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tomerism of acetohydroxamic acid
in aqueous solution: quantum calculation and SMD
simulations†

S. Tolosa,*a N. Mora-Diez,*b A. Hidalgoa and J. A. Sansóna

The kinetics and the thermodynamics of the amide-imide tautomerizations of acetohydroxamic acid in

aqueous solution are studied from a theoretical point of view. Quantum electronic structure calculations

(QCISD//MP2, MP2 and M06-2X, applying two continuum solvation methods) and steered molecular

dynamic (SMD) simulations (with solute–solvent interaction potentials derived from AMBER van der

Waals parameters and electrostatic charges in solution) are taken into account. The elementary and

complex tautomerizations from the E-Amide and Z-Amide forms are studied with and without the

explicit assistance of a water molecule. The Gibbs free energy of activation for the E-Amide $ E-Imide

and Z-Amide $ Z-Imide processes are considerably reduced when these processes are assisted by one

water molecule. The Gibbs free energy of reaction was also reduced, but to a lesser degree, for each of

the processes considered when in the presence of an explicit solvent molecule. The Z-Amide $ Z-

Imide tautomerization, which occurs in two elementary steps, seems to be slightly more favoured from a

thermodynamic point of view; however, the E-Amide $ E-Imide tautomerization, which is an

elementary process, is the most kinetically favoured. The SMD simulations led to results which are

consistent with those obtained by the three electronic structure methods applied.
1. Introduction

Theoretical studies of chemical and biochemical reactivity in
solution are of research interest.1–9 The amide-imide tautome-
rization of hydroxamic acids in aqueous solution has been
previously studied,10–33 oen using formohydroxamic and ace-
tohydroxamic acids as models to understand this process of
great importance in chemistry and biochemistry which remains
of interest. Hydroxamic acids have the additional complexity of
also being involved in E-Z isomerization. Hence, ignoring the
deprotonation processes that take place in solution, for each
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hydroxamic acid there are four species to consider (see Fig. 1).
The signicantly less thermodynamically stable nitroso form
(an a-nitroso alcohol isomer)10 has been excluded from this
study.

How are the isomers of hydroxamic acids in aqueous solu-
tion related from both thermodynamic and kinetic points of
view? A good description of the isomerization processes
requires an effective modeling of these systems in solution.
Quantum electronic structure calculations making use of
continuum solvent models, with or without explicit solvent
molecules, are a frequently used methodology to study systems
in solution. However, molecular dynamic (MD) simulations are
a desirable alternative approach for predicting the evolution of
these processes in time and to account for the molecular
description of the solvent.

One of the main difficulties of theoretical studies in solution
comes from the great number of atoms involved and the
number of molecular interactions with the surrounding envi-
ronment that must be accounted for. In simulating biochemical
and chemical processes in dilute aqueous solutions, our
research group uses the classical method of molecular
dynamics. In previous studies,34–40 we have described the
solute–solvent interaction through LJ (12-6-1) analytical func-
tions, whose molecular parameters are obtained by tting ab
initio interaction energies or by using AMBER force elds41 for
the solute, and the TIP3P potential42 for the water–water inter-
actions. Having described the potentials, one proceeds to
RSC Adv., 2014, 4, 44757–44768 | 44757
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Fig. 1 Most-stable conformations of the acetohydroxamic acid
isomers in aqueous solution calculated at the QCISD-PCM/cc-pVDZ
and MP2-PCM/6-311++G(d,p) levels of theory at 298.15 K (relative
Gibbs free energies of formation are shown in parentheses: QCISD,
MP2).
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simulate the system by applying the statistical methods of
molecular dynamics. The acceleration of the process is achieved
by using the steered molecular dynamic (SMD) technique,43,44

which applies external steering forces in the right direction
(which in the present study are mainly on the hydrogen trans-
ferred in the process that moves throughout a reaction coordi-
nate). Although this technique has been applied to the study of
conformational or congurational changes of biological
systems in the gas phase,45–48 it can also be used for solvent-
explicit calculations, as in the case of intramolecular proton
transfers in water.

Although there are numerous theoretical studies related to
hydroxamic acids in solution, most of them deal with the
deprotonation of formohydroxamic and acetohydroxamic acids
in the gas phase using electronic structure calculations. The
amide-imide tautomerization in solution has been much less
studied, and MD simulations have not been previously per-
formed to study this process. Tavakol10 performed the compu-
tational study of the water-assisted mechanism for the Z-Amide
$ Z-Imide process for several hydroxamic acids at the B3LYP/6-
311++G(d,p) level of theory (however, the transition state
reported corresponds to the E-Amide $ E-Imide process). It
was found that the explicit presence of one water molecule
(without the use of a continuum solvation method) barely
changes the gas-phase reaction energy, but signicantly reduces
the energy of activation of this process. The addition of a second
water molecule was only able to decrease the Gibbs free energy
44758 | RSC Adv., 2014, 4, 44757–44768
of activation by 0.5 kcal mol�1; the presence of a third water
molecule increased the value relative to the result obtained with
one and two explicit solvent molecules. Senent et al.11 andMora-
Diez et al.12 using MP2/AUG-cc-pVDZ calculations found that
although in the gas phase the N-deprotonation of acetohy-
droxamic acid in its Z-Amide form is the most favourable, the
energy associated with the N-deprotonation of the E-Amide
tautomer in solution is very similar, so the Amide $ Imide
tautomerism between the E isomers should also be considered.
Saldyka and Mielke13 studied the tautomerism between
different E- and Z-isomers of acetohydroxamic acid in the gas
phase at the MP2/6-311++G(d,p) level of theory from a thermo-
dynamic point of view, nding the Z-structure to be the most
stable. Fitzpatrick and Mageswaran14 addressed the stability,
structure and atomic populations of the four isomers of aceto-
hydroxamic acid with ab initio calculations, nding that the E-
Amide form is more stable than the Z-Amide form, followed by
the Z-Imide and E-Imide isomers, while for the systems with a
water molecule, Z-Amide is the most stable isomer. Kakkar
et al.15 studied the conformational behaviour of some
hydroxamic acids via different mechanisms at the B3LYP/6-
311++G(d,p)//B3LYP/6-31G(d) level of theory, obtaining results
showing that in solution the amide forms are more stable and
that the Z-Amide isomer is only slightly more stable than the E-
Amide. Other studies on the isomers of hydroxamic acids have
been performed in gas phase, with results varying depending on
the level of calculation.16–33

