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Abstract—In this work the mechanism of glucose mutarotation is investigated in aqueous solution considering the most likely path-
ways proposed from experimental work. Two mechanisms are studied. The first involves an intramolecular proton transfer as pro-
posed by textbooks of organic chemistry, and the second uses one solvent water molecule to assist proton transfer. Both mechanisms
are studied in the gas phase and in aqueous solution with the help of a polarizable continuum model, which is adopted to introduce
the electrostatic nonspecific influence of bulk solvent. The structures are fully characterized through the calculation of the corre-
sponding vibrational frequencies. The rate coefficients for each mechanism are calculated following transition-state theory in both
the gas phase and in aqueous solution. Values computed for the water-assisted pathway in the continuum solvent agree best with the

experimental results.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Aldoses and ketoses are classes of organic compounds
that play very important biological roles." Their muta-
rotation reaction has been studied extensively.> Through
the generation of a hemiacetal, this reaction is responsi-
ble for the interconversion between their cyclic forms
that differ in configuration at the anomeric carbon and
the acyclic forms as shown in Figure 1. Although the

acyclic form of glucose occurs, more than 99% of the
glucose in aqueous solution is in the pyranosidic form.’

Bronsted and Guggenheim® reported the first kinetic
study of this reaction. They proposed that the mutarota-
tion of glucose may follow either acid or base cata-
lysis. So far, several mechanistic proposals have been
reported. The first is due to Lowry’ who proposed a
trimolecular reaction involving the substrate, an acid
and a base. Later, Swain and collaborators® showed that
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Figure 1. Mutarotation of glucose.
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Lowry’s proposal was inconsistent with the available
experimental data. Pedersen reported a reaction mecha-
nism’ that proceeds via two bimolecular steps. The first
step was catalyzed by acid through protonation of the
ring oxygen, and the second concerted step involved
the removal of the hydroxyl group and simultaneous
breakage of the ether linkage. This resulted in the for-
mation of the free aldehyde form and was the rate-deter-
mining step. This mechanism is also in disagreement
with experimental results.®

Nowadays, the most accepted mechanism involves the
formation of the free aldehyde form (confirmed by
polarography studies’), resulting in a pseudo first-order
reaction for the substrate.

The conversion of the pyranoses to the aldehyde form
of glucose follows three stages, following the labeling
adopted for carbohydrates: (1) the protonation of the
05, (2) the breaking of the O1-H bond (intramolecular
transfer), and (3) the breaking of the O5-C1 bond. This
mechanism has a stepwise (1) and a concerted (2 and 3)
step. However, if we assume that these three processes
take place in a stepwise way, such a mechanism does
not agree with the available experimental data. The
mechanism proposed by Pedersen is an example of a
stepwise mechanism that shows a disagreement with
experimental data.” Eigen suggested a different concerted
mechanism. The main characteristic of his proposal is
that the two proton transfers could proceed in aqueous
solution via a pathway involving two or more water
molecules in a cyclic hydrogen-bonded transition state, '
where the intramolecular proton transfer does not take
place in aqueous solution. There is some experimental
evidence for the solvent participation in the mutarota-
tion reaction that appears from the studies of primary
solvent effects on the rates of glucose and tetramethyl-
glucose observed in H,O + D,O mixtures.'! Besides
that, the absence of intramolecular proton transfer can
be inferred from the small values found for the mutaro-
tation rate of glucose in organic solvents'? and other
factors.'® The previous work has shown that the reaction
order with respect to water is zero for an acid-catalyzed
reaction involving a stepwise mechanism, which is in
agreement with Pedersen’s proposal. But when the
system is in aqueous solution, the conclusions are less
reliable. They suggest that about three water molecules
may be involved, and this solvent-catalyzed process
may involve a concerted mechanism.

Rittenberg and Graff'* have observed that the %01
atom of glucose undergoes oxygen exchange with water
approximately 30 times more slowly than the mutarota-
tion reaction. This excludes pathways that do not pro-
ceed via ring opening, such as one that involves
exchange of the hydroxyl group at C1 with the hydroxyl
group of water. Furthermore, the free aldehyde mecha-
nism is consistent with Brensted and Guggenheim’s
kinetic study mentioned above.

Although the vapor pressure of carbohydrates is very
low at room temperature, and the amount in the gas
phase is negligible, the mutarotation is always explained
in specialized textbooks of organic chemistry as a gen-
eral intramolecular process and no solvent is considered.
Because mutarotation is observed mainly in solution,
the solvent cannot be disregarded.

