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ABSTRACT

The relative stability of the different tautomers of hydantoin has been studied through the
use of DFT method. The structures and the vibrational frequencies of all stable tautomers and all
the transitions states connecting between them have been calculated at the B3LYP/6-311+G(d,p)
level of theory in the gas phase and selected solvents using IE-PCM model. Final energies have
been obtained in single-point B3LYP/6-311++(3df,2p) calculations. The results show that the diketo
tautomer T1 is more stable than the other tautomers. Variation of charge densities at bond critical
points, dipole moments and NBO charges on atoms in the solvents were studied.
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INTRODUCTION

Intramolecular 1,3-proton transfer of the
keto-enol reactions of heterocyclic systems with
several basic centers, O, N, S and Se 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'2. Along this line, relative stabilities of
various tautomeric structures of five-, six- and seven-
membered ring (dioxo, oxo/thio, oxo/seleno, dithio
and diseleno combinations) were investigated using
both theoretical and experimental tools®'2. Both
tools indicate that in these compounds the thioxo,

selenooxo, dioxo, dithio or diseleno tautomer is most
stable.

Particularly important are hydantoins for
having different therapeutic activities including
anticonvulsants, antiarrhythmic, bactericides,
fungicides, and anticancer. Their anticonvulsant
activity has been investigated for tens of
years'18. Chemically, hydantoin (glycolurea,
2,4-Imidazolidinedione) and its derivatives, Scheme
1, have two N-H bonds in a molecule. One is adjacent
to a carbonyl radical and other, surrounded by two
carbonyl radicals. They form two chains linked
by N-H---O hydrogen bonds, from which inversion
centers create a chain of rings. The chemical
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reactivity of hydantoins is primarily determined by
the stability of their corresponding tautomers'®2.

The common studies of tautomerisation of
carbonylic compounds such as uracil, thiouracil, 1,
2, 4-triazepines, oxazolidine and thiazolidine, can
anticipate that hydantoin may exhibit five different
five different tautomeric structures with different
conformations?'. In addition, three different dihydroxy
tautomeric structures with different conformations
can also formed by a second isomerization?.
Previous experimental and theoretical studies?'%”
of hydantoin and some of its derivatives either in
neutral, protonated and deprotonated forms showed
that the preferred existence of the hydantoins as
lactam tautomer (diketo form) ((the lactam tautomer
is atleast 10.6 kcal/mol* (PM3), 15.6 kcal/mol (AM1)
or 17.0 kcal/mol (B3LYP), respectively, more stable
than any other tautomer?'- %),

Recently, Shabanian M. et al.,?* studied the
solvation effects on the tautomerism of N, -substituted
hydantoin. They found, in all cases, that the diketo
form is the most stable tautomer and the solvent
interactions have not pronounced an effect on the
order of the stability of the tautomers in the gas. They
also found that there is a significant solvent effect on
the dipole moment of the individual tautomers, which
is increased by change the solvent from gas to the
solution as well as by increasing the solvent polarity.

This study employs density functional
theory (DFT) on the investigation of those structures
and to present a complete analysis of their relative
stabilities in the gas phase and deferent solution
with different dielectric constant, named, water
(THF (e=7.0, methanol (e=33.0), DMSO (e=50.0)
and water (e=78.8). This work includes variation of
dipole moments and NBO charges on atoms in the
solvents and gas phase. Also, this works involves
a detail study on the geometrical structures (bond
lengths, bond angles and vibrational frequencies).
Finally, the charge densities of the carbonyl group,
the bonds within the hydantoin moiety before and
after tautomerisation, as well as the hydroxyl group
formed due to the tautomerisation process, based
on the AIM theory of Bader will be discussed?.

Computational methods
All compound’s structures were drawn using
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Gauss View 5.01. To characterize all the optimized
geometries the standard hybrid density functional
theory (DFT) in the framework of B3LYP282°
functional at the 6-311+G(d,p) basis function was
used. The harmonic vibrational frequencies of the
different stationary points of the potential energy
surface (PES) have been calculated at the same
level of theory used to check that all the structures
are minma with no imaginary frequencies, as well
as to estimate the corresponding zero-point energy
corrections (ZPE) that were scaled by the empirical
factor 0.9806 proposed by Scott and Radom?®.
In order to obtain more reliable energies for the
local minima, final energies were evaluated using
B3LYP/6-311++G(3df,2p) level of theory.

