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THEORETICAL STUDY ON THE SELF- AND
WATER-ASSISTED PROTON TRANSFER
REACTION OF URAZOLE

S. Erdogan' and D. Ozbakar Ismn'*

The proton transfer reactions of urazole have been investigated theoretically by using the density
functional theory at the B3LYP/6-311++G(d,p) level and single-point MP2 calculations with the same
basis set. The influence of the solvent on the proton transfer reactions of urazole has been examined
using the self-consistent isodensity polarized continuum model in water. Also the proton transfer in the
mono- and dihydrated forms of urazole have been investigated at the same level in the gas phase. It was
found that the proton transfer to the carbonyl oxygen of the hydrazyl proton of urazole is the easiest in
the gas phase and in water. The same proton transfer is also thermodynamically the easiest among
water-assisted proton transfer reactions of urazole. In addition, the barrier heights for both H,O-
assisted and (H,0)j-assisted reactions are significantly lower than those for the self-assisted
tautomerization reactions of urazole.

Keywords: urazole, density functional theory, self-consistent isodensity polarized continuum model,
tautomerism, water-assisted proton transfer reaction.

Urazole (1,2,4-triazolidine-3,5-dione) is a 5-membered ring species which, as a structural fragment, is found
in a large number of organic compounds and is also an important chemical reagent in industry. Industrially urazole
and its derivatives are used in the manufacture of car airbags [1, 2], in the production of antitumor drugs [3-6], and as
a stabilizer in milk [7]. In addition, the sodium salt of 1,2-diisopropylurazole possesses antidepressant activity [8],
while potassium salts of various urazoles have been incorporated into polycarbonates because the addition of the
urazolides has been shown to increase the fire resistance of the polymer [9]. Some of the urazoles have been shown
to possess fungicidal properties [10]. It has been suggested that urazole may have been a prebiotic compound acting
as the precursor to uracil due to its structural similarity [11].

Therefore, the structures of urazole and its derivatives have been explored experimentally and
theoretically [12-17]. Molecular structures of the urazole and its tautomers in the gas phase were calculated
at the B3LYP/6-311++G(d,p) level to determine the most stable compound. According to the total energies
of the urazole tautomers, the 3,5-dione form 1 (Fig. 1) was found to be the most stable of them [18]. In
another study, in order to obtain the vibrational spectrum of urazole in aqueous solution, DFT calculations
at the B3-LYP/cc-pVTZ level have been carried out using a model in which urazole is surrounded by five
water molecules [19].
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The proton transfer over hydrogen bonds in urazole has received less attention from the computational
community. Only one paper reported the direct tautomerism for an isolated urazole molecule in the gas phase
[18]. Since the tautomerism in the urazole can affect its chemical and biological activities, it is very important to
know the complete mechanism of tautomerism and the reaction pathways between different tautomers.

In our present work, a complete tautomeric scheme involving five tautomers of urazole (Fig. 1) has been
studied at the B3LYP/6-311++G(d,p) level and single-point MP2/6-311++G(d,p) level in aqueous solution and
in the gas phase. In addition, one and two explicit water molecules are considered in the solvation of urazole
and its tautomers. A detailed analysis is presented for a satisfactory interpretation of the proton transfer
reactions in an isolated urazole molecule, in the gas phase and in water, and in an urazole molecule interacting
with one and two water molecules investigated in the gas phase. It is shown that the solvent-assisted
tautomerization proceeds by the concerted double and triple proton transfer mechanism, i.e., a water molecule
acts as a "hydrogen bridge" through giving or accepting protons to promote the long-range proton transfer. Our
results are also compared with estimates obtained from the direct continuum model at the same level. These
calculations will provide valuable insights into the influence of explicit solvent molecules in the study of
tautomeric equilibria and may guide future experimental efforts.