The tautomeric equilibria of acetohydroxamic acid (AHA), of
special importance in biochemistry, are very sensitive to the
medium where the reactions occur. Therefore, AHA is an
appropriate system for the study of the amide-imide tautome-
rization process via different mechanisms. The Amide$ Imide
tautomerization reaction takes place as a result of the intra-
molecular proton transfer between the amide and imide forms,
which initially requires an adequate orientation of the hydrogen
atom bonded to nitrogen, since this site is the most favourable
for amide deprotonation.12 Even though the Z-Amide form of
acetohydroxamic acid is the most stable one in aqueous solu-
tion from a thermodynamic point of view, the E-Amide form is
only 0.05 (1.16) kcal mol�1 higher in Gibbs free energy when
calculated at the QCISD-PCM/cc-pVDZ (MP2-PCM/6-
311++G(d,p)) level of theory (see Fig. 1). Hence, the E-Amide $
E-Imide transformation is also an important process to be
considered in solution. The amide-imide transformations in
acetohydroxamic acid should be expected to occur in single or
multiple kinetic steps depending on the structural similarity of
the isomers considered.

This article focuses on the thermodynamic and kinetic study
of the elementary and complex tautomerizations of the E-Amide
and Z-Amide forms of acetohydroxamic acid in aqueous solu-
tion, with and without the presence of an explicit solvent
molecule. The calculations reported in this article, applying two
quantum electronic structure methods and using mean force
potentials from steered molecular dynamic (SMD) simulations,
are analyzed and compared for several mechanisms in aqueous
solution. Given that to the best of our knowledge, MD simula-
tions have not been previously applied to study the amide-imide
This journal is © The Royal Society of Chemistry 2014
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tautomerism, and that a complete thermodynamic and kinetic
study of the tautomeric equilibria in AHA has not been previ-
ously reported, the results reported in this paper are addition-
ally relevant.

2. Computational details
2.1. Electronic structure calculations

The most stable conformations of the different species
considered in this study have been calculated using the
GAUSSIAN 09 program.49 Geometries have been fully optimized
and characterized at the MP2/6-311++G(d,p) level of theory.
Solvent effects are accounted for on the geometry optimizations
and frequency calculations by means of the IEF-PCM method,50

employing the UFF atomic radii when constructing the solvent
cavity. Additional calculations have been performed using the
M06-2X51 functional and the 6-311++G(d,p) basis set in combi-
nation with the SMD52 solvation method on both geometry
optimizations and frequency calculations. Calculations at the
QCISD-PCM/cc-pVDZ//MP2-PCM/6-311++G(d,p) level of theory
were also performed.

2.2. MD simulations

To describe the solute–solvent interaction potential, a LJ (12-6-
1) function is used (see eqn (1)).

Usw ¼
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ij

r12ij
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X
ij

qsi q
w
j

rij
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where the Aij and Bij van der Waals parameters are taken from
the AMBER force eld41 for each type of atom instead of from
quantum calculations, because of the great computational
effort involved. This choice takes into account that the van der
Waals component comprises only a small fraction of the total
interaction energy. However, due to the importance of the
electrostatic component in this type of studies, the net charges
on each solute atom qsi used in eqn (1) are Mulliken charges53

obtained from electronic structure calculation in solution with
the PCM model.50 Finally, the charges of the solvent atoms qwj
are pre-assigned as the TIP3P charges,41 i.e., d(O) ¼ �0.83 and
d(H) ¼ 0.415.

The potential of mean force (PMF) in a reaction represents
the Gibbs free energy change with the reaction coordinate. To
relate Gibbs free energy differences between two equilibrium
and non-equilibrium processes, we use the Jarzynski's equality.54

Thus, this Gibbs free energy change, DG, is related to an average
of all possible works hWi of an external process that take the
system from the equilibrium state A to a new state B, as shown
by eqn (2):

DG ¼ hWi � 1

2kBT

��
W 2

�� hW i2
�

(2)

where W is calculated by integrating the force over the distance
of the steered atom from its initial to nal position, according to
eqn (3).
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The molecular dynamics simulations of an NVT ensemble
with periodic boundary conditions for each acetohydroxamic
structure in an aqueous environment, formed by about two
hundred molecules depending on the system considered, were
carried out at 298.15 K using the AMBER program.55 The time
considered for the different simulations was 2 ns with time
steps of 0.5 fs. The rst 1000 ps were taken to ensure that
equilibrium was completely reached. This can be conrmed by
considering that the standard deviation of the potential energy
values in the simulation was lower than 1% of the mean values
in all the cases. The last 1000 ps were stored every 100 fs to
obtain the trajectory of the simulated molecule. The water
molecules initially located at distances less than 1.6 Å from any
solute atom were eliminated from the simulations. The long-
range electrostatic interactions were treated by the Ewald
method.56 A cut-off of 7 Å was applied to the water–water
interactions to simplify the calculations, and periodic boundary
conditions were used to maintain the number of solvent
molecules constant.

The steered molecular dynamics (SMD) simulations allow
the calculation of standard Gibbs free energies of activation
(DGs) and reaction (DG) from potential of mean force (PMF),
since they follow the time-evolution of the process, i.e., going
from a reactant conguration, to the TS, and, nally, to the
product of a particular elementary step, focusing on one or
more reaction coordinates. Approximate structures of the
stationary points involved in a reaction mechanism can be
obtained.