The tautomers were also optimized
in solvents according to the integral equation
formalism polarizable continuum model (IEF-
PCM) of Tomasi and co-workers, which exploits
the generating polyhedra procedure?'- to build the
cavity in the polarisable continuum medium, where
the solute is accommodated. We have additionally
carried out a single point calculation to compute
the atomic charges in all the structures using the
Natural Population Analysis (NPA) method with the
Natural Bond Orbital (NBO) approach® to obtain
the natural atomic orbital energies and the natural
population of the atomic charges. Finally Analysis
of the electron densities at bond critical points
(bcps) of the optimized structures was calculated
by generating the wave functions through a single
point calculation on the geometrized structures
and analyzed these wave functions by means of
the atoms in molecules (AIM) theory proposed by
Bader et al.?” as implemented in AIM2000 program
package®®. All calculations were carried out with the
GAUSSIAN 09 package®.

RESULTS AND DISCUSSION

Gas Phase Relative stabilities

Structures and numbering of hydantoin
(2,4-dioxoimidazoildine) are depicted in Scheme
1. The results of energy comparisons of eight
tautomers in the gas phase and different solvents
are summarized in Table 1. Full set of data are given
in Table S1-S5 of supplementary material. A cursory
examination of this table shows that the DFT B3LYP
calculations find the diketo tautomer to be at least
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17.0 kcal/mol more stable than the others (Scheme  concluded that the dione tautomer, T1 is the most
1). This result has been taken as an unequivocal stable one.

proof for the studied hydantoins to exist preferentially

as the lactam tautomer. These findings agree with Our results show that the most stable oxo-
published theoretical and experimental studies  hydroxy form corresponds to isomer T2, which is
for hydantoin and its derivatives?>?®, which also  formed due to the migration of the amino hydrogen

Table 1: Relative energies (in kcal/mol) of the different tautomers of hydantoin

Calculated? Calculated®

Gas THF Methanol DMSO Water AM1 PM3
T 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T2 17.0 18.5 18.8 18.9 21.8 15.6 10.6
T3 18.9 17.2 16.9 16.8 16.8 20.4 19.3
T4 17.2 16.0 15.7 15.6 15.6 20.2 16.1
T5 23.4 22.1 22.1 22.0 24.8 25.2 -
T6 30.4 32.2 32.6 32.6 32.6 38.5 27.9
T7 33.6 35.2 36.0 36.0 36.1 30.4 -
T8 36.2 34.9 34.3 34.3 34.2 27.9
TS(T1-T3) 52.0 48.9 48.9 48.9 48.9
TS(T1-T4) 54.3 47.3 51.3 51.3 54.2
2 This work ®Values taken from Refs. [20] and [21].

Table 2: Structural parameters of the optimized geometries of some tautomers of
hydantoins in gas phase. Bond lengths in angstroms and Bond angles in degree

T T3 T4 T6 Exp® Calc  Exp°

N1-C2 1.369 1.348 1.386 1.286 1.371(3)  1.356  1.342(1)
C2-N3 1.413 1.305 1.44 1.41 1.393(3)  1.391  1.393(2)
N3-C4 1.378 1.398 1.275 1.287 1.367(3)  1.367  1.362(1)
C4-C5 1.534 1.557 1.507 1.507 1.460(3)

C5-N1 1.451 1.454 1.442 1.458 1.457(3) - -

C2=0 1.207 1.328 1.204 1.335 1222(3) 1221 1.221(1)
C4=0 1.206 1.205 1.331 1.329 1225(3) 1211 1.211(1)
02-H - 0.968 - 0.967 - - -

04-H - - 0.97 0.969 - - -
02-C2-N1 1288 118.1 126.6 124.8 128.22) - 127.9(1)
02-C2-N3  125.9 124.3 125.7 116.1 124.42) - 124.5(1)
N3-C2-N1  105.3 117.7 107.7 119 107.4(2)

