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ABSTRACT: The reaction mechanism of the hemiacetal formation from
formaldehyde and methanol has been studied theoretically at the B3LYP/6-311+
+G(d,p) level. In addition to the study of the reaction between the isolated
reactants, three different kinds of catalysis have been explored. The first one
examines the use of assistants, especially bridging water molecules, in the proton
transfer process. The second one attempts to increase the local electrophilicity of
the carbon atom in formaldehyde with the presence of a Brønsted acid (H+ or
H3O

+). The last one considers the combined effect of both catalytic strategies. The
reaction force, the electronic chemical potential, and the reaction electronic flux
have been characterized for the reaction path in each case. In general, it has been
found that structural rearrangements represent an important energetic penalty
during the activation process. The barriers for the reactions catalyzed by Brønsted
acids show a high percentage of electronic reorganization contribution. The
catalytic effects for the reactions assisted by water molecules are due to a reduction of the strain in the transition state structures.
The reaction that includes both acid catalysis and proton assistance transfer shows the lowest energy barrier (25.0 kJ mol−1).

■ INTRODUCTION

From a mechanistic point of view, the reaction of formation of
hemiacetals is characterized by two consecutive stages occurring
simultaneously: on the one hand, the oxygen atom of a hydroxyl
group acts as a nucleophile attacking the carbonyl carbon atom of
an aldehyde and forming a covalent CO bond. On the other
hand, the hydrogen atom of the hydroxyl group is transferred to
the carbonyl oxygen atom transforming it into a new hydroxyl
group. The analogous reaction where the carbonyl compound
belongs to a ketone yields a hemiketal.1

The addition of nucleophilic agents to carbon atoms of
carbonyl groups has been widely studied in the literature. In
particular, the catalysis of this process via acid catalysts is an
essential part of synthetic organic chemistry.2,3 Jencks et al.
carried out a detailed study of the mechanism in which a
molecule with a hydroxyl moiety attacks another molecule with a
carbonyl group in the presence of Brønsted acid HA. Their main
conclusion was that the two processes involved, covalent bond
CO formation by nucleophilic attack and proton transfer, are
concerted processes, i.e., occurring in one step.3 Thus, the key
role of the conjugate base A− in the catalytic process was
established. Furthermore, Funderburk et al. described the
mechanisms of general acid and base catalysis for the reactions
of water and alcohols with formaldehyde,4 and Meijer and co-
workers described theoretically using ab initio molecular
dynamics the reaction between formaldehyde and water to give
methanediol in the presence of sulfuric acid as catalyst.5 In the
description of the mechanisms, the presence of a carbocation as

intermediate is postulated. The nucleophilic addition of
ammonia to formaldehyde in the gas phase and in the complex
with formic acid has been studied by Minyaev.6 The reactivity of
phenolic compounds with formaldehyde has been predicted
based on the atomic charges of the isolated phenols.7 The
intramolecular hemiacetal formation and the importance of the
presence of water molecules in the process have been modeled
theoretically.8−17

The proton transfer process has been widely studied due to its
importance in chemical reactivity and biological processes.18−21

The acid hydrogen atoms occupy a special position as a promoter
and mediator in chemical reactions especially when they occur in
solution.22 The numerous cases reported can be classified based
on the occurring mechanism. For instance, direct proton transfer
can be found in the protonated guanine−cytosine base pair of the
Watson−Crick chain of DNA,23 assistance with hydrogen
bonded molecules, like the water, in peptide systems24 or
carbohydrate systems, in clusters,25 occurring in solid and
crystalline systems26 or even in the excited state.27−31

Formaldehyde is the simplest organic compound with a
carbonyl group and one of the most important organic
compounds in the chemical industry. In addition, formaldehyde
is emitted to the troposphere from motor vehicles and industrial
emissions.32 The properties of this molecule in the ground state
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using ab initio studies were reviewed by Bruna et al.33 Besides,
Alvarez-Idaboy et al. and Zhao et al. explored the reaction
between H2CO and the radical OH.34,35

In the present article, different mechanisms for the hemiacetal
formation from formaldehyde and methanol have been studied
(Figure 1). Initially, the reaction between the isolated reactants
has been considered (i). The effect on the reaction of the
presence of molecules that assist in the proton transfer process (ii
and v) and the effect of Brønsted acid interacting with the
carbonyl group have been explored (iii). Finally, the
simultaneous effect of the Brønsted acid and proton assisting
molecules have been studied (iv).