Yamabe and Ishikawa'> have performed a theoretical
quantum mechanics study of the mutarotation of glu-
cose in aqueous solution using the Onsager model,'®
assisted by a few water molecules. They concluded that
two or three water molecules may assist this reaction
through a ‘strain-free hydrogen-bond network’ for
ready proton transfer. The reaction barrier for the pyran-
ose ring opening is strongly reduced by this water assis-
tance: the barrier height goes from 50.84 kcal/mol in an
intramolecular proton transfer to 24.88 kcal/mol, where
the reaction is assisted by three water molecules. How-
ever, in their work, these authors used only the trans
gauche (TG) conformers of o- and B-p-glucose. This is
not the most abundant conformer of glucose in aqueous
solution.!” Besides that, there are some important con-
siderations with regard to the reference structures used
in each cluster investigated by these authors that will
be properly addressed in the next sections.

Recently, Morpurgo and collaborators have theoreti-
cally studied the epimerization of 2-tetrahydropyranol
catalyzed by organic compounds.'®!? Their results also
indicate a free aldehyde mechanism and a drastic reduc-
tion of the height of the barrier by solvent assistance.
Furthermore, it has been shown that this catalyzed reac-
tion is an asynchronous, concerted, double-proton
transfer process, where one of the protons is transferred
much earlier than the other.'

The aim of this paper is to present a quantum mechan-
ical study of the mechanism of glucose mutarotation in
the gas phase and in aqueous solution, considering the
most abundant conformer of glucose, as well as a sophis-
ticated continuum model to describe the bulk solvent
effects. Additionally, we will also take into account the
behavior of this reaction when the proposed mechanisms
do or do not consider an explicit water solvent assistance
in the gas phase and in aqueous solution.

Besides that we will try to estimate the rate coefficient
of this process in aqueous solution using just theoretical
calculations, in order to better compare the reaction
pathways for the first time to the best of our knowledge.

2. Methodology and computational details

The pyranose and aldehyde forms of glucose used in this
work are the o and  forms of the GT conformer, for
which the dihedral angle « = O5-C5-C6-06 is approxi-
mately gauche (60°), as reported in Figure 2. These are
the most abundant conformers found in aqueous solu-
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Figure 2. Pyranose (a) and aldehyde (b) forms of a-p-glucose. The
atom labeling follows the standard adopted for carbohydrates.

tion, about 66% as reported in the literature (of which
44% in the o form and 56% B form).'” The other o and
B GG rotamers (w = —60°) are less abundant in aqueous
solution (approximately 21%). However, as it cannot be
considered as a negligible population, some consider-
ations will also be outlined about their contribution to
the mutarotation process, when properly mentioned.
The o and B conformers interconvert through an
acyclic form, whose abundance in solution is negligible.
All the structures studied were determined at the
B3LYP? level of calculation, using the 6-31+G(d,p)
basis set. Considerations about the use of density func-
tional calculations and this basis set are better
presented in the work of Csonka,”! who investigated
the importance of diffuse functions when using density
functionals to study carbohydrates. All the stationary
points on the potential energy surface in the gas phase
and in aqueous solution, corresponding to either a min-
imum or a transition structure, were characterized by
the calculation of the respective vibrational frequencies.
These calculations were performed using the Gaussian
03 program.?* In this paper, we studied this reaction
in the gas phase and in aqueous solution, following a
protocol similar to that developed in recent work.>*'
In order to define the role of the solvent in the muta-
rotation of glucose, we will consider basically four
descriptions to this reaction, as indicated below.

Model 1: Gas phase. The mechanism is described only in
the gas phase. The results obtained here come from the
assumption that the proton transfer is only intramole-
cular, since there are no solvent molecules available.
Model 2: Continuum solvent. The system is studied in
aqueous solution with a dielectric continuum descrip-
tion for the solvent. In this model we do not include
any specific solute-solvent interaction. The proton
transfer is also intramolecular, and the solvent does
not take part in assisting it. There are just bulk electro-
static effects that collaborate to stabilize the reactants
and transition structures.

Model 3: Microsolvation. The calculations are carried
out in gas phase, but one water molecule is added to
the structures of the stationary points of the reaction,
in order to obtain a model for the stabilizing of hydro-
gen-bond interactions. In this case, the mechanism is
considered to be water assisted by one solvent molecule.
Bulk effects are not taken into account.

Model 4: Microsolvation and continuum. Models 2 and 3
are combined. The cluster consisting of glucose plus one
water molecule is studied in a polarizable dielectric con-
tinnum media to make possible the analyses of both
effects, the specific interactions coupled to the bulk
effects.