All minima and transition state structures were optimized without symmetry restrictions by the
B3LYP/6-311++G(d,p) level [20], which has established itself well exactly in studies of proton transfer
reactions [21-23]. In addition, single-point MP2/6-311++G(d,p) [24] calculations were accomplished in order to
compare two-electron correlation methods in the gas phase and in water. The synchronous transit-guided quasi-
Newton method [25] was used to locate the transition states (TS). This method was performed with the QST2
option, which requires two molecule specifications: the reactant and the product for the transition state. The
nature of all optimized structures was determined using harmonic frequency analysis as true minima with no
imaginary frequencies or transition states with only one imaginary frequency. The bulk solvent effect is
described by the self-consistent isodensity polarized continuum model [26] at 298.15 K by performing self-
consistent reaction field calculations at same level. The electronic calculations were performed with Gaussian-
03W package [27] in this work. Molecular geometries of local densities and natural bond orbital analysis [28]
were also calculated at same level. Similar computational tasks for chemically similar structures have been
performed previously [29, 30].

As a comparison, let us start the discussion with an analysis of the optimized structures of the reactants,
transition states, and products of the self- and water-assisted tautomerization of urazole. Geometries in Figures 1,
2, and 3 show some important geometrical change as the tautomerism proceeds at the B3LYP/6-311++G(d,p) level.
Also, as is obvious from Figure 1, in the transition from dione 1 to 5-hydroxy-2,4-dihydro-3H-1,2,4-triazol-
3-one (2a) the length of the C(3)-O(7) bond gradually increases while that of the C(3)-N(2) bond simultaneously
decreases. The structural changes reflect the formation of a new O(7)-H(9) bond and the rupture of the N(2)-O(9)
bond. This means the H(9) atom is transferred from the N(2) to the O(9) atom. Also the N(2)C(3)O(7) valence angle
decreases by 16.03 (16.61) deg for the transition state in the gas phase (in water). The C(3)N(2)N(1)C(5) dihedral
angle value passes from -15.25(-14.04) to -0.01(0.01) deg in this process (in water).

Similarly, in the the transition from dione 1 to 5-hydroxy-1,2-dihydro-3H-1,2,4-triazol-3-one (2b), the
H(8) atom is transferred from the N(4) to the O(7) atom. The C(3)-N(4) bond length increases by 0.1 A from
reactant to product in the gas phase. The N(4)C(3)O(7) valence angle decreases by 17.67 (17.92) deg for the TS.
The structure of tautomer 1 has the C, symmetry. In the reactions 1 & 2a and 1 5 2b, products having the C;
and C,; symmetry, respectively, are obtained through the TS structures having the C; symmetry.

Upon the transition from tautomer 2a to 4H-1,2,4-triazole-3,5-diol (3a), the H(10) atom is transferred from
the N(1) to the O(6) atom. Because of the formation of a new O(6)-H(10) bond, the length of the C(5)-0O(6) bond
increases from 1.212 (1.224) in the molecule 2a to 1.340 (1.336) A in the molecule 3a and that of the N(1)-C(5)
bond decreases correspondingly from 1.374 (1.366) to 1.294 (1.299) A in the gas phase (in water). The
N(1)C(5)O(6) valence angle is compressed by about 19.5 deg for the TS structure. It can be observed from the
dihedral angles that the structures 2a, 3a involved in this process and the respective TS are planar.
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Fig. 2. The optimized structures of the reactants, transition states (TS), and products of the H,O-assisted
tautomeric processes at the B3LYP/6-311++G(d,p) level with bond lengths (A), valence angles (deg), and

dipole moments p (D).