■ THEORETICAL FRAMEWORK

A chemical reaction can be understood in terms of geometrical
changes of the molecular structures and reordering of the
electron densities involved in the process. Therefore, identifying
structural and electronic changes taking place along the reaction
coordinate produces valuable information on the reaction
mechanism and can be analyzed by the reaction force
concept,36−42 which produces a fragmentation of the reaction
coordinate and defines regions where specific interactions that
might be driving the reaction are turned on and off during the
process. The electronic chemical potential, a well-known
property for characterizing the reactivity of molecular systems
bymeasuring escaping tendency of electrons from an equilibrium
distribution, plays a key role in identifying the electronic activity
during a chemical process through its derivative with respect to
the reaction coordinate, the so-called reaction electronic flux
(REF).43−45 Also, the local index of electrophilicity46 has been

used to describe the behavior of this property in the carbon atom
of formaldehyde in cationic systems.

Energy and Reaction Force. A transition state is a chemical
entity along the intrinsic reaction coordinate (IRC = ξ)47,48

which is a stationary point and presents one imaginary frequency.
It connects reactants and products through the path of minimum
potential energy in a one-step chemical reaction. The energy
profile does not give us complete information about the reaction
mechanism and therefore, it is interesting to consider the force of
the reaction, F(ξ), defined as the negative derivative of the total
energy, E, with respect to the reaction coordinate

ξ
ξ

= −F
E

( )
d
d (1)

According to the Transition State Theory49 (TST), the energy
profile of an elementary step presents three critical points: two
minima, one for the reactants (ξR) and another for the products
(ξP), and one maximum for the transition state (ξTS) (Figure 2).
In addition, F(ξ) exhibits two very important critical points: a
minimum at ξ1 and a maximum at ξ2. Thus, we can define three
regions: the first one associated with the reactants [ξR, ξ1] in
which the reactants are prepared for the reaction mainly through
structural reordering. The second one, limited by ξ1 and ξ2,
where the TS is located, corresponds to the region where most
formation and breaking of the bonds take place. This region is
mainly associated to an electronic reordering. Finally, the third
region, between ξ2 and ξP, is associated with structural relaxation
to reach the products of the reaction.36−42 Note that ξ1 < ξTS < ξ2.
The reaction force analysis provides an energy partition of the

activation barrier. Thus, W1 represents the amount of energy
required to reorganize the system geometrically, while W2

Figure 1.Mechanisms studied for the hemiacetal formation reaction from formaldehyde and methanol: (i) isolated reactants; (ii) assisted with one or
two water molecules; (iii) catalyzed by proton or hydronium; (iv) assisted with one water molecule and catalyzed by hydronium; (v) autoassisted.
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represents the electronic changes in the reactant to reach the
transition state form.

Δ = +‡E W W1 2 (2)
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Chemical Properties Based on Conceptual DFT.
Conceptual DFT50,51 offers a range of theoretical tools that
allow to study and understand changes at the electronic level
directly associated with physicochemical properties of the
entities that react chemically. In this case, the electronic chemical
potential, μ, the electronegativity, χ, chemical hardness, η, the
electrophilic power of the molecule, ω, Fukui functions, and
reaction electronic flux, J(ξ), will be mentioned.
The electronic chemical potential, μ, for a system of N

electrons is defined as the derivative of the total energy with
respect toN when the external potential, v(→r ), remains constant
(eq 4). Considering that the number of electrons, N, is a
discontinuous variable, the electronic chemical potential can be
approximated through the application of finite differences and
Koopmans’ theorem52 as the negative sum of the first ionization
potential, I, and the electron affinity, A, divided by two. In
addition, these two parameters, A and I, can be approximated by
the values of the highest occupied and lowest unoccupied
molecular orbitals, εH and εL, respectively. The electro-
negativity,53 χ, is the opposite value of μ.
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The chemical hardness,54,55 η, is defined as the second
derivative of the total energy with respect to N when v(r) is
constant (eq 5). Again, by applying the finite differences
approximation and Koopmans’ theorem, it can be approximated
by the difference between the energy of the frontier orbitals. The
chemical softness, S, is the inverse of hardness.
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The electrophilic power,ω, was introduced by Parr et al.,46 and
its formulation is analogous to that of the power in classical
electricity (eq 6):
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The global properties defined, so far, are useful in monitoring
intrinsic changes in the molecules. However, the reactivity of the
molecules resides on the atomic centers and consequently local
properties are desirable. They can be calculated from the Fukui
function,56 f(→r ), which is defined as the second derivative of the
total energy with respect to N and v(→r ) (eq 7). This function
complies an important property: its integration over all space
gives the unit value.
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Because of the discrete nature of N, two Fukui functions are
derived, the nucleophilic, f +(→r ), and the electrophilic, f −(→r ),
functions. They are approximated by the electron density of the
LUMO and HOMO frontier orbitals, respectively. Both,
nucleophilic and electrophilic Fukui functions can be evaluated
for each atom as indicated in eqs 8 and 9, respectively.

