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Theoretical Study of the Neutral Hydrolysis of Hydrogen Isocyanate in Aqueous Solution

via Assisted-Concerted Mechanisms
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A procedure is described for the theoretical study of chemical reactions in solution by means of molecular
dynamics simulation, with solute—solvent interaction potentials derived from ab initio quantum calculations.
We apply the procedure to the case of neutral hydrogen isocyanate hydrolysis, HNCO + 2 H,O — H,NCOOH
+ H,0, in aqueous solution, via the assisted-concerted mechanisms and the two-water model. We used the
solvent as a reaction coordinate and the free-energy curves for the calculation of the properties related to the
reaction mechanisms, with a particular focus on the reaction and activation energies. The results showed that
the mechanism with two water molecules attacking the C=N bond is preferred to the mechanism with three
waters forming a ring of eight members. In addition, the aqueous medium significantly reduces the activation
barrier (AG™ = 13.9 kcal/mol) and makes the process more exothermic (AG = —11.1 kcal/mol) relative to
the gas-phase reaction, increasing the rate constant of the process to k = 4.25 x 10° s™'.

1. Introduction

The isocyanate hydrolysis reaction has been the subject of
numerous experimental and theoretical studies' ™' because of
its interest for the polymer industry, the pharmaceutical industry,
and agriculture. It is also interesting because of its controversial
reaction mechanism because it can react with water in different
places depending on the number of water molecules involved
in the structure of the transition state. The water molecule can
attack the isocyanate at the C=0 or the N=C group, the latter
being the more favored when the reaction takes place with two
or more water molecules. In this latter situation, initially
carbamic acid H,NCOOH is formed through a concerted
mechanism (slow reaction step), followed by the rupture of the
acid to give ammonia NH; and carbon dioxide CO, (fast reaction
step):

HN = C =0 + nH,0 — H,NCOOH -+
(n — 1)H,0 —H,N + CO, + (n — HH,0

When the reaction takes place with a single water molecule,
the initial attack is on the C=O group to give an enolic
intermediate HN=C(OH), before forming carbamic acid in a
second step:

HN=C=0+H,0—HN=C(OH), ~H,NCOOH

Most studies of this hydrolysis reaction have been restricted
to the gas phase, where the concerted mechanism assisted by a
second water molecule leads to a six-member ring structure,
which is favored over the eight-member ring formed by three
water molecules, and is not as rigid as the four-member ring
formed with a single water molecule.

An ab initio study of Lee at al.,'” with STO-3G minimum
bases and geometries derived from the semiempirical MINDO/3
method, showed that the activation barrier for the transition state
with two water molecules is lower than that for the transition
state with one water molecule, implying that the water dimer is
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preferred over the water monomer in isocyanate hydrolysis.
However, the activation barrier with three water molecules is
similar to the two water molecule case, so that the reaction via
the trimer may be competitive with the reaction via the dimer,
although the formation of an eight-member ring makes the
hydrolysis with two water molecules preferred entropically.

The first theoretical studies of isocyanate hydrolysis in
aqueous solution were those of Raspoet et al.?*?! using high-
level ab initio methods and large basis sets. They concluded
that the solvent effect as modeled by the Onsager SCRF
approach,? and the polarized continuum method PCM? reduces
the barrier energy less than expected, although a charge
separation occurs in the transition state. Like Lee et al.,'* Raspoet
et al.? conclude that, whereas two water molecules in the form
of a dimer seem to play the key role in the isocyanate hydrolysis,
a third water molecule may be needed to facilitate the hydration.
Specifically, there is a lowering of 10 kcal/mol in activation
enthalpy relative to the reaction with two water molecules. This
result is quite surprising because the transition state formed with
three water molecules increases the entropy component of the
barrier.

The latest theoretical studies of isocyanate hydrolysis are
those of Ivanova and Muchall,?* who use the “two water
molecule” model in the gas phase and the hybrid density
functional method (B3LYP) with the 6-31+G(2d,2p) basis set,
confirming previous results that hydrolysis through a transition
state with two water molecules takes place by the attack of the
solvent on the C=N group. Although the barrier energy is
reduced when the reaction passes through a transition state with
three water molecules, one must not forget that the results
presented were based only on the enthalpies of the systems. A
study considering Gibbs free energies would increase the barrier
by taking the entropy contribution into account, and the barrier
may be higher when the transition state is formed with an eight-
member ring.