Likewise, upon transition from tautomer 2a to 1H-1,2.4-triazole-3,5-diol (3b), the H(8) atom is
transferred from the N(4) to O(6) atom. Hence, the C(5)O(6) bond is lengthened to 1.336 (1.330) A and the
N(4)-C(5) bond is shortened from 1.411 (1.399) A in the molecule 2a to 1.317 (1.322) A in the molecule 3b.
The N(4)C(5)O(6) valence angle is compressed by about 18 deg for the TS structure. The structure of the
tautomer 2a has the C; symmetry. In the reactions 2a S 3a and 2a S 3b, products having the C,, and C;
symmetries, respectively, are obtained through the TS structures having the C, symmetry.
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Next we will investigate the water-assisted proton transfer reaction of urazole. Formation of complexes
with water molecules will affect the structures of the reactants, TSs, and the products. As it can be expected, the
influence of the interaction with water molecules on the bond distances and angles of the structures manifests
itself mainly with respect to the intermolecular hydrogen bonding. When the water-assisted reactions (Figs. 2
and 3) are compared with the self-assisted tautomerization, the obvious difference is that the O—C—N angle in
the region of the transferred hydrogen is larger by about 14—18 deg, and the hydrogen bond angles — by about
40-60 deg in the water-assisted TS. In all of the water-assisted proton transfer reactions, the reactants, products,
and transition states have the C; symmetry.

These quasi-linear structures facilitate the proton transfer in the (H,O),-assisted tautomerization
compared with the (H,O)-assisted and self-assisted processes. In addition, compared with waterless reactant
structures, the length of the N-H bond that is broken in the reaction process increases in the (H,0), (n = 1, 2)
reactant complexes by adding the first and then the second water molecule. Another factor that facilitates the
proton transfer in the water-assisted reactions is that the N—H bonds in the aqueous complexes are longer than
that in the isolated reactant molecules.

The reaction energies (AE), energy barriers (AE”), free energies (AG), and free energy barriers (AG?)
for all reactions considered in this paper are summarized in Tables 1 and 2. Intramolecular proton transfer
reactions are all endoenergetic with similar AE values. It is remarkable that the reaction energy barriers
associated with the self-assisted reactions are about three times those of the H,O-assisted processes at both
B3LYP and MP2 level. The reaction energy barriers of (H,O),-assisted processes are lower by about
4 kcal-mol™ than those of the H,O-assisted processes according to both calculation methods. These results
highlight the key role of the water molecule in stabilizing both the products and the transition states through
specific interactions, which cannot be described only with the continuum model.

TABLE 1. Reaction Energies, Energy Barriers, Reaction Free Energies,
and Free Energy Barriers (kcal/mol) for Tautomeric Reactions of Urazole
in the Gas Phase (¢ = 1) and in Water (¢ = 78.39)*.

B3LYP MP2
Reaction e=1 £=78.39 e=1 £=78.39
AE* | AE | AG" | AG | AE* | AE | AG" | AG | AE* | AE | AE" | AE

152a 57.25 [8.83 [53.43 [7.77 [59.48 [9.43 |55.67 [8.58 |57.21 (6.48 [58.27 [7.22
152b 58.58 |17.64 [55.09 [17.51 [59.63 |15.79 [55.93 [15.56 [54.09 [13.62 |[58.70 (14.26
2a53a [61.53 |16.51 [58.05 [16.51 [62.57 [15.66 [58.83 [15.44 [56.19 |11.25 [59.76 ([11.52
2a53b  [57.71 .20 [54.67 [9.58 [58.69 [9.78 [55.32 [9.90 [53.67 @4.21 [56.84 [6.05

*g — Dielectric constant.

TABLE 2. Reaction Energies, Energy Barriers, Reaction Free Energies,
and Free Energy Barriers (kcal/mol) for Water-assisted Tautomeric
Processes in the Gas Phase

