoin derivatives [29-33]. Tautomerism can affect the chemical and 
biological activities of phenytoin. Previously, the tautomerism in phenytoin has been 
investigated based on the geometries of compounds optimized at the B3LYP/6-31G(d,p) 
level of theory [34].

The present study considers the tautomerism in phenytoin at B3LYP/6-31++G(d,p) 
level and also the mutual interaction of lithium cation and phenytoin at the molecular 
level.

2. Method of Calculations

In the present study, all the initial structure optimizations of the closed-shell 
structures leading to energy minima have been achieved by using MM2 method then 
followed by semi empirical PM3 self-consistent fields molecular orbital (SCF MO) 
method [35,36] at the restricted level [37]. Afterwards, the structure optimizations have 
been managed within the framework of Hartree-Fock (HF) and finally by using density 
functional theory (DFT) at the level of B3LYP/6-31++G(d,p) [39,39]. It is worth 
mentioning that the exchange term of B3LYP consists of hybrid Hartree-Fock and local 
spin density (LSD) exchange functions with Becke’s gradient correlation to LSD 
exchange [40]. Also note that the correlation term of B3LYP consists of the Vosko, Wilk, 
Nusair (VWN3) local correlation functional [41] and Lee, Yang, Parr (LYP) correlation 
correction functional [42]. In the present study, the normal mode analysis for each 
structure yielded no imaginary frequencies for the 3N–6 vibrational degrees of freedom, 
where N is the number of atoms in the system. This search has indicated that the structure 
of each molecule corresponds to at least a local minimum on the potential energy surface. 
Furthermore, all the bond lengths have been thoroughly searched in order to find out 
whether any bond cleavages have occurred or not during the geometry optimization 
process. All these computations were performed by using SPARTAN 06 [43].

3. Results and Discussion

Phenytoin molecule owes its chemical reactivity to the presence of an imide 
functional group which may undergo nucleophilic and electrophilic reactions [44,45]. 
Imide functional group actually can be considered as possessing two embedded lactam 
moieties. Tautomerism of lactam-lactim (imide-iminol) type should be expected for 
phytoin at least in theory [45].
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Lithium is often referred as an antimaniac drug. Its primary action is preventing 
mood swings in patients with bipolar effective disorder [2]. Lithium is thought to 
accelerate the presynaptic destruction of catecholamines. Usually lithium carbonate is 
used for medication.

Figures 1 and 2 show not only the optimized structures of 1,3- and 1,5-type proton 
tautomers of phenytoin and their lithium cation composites (perturbed tautomers) but also 
the direction of their dipole moment vectors. Presence of lithium cation in the vicinity of 
phenytoin molecule should perturb many properties of the molecule at different extents. 
The presence of a positive potential field around the cation affects the electron 
distribution of the neutral molecule (unperturbed tautomer) in such a way that in some 
cases some electron population is transferred from molecule to the cation. In that case, an 
intermolecular perturbation can be thought [46].

As seen in Figure 1 direction of the dipole moment vectors varies from one tautomer 
to another. Whereas in the case of lithium cation composites of phytoin tautomers, the tail 
of the dipole moment vector originates from somewhere about the imide group which 
indicates that the cation highly influences the electron distribution of the tautomers. Also 
orientations of the phenyl groups seem to be affected (some bond lengths might have 
been affected due to perturbation caused by the presence of lithium cation).

Figure 1. Optimized structures of the tautomers of phenytoin.

From Figure 2, it is also evident that location of the cation exhibits some preference, 
in some tautomers it prefers the enol vicinity of the lactim form (e.g., P1+Li+) and in 
some tautomers the carbonyl moiety of the lactam/lactim form (e.g., P2+Li+). It should 
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arise from the variation of electron distribution due to the perturbation has occurred. 
Meanwhile the phenyl groups arrange their conformations as one tautomer turns into the 
other one. Approach of the cation should affect the electron distribution of any of the 
tautomers and as a result, degree of the mutual interaction between the cation and the 
perturbed molecule dictates the position of the cation around the molecule while the 
structural optimization occurs.

 Figure 2. Optimized structures of the tautomers in the presence of lithium cation.