In order to perform the SMD simulations, the QM/MM
method with the semi-empirical QM Hamiltonian SCC-
DFTB,57,58 implemented in the AMBER12 soware,59,60 was used.
The system was initially minimized with a 1 ps simulation.
Subsequently, the system was equilibrated at 200, 400, 600, 800,
and 1000 ps (with 0.5 fs time steps) in order to obtain different
paths for each SMD simulation. Finally, during the last 1000 ps
of the simulation, all the atoms of acetohydroxamic acid were
allowed to move freely. The force constant used was 1000 kcal
mol�1 Å�2 for the distance and 10 kcal mol�1 rad�2 for the
torsion, and the amidic hydrogen atom was directed from the
amide to the imide structure. The reaction coordinates chosen
for the non-assisted and water-assisted mechanisms are dis-
cussed in Section 3.1.1.
2.3. Thermodynamic and kinetic calculations

In addition to reporting standard enthalpies (DH�) and Gibbs
free energies (DG�) of reaction for each of the processes
considered, equilibrium constants (K) are calculated using
eqn (4).

K ¼ e�
DG

�

RT (4)

Rate constants (k) for elementary steps are calculated
applying classical transition state theory (TST) using eqn (5),
where k is the tunneling factor, kB is Boltzmann's constant, h is
Planck's constant, R is the ideal gas constant, and DGs is the
standard Gibbs free energy of activation for a particular
RSC Adv., 2014, 4, 44757–44768 | 44759
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elementary step, which is calculated by subtracting the stan-
dard Gibbs free energies of formation of the transition state and
the reactant. The rate constant for the corresponding reverse
reaction can be calculated using eqn (6).

kfwd ¼ k
kBT

h
e�

DGs

RT (5)

krev ¼ kfwd

K
(6)

The tunneling factor is calculated by assuming an asym-
metrical Eckart barrier61 for each of the processes in which a
hydrogen ion is transferred. This calculation uses the enthalpy
of activation (DHs) and the enthalpy change of the forward
reaction at 298.15 K, as well as the imaginary frequency of the
TS. A modied version of the numerical integration program of
Brown62 is used for the calculation of the tunneling factor.
3. Results and discussion
3.1. Amide-imide tautomerizations: mechanisms
considered

The E-Amide$ E-Imide and the Z-Amide$ Z-Imide processes
were studied with and without the presence of an explicit
solvent molecule, in addition to accounting for additional
solvent effects when applying a continuum method or during
the MD simulations. While the two E-Amide $ E-Imide trans-
formations are elementary, the two Z-Amide $ Z-Imide
processes, as well as the Z-Amide $ E-Imide transformation,
are complex (two elementary kinetic steps are required). The
ve mechanisms considered and the acronyms used to identify
the species involved, including the transition states, are shown
in Fig. 2. While a brief description of these processes follows,
some structural details of the species involved are discussed in
Section 3.2.

In the non-assisted mechanism, the amidic hydrogen of the
E-Amide (EA) isomer is transferred to the carbonyl oxygen via a
four-member-ring transition state (TS1) before forming the E-
Imide (EI) isomer (see Fig. 2a). In the water-assisted mechanism
(see Fig. 2b), the amidic hydrogen in the E-Amide-water
complex (EAW) is transferred to the water oxygen and, simul-
taneously, a water hydrogen is transferred to the carbonyl
oxygen via a six-member-ring transition state (TS2) prior to
forming the E-Imide-water complex (EIW). In the non-assisted
mechanism from Z-Amide (ZA) to E-Imide (EI) (see Fig. 2c),
there is rst an internal rotation around the C–N single bond
going through TS3 to form EA. Following this step, TS1 connects
EA with its tautomer EI, as previously described. Because the
barrier to internal rotation from the Z-Amide complex (ZAW) to
EAW would be much greater than for ZA $ EA because of the
presence of the explicit solvent molecule, this transformation
was not studied.

The unassisted conversion from Z-Amide (ZA) to Z-Imide (ZI)
(see Fig. 2d) involves two steps. First, the hydroxide hydrogen is
transferred to the carbonyl oxygen via a ve-member-ring
transition state (TS4) to form a zwitterion intermediate Z�.
44760 | RSC Adv., 2014, 4, 44757–44768
From this point, the second proton transfer, from the nitrogen
to the oxygen close to it, takes place via TS5 to form ZI. The
water-assisted transformation of the Z-Amide complex (ZAW) to
form the Z-Imide complex (ZIW) (see Fig. 2e) initially goes
through a transition state (TS6) in which the hydroxide
hydrogen is transferred to the carbonyl oxygen to form the
intermediate zwitterion water complex ZW�. In the following
kinetic step, a concerted double proton-transfer, from the
amidic nitrogen to the water oxygen and from this atom to the
previously deprotonated oxygen, takes place via a six-member-
ring transition state (TS7) to produce ZIW.

3.1.1. Reaction coordinates used for the SMD simulations.
For the EA $ EI process, the reaction coordinate considered
was RC1 ¼ d(O6H8) – d(N7H8), whereas for the water-assisted
mechanism, EAW $ EIW, two reaction coordinates were used:
RC1¼ d(O6-Hw) – d(Hw-Ow) and RC2¼ d(Ow-H8) – d(N7H8) (see
Fig. 2 to identify the atoms as labelled). For the ZA $ EI
transformation, the reaction coordinates used were the torsion
RC1 ¼ q(OCNO) for the rst step, and the distance RC2 ¼
d(O6H8) – d(N7H8) for the second step. The ZA$ ZI conversion
used the distances RC1 ¼ d(O6H10) – d(H10O9) and RC2 ¼
d(O9H8) – d(N7H8) for the rst and second steps, respectively. To
study the water-assisted conversion ZAW $ ZIW, RC1 ¼
d(O6H10) – d(H10O9) was followed for the rst step, while for the
second step two reaction coordinates, RC2¼ d(O9Hw) – d(HwOw)
and RC3 ¼ d(OwH8) – d(N7H8) were used.