ϕ ρ⃗ = | ⃗ | = ⃗ → = + −+ +f r r r f p N p N( ) ( ) ( ) ( 1) ( )k k k
L 2 L

(8)

ϕ ρ⃗ = | ⃗ | = ⃗ → = − −− −f r r r f p N p N( ) ( ) ( ) ( ) ( 1)k k k
H 2 H

(9)

where the subscript k refers to a particular atom k. Then, pk(N) is
the electronic population on an atom k in the neutral molecule,
pk(N + 1) is the electronic population on an atom k in the radical
anion molecule, and pk(N− 1) is the electronic population on an
atom k in the radical cation molecule.
Using the nucleophilic Fukui function and the global

electrophilicity, the local electrophilicity index, ωk, is obtained
(eq 10):

ω ω= +fk k (10)

The maximum electrophilicity power in a molecule will be
present at the site where the Fukui function for a nucleophilic
attack f k

+ displays its maximum value, i.e., at the active site of the
electrophile.57

Finally, the reaction electronic flux, J(ξ), associated with a
chemical reaction can be defined using eq 11:

ξ μ
ξ

= −J( )
d
d (11)

The interpretation of the reaction electronic flux results from
the analogy with classical thermodynamics. Positive values of
J(ξ) should be associated to spontaneous rearrangements of the
electron density driven by bond strengthening or forming
processes; negative values of J(ξ) are indicating nonspontaneous
rearrangements of the electron density that are mainly driven by
bond weakening or breaking processes.58

Figure 2. Solid and dotted lines represent a generic energy profile and
force of the reaction, F(ξ), vs the reaction coordinate. The location of
the stationary points of the energy and F(ξ) are indicated. Two vertical
lines separate the reactants region (left), the transition state region
(center), and the products region (right).
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■ COMPUTATIONAL DETAILS
All the geometries employed in this study have been fully
optimized with the hybrid B3LYP59,60 density functional and
Pople’s basis set 6-311++G(d,p).61 The Synchronous Transit-
Guided Quasi-Newton (STQN) Methods62 (QST2 and QST3)
have been used to locate the transition states. The intrinsic
reaction coordinate (IRC) procedure in which the reaction
coordinate, ξ, is expressed in mass-weighted internal coor-
dinates63 was used. Frequency calculations have been carried out
in all the stationary geometries in order to verify that they
correspond to an energetic minimum or transition state. All
calculations were performed with the Gaussian09 package.64 The
Natural Bond Orbital (NBO) methodology65 has been
employed to calculate the electronic population on the atomic
centers with the NBO 3.1 program.66 The electron density of the
systems has been analyzed by means of Atoms In Molecules
(AIM) methodology67,68 with the Morphy program.69,70

■ RESULTS AND DISCUSSION
In the present paper, the reaction mechanism of the hemiacetal
formation between isolated formaldehyde and methanol will be
discussed. In addition, the assistance of the proton transfer by the
presence of one or two bridging water molecules, the effect of the
presence of Brønsted acids (H+ or H3O