Experimentally, a plot of the observed rate constant against
the water concentration shows a second-order dependence on
water.”” The results confirmed that two molecules of water are
involved in the rate-determining step over the entire concentra-

0 2009 American Chemical Society

Published on Web 02/11/2009



Neutral Hydrolysis of Hydrogen Isocyanate

tion range. Water oligomers higher than the dimer seem to make
no appreciable contribution to the reaction rate.

Given this context, the main objectives of the present study
were: (a) to apply our methodological approach to this hydrolysis
reaction to provide calculations of activation and reaction free
energies in the absence of existing results for this process in
solution; (b) to attempt to shed light on some debatable aspects
of this reaction such as that the aqueous solvent only slightly
modifies the energies of the process, and that the presence of a
third water molecule forming part of the transition state reduces
the activation barrier; and (c) to make some modifications to
our methodology for the study of reactions in solution with
several reactant and product molecules, in the present case to
improve the treatment of the overlapping systems, and also to
consider repulsive energy zones for the fit of interaction
parameters.

2. Formalism and Calculation Details

Then we make a description of the methodology used in the
calculation of the solute—solvent interaction potential and the
free-energy curves, as was done in more detail earlier works.?>~%’

About a thousand values of the SCF and MP2 solute-water
interaction energy U, calculated with the 6-3114++G** basis
set,”®? considering the BSSE effect®® and a grid of points where
the water molecule is placed in different positions, rj;, respect
to the solute, were used to obtain the Aj;, Bjj, and ¢; interaction
parameters of the potential function:

A B
U= 5= 2 +) (1
i 7 i 7y TR

The net charges on each solute atom ¢} were obtained using

the ESIE procedure,®' fitting the values of the Coulomb

electrostatic component of the interaction energy Us,(ES)

obtained from the variational scheme of Morokuma and
co-workers’>33

94
Uy (ES)=) —+

ij y

(@)

where the charges of the solvent water ¢j* are preassigned as
the TIP3P charges.*

The Lennard—Jones parameters Ajj* and Bjj* are obtained in
a similar way to ¢, but now the energies used in the fits are
those that describe the exchange (EX) and polarization (PL)
components of the interaction energy at the SCF level, and the
dispersion (DIS) component related to the MP2 correlation
energy:*

SW

U EX)=Y — 3)
AT
Uy (PL+DIS) =~ —- (4)
AT

To construct free-energy curves Gs from the simulations, we
use as a reaction coordinate the difference in the solute—solvent
interaction energy AEs of a given set of solvent molecules in
the presence of the diabatic states of the reactant, transition state,
and product,* for which one only needs the potential function
U,, that suitably describes this interaction. Thus, in the
simulation of the solute in the A structure the interaction energy
with all solvent molecules Usw  can be calculated for every
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step of the simulation, and, at the same time, the energy Usw g
is also obtained by replacing the B structure by the A structure.

AE = Ugyr — Uswp (5)

When calculating the energy differences AE; between the two
solute molecules (A and B) and the water solvent, and also in
constructing the G, free-energy curves, it must be taken into
account that it is necessary during the simulation of one of the
molecules to displace the other molecule to the position occupied
by the first and to reorient it in order to reproduce the position
of the atoms. In this respect, is suitable to use the transition-
state geometry as a reference and then to displace the reactant
(or product) at the geometric arrangement of the transition state
but with their molecular geometries undeformed.

The difference AE; fluctuates during the MD simulation, and
its values are collected as a histogram of the number of times
N; that a particular value Ae of the macroscopic variable AEg
appears in the simulation. The probability Py(Ae) of finding the
system in a given configuration can be expressed in terms of

the delta function 6 described in previous work:3"-3
Ny
z MAE(1) — Ae)

Py(Ae)=""

5 (®)

N

This allows us to compute the free energy Gs(Ae) and to
build the free-energy curve for each case shown in figures of
this work:

Gy(Ae) = —kT In Py(Ae) )

Next, a search is made for the polynomial function that best
fits these free energies (considering the values Ae placed in the
equilibrium zone and the region to higher energies), and the
result is plotted. To obtain an analytical expression for the value
of the activation energies, the reactant curve Gy is shifted at
the point of minimum energy of the transition-state curve Grg
according to the work of Tachiya,® where the separation
between the two minima is