C4-N3-C2  113.7 105.9 106.6 102.2 116.7(2) - 126.3(1)
04-C4-C5 1271 124.2 118.8 122.4 127.92) - 126.8(1)
04-C4-N3  127.6 127.3 125.4 125 125.3(2) - -
C5-C4-N3  105.3 108.5 115.8 1125 106.8(2) - -
N1-C5-C4  102.4 100.6 98.1 102.4 104.7(2) - -
C2-N1-C5  113.3 107.4 111.8 103.8 109.4(2) - -
H-O2-C2 - 107.2 - 107.1 - - -

H-O4-C4 - - 108 108.4 - - -
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atom (H8) to the adjacent carbonyl oxygen atom
(06). Contrary to Kleinpeter et al,?? isomers T2 and
T4, which is formed due to the of hydrogen atom
(H9) to the adjacent oxygen atom (O7) are almost
degenerate while the relative stabilities of tautomers.
The advantage of the C2=06 over the C4=07 may
be attributed to the presence of the former group
between two -NH groups, which donate electron
to C2=06 group and make it more basic than the
latter one and available to interact with the migrated
hydrogen atom.

On the other hand, the most stable dienol
structure corresponds to isomer T6, which lays ~ 31
kcal/mol less stable than the global minimum (isomer
T1). It is worth to mention that isomer T6 is formed
due to the migration of the hydrogen atoms (H8 and
H9) to the oxygen atoms (O6 and O7), whereas the
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other dihydroxy structures can be yielded by the
migration of the methyl hydrogen atom (H10) and
H8 or H9 to the adjacent carbonyl groups, (C2=06)
and C4=07). Therefore, the order of stability of all
the tautomers in gas phase is T1 >T2>T4 >T3 >
T5>T6>T7>T8.

Gas Phase Prototropic Intramolecular
Tautomerisation

A possible prototropic isomerisation in gas
phase is being explored by analyzing the energy
profiles of the transition states connecting the diketo
form of T1, the most stable isomer from one side,
and at the other side one of the two most stable oxo-
hydroxy structures of each of our systems. Energy
profiles computed at B3LYP/6-311+G(3df,2p)//
B3LYP/6-311+(d,p) level of theory are shown in
Figure 1. Activation energy barriers of all possible

Table 3: Charge densities (r) at the bond critical point of different tautomers
of hydantoin in gas phase and in solution. The values are in a.u

Gas (0.0) Methanol Water
T1 T3 T4 T6 T1 T3 T4 T6 T1 T3 T4 T6
N1-C2 0.320 0.335 0.306 0.389 0.329 0.344 0.319 0.320 0.329 0.344 0.388 0.388
C2-N3 0.293 0.381 0.286 0.306 0.295 0.369 0.293 0.293 0.295 0.368 0.308 0.308
N3-C4 0.310 0.381 0.397 0.388 0.314 0.319 0.390 0.390 0.314 0.319 0.384 0.383
C4-C5 0.250 0.239 0.260 0.259 0.254 0.246 0.262 0.262 0.254 0.246 0.260 0.261
C5-N1 0.263 0.258 0.271 0.273 0.263 0.259 0.268 0.268 0.263 0.259 0.270 0.270
C2=0 0.422 0.316 0.424 0.310 0.412 0.321 0.409 0.409 0.412 0.322 0.309 0.309
C4=0 0419 0419 0.310 0.310 0.412 0.405 0.316 0.316 0.412 0.404 0.315 0.383
02-H 0.358 0.361 0.355 0.355 0.358 0.358
04-H 0.357 0.358 0.354 0.354 0.354 0.354
Table 4: Calculated dipole moments
of optimized tautomers of hydantoin (Deby)
Gas(1.0) THF(7.6) Methanol(33) Dmso(46.7)  Water(78.4)

TH1 2.74 3.50 3.65 3.67 3.68

T2 2.56 3.30 3.45 3.46 3.48

T3 5.48 7.28 7.67 7.71 7.75

T4 5.15 6.88 7.26 7.30 7.34

T5 5.09 6.46 6.74 6.77 6.79

T6 1.63 2.18 2.31 2.32 2.33

T7 1.58 2.06 3.68 3.77 2.18

T8 6.22 7.80 8.18 8.21 8.25
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transition states involved in the mechanisms are also
depicted in the same figure, as well as the relative
energy values corresponding to the most stable
isomers as listed in Table 1.