The process followed when studying the complex mecha-
nisms (c), (d) and (e) was to initially focus on the rst step in the
forward direction (i.e., ZA / EA, ZA / Z� and ZAW / ZW�),
then focus on the second step in the reverse direction (i.e., EI/
EA, ZI / Z� y ZIW / ZW�), and combine them.
3.2. Comments on structural aspects

Fig. 3 shows the atomic charges (in bold on atoms) and some
important geometric parameters of the MP2-PCM/6-
311++G(d,p) most stable conformations of the reactants, inter-
mediates and products involved in the tautomerizations
studied. Similar information for the calculated transition states
(TSs) is displayed in Fig. 4. The structures of the TSs were
veried by carrying out a normal mode analysis, which provides
a single imaginary frequency (see values at the bottom of each
structure) and whose eigenvector corresponds to the trans-
formations taking place in each of the processes previously
described. Further conrmation of the correctness of the
calculated TSs was obtained aer performing IRC calculations
which properly connected each TS with the corresponding
reactant and product species. The Cartesian coordinates for
each of these stationary points are reported in the ESI† section.

In going from EA to TS1, the C–O and N–Hdistances increase
by 0.07 and 0.30 Å, respectively. The nal O–H distance in EI is
0.97 Å. In going from EA to EI, The C–O distance increases by
0.13 Ǻ, as the transformation from double to single bond
occurs. Similarly, the C–N bond distance decreases by about
0.10 Ǻ, as it goes from a single to a double bond. The distance
between the hydrogen atom to be transferred and the oxygen
atom to receive it goes from 2.46 Å in EA, to 1.35 Å in TS1, and
This journal is © The Royal Society of Chemistry 2014



Fig. 2 Elementary and complex amide $ imide tautomerizations studied (the labels shown on the reactant species are used to identify the
reaction coordinates followed during the SMD simulations: see Section 3.1.1.).
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0.97 Å in EI. Minor variations in the bond angles are also
observed in the EA $ EI process. Similar observations can be
made for the ZA $ EI and ZA $ ZI processes.

When the complex between E-Amide and E-Imide with an
explicit solvent molecule in the EAW $ EIW process is calcu-
lated in aqueous solution, small geometrical variations of the E-
Amide and E-Imide molecules take place. However, the CNH
angle of the E-Amide form increases from 116� to 127� when the
water complex is formed to facilitate the double hydrogen-bond
with the assisting water molecule. When focusing on EAW, a
hydrogen atom of the water molecule is located 1.93 Å away
from the carbonyl oxygen and the oxygen atom is 2.13 Å away
from the amidic hydrogen. These distances become 1.22 and
1.22 Å in TS2, respectively. In EIW, the oxygen atom of the
This journal is © The Royal Society of Chemistry 2014
solvent molecule is 1.78 Å from the hydroxyl hydrogen and a
hydrogen atom is 2.18 Å away from the nitrogen atom. Similar
comments can be made for the ZAW$ ZIW process, but in this
case, the water molecule assists the transfer of the amidic
hydrogen to the hydroxide oxygen during the second step of the
mechanism.

For the EA $ EI process, the maximum on the potential of
mean force (PMF) curve in the SMD simulation was reached at a
N–H distance of 1.30 Å and at an angle with the oxygen atom of
102.6�, in agreement with the MP2-PCM optimized geometry of
TS1 (see Fig. 4). For the water-assistedmechanism EAW$ EIW,
the maximum on the PMF curve corresponds to the TS2 struc-
ture reported in Fig. 4. Similarly, the location of transition states
in the PMF curves for the processes that start with Z-Amide as
RSC Adv., 2014, 4, 44757–44768 | 44761



Fig. 3 Important geometric parameters and atomic charges of the
reactants, intermediates and products calculated at the MP2-PCM/6-
311++G(d,p) level of theory.
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reactant (TS3 through TS7) are in good agreement with the
quantum geometries shown in Fig. 4.
3.3. Atomic charges and solvation

Analysis of the charges on the atoms involved in the amide-
imide intramolecular proton transfers passing through
different TSs, listed in Fig. 3 and 4, shows that there is a
progressive decrease of the charge on the carbonyl oxygen of the
amides as a result of the formation of the new O–H bond and
the transformation from double to single bond. The zwitterion
intermediates, Z� and ZW�, show an increase of the negative
44762 | RSC Adv., 2014, 4, 44757–44768
charge on the (previous) hydroxyl oxygen as a result of the rst
intramolecular proton transfer from ZA and ZAW, respectively.
When an explicit water molecule participates in the reaction
mechanism, an increase in the charge on the hydrogen atom of
water which is hydrogen-bonded to either EAW or ZAW is also
observed.

Table 1 displays the average number of water molecules in
the rst hydration shell (solvent molecules that are within 2.5 Å
of the solute) of each species considered. These values were
obtained by performing 100 000 steps of traditional MD simu-
lation for each rigid structure of solute. TheMP2-PCM andM06-
2X-SMD Gibbs free energies of solvation (DGsolv) are also shown
in Table 1. The values reported in this table are intimately
related to the structure and atomic charges of the species
considered.