AG =G = Geg = alAegg — Aeg) + b(Aegg — Aeg)’ +
c(Aely —Aep) +.. (8)

with Aef; and Aely being the most probable values of AE in
the free-energy curves Gy and Grs respectively and a, b, and ¢
are the coefficients of the polynomial fit to the curve Gg. The
procedure is similar for the activation energy of the inverse
reaction except that now the curve that is shifted is Gp.
Finally, some simulation details merit commentary. Molecular
dynamics simulations of an NVT ensemble of a solute molecule
in an aqueous environment formed by about 205 water
molecules were carried out at 298 K using the AMBER
program.** The time considered for the simulations was 2000
ps with time steps of 0.1 fs. The first 1000 ps were taken to
ensure that the equilibrium is reached completely, and the last
1000 ps were to store the configurations of the water molecules
required for the determination of the thermodynamic properties
studied in this work. The water molecules initially located at
distances less than 1.6 A from any solute atom were eliminated
from the simulations. The long-range electrostatic interactions
were treated by the Ewald method,*' and the solutes were kept
rigid using the shake algorithm.*> A cutoff of 8 A was applied
to the water—water interactions to simplify the calculations, and
periodic boundary conditions were used to describe the liquid
state. The grid of points used to fit the interaction potential to
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Figure 1. Reactant, transition state, and product structures.

the Lennard—Jones 12—6—1 function was obtained with SCF
and MP2 energies using the Gaussian/92 package,* and the
decomposition of the interaction energies with the Gamess

program.*

3. Results

3.1. Structures and Interaction Parameters. All geometries
of the reactants, products, and transition states in the gas phase
were optimized at MP2 level with the 6-3114++G** basis set
starting from the standard geometries. An optimization of
geometries in solution produces only small variations in angles
and bond distances having an impact only on those quantum
calculations realized on the solute molecules, but not so in the
solute—solvent interaction energies used in this work to build
free-energy curves. For the transition state, the geometry was
confirmed by checking that there was one negative eigenvalue
in the diagonalized Hessian, whereas for the reactants and
products all of the frequencies were positive, resulting geom-
etries in line with experimental values.*

The optimum geometry of the transition state formed with
two water molecules is shown in Figure 1. It shows the reaction
taking place with the simultaneous transfer of a hydrogen of
one water molecule Hy to the isocyanate nitrogen (electrophilic
attack produced at 1.46 A distance) and the oxygen of the other
water molecule Oy to the isocyanate carbon (nucleophilic attack
produced at 1.62 A distance). Both water molecules approach
out of the HNCO molecular plane (the torsion angle
Hyyp+* N=C-++Oy; was found to be 19°), the N=C double bond
is broken when the Hy, and O atoms of the water molecules
approach the N and C atoms of the isocyanate molecule
respectively, and the oxygen of the C=0 group bends in the
direction opposite to the attacking water molecule and deforms
the NCO angle to 143.4°. At the same time, a hydrogen bond
(Ow,+++*Hw,) between the two water molecules is formed with
a distance of 1.25 A and an angle of 156.5°, resulting finally in
a transition-state structure formed by a fairly flexible six-member
ring.
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TABLE 1: Interaction parameters®” of the Systems

atoms Ajj B qi
Isocyanate
C 258 085.60 224.18 0.93
(0] 824 643.11 966.85 —0.48
N 1397 806.90 1431.06 —1.02
H 1251.25 4.42 0.56
Carbamic Acid
C 481 517.53 869.67 1.26
(0](®)} 642 260.12 799.24 —0.81
N 1 050 396.84 890.42 —1.43
H(N) 3852.14 28.67 0.61
O(H) 931921.84 1028.06 —0.79
H(O) 32722.03 112.83 0.53
Water
(@) 581 931.56 594.83 —0.90
H 0.00 0.00 0.45
Transition State

C —177 435.72 527.73 1.18
(6] 1313550.13 659.90 —=0.70
N 1361 654.88 1278.59 —1.16
H 15287.34 20.49 0.45
Oy, 1 191 506.90 1171.42 —1.02
Hy, 24 531.10 140.98 0.62
Hy ‘ 39 565.02 24.60 0.68
Ow, 1 035 060.00 697.61 —1.14
Hw, 4772.97 81.36 0.59
Hw,* 10 052.29 —245.06 0.56

“The van der Waals parameters (with the oxygen as the only
interaction center) and charges in the solvent water are the TIP3P
values of Jorgensen.* »A; in kcal A2 mol™' and By in kcal A°
mol~!. ¢ Hydrogen atoms in the ring.