+) in order to increase the
local electrophilicity of the carbon atom of formaldehyde, and the
combination of the effects of both catalytic strategies have been
examined. Figure 1 illustrates the five mechanisms studied.
The first two subsections will discuss some global parameters

of the reaction: energy and reaction force profiles and chemical
potential and reaction electronic flux. The last subsection will
consider the local index of electrophilicity of the carbon atom of
the carbonyl group since it is the only heavy atom that acts as an
electrophile in all the reactions considered here.
Energy and Reaction Force Profiles. The total activation

energy, geometric and electronic partitions, and the reaction
energy have been gathered in Table 1. Table 2 includes the values

of the critical points of the energy and reaction force. The figures
of the energy and reaction force profiles of all the studied
reactions are reported in the Supporting Information.
The activation energy for the reaction of isolated form-

aldehyde and methanol is very high (141.3 kJ mol−1). Of this
amount, 88% is due to the geometric rearrangement, and the
remaining 12% corresponds to the electronic reordering. The
reaction force value at ξ1 is −54.0 kJ mol−1 amu−1/2 bohr−1. This
high value is due to instability of the activated reactant since a
strained four-membered ring is generated. In the reactions

assisted by one or two water molecules, it is found that the
barriers decrease to 65.8 kJ mol−1 and 73.2 kJ mol−1, respectively.
The reaction force values at ξ1 with one and two water molecules
are −27.4 kJ mol−1 amu−1/2 bohr−1 and −23.9 kJ mol−1 amu−1/2
bohr−1, respectively. These values indicate the catalytic effect of
the increment of the size of the ring generated in the activated
reactant, either six-membered ring with one bridging water
molecule or eight-membered ring with two bridging water
molecules, minimize the angular strain.71 In any case, the
percentage of the geometric activation term remains similar to
that found in the reaction mechanism between the isolated
reactants, i.
The barriers of the reaction, where the electrophilicity power

of the carbon atom in formaldehyde is enhanced by the presence
of the Brønsted acids H+ and H3O

+, are 99.9 kJ mol−1 and 86.5 kJ
mol−1, respectively. As expected, the Brønsted acids act as
catalysts of the reaction. The reaction force values at ξ1 are the
largest calculated in absolute term, with values of −81.4 kJ mol−1
amu−1/2 bohr−1 and−67.5 kJ mol−1 amu−1/2 bohr−1, respectively.
In these activated reactants, a strained four-membered ring is
formed, and in addition, the previous protonation of the oxygen
atom in the carbonyl group converts it in a poor base, which
decreases the ability of the carbonyl oxygen to accept the
hydrogen atom. Once the system is in the transition state region,
the electronic rearrangement takes a very important weight with
a value of 36% for iii (H+) and a 28% for iii (H3O

+) of the total
amount of the activation energy.
Mechanism iv can be defined as the integration of mechanism

ii (H2O) and mechanism iii (H3O
+) and corresponds

approximately to the sum of the principal catalytic characteristics
of both. On the one hand, the presence of a water molecule
causes the reaction force value at ξ1 to be−16.5 kJ mol−1 amu−1/2
bohr−1, which is the second smallest value in absolute value of
this property obtained in the present work. On the other hand,
once in the transition state area, the percentage of electronic
reorganization energy is 35% as in the case of the iii profile.
In mechanism v, where two pairs of reactants interact forming

a Ci symmetry tetramer and the proton transfer is assisted by the
second pair of reactants, we found the smallest value of the
barrier in the neutral reaction considered here (61.2 kJ mol−1),
and in contrast with the results observed in the rest of neutral
mechanisms, 69% of this value is associated to the geometric
rearrangement, and the remaining 31% corresponds to the
electronic reordering.
All these results allow us to reach three conclusions: (a)

systems that have a TS structure formed by strained cycles
present a high value on the reaction force during the geometric
rearrangement; (b) the geometric rearrangement supposes a
greater energy penalty than the electronic reordering; (c)
mechanism iv shows the best values from a catalytic point of view

Table 1. Activation Energy, Geometric Partition Activation
Energy, Electronic Partition Activation Energy and Reaction
Energy in kJmol−1 for theDifferentMechanismsCalculated at
the B3LYP/6-311++G(d,p) Levela

type ΔE‡ W1 W2 ΔER

i 141.3 124.9 (88) 16.4 (12) −47.9
ii (H2O) 74.7 65.8 (88) 8.9 (12) −47.8
ii (2H2O) 78.4 73.2 (93) 5.3 (7) −34.1
iii (H+) 99.9 64.1 (64) 35.8 (36) 11.9
iii (H3O

+) 86.5 62.3 (72) 24.2 (28) −5.6
iv 25.0 16.2 (65) 8.8 (35) −9.7
v 61.2 42.6 (69) 18.7 (31) −75.3

aIn parentheses, percentage with respect to the activation energy.