Geometry optimization calculations were carried out
to obtain the structures of reactants, products, and sad-
dle points. After this, as already mentioned, their vibra-
tional frequencies were obtained in order to check
whether the stationary points were correctly located,
that is, if there were just positive frequencies for reac-
tants and products, and only one negative frequency
for the transition state related to the bond that is bro-
ken. The intrinsic reaction coordinate has been followed
in some cases to observe the evolution from the transi-
tion states to reactant and products, principally in the
case of Model 4, where the potential energy surface is
very shallow, with a large density of minima. The effects
of solvation were determined using the integral equa-
tion formalism (IEF)** version of the polarized contin-
uum solvation model (PCM).>>?® In this approach the
solute is represented as a quantum mechanical charge
distribution inside a cavity of molecular shape im-
mersed in a macroscopic dielectric with known permit-
tivity e. The electrostatic interaction between solute and
solvent can then be represented in terms of a set of
apparent surface charges located on the cavity. Such a
cavity is built from interlocking spheres centered on
atoms or group of atoms. The radii of these spheres
are 1.80 A for an O atom,°2.28 A for the CH or CH,
group of atoms, and 1.44 A for H atoms of the hydr-
oxyl groups. The solution of the resulting quantum
mechanical problem gives the solute wave function
modified by the solvent in a mutually polarized way.
Within this approach, in the present study only the elec-
trostatic component of the solvation energy was taken
into account.

3. Results and discussion
3.1. Structures
Since the mechanism of glucose mutarotation that is not
assisted by a water molecule is the same as that in the

gas phase and in the continuum, the results of Models 1
and 2 will be discussed in parallel. The six corresponding



1032 A. M. Silva et al. | Carbohydrate Research 341 (2006) 1029—-1040

stationary points located on the potential energy surface
of the system obtained from both models are reported in
Figure 3. The structures reported were obtained from
Model 1. A rigorous full treatment would also include
an additional transition state between the o-open and
B-open structures. However, since the corresponding
barrier would surely be lower (it involves basically
rotations about two bonds) than those between the
pyranosidic forms and the respective transition states,
this third transition structure was not considered in
the mechanism.

The most important geometrical parameters are
reported in Table 1. Initially, only the results in the
gas phase will be considered, and afterwards those in
the continuum.

Generally the most important changes are localized in
the O1-H, O5-H, C1-0O1, and C1-O5 bonds. The bond
distances between the carbon atoms do not change sig-
nificantly along these six structures.

a-pyranose

In the first step of this reaction, the conversion of the
o-pyranose to the a-open form through the four-cen-
tered saddle point o-TS, occurs via the intramolecular
proton migration between the oxygen atoms Ol and
05, as evidenced by the changes of the Ol-H from
0.967 A in the o-pyranose to 1.315 A in the o-TS. In
the a-open form this proton is not bound more strongly
to the oxygen atom Ol. .

The O5-H bond length (1.177 A) in the o-TS changes
to 0.969 A in the a-open form, a very significant modifi-
cation. Simultaneously with the proton migration of this
first step, there is an opening of the pyranosidic ring and
formation of the double bond C1-O1. The C1-OS5 bond
is stretched from 1.411 A in the a-pyranose to 2.929 A in
the a-open structure. Simultaneously, the C1-O1 bond
shows a shortening during the conversion of the a-pyran-
ose to the a-open form from 1.419 to 1.218 A, respec-
tively, characterizing the formation of the aldehyde
group C1HOI. The second step of this reaction, the con-

o-TS o-open

p-pyranose p-TS

p-open

Figure 3. The concerted mechanism of mutarotation of p-glucose, obtained from Models 1 and 2, and their labels, used in the text. The reported
structures are those obtained from Model 1.
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Table 1. Geometric parameters for the stationary points of glucose mutarotation in the gas phase and in aqueous solution from Models 1 and 2*

Parameter a-Pyranose o-T a-Open B-Open B-TS B-Pyranose
(A) (°) (A) (®) (A) (°) (A) (°) (A) (°) (A) (°)

Model 1

C1-01 1.419 1.323 1.218 1.214 1.311 1.397

05-C1 1.411 1.628 2.929 2.594 1.712 1.423

O1-H 0.967 1.315 — 1.317 0.967

O5-H — 1.177 0.969 0.970 1.179 —

CI-O1-H 109.5 78.17 — 79.47 109.4

C5-05-C1 111.4 126.8 — 127.9 113.4

C2-C1-05-C5 —55.99 —2.385 — —15.37 —62.98

C1-05-C5-C4 58.95 11.950 — 21.74 62.1

C5-C6-06-H6 —58.10 —62.15 —174.8 —46.24 —58.75 —57.63

Model 2

Cl1-01 1.414 1.341 1.221 1.220 1.333 1.397

05-C1 1.418 1.618 2.843 2.574 1.632 1.430

Ol-H 0.968 1.343 — 1.357 0.968

O5-H — 1.162 0.966 0.971 1.160 —

C1-O1-H 109.5 77.14 — 77.80 109.5

C5-05-C1 115.7 127.8 — 127.8 113.3

C2-C1-05-C5 —57.57 5.694 — —19.88 —63.64

C1-05-C5-C4 59.99 —1.610 — 24.66 63.1

C5-C6-06-H6 —57.44 —66.51 —61.10 —53.02 —69.10 —57.91

#The labels refer to atoms as indicated in Figure 4. Bond distances are in A, angles are in degrees (°).