Comparing these geometries with those of the reactant and
product systems (Figure 1), one can say that in the case of
isolated water the O—H bond in the ring and HOH angle
increase from their initial values of 0.96 A and 103.4°,
respectively. The largest variations observed in the isocyanate
geometry are the NCO angle, which loses its near linearity
(passing from 171.4° to 143.4°), and the C—N distance, which
increases from 1.22 A in the reactant to 1.30 A in the transition
state. For the carbamic acid, the largest changes occur in the
distance of the C—O simple bond, which increases from 1.36
A in the product to 1.62 A in the complex, and in the OCO
angle which passes from 123.8° to 112.6° in the transition state.
The other geometry parameters (the HNC and NCO angles and
the N—C distance) also undergo significant changes with respect
to the transition-state structure, although less marked.

Table 1 presents the interaction parameters, obtained with
the 6-311++G** basis set and optimum geometries in gas
phase, used in the assisted-concerted mechanisms with the two-
water model. There is a considerable variation in these
parameters from one system to another, not only in atomic
charges but also in the Lennard—Jones parameters. The greatest
of these variations occur when we move from the transition
state to the products. However, when the passage is from
reactive to transition state the parameters on the atoms also
change significantly, especially in the C and O atoms.

3.2. Populations. An analysis of the net charge for the
isocyanate molecule in solution, obtained using the ESIE
procedure,’' shows the N atom to be the most negative and the
C atom the most positive (Figure 2), which translates into a
preference of the water reactant to attack at the C=N bond.
Performing a population analysis on the transition state, one
appreciates that the charge transfer occurs from the water
hydrogen to the isocyanate nitrogen, and from the isocyanate
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Figure 2. ESIE (top), PCM (middle), and gas-phase (bottom)
charges.

TABLE 2: Activation and Reaction Energies (kcal/mol) for
the HNCO Hydrolysis

method ref phase  AH (AG") AHg

MINDO/3 19 G 46.77 —16.30
STO-3G 19 G 22.92

MP2/6-31G** 20 G 10.52 —18.18
MP2/6-311++G** 20 G 17.94 —12.67
QCISD(T)/6-31G** 20 G 12.44 —18.66
MP2/SCRF/6-31G** 20 S 14.35 —15.78
MP2/SCRF/6-311++G** 20 S 22.24 —10.76
MP2/PCM/6-31G** 20 S 15.07 —18.42
B3LYP/6-31+G(2d,3p) 24 G 12.9 (35.55)

carbon to the water oxygen. Both the Hw, — N and C — Ow,
intermolecular charge transfers affect the populations of the other
atoms in the water molecules, resulting in high charges on the
Ow, (0 = —1.14) and Hw, (6 = 0.68) atoms that favored the
formation of a hydrogen bond between the solvent molecules
involved in the transition state.

The breaking of the Ow;—Hw; and Ow,—Hw, bonds in the
molecular ring leads to a redistribution of the electronic charge
so that the O and N atoms involved in the new bonds change
their charges notably when the carbamic acid is finally formed.

In general, the ESIE atomic charges on the reactant, transition
state, and product molecules are higher that those obtained in
gas and solution phases with the Mulliken procedure, observing
the effects previously mentioned for ESIE charges. This
translates in a major solute—solvent interaction energies and
solvation free energies when the ESIE charge is considered in
the calculations.

3.3. Energies. An inspection of Table 2, which lists the
previous results of other workers for this chemical reaction,
shows that:

(a) The enthalpies depend on the method and basis used in
the calculations. Thus, the semiempirical results are far from
the ab initio calculations, and the minimal bases do not

J. Phys. Chem. A, Vol. 113, No. 9, 2009 1861

TABLE 3: Activation and Reaction Free Energies (kcal/
mol) for the Isocyanate Hydrolysis®

energies reactant transition state product
PCM/AG*  42.3p_s 61.81s—p
PCM/AGr —19.5
MD/AG* 13.9 (12.5)r—1s 25.0 (19.7)rs—p
MD/AGr —11.1 (—=7.2)

“ Values refer to the isolated molecules (values in parentheses are
for the reactants and products at the distance they have in the
transition state but with interaction parameters of isolated systems).

adequately describe these energies. Likewise, the activation
enthalpy seems more sensitive than the reaction enthalpy to the
method and basis set used.