The results reported in Table 1 allow us to conclude that: (a)
amides (EA and ZA) are more hydrated than their corresponding
imide forms (EI and ZI), because the carbonyl oxygen in the
amides has the highest affinity for solvent molecules: the same
applies when comparing the hydration of their water complexes
(EAW and ZAW are more hydrated than EIW and ZIW, respec-
tively); (b) due to an increase in the sites that can be solvated,
the water complexes (EAW, EIW, ZAW and ZIW) are more
hydrated than their corresponding simpler systems (EA, EI, ZA
and ZI); (c) the hydration of Z-isomers (ZA, ZAW and ZIW) is
greater than that of E-isomers (EA, EAW and EIW), respectively;
(d) the degree of hydration of the TS of the elementary amide-
imide transformations is in between the hydration of the cor-
responding reactant and product; (e) the protonation of the
carbonyl oxygen in ZA and ZAW to form Z� and ZW�, respec-
tively, reduces the hydration of these species on this atom, but
increases on the other oxygen atom: hence the solvation energy
increases relative to both the reactant and product in each case
(Z� and ZW� are more hydrated than their corresponding
species: ZA, ZI, ZAW and ZIW); (f) although the MP2-PCM and
M06-2X-SMD DGsolv values show similar trends, the M06-2X-
SMD values are greater than the MP2-PCM values for each
species.

Fig. 5 shows a schematic representation of the hydration
around the species involved in the unassisted E-Amide $ E-
Imide tautomerization. The water molecules marked with a
circle represent those which are hydrogen-bonded to the solute
(solvent molecules that are within 2.1 Å of the solute). In the
rst solvation layer of EA there are ve molecules of water; three
around the carbonyl oxygen, one around of the hydroxyl group
and one near the amidic hydrogen. The rst solvation layer of EI
contains two water molecules near each hydroxyl group. The
number of solvent molecules in the rst solvation layer of TS1 is
similar to that of EI, but in TS1 there are no solvent molecules
where the proton transfer occurs. Similar descriptions can be
made for other mechanisms.
3.4. Kinetic and thermodynamic calculations

The calculated thermodynamic data (standard enthalpies and
Gibbs free energies of formation) from electronic structure
calculations in the gas phase and in solution at 298.15 K for
This journal is © The Royal Society of Chemistry 2014



Fig. 4 Important geometric parameters and atomic charges of the calculated transition states calculated at the MP2-PCM/6-311++G(d,p) level
of theory.
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each of the stationary points considered in this study are listed
in Table S1 of the ESI† section. Table 2 displays the Gibbs free
energy changes along the reaction prole of the ve amide-
imide transformations studied (see Section 3.1. and Fig. 2) from
electronic structure calculations, in the gas phase (MP2 and
M06-2X) and in solution (QCISD-PCM//MP2-PCM, MP2-PCM
and M06-2X-SMD), and from SMD simulations. Previously
reported values (calculated or experimental) are shown as well.
The equivalent enthalpy changes (enthalpies of reaction and
Table 1 Hydration information from MD simulations and Gibbs free ene

Species EA TS1 EI EAW

hnib 4.4 4.2 4.0 5.3
DGsolv

c �6.9 �5.6 �4.7 �8.5
DGsolv

d �11.9 �9.5 �8.1 �15.6

Species Z� TS5 ZI ZAW

hnib 5.3 4.1 3.5 5
DGsolv

c �9.3 �5.6 �4.6 �12
DGsolv

d �15.9 �9.1 �7.2 �16

a DGsolv ¼ Gsolution � Ggas.
b Average number of water molecules on

311++G(d,p).

This journal is © The Royal Society of Chemistry 2014
enthalpies of activation) from electronic calculations in solu-
tion are displayed in Table S2.† The calculated equilibrium
constants (K) in the gas phase and in solution for each of the
Amide $ Imide elementary steps and global processes studied
are reported in Table 3. The K values for the reverse processes,
Imide $ Amide, are displayed in Table S3.† Rate constants for
the forward and reverse elementary steps calculated in solution
at the QCISD-PCM//MP2-PCM, MP2-PCM and M06-2X-SMD
levels of theory are shown in Table 4. Table S4† displays the
rgies of solvation (DGsolv in kcal mol�1 at 298.15 K)a

TS2 EIW ZA TS3 TS4

5.2 4.8 5.1 4.6 4.9
�8.2 �7.6 �8.6 �6.8 �9.0

�14.8 �11.8 �14.6 �10.6 �13.1

TS6 ZW� TS7 ZIW

.6 5.7 5.8 5.7 5.1

.1 �13.4 �13.8 �9.5 �8.6

.6 �19.9 �23.3 �19.3 �14.0

the rst solvation shell. c MP2-PCM/6-311++G(d,p). d M06-2X-SMD/6-
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Fig. 5 Hydration for the EA $ EI mechanism from MD simulations.
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calculated values for the tunneling factors for each elementary
step in which a hydrogen ion is transferred, as well as the data
used to obtain these values.

From a qualitative point of view, the three sets of electronic
structure calculations in solution are very similar for each of the
ve mechanisms studied. The M06-2X relative G values (which
are the standard Gibbs free energies of activation, DGs, or
reaction, DG) are usually slightly larger than the MP2 values,
with 2.5 kcal mol�1 the largest difference found. The differences
between the QCISD//MP2 and MP2 relative G values are 0.2 kcal
mol�1 on average (1.4 kcal mol�1 is the mean absolute differ-
ence), with 2.4 kcal mol�1 the largest difference found.

