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Abstract A DFT study with QST3 approach method is used
to calculate kinetic, thermodynamic, spectral and structural
data of tautomers and transition state structures of some N-
hydroxy amidines. All tautomers and transition states are
optimized at the B3LYP/6-311++g** and B3LYP/aug-cc-pvtz
level, with good agreement in energetic result with energies
obtained from CBS-QB3, a complete basis set composite
energy method. The result shows that the tautomer a (amide
oxime) is more stable than the tautomer b (imino hydroxyl-
amine) as is reported in the literature. In addition, our finding
shows that, the energy difference between two tautomers is
only in about 4–10 kcal/mol but the barrier energy found in
traversing each tautomer to another one is in the range of 33–
71 kcal/mol. Therefore, it is impossible to convert these two
tautomers to each other at room temperature. Additionally,
transition state theory is applied to estimate the barrier
energy and reaction rate constants of the hydrogen
exchange between tautomers in presence of 1–3 molecules
of water. The computed activation barrier shows us that
the barrier energy of solvent assisted tautomerism is about
9–20 kcal/mol and lower than simple tautomerism and this
water-assisted tautomerism is much faster than simple tautom-
erism, especially with the assisting two molecules of water.
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Introduction

In the course of a recent study on the tautomerism of organic
compounds, we focused our research on amidoximes or N-
hydroxy amidines. N-hydroxy amidines are versatile pre-
cursors of many heterocyclic compounds of pharmaceutical
importance [1, 2]. In addition, it inhibits platelet aggrega-
tion [3] and induces vasorelaxation in rat aorta [4, 5].

This group is not only used in synthesis of various
organic and useful compounds [6–9], specially such as
heterocycles [10, 11], polymeric nano fibers [12, 13] and
new polymers [14–16], but also it can be applied in drug
synthesis and biologic materials [17–19], trace analysis
membrane [20], extraction of heavy metals such as Uranium
and Cadmium [21–25] and new peptide synthesis [26]. Also,
these compounds can be used in treatment of some
hazardous disease such as AIDS [27, 28] and malaria [29].

Another interesting aspect of N-hydroxy amidines is
existence of two probable tautomeric forms, one is amide
oxime (with -NH-C=N-O- structure) and the other is imino
hydroxylamine (with -N=C-NH-O- structure). In all reported
experiments related to N-hydroxy amidines, only tautomer a
was observed and it is a major tautomer [11, 17, 20, 30–32].
It is clear that study of these two tautomers and the way they
are conversed, not only expands our knowledge about
tautomerism, but also it leads us to be able to learn more
about N-hydroxy amidines.

The importance of tautomerism is revealed since in
recent years the investigation about tautomerism has been
one of the major topics in theoretical chemistry. By
reviewing the literature, many papers about study of
tautomerism have been found. Among these, we can find
some papers about tautomerism in carbon-carbon [33],
keto-enol [34], imine-enamine [35], amide-iminol [36], and
thioamide-iminothiole systems [37], and some other papers
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about study of tautomerism in DNA bases [38] and other
natural product [39].

To our best knowledge, a literature survey of N-hydroxy
amidines showed us no papers about theoretical study of
tautomerism in N-hydroxy amidines. Thus, computational
methods have become increasingly important in the deter-
mination of accurate properties of compounds, so, we
decided to do some computational investigations about these
compounds to calculate important properties of their
tautomers and transition states in gas phase and ground state.

These compounds can be prepared easily and some
different methods in preparing them are reported in the
literature [30–32].

Methods

Density functional theory (DFT) has been widely applied
by physicists to study the electronic structure of solids in
the past 30 years [40–48]. Computational studies of
chemical reaction systems have become very popular
because the methods are quite reliable and only have
medium computational demands compared to ab initio
molecular orbital theory. In this work, the geometry
optimizations of the reactants, products and transition state
structures were carried out using Becke’s three-parameter
density functional [49] and the Lee, Yang, and Parr

functional [50] to describe gradient-corrected correlation
effects, which leads to the well-known B3LYP method,
combined with two different basis sets. The B3LYP method
has been validated to give results similar to that of the more
computationally expensive MP2 theory for molecular
geometry and frequency calculations [51, 52].