version of the a-open form to the B-open form, does
not drastically change the bond distances. This step is
defined by rotations of the CIHO1 and O5-H groups
around the C2-C1 and C5-O5 bonds, respectively. Dur-
ing thqse rotations, the C1-O5 bpnd is shortened from
2.929 A in the a-open to 2.594 A in the B-open form.
The next and final step is the formation of a new pyran-
osidic ring, when the B-open form is converted to the B-
pyranose form of glucose. This is exactly a reverse pro-
cess of the first step discussed above. Then, the changes
in the bond distances are similar to the ones in the first
step, but in reverse order.

There are some changes in the angle values of these
structures when the mutarotation is assumed to obey
this mechanism. Similarly to the bond distance behav-
ior, the angles between the carbon atoms do not show
large variations along this reaction. The most important
changes occur in the dihedral angle values. There can be
observed large structural changes in these parameters
during the conversion between the pyranoses and their
corresponding open ring forms. This happens, for
instance, for the C2-C1-O5-C5 and Cl1-O5-C5-C4
dihedral angles. In passing from the a-pyranose to the
o-TS in the first step, the values change from —55.99°
and 58.95° to —2.385° and 11.95°, respectively. These
changes mean that the well-defined chair structure of
the a-pyranose is vigorously distorted to another form
in which these five atoms are almost in the same plane,
defining almost an envelope structure for the saddle
point. This ring deformation is evident and necessary
to allow an intramolecular proton transfer.

The imaginary vibration frequencies (in cm™') of the
o-TS and B-TS saddle points are —1621.51 and

—1656.61, respectively. The main components of the
modes of these imaginary frequencies are, respectively,
the O1-H and O5-H stretchings, as expected for these
proton-migration reactions.

The behavior of this reaction described by Model 2,
when just the bulk solvent effects are considered, is very
similar to that found in Model 1. An analysis of the
corresponding geometrical parameters (Table 1) reveals
that the trend of the data of these two models is the
same, with the exception of the dihedral angle C5-C6-
O6-H in the o-open form. In Model 1 this dihedral
angle is —174.8° and —61.10° in Model 2. That value
for Model 2 allows an O5-H6 hydrogen bond that is
not observed in Model 1, where the hydrogen bond
occurs between the O6-H atoms. The respective hydro-
gen bond lengths are 2.487 and 2.220 A.

In a general sense, the changes in the bond distances
due to the mutarotation reaction are slightly more pro-
nounced in the continuum medium (Model 2) than in
the gas phase (Model 1).

Considering now Models 3 and 4, in light of the pre-
ceding discussion, the new important aspect to be intro-
duced regards the participation of one solvent molecule
in the proton-transfer reaction. It is not an intramole-
cular transfer any longer, but a concerted mechanism
that follows a pseudo first-order reaction, if we consider
the whole process to be an elementary reaction. In these
models, one water molecule takes part in the proton
transfer, leaving its proton and receiving another from
the open glucose structure. This water molecule acts
exactly as a catalyst, as we will see in the next section.

The structures obtained from such models are re-
ported in Figure 4. Since they do not differ very much
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w-pyranose a-TS

p-Pyranose

a-open

p-open

Figure 4. The concerted mechanism of glucose mutarotation, obtained from Models 3 and 4, and their labels used in the text.

from one model to the other, just those obtained from
Model 3 will be presented. They are for the reaction that
is assisted by one water molecule in the gas phase.

From data reported for Model 3, we can say that in
the first step of this mechanism, the conversion of the
a-pyranose to the a-open form through the six-centered
saddle point a-TS, occurs via an intermolecular H7a
proton migration from the oxygen atom O7 of the water
molecule to the O5 atom. This is evidenced by the in-
creases of the O7-H7a distance from 0.978 A in the a-
pyranose to 1.240 A in the o-TS. In the o-open form this
proton is not more strongly bonded to O7 of the water
molecule. The O5-H7a bond length (2.894 A) in the o-
pyranose changes to 1.193 A in the o-TS, and finally
to 0.981 A in the a-open form. Simultaneously, hydro-
gen atom H1 bonded to the O1 atom of glucose is trans-
ferred to the water molecule. This process can be
accompanied by the changes in the distance values of
the O1-H1 and H1-O7 bonds. This means, while the
first is enlarged in the sequence of o-pyranose
(0.980 A), a-TS (1.266 A) a-open (2.009 A), the second
is shortened for the same sequence of a-pyranose
(1912 A), 0TS (1.172 A) a-open (0.975 A), which char-
acterizes the proton transfer.