Even though the Gibbs free energies of formation in the gas
phase are greater than in solution, with differences of 4.6–13.8
kcal mol�1 for the MP2 case and 7.2–23.3 kcal mol�1 for the
M06-2X case (see Table 1), the DGs and DG values in solution
Table 2 Gibbs free energy changes (in kcal mol�1) along the reaction
calculations, in the gas phase (MP2 and M06-2X) and in solution (QC
simulations at 298.15 K

MP2 M06-2X QCISD-PCM//MP2-PCM

(a) EA 0.0 0.0 0.0
TS1 39.1 40.5 42.0
EI 3.2 2.7 5.2

(b) EAW 0.0 0.0 0.0
TS2 18.2 17.5 19.3
EIW 2.6 2.1 2.9

(c) ZA 0.0 0.0 0.0
TS3 12.6 12.4 12.2
EA �0.5 �1.5 �0.3
TS1 38.6 39.0 41.7
EI 2.7 1.2 4.9

(d) ZA 0.0 0.0 0.0
TS4 12.5 10.6 13.4
Z� 13.5 12.4 14.6
TS5 50.7 50.1 55.6
ZI �0.5 �2.0 2.0

(e) ZAW 0.0 0.0 0.0
TS6 11.9 14.2 12.6
ZW� 12.3 16.8 12.7
TS7 27.2 31.7 30.8
ZIW �1.4 1.0 0.0

a Ref. 15 (gas, 0 K). b Ref. 13 (gas). c Ref. 13 (exp, gas). d Ref. 11. e Ref. 12.
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are usually larger than those in the gas phase at both levels of
theory (see Table 2). The discussion that follows will focus on
the results obtained in aqueous solution.

In general, there is good qualitative agreement between the
values predicted from the SMD simulations and from the elec-
tronic structure calculations. However, the SMD relative G
values are in most cases greater than each of the calculated
values with the electronic structure methods; hence for both
thermodynamic and kinetic results, the SMD values are in
closer agreement with the M06-2X results. With the exception of
the values for TS5 and TS7, the relative G differences between
SMD and MP2-PCM (M06-2X-SMD) are in the 0.3–5.4 (0.2–5.1)
kcal mol�1 range. In the SMD simulations, a semi-empirical
functional is used (DFTB) and the solvent is treated as a discrete
medium, not as a continuum (which is the case of the solvent
methods applied with the electronic structure calculations).
Even when the solvent molecules are treated classically, explicit
solute–solvent interactions are now accounted for, in addition
to the explicit interactions present in the case of the water-
assisted mechanisms. As a consequence, the processes
considered tend to be more energetic when calculated from the
SMD simulations, hence larger DGs values are calculated in
most cases. Due to a signicant charge separation, this situa-
tion might play a greater role when proton transfer barriers are
calculated from the zwitterions (Z� and ZW�) leading to TS5
and TS7.

The elementary and global processes studied for each of the
ve Amide $ Imide tautomerizations in aqueous solution are
slightly endothermic (DH�> 0) and endergonic (DG� > 0), except
the elementary steps in which the zwitterion intermediate (Z�
profile of the five transformations studied from electronic structure
ISD-PCM//MP2-PCM, MP2-PCM and M06-2X-SMD), and from SMD

MP2-PCM M06-2X-SMD SMD Other studies

0.0 0.0 0.0
40.5 43.0 44.6 40.8a

5.4 6.5 7.7 2.8b,c,3.9d,e, 4.7a

0.0 0.0 0.0
18.5 18.2 23.3
3.5 5.9 2.4 4.2e,f

0.0 0.0 0.0
14.5 16.5 16.1
1.2 1.2 2.5 �1.2d,e,1.4a, 1.8c

41.7 44.2 47.1
6.6 7.7 10.2 4.7c, 5.4d,e, 6.2a

0.0 0.0 0.0
12.1 12.2 16.0
12.7 11.1 13.0
53.7 55.7 65.8
3.5 5.4 5.7 0.8d,e,2.2c, 2.7f, 3.8a

0.0 0.0 0.0
10.7 10.9 14.4
10.7 10.0 11.5
29.8 29.0 38.7
2.1 3.6 3.8 0.6e

f Ref. 10 (gas).
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Table 3 Equilibrium constants (K) calculated in the gas phase and in solution for each of the Amide $ Imide elementary steps and global
processes studied at 298.15 K

MP2 M06-2X QCISD-PCM//MP2-PCM MP2-PCM M06-2X-SMD SMD

(a) EA $ EI (TS1) 4.4 � 10�3 1.1 � 10�2 1.5 � 10�4 1.1 � 10�4 1.8 � 10�5 2.3 � 10�6

(b) EAW $ EIW (TS2) 1.2 � 10�2 3.1 � 10�2 7.4 � 10�3 2.6 � 10�3 5.0 � 10�5 1.7 � 10�2

(c) ZA $ EA (TS3) 2.4 13 1.6 0.14 0.12 1.5 � 10�2

ZA $ EI 1.1 � 10�2 0.13 2.4 � 10�4 1.6 � 10�5 2.2 � 10�6 3.3 � 10�8

ZAW $ EIW 0.29 2.7 � 10�2 6.0 � 10�2 1.4 � 10�4 8.2 � 10�6

(d) ZA $ Z� (TS4) 1.4 � 10�10 8.1 � 10�10 1.9 � 10�11 4.6 � 10�10 7.3 � 10�9 3.0 � 10�10

Z� $ ZI (TS5) 1.7 � 1010 36 � 1010 1.8 � 109 5.9 � 106 1.5 � 104 2.2 � 105

ZA $ ZI 2.3 30 3.3 � 10�2 2.7 � 10�3 1.1 � 10�4 6.6 � 10�5

(e) ZAW $ ZW� (TS6) 9.8 � 10�8 5.1 � 10�13 4.8 � 10�10 1.5 � 10�8 4.3 � 10�8 3.7 � 10�9

ZW� $ ZIW (TS7) 1.1 � 108 3.4 � 1011 2.1 � 109 2.0 � 106 5.2 � 104 4.4 � 105

ZAW $ ZIW 10 0.17 1.0 3.0 � 10�2 2.2 � 10�3 1.6 � 10�3
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or ZW�) is the reactant. These two steps are calculated to be
exothermic and thermodynamically spontaneous at room
temperature (with equilibrium constants K > 1, see Table 3).
When considering the MP2 calculations, the elementary and
global processes (except ZA/ Z�) are more thermodynamically
favoured (have a larger K) in the gas phase than in solution. All
water-assisted processes are more thermodynamically favoured
(having a smaller DG� or larger K value) than the corresponding
unassisted ones. From a thermodynamic point of view, the Z-
Amide / Z-Imide process seems to be slightly more favoured
than all other processes considered.