To obtain accurate energies, a complete basis set
composite energy method was employed. Traditionally,
energy calculations contain only a single computation. To
obtain accurate energies, one generally requires a large
basis set with a high-level method, which generally takes
significant time to compute. Composite energy methods are
composed of a series of single point energy calculations
steps. Their results are then combined to obtain the highly
accurate energy value at a reduced computational cost. The
recently developed complete basis set (CBS) methods [53–
61] include the basis set truncation errors, the major defect
encountered for the single point energy calculations.

In this work, the B3LYP/6-311++g** and B3LYP/aug-cc-
pvtz levels of theory [62] were used to calculate geometries
and frequencies and compare them in one case with CBS-
QB3 [56] energies. This comparing gives us good agreement
between the results of our levels of theory with CBS-QB3
results.

We employed the Gaussian 03 program package [63] for
our computations. First, all compound’s structures were
drawn using Gauss View 03 [64] and optimized in semi
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empirical PM3 method using Hyperchem 6 program and
then Gaussian program to find stationary point geometries
characterized as local minimum on the potential energy
surface. The absence of imaginary frequencies verified that
all structures were true minima at their respective levels of
theory.

Then, in each pair of compounds, we found and
optimized the structure of transition state between them.
For each transition state, in traversing from one tautomer to
another, stationary point geometry with one imaginary
frequency has been found and identified as a transition
state by B3LYP methods. To do this, first, we estimated the
structure of transition state between two tautomers. Then,
its structure was optimized at both B3LYP/6–311++g** and
B3LYP/aug-cc-pvtz levels of theory by applying Schlegel’s

synchronous-transit-guided quasi-Newton (QST3) method
as implemented in Gaussian 03 started from the fully
optimized structure of one tautomer and finished on the
fully optimized structure of another tautomer.

The products and reactants were verified with frequency
calculations to be stable structures, and the transition states
were tested to ensure they were first order saddle points
with only one negative eigenvalue. Additionally, intrinsic
reaction coordinate (IRC) calculations proved that each
reaction linked the correct products with reactants.

Solvent effects were studied using an Onsager model in
terms of SCRF formalism, by employing the Tomasi’s
polarized continuum solvation model with PCM variant at
B3LYP/aug-cc-pVtZ level. Also acetone (with Є=20.7)
used as a solvent and United Atom Topological Model

Table 2 Final structure of optimized tautomers

Tautomer a Tautomer b Tautomer a Tautomer b

1 5

2 6

3 7

4 8
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(UAHF) radii used to build the cavity. The solvation free
energies were calculated as the difference between the free
energies in solution and gas phase.

In addition, zero point vibrational energies (ZPVE) were
obtained from harmonic vibrational frequencies calculated at
the B3LYP method with appropriate scaling factor [65]. All
geometries were optimized without any symmetry restric-
tions and C1 symmetry was assumed for all compounds.

Results and discussion

To begin our research, we have selected eight structures and
their tautomers (1a–8a and 1b–8b) from various N-hydroxy
amidines. These compounds are shown in Table 1.

The basic structural part of all compounds was num-
bered as O1-N2(H5)-C3-N4(H5). This part is shared and
similar in all tautomers and transition states.

Table 3 Final structure of optimized transition states

T.S. structure T.S. structure

1 5

2 6

3 7

4 8
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Optimized structures

The molecular structures of the optimized tautomers are
shown in Table 2 and for optimized transition states are
shown in Table 3. The calculations of structural parameters
are collected in Table 4. All structures extracted from output
file of our calculations at B3LYP/aug-cc-pvtz level of theory.

By our fundamental knowledge in organic chemistry, it
seems that the first (left) tautomer (tautomer a or amide
oxime) is more stable than the other tautomer and we are
trying to prove this claim by computational method.

Molecular parameters

Two important groups of molecular parameters (bond
length and angles) are shown in Table 4. To save space,
these parameters have just been shown in shared part of
molecules. As expected, CN bond length in tautomer a is
almost the same as the length of C=N double bond and in
tautomer b is the same as in C-N single bond. In transition
states, this bond length has an amount between single and
double CN bond. It shows that through tautomerism, the
order of this bond is changed from first order to second
order and vice versa. In these tables, the bond length of N-
O and OH (if it exists) in all structures are shown. As we
expected, there is not any important difference between
each of these bond lengths in all structures.

The bond lengths of N2-H and N4-H were also reported
in the above tables. The amount of this bond is in the range
of 0.99–1.02. The difference between these bond lengths is
not considerable in all tautomers. However, because of
dissociation of this bond through tautomerism, its length is
very long in transition states (between 1.3–1.4 angstrom).
In addition, it is easily seen that in transition states, the
dissociated hydrogen is placed approximately in the middle
of two nitrogens and the difference between N4-H and N2-
H distance is less than 0.18 angstrom.