For mono-enolization process, as indicated
above, tautomer T1 is the most stable one, but
there are significant differences regarding the
relative stabilities of the remaining isomers. The
first important differences affect the enolization
mechanism of the oxo group attached to C2 and
C4. The enolization can be produced either by one
of the following three ways:-

1) a 1,3-H shift from the N1-H to yield species
T2 viaTS12,

2) a 1,3-H shift from the N1-H to yield species
T3 and T4 via TS13 and TS14, respectively,
or

3) by a 1,3-H shift from the CH, group to yield
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isomer only through TS15.

As mentioned above, the tautomers
B and D are almost degenerate. However, the
transition state TS12 is 0.9 kcal/mole lower than
that connecting between T1 and T4, TS14. In other
word, the 1,3 hydrogen shift from tautomer T1 to
tautomer T2 through the TS12 is slightly favored
over that from species T1 to species T4 to through
TS14. This finding clearly indicates that there is a
competiveness between the two carbonyl groups,
(C2=06) and C4=07), to undergo the intramolecular
prototropic tautomerisation. Our results lead us to
conclude that this reaction at O6 is energetically
favored over the corresponding O7.

For the dihydroxy tautomers, T6, T7 and T8,
these species are formed by two steps. First step
consists of enolization of one of the two carbonyl
groups by a 1,3-H transfer to form as previously

Table 5: Calculated NBO charges on the ring atoms and the carbonyl oxygen atoms of hydantoin (a.u.)

N1 Cc2 N3 c4 C5 06 o7

Gas -0.661 0.807 -0.661 0.681 -0.262 -0.609 -0.576
THF -0.643 0.813 -0.651 0.694 -0.262 -0.662 -0.621
Methanol T1 -0.639 0.814 -0.649 0.696 -0.262 -0.672 0.630

DMSO -0.638 0.815 -0.648 0.696 -0.262 -0.673 -0.630
Water -0.638 0.815 -0.648 0.696 -0.262 -0.674 -0.631
Gas -0.581 0.721 -0.660 0.678 -0.293 -0.667 -0.576
THF -0.602 0.731 -0.647 0.688 -0.602 -0.668 -0.626
Methanol T2 -0.606 0.733 -0.644 0.690 -0.295 -0.668 -0.635
DMSO -0.606 0.734 -0.644 0.690 -0.295 -0.668 -0.636
Water -0.607 0.734 -0.644 0.691 -0.295 -0.668 -0.637
Gas -0.636 0.764 -0.645 0.655 -0.278 -0.653 -0.567
THF -0.612 0.780 -0.679 0.659 -0.275 -0.649 -0.640
Methanol T3 -0.606 0.784 -0.689 0.661 -0.274 -0.647 -0.655
DMSO -0.606 0.784 -0.690 0.661 -0.274 -0.647 -0.657
Water -0.605 0.785 -0.691 0.661 -0.274 -0.647 -0.658
Gas -0.672 0.786 -0.572 0.602 -0.252 -0.587 -0.653
THF -0.651 0.789 -0.608 0.625 -0.254 -0.660 -0.648
Methanol T4 -0.645 0.789 -0.616 0.630 -0.254 -0.676 -0.646
DMSO -0.645 0.789 -0.616 0.631 -0.254 -0.677 -0.646
Water -0.644 0.789 -0.617 0.631 -0.254 -0.679 -0.646
Gas -0.587 0.697 -0.581 0.605 -0.281 -0.652 -0.647
THF -0.607 0.701 -0.608 0.622 -0.285 -0.669 -0.647
Methanol T6 -0.612 0.702 -0.614 0.626 -0.285 -0.672 -0.646
DMSO -0.614 0.702 -0.612 0.626 -0.286 -0.672 -0.646
Water -0.612 0.702 -0.615 0.627 -0.286 -0.673 -0.646
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discussed. The step corresponds to another 1,3-
H migration to the other carbonyl group via a
new transition. In our case, we will discuss only
two mechanisms, formation of T6 from T2 and T4
through transition states TS24 and T46 respectively,
are presented in Fig. 1. Our results indicate that
the overall activation energies required to yield T6
through the two mechanisms are extremely high (2
65.5). Obviously, because of the high energy barrier,
the intramolecular prototropic tautomerisation in
both cases is thermodynamically unfavored and the
tautomer T1 is predominant in gas phase.