Table 1 lists some thermo chemical values of the tautomers considered. As seen in 
the table all the tautomers possess exothermic heat of formation and favorable Gibb’s 
energy of formation values at the standard states. The orders of Hº and Gº values are the 
same in both cases as P5<P1<P3<P2<P4.

Table 1. Some thermo chemical properties of the tautomers considered.

Tautomer Hº Sº (J/molº) Gº

P1 -2201723.549 462.95 -2201861.581

P2 -2201719.527 462.16 -2201857.319

P3 -2201720.624 461.52 -2201858.231

P4 -2201664.490 461.79 -2201802.173

P5 -2201794.585 461.82 -2201932.276

Energies in kJ/mol.
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Table 2 contains some thermo chemical properties of the tautomer composites 
considered. This time the order of both Hº and Gº values are also the same as P5+Li+< 
P3+Li+< P2+Li+< P4+Li+< P1+Li+. Comparison of the orders for the unperturbed and 
perturbed systems reveal that the presence of lithium cation shuffles the Hº and Gº values 
of P1 greatly so that P1+Li+ becomes the last member in the order.

Table 2. Some thermo chemical properties of the tautomer composites 
considered.

Tautomer Hº Sº (J/molº) Gº

P1+Li+ -2220949.048 482.69 -2221092.963

P2+Li+ -2221100.961 481.47 -2221244.514

P3+Li+ -2221103.781 480.64 -2221247.082

P4+Li+ -2220994.385 481.85 -2221138.052

P5+Li+ -2221130.619 482.39 -2221274.445

Energies in kJ/mol.

Tables 3 and 4 list some energies of the tautomers and their lithium cation 
composites considered, where E, ZPE and EC stand for the total electronic energy, zero 
point vibrational energy and the corrected total electronic energy, respectively. The data 
for EC values in Table 3 reveal that the stability order is P5>P1>P3>P2>P4. Whereas the 
stability order in the composite systems (perturbed tautomers) is P5+Li+> P3+Li+> 
P2+Li+> P4+Li+> P1+Li+ (see Table 4). Again the cation effectively perturbs P1 tautomer 
hence, electronically P1+Li+ composite is the least stable one in the composite group.

Table 3. Some energies of the tautomers considered.

Tautomer E ZPE EC

P1 -2202373.26 633.57 -2201739.69

P2 -2202370.25 634.80 -2201735.45

P3 -2202371.92 635.44 -2201736.48

P4 -2202315.40 635.05 -2201680.35

P5 -2202445.71 635.24 -2201810.47

Energies in kJ/mol.
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Table 4. Some energies of the tautomer composites considered.

Tautomer E ZPE EC

P1+Li+ -2221605.50 637.56 -2220967.94

P2+Li+ -2221760.91 641.23 -2221119.68

P3+Li+ -2221764.68 642.39 -2221122.29

P4+Li+ -2221652.99 639.64 -2221013.35

P5+Li+ -2221789.76 640.46 -2221149.30

Energies in kJ/mol.

Table 5 shows the aqueous energies and logP values of the tautomers considered. The 
aqueous energies follow the order of P5< P2< P3< P1< P4. Whereas, the logP order is 
P5< P3< P2< P1< P4. The log P values are all positive quantities for the unperturbed 
tautomers. Note that hydrophilic drugs (having low octanol/water partition coefficients) 
are found primarily in aqueous regions.

Table 5. The aqueous energies and the logP values of the tautomers considered.

Tautomer

P1 P2 P3 P4 P5

-2202418.96

1.42

-2202443.59

1.26

-2202429.18

0.96

-2202379.94

2.29

-2202476.77

0.55

Energies in kJ/mol.

Figures 3 and 4 show the electrostatic potential (ESP) charges on atoms of the 
unperturbed and perturbed tautomers, respectively. Note that the ESP charges are 
obtained by the program based on a numerical method that generates charges that 
reproduce the electrostatic potential field from the entire wavefunction [43]. Figure 3 
indicates that in unperturbed tautomers, the enol oxygen atom (of the lactim form) 
possesses more negative ESP charge accumulation than the carbonyl oxygen atom (if it 
exists). In the case of P4, in which only two enol oxygens but not any carbonyl atoms 
exist, the charges on them are not equal. Structural and electronic variations occurring 
from tautomer to tautomer considered are to be blamed for the results.
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Figure 3. The electrostatic potential (ESP) charges on atoms of the tautomers considered 
(hydrogens not shown).