Observing bond angle variations, we can follow hybrid-
ation changes in the central atom of each angle. As an
example, N2-C3-N4 bond angle in all tautomers is about
120±3°. It shows the hybridation of central carbon is SP2

and it changes rarely in our molecules. This angle in
molecule 5a and 5b is about 130° that it may be because of
tension in the five-membered ring. This angle in transition
states is about 105° that is due to the four-membered-like
ring in transition states. Viewing the structure of transition
states, we find the four-membered-like ring (N2-C3-N4-H5)
that has angles near 90°. It is because of restriction in
geometric angles in this ring.

According to Table 4, H5-N2-C3 and H5-N4-C3 angles are
in the range of 113 to 120 that their amounts are about
hybridational angles of central nitrogen. Certainly, in
tautomers 5a and 5b, these angles are smaller than the
others, which they are about 68–70°. Also in transition

Table 4 Important molecular parameters (bond length in angstrom and angles in degree)

molecule C3-N4 N2-C3 O1-N2 N4-H N2-H O1-H N2-C3-N4 O1-N2-C3 C3-N4-H C3-N2-H

1a 1.38 1.28 1.42 1.01 − 0.96 121.44 110.07 115.08 −
1b 1.27 1.39 1.42 − 1.02 0.96 120.55 112.82 − 112.62
ts1 1.33 1.33 1.42 1.38 1.34 0.96 104.64 116.91 76.62 77.88
2a 1.15 1.29 1.43 1.01 − 0.96 118.24 110.20 114.60 −
2b 1.27 1.41 1.42 − 1.01 0.96 122.73 114.93 − 113.57
ts2 1.33 1.34 1.43 1.37 1.34 0.96 103.25 115.65 77.27 77.89
3a 1.39 1.28 1.43 1.01 − 0.97 121.92 109.37 117.55 −
3b 1.28 1.39 1.42 − 1.02 0.97 121.16 116.05 − 113.14
ts3 1.32 1.33 1.43 1.37 1.37 0.97 105.10 118.73 77.28 76.86
4a 1.38 1.28 1.42 1.01 − 1.44 121.84 108.51 111.58 −
4b 1.27 1.41 1.44 − 1.01 1.44 127.31 108.32 − 116.65
ts4 1.32 1.33 1.45 1.42 1.32 1.44 105.96 108.00 74.70 78.05
5a 1.37 1.28 1.45 1.01 − 1.45 132.65 105.19 119.88 −
5b 1.27 1.39 1.45 − 1.02 1.45 131.28 106.68 − 115.17
ts5 1.30 1.33 1.47 1.38 1.46 1.46 114.19 102.55 73.13 9.69
6a 1.38 1.29 1.44 1.01 − 0.96 124.60 109.81 112.85 −
6b 1.28 1.39 1.41 − 1.01 0.98 117.57 113.84 − 114.22
ts6 1.32 1.34 1.43 1.36 1.36 0.96 103.97 114.79 77.74 76.86
7a 1.70 1.29 1.41 1.01 − 1.43 115.62 118.19 109.73 −
7b 1.27 1.41 1.44 − 1.01 1.43 125.00 115.64 − 114.53
ts7 1.33 1.33 1.42 1.41 1.31 1.43 103.79 120.73 75.84 79.23
8a 1.40 1.29 1.41 1.01 − 1.43 116.70 118.41 110.29 −
8b 1.25 1.41 1.40 − 1.00 1.40 118.78 111.88 − 110.02
ts8 1.33 1.32 1.42 1.45 1.30 1.44 105.62 121.60 74.32 79.85
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states, this angle is about 68–70° because of four-membered-
like ring (N2-C3-N4-H5). As we considered before, the N2-
C3-N4 angle is bigger than the usual amount. Therefore,
other angles in four-membered-like ring have to be smaller.

The last important case in the above tables is C3-N2-O1

angle and it is in the range of 110–119°, near the expected
angle for SP3 nitrogen.

Kinetic and thermodynamic data

The most important data of our calculations are energies. To
examine the accuracy of our DFT calculations (at both 6–
311++g** and aug-cc-pvtz levels of theory), we used CBS-
QB3method for obtaining correct energies in the first molecule,
its tautomer and their transition state (1a, 1b and TS). In
Table 5, the comparative results of this calculation are shown.