(b) The calculation of the reaction in solution modifies the
results of the reaction and activation energies in the gas phase,
although less than expected (about 2—4 kcal/mol). Considering
the MP2 results with the basis 6-3114++G**, one can say that
in these cases the aqueous medium increases the activation
barrier making the process less exothermic, which is contrary
to the real effect of the aqueous solvent in hydrolysis reactions.

(c) There is a significant lack of thermodynamics information
for this process, especially for the energies in solution for which
data are available only with continuum models. Only the work
of Ivanova and Mutchall** studies the reaction free energy,
although in the gas phase.

Table 3 lists the results for the activation and reaction free
energies obtained with the PCM and MD procedure employed
in this work. If one considers the PCM energies of these systems
obtained from optimized energies in the gas phase, one observes
a clearly exothermic reaction with a major activation barrier.
However, because the reaction and activation values are higher
than the theoretical and experimental energies available it will
be useful to consider the solvent as discrete and take into account
the entropy component, which is important for reactions in
solution.

To solve this problem, we estimated the reaction (AGr) and
activation (AG") free energies using the average solute—solvent
interaction energies per water molecule [, [ht each simulation
step, following the procedure described in Section 2. These [U,, [
energies lead to values of the activation barriers and reaction
energy in better agreement with those of previous studies (note
that the results given in Table 2 refer to enthalpies) and
significantly lower than those obtained by us in solution using
the PCM model. Considering free energies, the reaction has to
pass a barrier of 13.9 kcal/mol, although this step is compensated
in energy by the 25.0 kcal/mol released to make the products,
as shown in Table 3 and Figure 3 for the corresponding free-
energy curves. One also observes from Table 3 that the results
change by some kcal/mol depending on the distance between
the reactant molecules for the direct reaction or the distance
between product molecules for the inverse reaction.

The rate constant for isocyanate hydrolysis ranges from 10°
to 10! s™! according to the system and the water concentration,
which translates into an activation energy of 15 to 20 kcal/mol.
Experimental results for phenyl isocyanate hydrolysis, obtained
by Raspoet and Nguyen® for different concentrations of water
at 25 °C, confirm that two molecules of water are involved in
the rate-determining step, with the value of the rate constant
being k = 2.48 x 10° s7! at [H,O] = 35 M. This study leads to
activation barriers of around 14 kcal/mol, in good agreement
with the activation barrier obtained by us in this present work.

Using the MP2/6-3114++G** free energies obtained in the
gas phase for the different systems, we found values of AGg =
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Figure 3. Free-energy curves for the reaction with two water
molecules.
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Figure 4. Free-energy curves for the reaction with three water
molecules.

—3.6 kcal/mol and AG* = 36.2 kcal/mol, which shows that the
aqueous medium favors the reaction, decreasing the activation
barrier and increasing the spontaneity of the process. Whereas
this result contradicts those presented by other workers, it is in
agreement with the idea that in general the aqueous medium
favors the hydrolysis reaction.

To extend the good results obtained with our procedure for
the isocyanate hydrolysis reaction to other mechanisms, in
Figure 4 we show the activation and reaction free energies when
considering a transition state comprising an eight-member ring
with three water molecules, which has been optimized in the
gas phase in this work. In this situation, although the activation
barrier for the direct process increases by only 1 kcal/mol, in
the reverse process it is reduced by nearly 14 kcal/mol, which
makes the isocyanate hydrolysis reaction an endothermic process
with a value of 3.1 kcal/mol. These results show the importance
of using free energies instead of enthalpies because the entropy
contributions from considering two or three water molecules
as part of the transition state are quite different.

In sum, the free-energy curves of the species involved in the
reaction provide a good description of the thermodynamics of

Arroyo et al.

isocyanate hydrolysis in an aqueous medium. These curves,
which are constructed on the basis of the solute—solvent
interaction energies with the solvent fluctuation being chosen
as a reaction coordinate, respond acceptably to the barrier and
reaction energies of the process. Thus, to obtain favorable results
for this reaction in solution one must take into account a
transition state formed by two water molecules, and use free-
energy curves where the solvent is treated as discrete and not
as a continuum.
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