Figure 4. The electrostatic potential (ESP) charges on atoms of the tautomer composites 
considered (hydrogens not shown).
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As for the composites considered, enol oxygen atom of the lactim form possesses 
more negative charge in the cases of P1+Li+ and P4+Li+. In the other tautomers the 
carbonyl oxygen atom is the more negative one compared to the any existing enol oxygen 
atom of the lactim form. In all the cases, the positive charge on the lithium cation is less 
than unity and the order of them is P3+Li+< P2+Li+< P1+Li+< P4+Li+< P5+Li+. 
Consequently, more electron population has been transferred to the lithium cation in the 
case of P3+Li+ composite compared to the others.

The ESP maps of the tautomers P1-P5 are shown in Figure 5 where the red and blue 
colors stand for negative and positive potential regions, respectively. In the figure, note 
the influence of tautomerism on the potential field over the whole system that has been 
affected by the location of the tautomeric proton, thus the potential field possesses 
varying colors from one tautomer to other. In the composites the positive electrostatic 
potential generated by the cation covers the whole system, thus the maps are all blue 
without any shade development. 

Figure 5. The electrostatic potential maps of the unperturbed tautomers considered

Table 6 contains the dipole moments, polarizabilities and solvation energy values of 
the tautomers considered. Order of the dipole moments is P4< P1< P5< P2< P3. Note that 
the resultant dipole moment is the vectorial sum of the bond dipoles in each case. Thus, 
bond lengths and charges on atoms flanking the bond dictate the individual bond dipole 
moments.
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Order of the solvation energies is P2< P4< P3< P1< P5. The topology of P2 allows a 
better solvated tautomer among the others whereas P5 having two carbonyl moieties is 
the least favorably solvated one. Note that P1, P2 and P3 have the same number of 
carbonyl and enol moieties but their solvation energies are considerably different, which 
indicates the role of gross and fine topologies of the tautomers on the solvation energies.

Table 6. The dipole moments, polarizabilities and solvation energy values of the 
unperturbed tautomers considered.

Tautomer Dipole moment Polarizability Solvation Energy 

P1 2.53 60.74 -45.70

P2 4.69 60.75 -73.34

P3 5.66 60.73 -57.26

P4 1.48 60.77 -64.54

P5 3.09 60.70 -31.07

Dipole moments in debye units. Polarizabilities in 10-30 m3 units. Energies in kJ/mol.

Table 7 shows the dipole moments and polarizabilities of the tautomer composites 
considered. The order of dipole moments for the perturbed tautomers is P2+Li+< P3+Li+< 
P4+Li+< P1+Li+< P5+Li+. Recalling that the order of dipole moments for the unperturbed 
tautomers is P4< P1< P5< P2< P3, the perturbation caused by lithium cation is highly 
effective and should be due to perturbed charge distribution and bond length/bond angle 
changes occurred in the presence of lithium cation even though they are not so much.

Table 7. The dipole moments and polarizabilities of the tautomer 
composites considered.

Tautomer Dipole moment Polarizability

P1+Li+ 15.78 61.51

P2+Li+ 10.84 61.30

P3+Li+ 10.94 61.32

P4+Li+ 15.29 61.42

P5+Li+ 18.18 61.35

Dipole moments in debye units. Polarizabilities in 10-30 m3 units.
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Tables 8 and 9 include miscellaneous data for the tautomers and their composites 
considered. Boltzmann distribution values shown in Table 8 reveal that tautomer-5 in 
vacuum and in aqueous media is the predominant specie which is followed by P1 in the 
vacuum and by P2 in water. Whereas in the presence of lithium cation, P5 (as P5+Li+) is 
followed by P3 (as P3+Li+) according to Boltzmann distribution values (Table 9). The 
data reveal that the cation tremendously increases the P3 content (in vacuum the 
distribution value changes from 1.18586479e-013 to 4.03126533e-005) by means of 
P3+Li+ composite. On the other hand, distribution value for P1 is decreased by the cation 
several folds (from 2.04027174e-013 to 5.26779915e-033).