From Table 5, it can be seen that both DFT method
reproduces the free energy differences between tautomer a
and b of each molecule with excellent agreement with both
CBS-QB3 method. The percent of error in ΔH and ΔG is
less than 2%, so both methods are reliable enough to obtain
high accurate energies. Nevertheless, presumably this also

accounts for better accuracy of the B3LYP/6–311++G**
computations compared with the B3LYP/aug-cc-pvtz level
of theory and the first method gives better results. In
addition, from Table 5 it is easily seen that activation
energy results of both DFT method are different from CBS
method and its percent of error is about 16–21%.

The computed values of ΔG and other thermodynamic
parameters at both of these computational levels are presented
in Table 6. Also, the energy barrier to conversion of tautomer
a to b and b to a (ΔG#1 and ΔG#2) and corresponded rate
constants were computed and shown in this table. All these
energies have been calculated in standard condition (298K and
one atmosphere). Comparing energies of all tautomers con-
firms our first estimation about the more stability of tautomer a
toward b. The difference between Gibbs free energies in each
pair of tautomers is in the range of 4.0–10.2 kcal mol−1 in
B3LYP/6–311++G** and 4.4–10.0 kcal mol−1 in B3LYP/
aug-cc-pvtz level of theory. It is interesting that this
difference in chain molecules is higher than this difference
in cyclic molecules. Gibbs free energy difference between
transition states and more stable tautomer (ΔG#1) is in the
range of 42.4–71.3 kcal mol−1 and between transition

Table 6 Kinetic and thermodynamic data of all tautomers and transition states, all data in kcal mol−1

B3LYP/6–311++G**

molecule ΔG#1 kcal ΔG#2 kcal k forward k reverse ΔE ΔH ΔG Keq

1a,b, ts 48.0 39.6 3.8E-23 5.4E-17 8.0 8.2 8.4 6.9E-07
2a,b, ts 43.5 33.4 7.6E-20 2.2E-12 10.1 9.8 10.2 3.4E-08
3a,b, ts 53.4 43.7 4.3E-27 5.8E-20 9.9 9.8 9.7 7.2E-08
4a,b, ts 52.4 45.1 2.5E-26 5.5E-21 7.4 7.1 7.3 4.4E-06
5a,b, ts 71.3 65.4 3.6E-40 7.4E-36 6.0 5.7 5.9 4.7E-05
6a,b, ts 47.5 38.7 8.9E-23 2.5E-16 9.1 8.7 8.8 3.5E-07
7a,b, ts 42.4 37.6 5.1E-19 1.6E-15 4.7 4.6 4.8 3.1E-04
8a,b, ts 47.3 43.3 1.2E-22 1.1E-19 4.0 4.0 4.0 1.1E-03
B3LYP/Aug-cc-pvtz
1a,b, ts 48.1 39.8 3.3E-23 4.1E-17 7.9 8.1 8.3 7.9E-07
2a,b, ts 43.6 33.7 6.3E-20 1.3E-12 9.9 9.6 10.0 5.0E-08
3a,b, ts 53.1 43.7 7.4E-27 5.4E-20 9.6 9.5 9.4 1.4E-07
4a,b, ts 68.1 60.8 6.9E-38 1.8E-32 7.5 7.2 7.4 3.9E-06
5a,b, ts 71.1 65.2 4.5E-40 1.1E-35 6.1 5.7 6.0 4.2E-05
6a,b, ts 49.3 41.1 4.5E-24 4.6E-18 8.5 8.1 8.2 9.7E-07
7a,b, ts 42.4 37.4 4.8E-19 2.2E-15 4.9 4.8 5.0 2.2E-04
8a,b, ts 47.4 43.0 1.2E-22 2.0E-19 4.4 4.4 4.4 6.1E-04

Table 5 Comparative energetic results of CBS-QB3 with both B3LYP methods (all energies are in kcal mol−1)

Energy entry cbs 6–311++g** aug-cc-pvtz % 6–311++g** error % aug-cc-pvtz error

ΔE (1a–1b) 8.4 8.0 7.9 5.7 6.5
ΔH (1a–1b) 8.3 8.2 8.1 1.0 1.8
ΔG (1a–1b) 8.4 8.4 8.3 0.3 1.1
ΔG#1 (TS-1a) 41.3 48.0 48.1 −16.4 −16.6
ΔG#2 (TS-1b) 32.9 39.6 39.8 −20.6 −21.1
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states and less stable (ΔG#2) tautomer is the range of 33.4–
65.4 kcal mol−1 in B3LYP/6–311++G** level of theory.
Also in B3LYP/aug-cc-pvtz level of theory, the difference
between transition states and more stable tautomer (ΔG#1) is
in the range of 42.5–71.7 kcal mol−1 and between transition
states and less stable (ΔG#2) tautomer is in the range of
33.7–65.4 kcal mol−1. The energetic results of both B3LYP
calculations are in good agreement with each other.