Simultaneously with the proton exchange of this first
step, there is an opening of the pyranosidic ring and for-
mation of the double bond C1-O1. The C1-O5 bond is
stretched from 1.430 A in the a-pyranose to 2.562 A in

the a-open structure. In parallel, the C1-O1 bond shows
a shortening during the conversion of the a-pyranose to
a-open form, from 1.393 to 1.219 A, respectively, which
characterizes the formation of the aldehyde group
CI1HOI. As happened in Models 1 and 2, the second
step of this reaction, the conversion of the a-open form
to the B-open form, does not drastically change in the
bond distances. This step is governed by rotations of
the CIHO1 and O5-H7a groups around the C2-Cl1
and C5-O5 bonds, respectively, the first being much
more pronounced than the second. During these rota-
tions, the C1-O5 bond is shortened from 2.562 A in
the a-open form to 2.476 A in the B-open form, a short-
ening that is less pronounced than that observed in
Models 1 and 2. The next and final step is the formation
of a new pyranosidic ring, when the pB-open form is con-
verted to the B-pyranose form of glucose. This is exactly
the reverse process of the first step discussed above.
Then, the changes in the bond distances are similar to
the ones in the first step, but, again, in reverse order.
There are not any important changes in the angle
values of these structures when the mutarotation is
assumed to obey this mechanism. The six-membered ring
formed by the water molecule and the ~-H1-O1-C1-
O5—- moiety reduces very much the tension among the
atoms, and the chair conformation is maintained during
the whole process of interconversion between the alpha
and beta structures. It is also observed that the -CH,OH
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group of the monosaccharide helps maintain the proper
orientation of the water molecule.

The imaginary vibration frequencies (in cm™') of the
o-TS and B-TS saddle points are —1406.00i and
—1107.52i, respectively. The main components of the
modes of these imaginary frequencies are, respectively,
the O1-H1-H and O5-H7a-O7 stretchings, as expected
for these proton-migration reactions.

The behavior of this reaction described by Model 4,
when the bulk effects are considered, is very similar to
that found in Model 3. An analysis of the corresponding
geometrical parameters (Table 2) reveals that the trends
of the data of these two models are basically the same.

3.2. Thermodynamics and kinetics

In this section the thermodynamic and kinetic aspects of
the two mechanisms studied are analyzed following the
results obtained from each of the four models.

Figures 5 and 6 show the free-energy profiles of the
reactions for Models 1 and 2, respectively. In order to
obtain the free-energy (G ) values for the structures
considered, thermal and entropic corrections were taken

1035

into account for each stationary point of the potential
energy surfaces.

Considering the results obtained from Model 1, since
the o-pyranose structure is the most stable one, its
energy value will be used as the reference value in the
following. The height of the highest barrier expressed
as AGhog i is 41.79 kcal/mol for the a-pyranose—o-open
form conversion, and 43.09 kcal/mol for B-pyran-
ose—p-open form. They are considerably higher than
the experimental values of approximately 22 kcal/
mol.!? This high theoretical barrier can be explained in
terms of the enormous tension imposed on the pyranos-
idic ring of the saddle point structures during their flat-
tening. It can also be seen that the o-open form is more
stable than the B-open form by 4.86 kcal/mol, and the -
pyranose is more stable than the B-pyranose as well.
These findings are in perfect agreement with the mani-
festation of the anomeric effect.?’

On the other hand, when the results obtained from
Model 2 are considered, the first important difference
is related to the larger stability of the B-pyranose form
when compared to the a-pyranose. In fact, this structure
is now considered as the reference structure.