Unless otherwise indicated, the discussion that follows uses
the values obtained from the electronic structure calculations
(following the order QCISD-PCM//MP2-PCM value, MP2-PCM
value, M06-2X-SMD value). The calculated DG for the EA $ EI
process via the non-assisted mechanism (5.2, 5.4, 6.5 kcal
mol�1) is slightly greater than the value reported by other
authors (DG ¼ 2.8–4.7 kcal mol�1). However, our calculated
DGs values (42.0, 40.5, 43.0 kcal mol�1) are in good agreement
with the previously reported one (40.8 kcal mol�15). When the
water-assisted mechanism EAW $ EIW, in which the explicit
solvent molecule facilitates the proton transfer is considered, a
signicant reduction (42–46%) of the calculated DGs value
Table 4 Forward (kfwd) and reverse (krev) rate constants for each of the

kfwd (s�1)

QCISD-PCM//MP2-PCM MP2-PCM M

(a) EA / EI (TS1) 6.4 � 10�15 6.03 � 10�14 2
(b) EAW / EIW (TS2) 2.0 6.26 1
(c) ZA / EA (TS3) 7.7 � 103 141 4

ZA / EIa 1.02 � 10�14 8.44 � 10�15

(d) ZA / Z� (TS4) 1.0 � 103 9.11 � 103 1
Z� / ZI (TS5) 5.3 � 10�28 1.24 � 10�23 2
ZA / ZIa 1.01 � 10�38 5.70 � 10�33

(e) ZAW / ZW� (TS6) 3.6 � 103 9.22 � 104 2
ZW� / ZIW (TS7) 1.3 � 10�9 6.56 � 10�9 6
ZAW / ZIWa 6.24 � 10�19 9.84 � 10�17

a Effective rate constants calculated as keff ¼ k2K1 using the pre-equilibriu

This journal is © The Royal Society of Chemistry 2014
occurs (19.3, 18.5, 18.2 kcal mol�1). These results are in agree-
ment with the 50% reduction previously reported.10 The calcu-
lated rate constant (see Table 4) increases ca. 1014 times going
from 6.4 � 10�15 s�1 to 2.0 s�1 (QCISD-PCM//MP2-PCM results)
when the water-assisted process is considered. This signicant
rate constant increase (and DGs reduction) can be partly
justied from a structural point of view since the explicit pres-
ence of water reduces the strain in the four-member ring in TS1,
relative to the ve-member ring in TS2. However, a small
decrease in DG is observed with each method applied (2.9, 3.5,
5.9 kcal mol�1). The potential of mean force (PMF) curves of the
elementary processes from SMD simulations, which reect the
previous comments, are displayed in Fig. 6.

The three tautomeric processes studied that start from the Z-
Amide form are complex; they occur in two kinetic steps. The
PMF curves of these processes from SMD simulations are dis-
played in Fig. 7. For the ZA $ EI process, the DGs and DG
values for the internal rotation to form EA were calculated to be
12.2, 14.5, 16.5 kcal mol�1 and �0.3, 1.2, 1.2 kcal mol�1,
respectively. The global DG for the ZA $ EI process was
calculated to be 4.9, 6.6, 7.7 kcal mol�1.

For the Z-Amide to Z-Imide transformation, as previously
observed for the corresponding E-isomers, the explicit
elementary processes studied at 298.15 K

krev (s
�1)

06-2X-SMD QCISD-PCM//MP2-PCM MP2-PCM M06-2X-SMD

.52 � 10�15 4.4 � 10�11 5.45 � 10�10 1.42 � 10�10

.07 2.7 � 102 2.45 � 103 2.13 � 104

.87 4.7 � 103 992 39.9

.55 � 104 17 2.00 � 1013 2.13 � 1012

.29 � 10�24 3.0 � 10�37 2.10 � 10�30 1.49 � 10�28

.11 � 105 7.5 � 1012 6.02 � 1012 4.87 � 1012

.64 � 10�9 5.9 � 10�19 3.34 � 10�15 1.29 � 10�13

m approximation (see details in Section S2).
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Fig. 6 PMF of the elementary processes (a) EA $ EI (—) and (b) EAW
$ EIW (.) from SMD simulations.

Fig. 7 PMF of the complex processes (c) ZA$ EI (--.-), (d) ZA$ ZI (—)
and (e) ZAW / ZIW (.) from SMD simulations.
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participation of a solvent molecule also produces a decrease in
the calculated DGs of each of the two steps involved, but the
reduction is much more signicant for the second (rate-deter-
mining) step. For the rst step, in which a proton is transferred
between the two oxygen atoms and a zwitterion is formed, the
calculated DGs goes from 13.4, 12.1, 12.2 kcal mol�1 to 12.6,
10.7, 10.9 kcal mol�1. The DGs of the second proton transfer,
which for mechanism (e) (see Fig. 2) involves the explicit solvent
molecule, goes from 55.6, 53.7, 55.7 kcal mol�1 to 30.8, 29.8,
29.0 kcal mol�1 for reduction which is ca. 50%, similar to the
result found for the E-Amide $ E-Imide process.