Reactions BILYP MP2

AE* AE AG” AG AE AE
1(H,0)$52a(H,0) 21.15 5.99 18.93 5.52 19.78 4.12
1(H,0)52b(H,0) 22.55 12.77 20.93 13.52 21.16 11.46
2a(H,0)53a(H,0) 23.82 12.34 21.81 13.07 20.74 8.15
2a(H,0)53b(H,0) 18.73 7.63 17.11 8.37 16.09 4.02
1(H,0),52a(H,0), 17.36 5.76 14.37 5.52 16.52 3.80
1(H,0),52b(H,0), 18.42 11.14 16.41 11.66 17.34 9.86
2a(H,0),53a(H,0), 19.95 11.71 16.75 11.78 17.88 8.33
2a(H,0),53b(H,0), 15.31 7.68 13.48 8.67 13.13 3.92
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Fig. 3. The optimized structures of the reactants, transition states (TS), and products of the (H,O);-assisted
tautomeric processes at the B3LYP/6-311++G(d,p) level with bond lengths (A), valence angles (deg), and
dipole moments p (D).

The reaction energies of the proton transfer processes are affected when a discrete water molecule is
introduced; the AE values in the H,O-assisted reactions are lower by 2.84, 4.87, 4.17, and 1.57 kcal/mol (2.36,
2.16, 3.10, and 0.19 kcal/mol at the MP2/6-311++G** level) than those of the corresponding self-assisted
reactions at the B3LYP/6-311++G(d,p) level, respectively. Also, the AE values in (H,0),-assisted reactions are
lower by 3.07, 6.50, 4.8, and 1.52 kcal/mol (2.68, 3.76, 2.92, and 0.29 kcal/mol at the MP2/6-311++G(d,p)
level) than those of the corresponding self-assisted reactions at the B3LYP/6-311++G(d, p) level, respectively.
The AE and AE” values for all the investigated reactions are in agreement with the obtained free energies (AG,
AG"). The respective calculated activation free energy barriers at the B3LYP/6-311++G (d,p) level are shown in
Figures 4 and 5. The calculated AG values for the self-assisted tautomerization reactions (1 5 2a,1 5 2b, 2a 5 3a,
and 2a 5 3b) are 7.77, 17.51, 16.51, and 9.58 kcal/mol in the gas phase, respectively. In water, the AG values
for the same reactions are also 8.58, 15.56, 15.44, and 9.90 kcal/mol, respectively. That is, the reaction 1 & 2a
is thermodynamically the most favored both in the gas phase and in water (see Fig. 4). This result is in a good
agreement with the experimental *C NMR data [17], which showed that the deprotonation occurs preferentially
at the N(1) atom of urazole.
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Fig. 3 (continued).

According to the present calculations, the AG value for the reaction 152b is less by about 2 kcal/mol in
water than in the gas phase. Considering that the dipole moment of molecule 2b (5.11 D) is more than twice the
dipole moment of tautomer 1 (1.89 D), the larger dipole moments originate from the geometry change upon
solvation, increasing the ionic character of the reactant and products in a polar solvent. It can be expected that a
polar medium will preferentially stabilize the structure 2b and diminish the energy difference between the two
tautomers. The smaller difference in the molecular dipole moment between the two tautomers certainly
contributes to the smaller energy difference.

The calculated AG” values for self-assisted tautomerization reactions are 53.43, 55.09, 58.05, and
54.67 kcal/mol in the gas phase (Table 1). The values of these parameters in water are increased by 2.64, 0.84,
0.78, and 0.65 kcal/mol, respectively. The reason for the increase in barrier height of the first reaction is the higher
value of dipole moment of the reactant 1 and the respective TS in water. The dipole moment values of molecule 1
and the TS structures of the first reaction (see Fig. 1) are 1.89(2.86) D and 0.64(0.87) D in the gas phase (in water).
Structure 1 with larger dipole moment can be expected to be more stable than a TS having smaller dipole moment
in an environment with high dielectric constant. Thus, the barrier height of this reaction is increased in water.

We are also interested to compare the tautomeric energy barriers for the water-assisted reactions (see
Table 2). These differences seem to stem from geometry factors. In addition to the above-mentioned geometry
changes, in all processes, there are two hydrogen bonds (Fig. 2) in the reactant—-H,O complexes. The hydrogen
bond angles in these complexes are about 140, 139, 146, and 145 deg, respectively.
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level. The relative free energies and activation barriers are given in kcal/mol.
The nonlinear hydrogen bonds increase the repulsion between the two heavy atoms with higher

electronegativity, and this implies that some strain remains in the six-membered ring structures, which increases
the difficulty for the transfer of the hydrogen atom.