Table 2. Intrinsic Reaction Critical Points of the Energy (ξR
and ξP) and of the Reaction Force (ξ1 and ξ2) in amu1/2 bohr;
by Definition, ξTS = 0.00 amu1/2 bohr

type ξR ξ1 ξ2 ξP

i −6.09 −0.43 0.53 5.50
ii (H2O) −4.06 −0.42 0.43 4.25
ii (2H2O) −7.46 −0.31 0.53 5.94
iii (H+) −3.18 −0.62 0.41 4.03
iii (H3O

+) −5.15 −0.52 0.41 7.67
iv −4.86 −1.19 1.06 10.91
v −9.28 −1.94 0.63 7.10
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since it incorporates the advantages of the two individual catalytic
mechanisms, bridging water molecule and Brønsted acid.
The most significant geometrical changes along the reaction

path in the mechanism catalyzed by Brønsted acids are shown in
Figure 3. In the first place, it is observed that the double bond
character of the carbonyl group in the reactant is lost in the
presence of a positive charge Brønsted acids, presenting the
carbon atom a sp3 hybridization.

The TS geometries show an increasing values of the O···H
distance along the series iii (H+) < iii (H3O

+) < iv and very short
C···O distances especially when compared to those obtained in
the TS of the neutral reactions that range between 1.79 and 1.67
Å. A high similarity between the structures of the stationary
points of the reaction force (at ξ1 and ξ2) and the structure of the
TS is observed. The most significant changes are located in the
shortening of the CO bond being formed, in the increasing of the
CO distances, and in the migration of the hydrogen atoms.

Figure 3. Geometries of the stationary points of the reactions (energy and reaction force) catalyzed by Brønsted acids (selected distances in Å)
calculated at the B3LYP/6-311++G(d,p) computational level.
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The geometries of the stationary points (energy and reaction
force) of the reactions i, ii (both H2O and 2H2O), and v and the
geometries (coordinates) of all the TS are reported in the
Supporting Information.

In the products, it is observed a dissociation of the water
molecule formed from the carbonyl oxygen moiety. This effect is
muchmore pronounced in the case of iii (H+) where the distance
between the carbon atom of the product and the oxygen of the

Figure 4. In black and with squares, the electronic chemical potential profile, and in blue and with circles, the reaction electronic flux (REF) profile for
the different mechanism studied. Two vertical lines separate the reactants region (left), the transition state region (center), and the products region
(right).
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leaving H2O molecule is 1.78 Å. The intermolecular distance

decreases with the presence of water molecules, thus, it amounts

to 1.62 Å when one water molecule is included [reaction iii

(H3O
+)] and to 1.56 Å in reaction iv. The values of the electron

density and Laplacian at the CO bond critical point indicate an

evolution from weak interaction to covalent bond in the C···OH2

contact from the first to the third cases mentioned before: 0.103,

0.152, and 0.141 au for the electron density and 0.108, −0.060,

Figure 5. Local electrophilicity profile of a carbon atom in formaldehyde for the different reaction mechanisms. Two vertical lines separate the reactants
region (left), the transition state region (center), and the products region (right).
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and −0.237 au for the Laplacian in each case. A similar feature in
the protonation of alcohols has been described theoretically and
used experimentally as an effective way to generate carbocations
in the gas phase.72,73

Chemical Potential and Reaction Electronic Flux. The
evolution of the electronic chemical potential along the intrinsic
reaction coordinate provides important information in terms of
the electronic activity of the reaction (Figure 4). On the basis of
the region where the most noticeable changes can take place, the
reactions studied can be classified in four types: (a) reactions i, ii
(H2O), and ii (2H2O) where the largest changes occur in the
reactants and in the transition state zone; (b) reaction iii (both,
H+ and H3O

+) where the changes happen in the reactants zone
and the products zone; (c) reaction iv where the changes are in
the transition state zone; and (d) reaction v where only the
changes are in the reactants zone.
The μ profile of the reactions has been analyzed based on the

charge of the systems considered. In the case of the μ profile of
the reaction of the isolated neutral compounds and in the
presence of water molecules (mechanisms i and ii) an almost
linear increasing tendency is observed in the reactant region,
while a deep reduction of μ is obtained in the TS region (Figure
4). A similar profile has been described in the literature by Flores-
Morales et al.74 as the first step of the Maillard reaction. The
profile of μ for mechanism v differs only in the small activity
localized in the TS region. In all the neutral cases, the profiles are
characterized by the presence of one maximum around or in the
TS region (near ξ1 for the i and ii and near ξTS for v).
The profile of reaction in the cationic systems iii (both, H+ and