Table 2. Geometric parameters for the stationary points of mutarotation of glucose in the gas phase and in aqueous solution for Models 3 and 4*

Parameter a-Pyranose a-TS a-Open B-Open B-TS B-Pyranose
(A) () (A) (®) (A) () (A) () (A) () (A) ()

Model 3

C1-01 1.393 1.291 1.219 1.221 1.296 1.385

O1-Hl 0.980 1.266 2.009 2.036 1.397 0.976

05-C1 1.430 1.763 2.562 2.476 1.680 1.438

O5-H7a 2.894 1.193 0.981 0.977 1.198 2.128

O7-H7a 0.978 1.240 1.827 1.887 1.231 0.973

O7-H7b 0.964 0.965 0.965 0.964 0.966 0.965

O7-H1 1.912 1.172 0.975 0.974 1.091 1.970

C1-O1-H1 108.7 103.0 — — 104.5 107.84

C5-05-C1 113.7 116.1 — — 114.2 113.32

0O5-H7a-07 98.64 157.9 — — 151.8 130.75

H7a-O7-H7b 107.0 117.9 — — 114.1 107.20

H7a-O7-H1 109.2 87.88 98.80 107.8 89.8 93.61

C2-C1-05-C5 —63.13 —54.2 — — —76.66 —63.78

Cl1-05-C5-C4 65.65 53.32 — — 65.63 61.91

C5-C6-06-H —72.31 —68.93 —68.86 —74.16 —176.10 —83.89

Model 4

C1-01 1.403 1.300 1.223 1.222 1.311 1.393

O1-Hl 0.984 1.400 2.080 2.157 1.424 0.981

05-C1 1.426 1.720 2.587 2.531 1.645 1.429

O5-H7a 2.715 1.176 0.983 0.981 1.204 2.263

O7-H7a 0.980 1.261 1.810 1.845 1.227 0.976

O7-H7b 0.967 0.969 0.967 0.967 0.970 0.967

O7-Hl 1.862 1.079 0.974 0.973 1.080 1.940

C1-O1-H1 107.05 101.28 — — 103.02 106.30

C5-05-Cl 114.26 115.95 — — 114.90 113.01

05-H7a-07 103.09 157.56 — — 152.99 119.44

H7a-O7-H7b 105.90 113.50 — — 114.15 106.27

H7a-07-H1 104.00 88.70 106.09 106.03 88.69 99.26

C2-C1-05-C5 —62.21 —55.63 — — —65.50 —66.95

C1-05-C5-C4 65.48 54.58 — — 63.76 66.69

C5-C6-06-H —168.14 —79.85 —67.45 —74.63 —104.10 —177.06

#The labels refer to atoms as indicated in Figure 4. Bond distances are in A, angles are in degrees (°).
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45 +
F — 42,115
: j \\41 682 / \
E | \ ! \
35 ¢ ! \ J \\\
—_— E 1
S 30+ i \ ! \
g o | \ H \
S 25+ ! \ ! \
x E ] \ | \
~ £ !
%‘) 20 F II \\ II \\
= o ! \ h \
o 15+ 1 \ h \
c r ] \ h \
w F I \ \
10§ ! \ — /9445 \

g J | #8394 \
)
0f——4 0420 . . . ——e-0-000

o-open B-open B-TS B-pyr

o-TS
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The interaction with a high-dielectric solvent brings
more stability to the B-form, since it has a higher dipole
moment than the o-form. Therefore, since we can see
that a dielectric continuum model is able to properly
describe the thermodynamics of the system, it means
that there is a relative abundance of the B pyranosidic
structure over that of the o conformer.”® However,
the general consequence of the bulk, considered as a
polarizable dielectric continuum, seems to be the lower-

ing of the height of the barriers for the mutarotation

process by approximately 1 kcal/mol, a value that is be-
low the accuracy of the theoretical description employed
and far from the lowering needed to bring the barrier
height close to the observed value.

It can be said that the open structures are more sensi-
tive to the solvent presence than the cyclic structures.

While the B-open form is stabilized when the system

passes from the gas phase (Model 1) to solution (Model

2) by 1 kcal/mol, the a-open structure is destabilized by

approximately 2.5 kcal/mol. Due to solvent presence,

the open structures interconvert more easily. However,
the solvent continuum by itself is insufficient to correctly

describe the whole reaction, since our theoretical models
furnish results that are still very different from the exper-
imental ones.

The energy profiles of the mechanisms described in
Models 3 and 4 are shown in Figures 7 and 8. A drastic
difference can be observed between the two, although
the B-pyranose form remains the reference structure in
both cases.

In Model 3 the barriers between the pyranosidic and
open structures are lowered substantially by the assis-
tance of the water molecule. The set of B structures is

more stable than the corresponding o structures. The
barrier between o-pyranose and o-TS is now just
27.9 kcal/mol, while that between the B-pyranose and
B-TS forms is 24.8 kcal/mol. These barriers are approxi-
mately 13 kcal/mol lower than those obtained from
Models 1 and 2. Such findings are surely related to the
maintenance of the chair conformation when the mecha-

nism is assumed to evolve with solvent assistance.