Table 8. Miscellaneous data for the tautomers considered.

Tautomer Conformers HBD HBA PSA (Å²) Boltzmann Dist. Boltzmann 
Dist.(aq)

P1 2 1 3 51.258 2.04027174e-013 7.45355064e-011

P2 4 1 3 53.501 6.04205518e-014 1.53721276e-006

P3 4 2 4 53.368 1.18586479e-013 4.59302204e-009

P4 4 2 4 54.030 1.48890655e-023 1.08761255e-017

P5 1 2 4 52.083 1.00000000 0.999998458

HBD: Number of hydrogen bond donor sites. HBA: Number of hydrogen bond acceptor 
sites.
PSA: Polar surface areas.

Table 9. Miscellaneous data for the tautomer composites considered.

Tautomer Conformers HBD HBA PSA (Å²) Boltzmann Dist.

P1+Li+ 4 1 3 51.818 5.26779915e-033

P2+Li+ 2 1 3 51.537 8.83975847e-006

P3+Li+ 2 2 4 50.942 4.03126533e-005

P4+Li+ 4 2 4 51.165 1.09563231e-024

P5+Li+ 1 2 4 49.292 0.999950848

For the abbreviations see Table 8.
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The effect of tautomerism on the chemical function descriptors (CFD) of the 
tautomers are shown in Figure 6. Note that CFDs are attributes given to a molecule in 
order to characterize or anticipate its chemical behavior. In the figure different colors 
stand for different descriptors. Note that HBA and HBD mean hydrogen bond acceptor 
and donors, respectively. The presence of lithium cation does not change the attribution 
of CFDs except in the case of P2+Li+ (see Figure 7).

Figure 6. CFDs of the tautomers considered (Green: HBA; Yellow: HBA and HBD; 
Blue: Hydrophobe; Bluish: HBA, HBD and +ionizable, In P1 Bluish stands for HBA and 
+ionizable).

Figure 7. CFDs of the tautomer composites considered. (Green: HBA; Yellow: HBA and 
HBD; Blue: Hydrophobe; Bluish: HBA, HBD and +ionizable, In P1+Li+ Bluish stands 
for HBA and +ionizable).

Figure 8 shows the effect of lithium cation on the distribution of molecular orbital 
energy levels of the perturbed systems among themselves as well as compared to the 
unperturbed tautomers. The data reveal that in general both the HOMO and LUMO 
energy levels are lowered down due to the effect of lithium cation (see Figure 8 and 
Tables 9 and 10) . So the cation is acting as if an electron withdrawing substituent were 
attached to the organic molecule, by lowering the frontier molecular orbitals at unequal 
extends [47]. Moreover, Figure 8 shows that as a result of the perturbation, the energy 
spacing between the LUMO and NEXTLUMO levels increases. That fact should arise 
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from the different magnitudes of atomic orbital contributions to LUMO and 
NEXTLUMO which are affected by the cation. The perturbation also affects the spacing 
of the inner-lying molecular orbitals so that some nearly degenerate orbitals become 
distinct ones after the perturbation. Note that those inner-lying molecular orbitals are 
usually assumed to be effective in contributing to the thermal stability of the molecules.

The HOMO, LUMO energies (εHOMO and εLUMO, respectively) and intermolecular 
orbital energy gap Δε (Δε = εLUMO-εHOMO) values of the tautomers and their composites 
are shown in Tables 9 and 10, respectively. The data in the Table 9 reveal that the orders 
of the HOMO and LUMO energies are P3< P5< P4< P2< P1 and P3< P4< P5< P2< P1, 
respectively. Thus, the order of Δε values for the tautomers, which are one of the 
contributors to their spectral properties becomes P4< P2< P3< P1< P5.
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Figure 8. The effect of lithium cation on the distribution of molecular orbital energy 
levels of the perturbed systems (among themselves as well as compared to the 
unperturbed tautomers).

Table 9. The HOMO, LUMO energies and Δε values of the tautomers 
considered.