The three hydrogen bonds are more linear in the reactant—(H,O), complex whose hydrogen bond angles
are about 178, 166, 168, and 168 deg, respectively (Fig. 3), and the more relaxed geometry clearly favors the
triple proton transfer as compared with the relatively strained reactant-H,O complexes. Considering the AG,
the reaction 2a-(H,0), S 3b-(H,0), (n = 1, 2) is the most kinetically favored of all the water-assisted reactions;
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the AG” value for this reaction is 17.11 kcal/mol (n = 1) and 13.48 kcal/mol (n = 2) (Fig. 5). Thus, we conclude
that the eight-membered ring structures and transition states due to the formation of hydrogen bonds may be more
favorable in view of the kinetics. In turn, considering the AG values, the reaction 1-(H,0), 5 2a-(H,0), (n =1, 2) is
the most thermodynamically favored of all the water-assisted reactions (Fig. 4).

NBO charge distribution was also analyzed according to the results calculated at the B3LYP/6-
311++G(d,p) level. The selected NBO charge distributions are given in Table 3. In the analysis of these results,
it would be useful to follow the evolution of charge separation along the reaction path. The NBO charge
population values show that there is a high positive charge on the hydrogen atom throughout the reaction path in
all cases, which would suggest that the reaction corresponds to a proton transfer. Also the proton transfer
proceeds through a three-center interaction. As we know, the net charge on the donor nitrogen atom is expected

TABLE 3. NBO Charge Populations of Isolated Monohydrated and

Dihydrated Tautomers
Reactions Species  |q(N(1))|q(N(2))[9(N(4))|q(O(6)) [9(O(7))| q(H)*
1-TS—2a 1 -0.480 |-0.480 |-0.659 |0.593 0.593 [0.396
TS -0.459 0506 |-0.638 |0.591 0.661 [0.485
2a -0.454 10392 |0.640 |-0632 [0.662 (0.495
1-TS—2b 1 -0.480 |-0.480 |-0.659 |0.593 0.593 [0.430
TS -0.490 |0.444 |-0.698 |0.574 0.648 [0.504
2b -0.493 10.457 |-0.605 |0.583 0.650 [0.501
2a—>TS—3a 2a -0.454 10.392 |0.640 0632 [0.662 (0413
TS -0.479 0358 |0.612 [0.672 0.667 [0.485
3a 0390 10.390 |0.614 0.670 -0.670 [0.496
2a—TS—3b 2a -0.454 0392 |-0.640 |0632 |0.662 [0.429
TS -0.410 }0.367 |0.717 |-0.678 [-0.644 0.504
3b 10399 10.369 |0.637 -0.660 [-0.658 [0.496
1-H,0—TS(H,0—2a-H,0 1'H,0  [0.471 [0.482 |0.650 |-0.595 |0.645 [0.439