H3O
+) show three critical points for the electronic chemical

potential profile: two maxima, one before ξ1 and another after ξ2,
and one minimum located around ξTS. The TS area presents a
low activity in this property. In addition, values of the μ are very
different (80−100 kJ mol−1) for each of these reactions in
contrast to what is observed in the neutral cases. Mechanism iv
exhibits a completely different tendency with one minimum and
one maximum in the limits where the TS area begins and ends.
The REF [J(ξ)] analysis allows us to describe the changes in

the slope of the electronic chemical potential (Figure 4). The
mechanisms studied here present values near zero in the regions
closed to ξR and ξP. The only exception corresponds to the
mechanism iii (H+) where the reaction starts and ends in a
nonzero-flux regime. This indicates the instability of reactants
and products and can be due to the fact that this is the only case
where the reaction is not spontaneous.
The main changes in REF are located in the transition states

and three kinds of behaviors can be found: (a) for i, ii (H2O), and
ii (2H2O), REF has got a maximum around ξTS and with high
values directly associated with the proton transfer occurred in
this step; (b) for iii (both, H+ andH3O

+), REF decreases strongly
from ξ1 to ξ2 by the formation of the CO covalent bond, which
shows an enhanced electrophilicity; and (c) for iv and v, REF
increases strongly from ξ1 to ξ2.
All the mechanisms studied, except iv, start with a process of

weakening of the CO bond, which is indicated by a negative flux
in the reactants region. The change to a positive flux value is
governed by processes of strengthening or bond formation:
proton transfer with the formation of OH bond and CO bond
formation are responsible for this stage. After that, reactions i, ii,
and v do not experiment electronic activity. Mechanism iii
exhibits two stationary points in REF: one maximum around ξ1
that decays rapidly to one minimum around ξ2. This fact
indicates a poor synchronization in one process in which two

stages are clearly separated: the formation of the CO bond
followed by the proton transfer. Additionally, the REF values for
reaction iii show negative values at the beginning of the products
region, evolving latter on, toward positive values without
reaching the nonzero flux regime for the iii (H+) reaction as
have been discussed above.
In iv, the reaction starts with a positive flux, we attribute this to

the increasing spontaneous reorganization of the electron
density. Here, is also observed two critical points within the
transition state region. However, in this case, first a minimum is
obtained around ξ1, followed by a region of almost constant
values of REF, and a sudden maximum closed to ξ2 is observed.
In this mechanism, it is found, as previously, a poor
synchronization of the two stages involved, and additionally, a
reversed order of the breaking−forming bonds to what is
observed in the acid catalyst mechanisms.

Local Index of Electrophilicity of the Carbon Atom of
the Carbonyl Group. The local electrophilicity index of the
carbon atom in formaldehyde (Figure 5) shows that there are
four kinds of profiles. On the one hand, the mechanisms between
the neutral systems show a high electrophilicity index value in the
initial steps of the reactions. In mechanisms i and ii (both H2O
and 2H2O), the values at ξR are 12.5, 10.8, and 14.1 kJ mol−1,
respectively. As the process progresses along the reaction
coordinate, the values decrease to around 1.0−2.0 kJ mol−1 in
the product zone, to the incipient formation of the new CO bond
and the change of hybridization of the carbon atom from sp2 to
sp3. In the case of mechanism v, the electrophilicity index at ξR is
23.5 kJ mol−1, about twice the amount of that in the previous
cases, i.e., in the synchronous process where methanol acts as
nucleophilic agent with a molecule of formaldehyde as a proton
donor to the other one, the electrophilicity index is enhanced in
the initial stages of the reaction. It is important to note that, in the
TS region, there is a change in the trend that, once the reaction
enters in the region of the products, is again reversed. Also, the
differences in the electrophilicity index between ξ2 and ξ1
(ΔωC,TS) decrease with the size of the cycle, being 1.2 kJ
mol−1 for i (four-membered ring), 0.8 kJ mol−1 for ii (H2O, six-
membered ring), and 0.5 kJ mol−1 for ii (2H2O, eight-membered
ring). This behavior is characteristic in all these neutral
mechanisms, with the exception of v where the value of
ΔωC,TS is −0.6 kJ mol−1. However, mechanisms iii (H+), iii
(H3O