Gas Phase Geometrical and Topological
Properties

For the sake of conciseness we will discuss
only the structure of isomers T1, T4 and T6. The
most relevant geometrical structures and topological
parameters are summarized in Table 2 and their
gas phase optimized structures and corresponding
molecular graphs, obtained by using the AIM theory
of Bader through the using of the AIM2000 suite of
program, are shown in Figure 1. Full set of data are
available upon request. It is found that the optimized
geometry of the titte compound calculated by the
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B3LYP method of DFT in different solvents agrees
well with the experimental and the theoretical results
(Table 2).

It is noting that the intrinsic characteristics
of the carbonyl group change slightly depending
on their relative position within the ring. When they
are attached at C2, the corresponding C=0 bond
is slightly stronger as reflected in a larger charge
density at the bond critical point (see Table 3 and
Figure 2) and in a slightly greater bond length.
Indeed, for tautomer T1, while for C2=0 the charge
density is 0.422 a.u. and the bond length is predicted
to be 1.207 A, for the C4=0 the charge density is
calculated to be 0.420 a.u. and the bond length is
calculated to be 1.206 A. (see Table 2 and 3).

Comparing of the geometrical structures
and topological properties of both T2 and T4 on the
one hand and of the species T3 and T5 on the other
hand, leads us to remark the following notes:-

1) For isomer T1 and T4, the C2-O and C4-O
are almost equal in strength as reflected in
their charge density values at the bond critical
point (0.310 a.u.) and they have nearly the

T5 T6

Scheme 1:
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same bond length. Indeed, our results show
that C2-O is 0.006 A longer than the C4-O.
These results reflect that the two carbonyl
oxygen atom have almost the same intrinsic
characteristics.

For isomer T3 and T5, the bond lengths of
C2-0O and C4-0 are calculated to be 1.328
and 1.329 A, respectively, which are 0.009
A shorter than the corresponding ones in
species T2 and T4. Their charge densities are
predicted to be 0.3158 and , which is ~0.006
a.u. greater than the same bond in species T2
and T4 (Table 2 and 3) . These results indicate
that the carbonyl oxygen atoms in the T2 and
T4 have stronger intrinsic characteristics than
the analogue ones in species T3 and T5,
explained why the former species are more
stable than the latter ones.

2)

Analysis of dipole moments and NBO charges
Calculated dipole moments of optimized
tautomers of hydantoin in gas phase and in solution
at B3LYP/6-311+G(d,p) level of theory are collected
in Table 4. Our results show that species T2 with
2.57D has dipole moment smaller than that of the
global minimum T1 with 2.73D. Also, T7 tautomer,
with two hydroxyl groups and N1=C2 and C4=C5
bonds, has the smallest dipole moments than the
other seven forms with 1.58D. T8 tautomer with
C2=N3 and C4=C5 has the largest dipole moments
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with 6.22D and 8.25D in gas phase and in water.

Calculated NBO charges using the natural
population analysis (NPA) of optimized structures of
hydantoin tautomers in the gas phase and in solvents
at B3LYP/6-311+G(d,p) level of theory are listed in
Table 5. on ring atoms of hydantoin as well as on the
carbonyl oxygen atoms in gas phase and in solution
have been listed in Table 5. For T1 tautomer, the
negative charge on O6 is calculated to be 0.033 a.u
larger than that on O7, which suggests that O6 is
more basic than the O7. This finding indicates that
the preferred site for the prototropic intramolecular
tautomerisation is preferred the carbonyl atom
attached to position 2 of the hydantoin ring. On the
other hand, the two nitrogen atom at position 1 and
3 carries almost the same negative value (~ 0.661
au.) with difference of ~ 0.0007 au. in favor of N1,
suggesting that the H8 and H9 have almost the same
acidity character. For T2 form, the negative charge
on O6 atom is found to be larger than that on O6
in T3, and O7 in both T4 and T5 species. Indeed,
in T2 and T3, the NBO charge on O6 is calculated
to be -0.667 a.u. in the former and -0.653 a.u. on
the latter, while, the negative charges on O7 in T4
and T5 species are found to be -0.653 and -0.647,
respectively. These results enhance the tautomers
stability order discussed above. Additionally, in all
species, our results indicate that carbon atom at
position 2 carries the largest positive charge and
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these positions will most effectively interact with
nucleophiles. Whereas carbon atom at position 5
carries negative charge and this position will most
effectively with electrophiles.