Passing finally to Model 4, it can be said that the

pattern observed for Model 3 is repeated. The set of P

structures is kept more stable than the o ones. The
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interconversion barriers between both the o and p pyran-
oses and each respective TS became 26.2 and 23.9 kcal/
mol, respectively, for the GT rotamer. The effect of the
solvent, considered as a dielectric continuum, is very
smooth; it acts basically by facilitating the whole pro-
cess. Only this model was applied to the GG rotamer,
and although less abundant than the GT structure, the
mutarotation process is favored in the former. The
height of the barriers are 23.7 kcal/mol for the a-pyran-
ose—a-TS transition and 23.1 kcal/mol for the B-pyran-
ose—B-TS transition. Adopting here the effective free-
energy concept,”> which applies the Arrhenius formula
assuming that the rate constants of the individual chan-
nels can be summed to give the total rate constant, the
new values for the barriers are 23.68 kcal/mol for the
a-pyranose—o-TS transition and 22.92 kcal/mol for
the B-pyranose—f3-TS transition, considering both GT
and GG conformers.

There is much controversy in the literature in regard
to the number of water molecules involved in mutarota-

tion. Theoretical'® and experimental'” works discuss the
possibility of two or three water molecules taking part in
the mechanism. However, considering some previous
theoretical results, and some findings obtained from
our work, some explanations can be outlined.

The energy profiles for the glucose mutarotation re-
ported by Yamabe and Ishikawa,'” assisted by n water
molecules (n =0, 1, 2, and 3) were built taking as the ref-
erence value not the corresponding o-pyranose or -
pyranose structure. Therefore, we have decided, in order
to make better comparisons, to rescale all the barriers
found for these authors, taking as the reference energy
value that which was obtained for the corresponding
o-pyranose n solvated structure. Doing so, the values
in Table 3 can be obtained.

From the values in Table 3, it can be seen that the first
water molecule lowers the mutarotation barrier by
20.02 kcal/mol for the o structure and 18.21 kcal/mol
for the B structure. The second water molecule, instead,
has much less intense effect on the height of the barrier.
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Table 3. Height of the energy barriers for the mutarotation of glucose
assisted by n water molecules, following the work of Yamabe and
Ishikawa'’

n Energy”
a-Pyranose a-TS Open B-TS B-Pyranose
0 0 50.84 12.00 49.19 2.07
1 0 30.82 11.80 29.17 0.26
2 0 29.23 10.70 27.49 1.16
3 0 24.88 — — —

21n kcal/mol.

The barrier between the a-pyranose and o-TS structures
is lowered just by 1.59 kcal/mol, while the barrier
between B-TS and B-pyranose diminishes by 2.58 kcal/
mol. If a third water molecule is considered, a new
lowering of 4.35 kcal/mol is obtained for the a-pyran-
ose—0a-TS barrier. It is important to notice that the
B-pyranose structures are not obtained as more stable
entities than the a-pyranose conformers, and this can
raise some doubts about the proper description of the
conformations found for the pyranosidic structures.
Even neglecting these small inconsistencies, it is clear
from the results of Yamabe and Ishikawa that the sec-
ond water molecule plays a role very different from the
first one, which, in fact, changes the mutarotation mech-
anism. The third water molecule would again have a
catalytic effect, since it lowers the proton-transfer activa-
tion energy by 4-5 kcal/mol. However, from the chemi-
cal point of view, such a situation is quite improbable,
principally if it is taken into account that such structures
were not obtained from any dynamic simulation, and so
the resident time of the clusters obtained are not known.

In fact, some calculations at the B3LYP/6-31+G(d,p)
level were performed taking the geometries of Yamabe
and Ishikawa as the starting geometries, consisting of
two and three water molecules only for Models 3 and
4. The results are collected in Table 4.

The numbers in Table 4 show that a dielectric contin-
uum polarizable medium as described by PCM furnishes
a very distinctive description from that offered by the
Onsager model. Two or three water molecules have
approximately the same effect on the mutarotation of
glucose. However, both pathways have a height of the
barrier for the mutarotation lower than the experimen-
tal value, and so, maybe can be only a mathematical
solution, not having any physical relevance. It is impor-
tant to stress that only a dynamic study involving at

Table 4. AGY ;. values for the height of the a-pyranose—o-TS barrier
in kcal/mol

AGdgs n=2 n=3
Model 3 21.84 21.57
Model 4 20.93 21.32

21n kcal/mol.

least the a-pyranose structure can bring more light to
this discussion.