Tautomer HOMO LUMO Δε

P1 -637.91 -87.22 550.69

P2 -646.73 -110.30 536.43

P3 -680.76 -132.23 548.53

P4 -653.17 -124.03 529.14

P5 -678.41 -112.75 565.66

Energies in kJ/mol.
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The data in the Table 10 show that the HOMO energies for the perturbed tautomers 
follow the order of P3+Li+< P2+Li+< P5+Li+< P1+Li+< P4+Li+ whereas the LUMO order 
is P3+Li+< P1+Li+< P4+Li+< P2+Li+< P5+Li+. Consequently, the order of Δε values for 
the perturbed tautomers becomes P1+Li+< P4+Li+< P3+Li+< P5+Li+< P2+Li+. Due to the 
topology of the five membered ring, the carbonyl group(s) are not equal electronically, 
thus the lithium cation exerts its perturbational effect utmost on tautomer P3, lowering 
the HOMO and LUMO energies of P3 resulting the lowest values for P3+Li+ composite.

Table 10. The HOMO, LUMO energies and Δε values of the perturbed 
tautomers considered.

Tautomer HOMO LUMO Δε

P1+Li+ -911.82 -512.70 399.12

P2+Li+ -942.43 -500.32 442.11

P3+Li+ -950.77 -514.64 436.13

P4+Li+ -909.41 -502.76 406.65

P5+Li+ -914.84 -478.24 436.60

Energies in kJ/mol.

 Figure 9 displays the time dependent density functional (TDDFT) UV-VIS spectra 
of the unperturbed and perturbed tautomers. From the figure one observes that all the 
      . 

 

P1

P1+Li+
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Figure 9. UV-VIS spectra of the unperturbed and perturbed tautomers.

unperturbed tautomers absorb in the UV region. All the perturbed tautomers also absorb 
in the UV region except P4+Li+ case which slightly shifts to visible region. However, the 
rest of the perturbed tautomers also exhibit some bathochromic shift being still in the UV 
region. In spite of the fact that P2 spectrum exhibits a shoulder, it possesses two 
absorption peaks in P2+Li+ case. On the other hand, P3+Li+ spectrum also has two 
absorption peaks in contrast to the unperturbed tautomer P3. Note that in the calculated 
spectra presented, the absorption peaks and their intensities are dictated not only by the 
HOMO-LUMO transitions but also some other allowed transitions and also their 
transition moments. Therefore, some spectral shifts or new peaks/shoulders may appear 
or disappear as the perturbation effect of lithium cation influences the molecular orbitals.

 Figure 10 displays the local ionization potential maps of the unperturbed and 
perturbed tautomers, where conventionally red/reddish regions (if any exists) on the 
density surface indicate areas from which electron removal is relatively easy, meaning 
that they are subject to electrophilic attack. In the figure dark blue regions stand for 
electron poor whereas green/greenish or light blue region relatively electron rich regions.

P5

P5+Li+
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Figure 10. The local ionization potential maps of the unperturbed and perturbed 
tautomers.

Figure 11 shows the LUMO maps of the of the unperturbed and perturbed tautomers. 
Note that a LUMO map displays the absolute value of the LUMO on the electron density 
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surface. The blue color (if any exists) stands for the maximum value of the LUMO and 
the red colored region, associates with the minimum value.

Figure 11. The LUMO maps of the of the unperturbed and perturbed tautomers.

4. Conclusion

 The present DFT study at the level of application (B3LYP/6-31++G(d,p) indicates 
that in vacuum and aqueous conditions the concentrations of lactim type tautomers of the 
unperturbed as well as the perturbed type phenytoins are low. However, their 
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concentrations might be increased in polar solvents, because some of them have dipole 
moments which are higher than that of the imide form. However, the effect of hydrogen-
bond donor and acceptor solvents should be rather different. The perturbation caused by 
lithium cation affects many quantum chemical properties of the tautomers especially the 
molecular orbital energy levels which are all lowered at unequal extends as compared to 
the unperturbed ones.

 It is a matter of question which is to be thoroughly investigated how those 
perturbations clinically affect the behavior of patients who are obliged to use both lithium 
compounds and phenytoin while their treatment period.
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