The additional stabilization due to solvation associated with
internal charge separation in the two zwitterion structures, Z�

and ZW� (see Table 1), relative to that of the TSs that form from
them (TS5 and TS7, respectively), contributes to the much larger
DGs of the second step of mechanisms (d) and (e). Structural
aspects once again help us to rationalize the reduction in DGs

when comparing the two TSs of mechanisms (d) and (e). The
explicit solvent molecule makes the structure of ZAW closer to
that of TS6, relative to a similar comparison between ZA and
TS4. Similarly, the explicit presence of water reduces the strain
in the three-member ring in TS5, relative to the ve-member
ring in TS7. In both cases, the proton transfer is favoured for the
mechanism with the explicit solvent molecule. The explicit
solute–solvent interactions accounted for in the SMD simula-
tions might be the reason for the much greater DGs values
44766 | RSC Adv., 2014, 4, 44757–44768
calculated for these four TSs, which differ from the electronic
structure calculation values by 1.8–10.2, 3.7–12.1 and 3.5–
10.1 kcal mol�1.

Given that the complex processes (d) and (e) have an initial
fast step, followed by an irreversible rate-determining step, the
pre-equilibrium approximation can be applied to calculate an
effective rate constant (keff¼ k2K1). Using the QCISD-PCM//MP2-
PCM values, keff is 1.0 � 10�38 s�1 for the unassisted process
and increases ca. 1019 times (keff ¼ 6.2 � 10�19 s�1) when
considering the water-assisted process. Note that in both cases,
the calculated keff values are signicantly smaller than the cor-
responding calculated rate constants for the E-Amide / E-
Imide processes.

Similar to what was previously observed with the E-isomers,
a small decrease in the Gibbs free energy of reaction is calcu-
lated with eachmethod applied when comparing the unassisted
and water-assisted mechanisms (see Fig. 2d and e). The DG of
the rst step goes from 14.6, 12.7, 11.1 kcal mol�1 to 12.7, 10.7,
10.0 kcal mol�1, while for the global process the reduction in
DG goes from 2.0, 3.5, 5.4 kcal mol�1 to 0.0, 2.1, 3.6 kcal mol�1.
The calculated global DGZA/ZI values are in good agreement
with values previously reported by other authors (DGZA/ZI ¼
0.8–3.8 kcal mol�1 (ref. 10–15)) and the experimental gas-phase
value of 2.2 kcal mol�1.13

When focusing on the two Z-Amide transformations without
water assistance, to E-Imide (c) and to Z-Imide (d), the rst
process (with QCISD-PCM//MP2-PCM barriers of 12.2 and
41.7 kcal mol�1; keff ¼ 1.02 � 10�14 s�1) is more kinetically
favoured than the Z-Amide / Z-Imide process (with QCISD-
PCM//MP2-PCM barriers of 13.4 and 55.6 kcal mol�1 relative to
ZA; keff ¼ 1.0 � 10�38 s�1). This comparison does not change
when considering the water-assisted mechanisms. The ZAW /

EIW transformation has an initial QCISD-PCM//MP2-PCM
barrier that should be greater than 12.2 kcal mol�1 (the water
molecule in ZAW would hinder the internal rotation around the
C–N single bond to form EAW, relative to the value calculated
for the ZA/ EA internal rotation), and a second barrier of 18.8
kcal mol�1,*1corresponding to the EAW / EIW tautomeriza-
tion. Since these two barriers would likely be somehow similar,
there would not be a well-dened rate-determining step (RDS)
for this mechanism. The ZAW / ZIW transformation has an
initial QCISD-PCM//MP2-PCM barrier of 12.6 kcal mol�1 to
form the zwitterion intermediate ZW�, followed by the RDS
with a barrier of 30.8 kcal mol�1, relative to ZAW. Hence, from a
kinetic point of view, the most favoured tautomeric processes
from Z-Amide is Z-Amide / E-Imide. Overall, the tautomeric
conversion which is the most kinetically favoured is E-Amide/
E-Imide.

4. Conclusions

The thermodynamic and kinetic study of the different tauto-
meric equilibria of acetohydroxamic acid in aqueous solution
have been studied making use of three electronic structure
methods (QCISD//MP2, MP2 and M06-2X) and SMD simula-
tions. Mechanisms have been calculated with and without the
presence of an explicit solvent molecule. From a
This journal is © The Royal Society of Chemistry 2014
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thermodynamic point of view, Z-Amide is the most favourable
species, followed by E-Amide. The elementary E-Amide / E-
Imide process is the most kinetically favoured. The tautomeric
processes from Z-Amide are complex and its conversion to E-
Imide is the most kinetically favoured. In all cases, the explicit
consideration of a solvent molecule (in addition to accounting
for other solvent effects depending on the methodology
applied) led to signicantly smaller Gibbs free energies of
activation for the rate-determining step, and slightly smaller
Gibbs free energies of reaction.

Consistent results were obtained with the four methodolo-
gies applied, which highlights the validity of SMD simulations
to study processes where proton transfers occur. To the best of
our knowledge, this is the rst study in which MD simulations
are applied to study the Amide-Imide tautomerism, and the rst
complete study of the kinetics and the thermodynamics of the
tautomerization processes in acetohydroxamic acid.
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324, 350–358.

13 M. Saldyka and Z. Mielke, Vib. Spectrosc., 2007, 45, 46–54.
14 N. J. Fitzpatrick and R. Mageswaran, Polyhedron, 1989, 8,

2255–2263.
15 R. Kakkar, R. Grower and P. Chadha, Org. Biolo. Chem., 2003,

1, 2200–2206.
16 D. H. Wu and J. J. Ho, J. Phys. Chem., 1998, 102, 3582–3586.
17 J. Yazal and Y. P. Pang, J. Phys. Chem. A, 1999, 103, 8346–

8350.
18 L. J. Yamin, C. A. Ponce, M. R. Estrada and F. T. Vert, J. Mol.

Struct.: THEOCHEM, 1996, 360, 109–117.
19 D. M. Stinchcomb and J. Pranata, J. Mol. Struct.: THEOCHEM,

1996, 370, 25–32.
20 B. Garcia, S. Ibeas, J. M. Leal, M. L. Senent, A. Niño and
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