3.3. Rate coefficients

In order to check the mechanisms studied, the rate coef-
ficients of each step of the mutarotation were theoreti-
cally obtained wusing transition-state reaction-rate
theory (TST).? It is based on the application of statis-
tical mechanics to reactants and the corresponding
activated complex (TS). The rate coefficient (k) for the
mutarotation of glucose is given by Eq. 1

ksT = Q7
= 220 N = e (BELI/RT 1
hoA Ox © M

where h, N, kg, and R are Planck, Avogadro, Boltz-
mann, and ideal gas constants, respectively. 7 is the tem-
perature of the system, E,. is the activation barrier,
which already includes the zero-point energy correction.
In the equation, Q7 and Q, are the partition functions
for the transition state and for the reactant A, respec-
tively. Each partition function is written as the product
O = Grot'Qviv Geletr durans, Where the first two components
¢ror and gy, are the rotational and vibrational partition
functions, obtained from the second derivatives of the
energy regarding the nuclear coordinates. Since only
one electronic state is considered, ¢ejerr = 1, and Girans
is assumed to be similar for both reactants and the tran-
sition structures, it was thus cancelled out in Eq. 1.

In the gas phase, this approach is immediate once the
second derivatives for each stationary point correspond-
ing to each structure involved in the mechanism is calcu-
lated. However, in aqueous solution, to the best of our
knowledge, this is the first time that it has been tested,
assuming a dielectric continuum description for the sol-
vent. In this case, the tacit assumptions are: (1) The par-
tition function in solution can be factorized and written
as a product of the partition function for the solute (glu-
cose in the case of Model 1, and glucose plus 1 water
molecule in the case of Model 2) and the partition func-
tion of the solvent. (2) The partition function for the sol-
vent is approximately the same in the case of the
transition structure and in the case of the reactant. Thus
both terms cancel out in the expression, leaving just the
Q for the solute (TS and reactant), which is directly ob-
tained from the second derivatives of the PCM model.
In this case the AEZfCt is replaced by the corresponding
quantity in solution, which is the Gibbs free energy of
the solute in aqueous solution, corrected just by the
zero-point energy.>® The values obtained for the coeffi-
cient rates within the limits of this approach are re-
ported in Table 5.

From data reported in Table 5, it can be seen that
Model 4 gives the rate coefficients closest to the experi-
mental values. The values found for k, and kg are in

k
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Table 5. Rate coefficients (k) for the glucose mutarotation, in seg™',
assuming the reaction obeys pseudo first-order kinetics

k:x k[i

Model 1 1.4741 x 10718 1.6566 x 10~
Model 2 3.6043 x 10718 8.5036x 1071
Model 3 2.4355%x 1078 4.6051 x10°°
Model 4 (GT) 3.6091 x 1077 1.7845x 107°
Model 4 (GG) 6.6612x107° 7.6988 x 107°
Model 4 (GG+GT) 6.6473x 107> 9.4833x 107°
Exp.’! 3.5167x107* 2.3389x 107*
Exp.!* 2.3233x 107 1.3667 x 10~*
Exp.'? 4.0546x 107* 2.412x107*

very good agreement with the experimental values when
the effective free-energy concept is adopted (disregarding
the rotamer interconversion during the mutarotation),
which corresponds to the Model 4 (GT+GG) values.
At any rate, the search for a full numerical agreement
can be misleading in this case, where the accuracy of
the theoretical calculation (approximately 1 kcal/mol)
is exponentially related to the rate coefficient. Besides
that, it is important to notice that only two glucose con-
formers were considered. Other structures are also pres-
ent in solution, which were not considered in this work,
contributing to the existence of other reaction pathways
and consequently to the increase of k.

4. Conclusions

In this work the glucose mutarotation mechanism is
investigated theoretically. Two machanisms are studied.
One assumes the process is intramolecular, and the other
assumes it is solvent-assisted by one water molecule. The
most stable o and f GT conformers in aqueous solution
were considered, and a B3LYP/6-31+G(d,p) description
was adopted for the system. Four theoretical models
were used in order to also evaluate the role of the other
water molecules in the whole process.

The results obtained have shown that mutarotation is
a solvent-assisted process that obeys pseudo first-order
kinetics. Besides that, the first water molecule from the
solvent acts as a catalyst, and plays a decisive role, since
it completely changes the mutarotation mechanism. The
other solvent molecules, in contrast to proposals in
other work,'> were shown here to basically exert a bulk
solvent effect that was successfully described by a con-
tinuum polarazible model.

The rate coefficients for the glucose mutarotation
reaction, theoretically obtained for the first time in aque-
ous solution, to the best of our knowledge, were calcu-
lated for our different approaches. Their agreement
with the experimental values is an important indication
that the mechanism most favored is the one that is sol-
vent assisted by only one solvent molecule.
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