TS(H,0) 10.488 |0.532 |-0.683 [0.622 L0.718 [0.529
2aH,0 0450 0451 |0.637 L0.634 [0.681 [0.522
1-H,0—TS(H,0)—2b-H;0 1'H,0 0481 0474 [0.664 [0.590 [0.641 [0.491
TS(H:0) [0.491 |0.457 [0.727 [0.599 0.687 [0.496
2b-H,0 10492 |0.453 [0.671 [0.592 10.666 [0.526
2a-H,0—TS(H,0)—3a - H,0 2a-H,0 [0.448 [0.380 |-0.632 [0.680 [0.663 [0.491
TS(H:0) [0.494 [0.369 |[0.611 [0.709 0.668 [0.493
3a-H,0 0456 0.383 |-0.609 |0.688 0.669 [0.524
2b-H,0—TS(H,0)—3b-H,0 2b-H,0 10441 [0.394 |-0.641 [0.680 [0.658 [0.494
TS(H,0) [0.413 0417 |0.699 F0.708 -0.658 [0.495
3b-H,0 0395 10367 [0.698 |0.678 [0.656 [0.522
1-(H;0),—TS(H,0),—2a-(H,0), 1-(H:0), [0.466 |0.485 [0.647 0.599 [0.673 [0.505
TS(H;0), F0.454 |0.521 |-0.642 [0.630 }0.731 [0.502
2a-(H,0), F0.520 0471 0.636 0.630 0.684 [0.523
1-(H,0), > TS(H:0),—2b-(H;0), | 1-(H:0), 0482 [0.472 10.669 [0.592 |-0.666 [0.503
TS(H;0), 0.491 |0.461 |0.737 [0.616 [0.708 [0.502
2b-(H,0), F0.490 |-0.449 |0.693 0.598 L0.665 [0.523
2a-(H,0),>TS(H:0),—3a-(H:0), | 2a-(H,0) F0.451 [0.378 |0.629 [-0.705 |0.664 [0.505
TS(H;0); 0.486 |0.379 |0.612 [0.727 L0.670 [0.497
3a-(H,0), 0471 0.386 |-0.609 0.692 0.669 [0.524
2b-(H,0),—TS(H,0),—3b-(H,0), | 2b-(H,0), F0.439 0.405 0.638 L0.702 |0.654 [0.506
TS(H,0); [0.419 0421 -0.698 |0.729 10.667 [0.500
3b-(H;0), 0395 [0.365 |0.706 |0.682 [0.657 [0.523

*The transferred hydrogen atom.
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to increase in a typical proton transfer process, whereas that on the acceptor oxygen atom is expected to
decrease. It can be seen from Table 3 that, on the contrary, the net charge on donor nitrogen atom decreases and
the charge on the acceptor oxygen atom increases in all reactions. This indicates that there is a m-electronic
transfer from the donor nitrogen to the acceptor oxygen. In addition, the charge populations of active hydrogen
and acceptor oxygen atoms in all reactants increased stepwise with the inclusion of the first and then the second
water molecule. This, too, indicates that the hydrogen is transferred more easily in the water-assisted than in the
self-assisted reactions.

To sum up, the proton transfer reactions of urazole have been investigated theoretically by using density
functional theory at the level of B3LYP and MP2 in 6-311++G (d,p) basis set. The major conclusions to be
gleaned from this work are as follows:

1. The urazole tautomerization from the dione form into 5-hydroxy-2,4-dihydro-3H-1,2,4-triazol-3-one is
thermodynamically the most favored in the gas phase and in water of both self- and water-assisted proton
transfer reactions. The tautomerization of the latter species into 1H-1,2,4-triazole-3,5-diol has a AG” value only
0.35 kcal/mol lower than that of the former reaction in water. This reaction is also the most kinetically favored
of all studied reactions in the water-assisted mode.

2. The binding of water molecules changes the relative thermodynamics stability of all tautomers. The
interaction of tautomers with water molecules dramatically lowers the tautomeric barrier heights and decreases
the endothermicity of all tautomeric reactions. The key role of the water molecule in stabilizing the structures
through specific interactions cannot be described only with the continuum model.

3. When going from H,O-assisted reactions to (H,O),-assisted reactions, the tautomeric free energy
barriers are lowered by about 4 kcal/mol. Therefore, the eight-membered ring structures due to the formation of
hydrogen bonds may be advantageous from the kinetic viewpoint.

4, This is the first theoretical study of the self- and water-assisted proton transfer reaction of urazole;
therefore, the results of our calculations could help in the interpretation of the experimental data from the
literature.

We thank Cumhuriyet University (CUBAP), Sivas (Turkey) for access to the Gaussian 03W package.
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