As well as, the equilibrium constant of tautomerism
(obtained from Gibbs free energies) and rate constants of this
(obtained from barrier energies) are shown in Table 6.
Calculating of rate constants have been carried out in standard
methods by Canonical transition state theory [66–69].

From these results, it is easily deduced that the energy
difference between tautomers is very low, but the barrier
energy of this conversion is so high that the maximum rate
constant for this conversion will be 2.2*10−12 s−1 at room
temperature at both levels. It shows that this conversion is
impossible at room temperature.

Finally, we can tell that this conversion can be considered
as a kind of 1,3-sigmatropic rearrangement of hydrogen. As
we know, such thermal rearrangement for hydrogen is
forbidden and our computational result confirms this.

Solvation effect

Free energies of hydration were calculated using Tomasi’s
polarized continuum model (PCM) [70, 71]. The results are
presented in Table 7. These calculations provide the total
free energy of all molecules in the acetone as a solvent, so
the free energy of solvation (in acetone) can be obtained by
this method.

As it is shown in Table 7, ΔG solvation for all tautomers
and transition states is negative and its amount is in the
range of −2.6 to −9.8 kcal mol−1 in all structures. We used
these amounts to calculate final ΔG between tautomer in
solvent,ΔG# between each tautomer and transition state, and
finally the rate and equilibrium constants of tautomerism.

Table 8 Most important frequencies of tautomers comparing with reference compounds

1a 1b 2a 2b 3a 3b 4a 4b

OH 3702.0 3654.9 3705.9 3654.2 3695.8 3548.1 − −
NH 3527.3 3385.2 348.05 3397.7 3481.6 3389.6 3432.8 3319.9
C=N 1664.4 1640.8 1634.3 1651.9 1673.3 1723.2 1610.8 1681

Average of computed frequencies Average of this frequency for Reference compounds*
OH 3660.2 3373.3
NH 3427.4 3141.4
C=N 1660.0 1629.0

5a 5b 6a 6b 7a 7b 8a 8b
OH − − 3712.8 3331.7 − − − −
NH 3492.5 3389.0 3450.9 3397.9 3414.4 3431.4 3406.4 3658.3
C=N 1657.8 1673.1 1641.4 1648.7 1605.0 1649.9 1604.2 1858.2

Range of computed frequencies Range of this frequency for Reference compounds*
OH 3331–3713 3344–3394
NH 3319–3658 3022–3235
C=N 1605–1858 1612–1649

* references for IR data: ref no. 39 and spectral databases for organic compounds (SDBS no: 5696, 24505,24575)

Table 7 Solvation effects with kinetic and thermodynamic data in solvent for all molecules at B3LYP/ Aug-cc-pvtz level of theory

molecule ΔG solvation
a

ΔG solvation
b

ΔG solvation
ts

ΔG#1 ΔG#2 k
forward

k
reverse

ΔG in
solvent

Keq in
solvent

1a,b, ts −5.8 −5.5 −4.3 49.7 41.0 2.3E-24 5.1E-18 8.6 4.6E-07
2a,b, ts −5.0 −5.0 −5.8 42.9 32.9 2.4E-19 4.8E-12 10.0 4.9E-08
3a,b, ts −6.3 −9.8 −6.3 53.2 47.3 6.6E-27 1.3E–22 5.9 5.1E–05
4a,b, ts −6.2 −6.3 −6.0 68.4 61.1 4.9E–38 9.9E–33 7.2 5.0E–06
5a,b, ts −9.8 −7.6 −9.4 71.5 63.3 2.4E–40 2.3E–34 8.2 1.0E–06
6a,b, ts −7.2 −5.8 −6.4 50.1 40.5 1.2E–24 1.3E–17 9.6 9.7E–08
7a,b, ts −5.4 −2.6 −5.5 42.3 34.6 5.9E–19 2.9E–13 7.8 2.1E–06
8a,b, ts −7.2 −5.5 −6.9 47.6 41.5 8.4E–23 2.3E–18 6.1 3.7E–05
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These data show no important difference between gas phase
and solvent media. For example, the maximum rate constant
in solvent is 4.8*10−12 s−1, very near to the gas phase rate
constants (minimum: 2.2*10−12 s−1). In addition, ΔG
between each two tautomers in solvent is in the range of
5.9–10.0 kcal mol−1, comparing with the range 4.4–10.0 in
the gas phase.