+), and iv present electrophilicity profiles that are
drastically different.
Mechanism iii (H+) starts with a higher value of electro-

philicity index than in the neutral cases, 34.2 kJ mol−1 due to the
effect of the H+ cation clustered with the oxygen atom of the
formaldehyde. However, from the TS region and up to ξP, this
property experiences an exponential growth character and, at this
point, is 213.8 kJ mol−1. This huge value is expected because, as
we explained when analyzing the reaction force and REF, as well
as the geometry and the topology, a carbocation is formed. It is
evident that the carbon atom in this species is one of the most
powerful electrophilic chemical centers. In reaction iii (H3O

+),
we anew find that the electrophilicity index is enhanced, and at
ξR, the value is 47.0 kJ mol

−1. Ignoring the small fluctuation that
occurs in the TS region (with a negative slope, i.e., in the opposite
direction to that observed with neutral mechanisms i and ii), we
focus our attention on the region of the products. In this case,
ΔωC[ξ1] > ΔωC[ξ2], with a value of 29.2 kJ mol−1 for the last
one. We can affirm again that, although the new sp3 carbon
remains activated, the water molecule is not eliminated. Finally,
the profile for iv is quite interesting for two reasons: the first one
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because its evolution shows a completely different profile, and
the second one because anomalous values of electrophilicity
index appear. Concerning the profile, it increases from ξR to ξ1,
and immediately decreases from ξ1 to ξTS, a point at which it
increases again to slightly enter the products region where once
more it decreases. The range of electrophilicity index is situated
between 1.0 and 6.0 kJ mol−1, the lowest in all the reactions. This
fact is the response to the shortest C···O distance characterized
since the beginning of the reaction, in other words, the bridge
water molecule as well as the cation H3O

+ have transformed the
reactants in a stable reactive complex where the carbon atom has
already lost too much its sp2 character.

■ CONCLUSIONS
A theoretical study of the hemiacetal formation between
formaldehyde and methanol has been carried out. The reaction
in the gas phase between the isolated monomers shows a high TS
barrier (141.3 kJ mol−1). Two types of catalysis have been
considered: inclusion of an acid moiety (H+ or H3O

+) interacting
with the carbonyl moiety and the use of assistants, especially
bridging water molecules, in the proton transfer process. The
lowest barriers are obtained in the first case with theH3O

+ system
(86.5 kJ mol−1) and with a single water molecule (74.7 kJ mol−1)
in the second. The inclusion of both effects simultaneously
provides a very small barrier (25.0 kJ mol−1). In the autoassisted
mechanism, where two pairs of reactants interact forming a Ci
symmetry tetramer and the proton transfer is assisted by the
second pair of reactants, we found the smallest value of the
barrier in the neutral reaction considered here, 61.2 kJ mol−1.
The analysis of the electronic contribution to the TS shows

that, in the neutral systems, it corresponds between 7 and 12% of
the total value, while for the reaction catalyzed by acids, it
increases to values between 28 and 36%.
The changes in REF are located in the transition states, and

three kinds of behaviors can be found: (a) for i, ii (H2O), and ii
(2H2O), REF has a maximum around ξTS and with high values
directly associated with the proton transfer occurred in this step;
(b) for iii (both, H+ and H3O

+), REF decreases strongly from ξ1
to ξ2 by the formation of the CO covalent bond, which shows an
enhanced electrophilicity; and (c) for iv and v, REF increases
strongly from ξ1 to ξ2.
The presence of two stationary points of the REF profile in the

transition state regions of the cationic (acid) mechanisms lead us
to conclude that the two principal stages involved in this
hemiacetal formation show a poor synchronicity, contrary to
what was observed in the neutral mechanisms.
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Ciencia e Innovacioń (Project No. CTQ2009-13129-C02-02)
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(36) Rincoń, E.; Toro-Labbe,́ A. Chem. Phys. Lett. 2007, 438, 93−98.
(37) Politzer, P.; Toro-Labbe,́ A.; Gutieŕrez-Oliva, S.; Herrera, B.;
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