Solvent effects
It is well known that solvent effects are
relevant in tautomers stability phenomena, since

H
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polarity differences among tautomers can induce
significant changes in their relative energies in
solution. IE-PCM/B3LYP calculations were used
to analyze the solvent effects on tautomerism of
hydantoin. It is important to stress that the PCM
model does not consider the presence of explicit
solvent molecules; hence specific solute—solvent
interactions are not described and the calculated
solutions effects arise only from mutual solute—
solvent electrostatic polarization. So that some points
should be remarked as follow;

1) The data presented in Table 1 show that
as, regardless of the solvent nature, the
diketo form (tautomer T1) is the most stable
tautomers among all the tautomers under
investigation.

2) For all solvents, tautomer T4 is the most stable
oxo-enol structure and T7 is the least stable
dihydroxy one. The stability trend becomes
T1>T4>T3>T2>T5>T6>T8>T7.

3) The relative energy difference between
the diketo form (tautomer T1) and the first
stable oxo-hydroxy structure decreases
when changing from gas phase to the more
polar solvent. Indeed, for tautomer T4, when
changing from gas phase to water the relative
energy decreases from 17.2 — 15.6 kcal/mol.

4) Interestingly, the energy gap of the
isomerization process, which connects
between the different isomers and the global
minimum (T1) is found to be decreased when
changing from gas phase to more polar
solvents (water) (see Table 1 and Figure 3).

5) The dipole moments increases by changing
the gas phase to the solvent as well as by
increasing the solvent polarity. The most
significant variations being obtained in
tautomer T3, which increases by 2.27 D
when changing from the gas phase to the
most polar solvent (water). Whereas the least
significant variations being obtained for T6
with 0.7 D when going from gas phase to
water (see Table 4).

We have examined the charge distribution
of tautomers in the solvent as well as gas
phase by using calculated NBO charges. The
charge distribution in solvents with increase
of polarity differently varies for any atoms.

We have also examined the charge densities
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Fig. 3: Energy profiles corresponding to the possible mechanisms
connecting T1 and T3, T4 in different solvents. Values are in kcal/mol

(r) at bond critical points in solvent as well in
gas phase by using AIM theory of Bader. It
is found that when changing from non-polar
to polar solvent the charge density varies by
decreasing or increasing for any bond.

CONCLUSION

The relative stability of the oxo and
thio derivatives of hydantoin are rather similar
to those reported in the literature for uracil and
its thio derivatives, oxazolidine, thiazolidine and
1,2,4-triazepines. The most stable tautomer
corresponds to the diketo structure, followed
by the corresponding oxo-hydroxy forms, while
the dihydroxy structures are the least stable
ones. Total energies of all forms are affected by
solvent. With increase of polarity total energy of
all compounds were more negative. As for uracil,
thiazolidine, oxazolidine and triazepines derivatives,
the tautomerism activation barriers are high enough
as to conclude that only the dioxo structures should
be found in the gas phase. The relative stabilities
should change, however, in more polar solvent

because the corresponding prototropic tautomerism
reactions are accompanied by significant changes
in the dipole moment of the system.

The dipole moments of all compounds are
affected by solvent. With increase of the polarity of
solvents the dipole moments of all tautomers were
increased. The NBO charges on all seven atoms
were affected by solvents. In addition with increase
of dielectric constant a variation was found.

The bonding characteristics of the carbonyl
groups depend on their relative positions. When
these groups are attached to C2, the C=0 linkage is
stronger than when it is attached to position 4. This
is clearly reflected in the reactivity of these systems
in the gas phase.
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