Frequencies

The brief results of corrected IR frequencies are shown in
Table 8. To save space, only the most important IR
frequencies are reported. These presented frequencies
include hydroxy group, imine or oxime C=N double bond
and NH bond. Together with these calculated frequencies,

Table 9 Final structure of optimized tautomers and transition states in presence of 1–3 molecules of water

Tautomer a Transition states Tautomer b

Table 10 Kinetic and thermodynamic data of molecule 4 in presence of 1–3 molecules of water at B3LYP/6-311++G** level of theory

Number of water molecules ΔG#1 ΔG#2 k forward k reverse ΔE ΔH ΔG Keq

with one water 20.9 13.6 3.0E–03 7.1E+02 7.2 7.0 7.3 4.2E–06
with two waters 16.7 8.9 3.3E+00 1.9E+06 8.2 7.9 7.8 1.8E–06
with three waters 19.3 10.8 4.5E–02 7.5E+04 8.3 7.9 8.5 6.0E–07
No water, gas phase 52.4 45.1 2.5E–26 5.5E–21 7.4 7.1 7.3 4.4E–06
No water, in solvent 68.4 61.1 4.9E–38 9.9E–33 − − 7.2 5.0E–06
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some experimental frequencies for reported compounds are
reported in the above table. Simple comparison of theoret-
ical and experimental frequencies shows the amount of
correctness of our frequency calculations.

By observing Table 8, we can see that the frequency of
NH bond in transition states is much lower than the same
frequency in both tautomers. This is expectable, because
this bond cleavages via tautomerism and in the transition
state structure, this bond is weaker than in both tautomers.

Water assisted tautomerism

Intermolecular tautomerism of molecule 4 with 1–3
molecules of water is reported in this section. All optimized
structures in B3LYP/6–311++G** level of theory are
shown in Table 9 and their final kinetic and thermodynamic
results comparing with gas phase and solvent data are listed
in Table 10.

Viewing these tables, shows us that presence of water
molecules near the tautomers and transition state do not
have much thermodynamic effect (on ΔG or Keq). As an
example, the amounts of ΔG for molecule 4 are 7.29, 7.24
and 7.33 respectively in gas phase, solvent and with one
molecule of water. However, surprisingly, complexing of
molecule with water make the barrier energy of tautomerism
much lower and subsequently the tautomerism rate constant
becomes higher. This effect is so intensive that the rate
constant for tautomerism of molecule 4a to 4b from 2.48E–26
in absence of water (in gas phase) goes up to the 2.98E–03,
3.33 and 4.49E–02, respectively in the presence of one, two,
and three molecules of water. Also this rate constant for
converting 4b to 4a from 5.50E–21 in absence of water (in gas
phase) goes up to the 7.09E + 02, 1.85E + 06 and 7.45E + 04,
respectively in presence of one, two, and three molecules of
water.

At last, we can say although this tautomerism in the
absence of water molecule (or each protic media) is very
slow or impossible (in gas phase or solvent), in complexing
with water molecule, it can be done very fast, especially in
the presence of two molecules of water.

Summary

In this work, simple and water assisted tautomerism of some
hydroxy amidines were studied using DFT calculations in
good agreement with complete basis set composite energy
theory. The reactants, products and transition state structures
were optimized using the B3LYP/6–311++g** and B3LYP/
aug-cc-pvtz levels of theory. In both basis sets used and in all
molecules, the tautomer a is more stable than tautomer b.
Then, the structure of transition state between each pair of
tautomers was found using QST3 calculation and con-

firmed by FREQ and IRC calculation. From these calcu-
lations, barrier energies, rate constants, equilibrium constant
and other structural parameters such as IR frequencies,
bond length, and angles have been extracted.

The final outcome shows that the barrier energy of this
simple tautomerism is very high, but it can be lowered by
using water molecules. In the presence of 1–3 molecules of
water, this barrier is very low and the rate constant is very
high especially in complexing with two molecules of water.
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