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a b s t r a c t

An exhaustive search approach was used to establish all possible rotamers of a- and b-D-galactopyranose
using DFT at the B3LYP/6-311þG** and M06-2X/6-311þG** levels, both in vacuum calculations, and
including two variants of continuum solvent models as PCM and SMD to simulate water solutions. Free
energies were also calculated. MM3 was used as the starting point for calculations, using a dielectric
constant of 1.5 for vacuum modeling, and 80 for water solution modeling. For the vacuum calculations,
out of the theoretically possible 729 rotamers, only about a hundred rendered stable minima, highly
stabilized by hydrogen bonding and scattered in a ca. 14 kcal/mol span. The rotamer with a clockwise
arrangement of hydrogen bonds was the most stable for the a-anomer, whereas that with a counter-
clockwise arrangement was the most stable for the b-anomer. Free energy calculations, and especially
solvent modeling, tend to flatten the potential energy surface. With PCM, the total range of energies was
reduced to 9e10 kcal/mol (a-anomer) or 7e8 kcal/mol (b-anomer). These figures fall to 4.5e6 kcal/mol
using SMD. At the same time, the total number of possible rotamers increases dramatically to about 300
with PCM, and to 400 with SMD. Both models show a divergent behavior: PCM tends to underestimate
the effect of solvent, thus rendering as the most stable many common rotamers with vacuum calcula-
tions, and giving underestimations of populations of b-anomers and gt rotamers in the equilibrium. On
the other hand, SMD gives a better estimation of the solvent effect, yielding correct populations of gt
rotamers, but more b-anomers than expected by the experimental values. The best agreement is
observed when the functional M06-2X is combined with SMD. Both DFT models show minimal
geometrical differences between the optimized conformers.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Carbohydrates play a very significant role in biological systems,
appearing either as free monosaccharides, oligomeric or poly-
meric products, alone or combined with other molecules in key
functions, as in glycoproteins and glycolipids. The knowledge of
the conformational states of carbohydrates is essential to evaluate
their biological and physical functions [1], and can be aided by
reliable molecular modeling. The presence of mobile hydroxyl and
hydroxymethyl groups in the carbohydrate molecules introduce
the so-called “multiple mimima problem” [2], which complicates
the potential energy surfaces by leading to a lot of local minima,
with non-surmountable energy barriers separating them. Even for
.

one anomer of a simple aldohexose in pyranosic form and a fixed
chair conformation, the three possible staggered conformations
for each of the five hydroxyl groups and the hydroxymethyl group
lead to 36 ¼ 729 theoretically possible minima. Although some
sterical clashes will occur for some combinations, the starting
points for any possible calculation are counted in hundreds. This
fact has been overlooked in many studies, thus some true minima
may be missing in those calculations. Recently, Mayes et al. [3]
studied the conformational pathways from 4C1 to 1C4 of some
monosaccharides, passing through envelopes, half-chairs, boats
and skew-boats. They have taken a careful consideration to all
possible exocyclic rotamers (leading to 38 � 729 starting points
for each monosaccharide), and concluded that theoretical studies
must consider the role of exocyclic groups when constructing
kinetic and thermodynamic landscapes. Avoiding this issue may
lead to over- or underestimations of energy barriers for puckering
[3]. Furthermore, another study showed that the pathways
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involving each of the rotamers should be considered, as many
different rotamers present combined pathways for ring inversion
[4]. The problem has been recognized since the early flexible
residue analysis [5e8], and circumvented in different ways to
avoid long computing times: for instance, considering that sec-
ondary hydroxyl groups are likely to form a crown of cooperative
hydrogen bonds, either clockwise or counterclockwise [9,10], thus
using just two starting conformations for these four hydroxyl
groups. Heuristic approaches [11,12] and random sampling tech-
niques [8] have also been used. Molecular dynamic simulations
also overcome the problem as they can surpass potential barriers.
It has been used since the early days of carbohydrate modeling
[9,13e15], and is still today the method of choice of many re-
searchers for the conformational analysis of mono- and di-
saccharides [16,17], sometimes in the form of ab initio
metadynamics [18]. These shortcuts do not help when a full
characterization of the potential energy surface is needed, or
when the most important rotamers should be submitted to
further calculations. An exhaustive search can be the only way of
retrieving such information. However, reports of full conforma-
tional searches are scarce. The first works at the quantum level,
made with glucose, considered the different rotations for the
hydroxymethyl group, but not those of the hydroxyl groups [19].
Cramer and Truhlar [20] studied all the hydroxymethyl rotamers,
but also explored the 81 possible secondary hydroxyl rotamers for
a given conformation of the hydroxymethyl group at the semi-
empirical levels AM1 and PM3, including solvation. Later, an AM1
study comprising different rotamers of glucose and galactose was
published [21], although it is not clear how these conformers were
chosen.

Specifically regarding galactose, a full conformational search
for the a-anomer using MM3, AM1 and PM3 was published in
1998 [22]. Later, a study where the four secondary hydroxyl
groups start at the X-ray diffraction dihedral angles and the
remaining groups were rotated was made at semiempirical and
HF/6-31G* levels [23]. The group of Momany studied [24] six
conformers of a- and six of b-galactose (4C1 conformation) pro-
duced by rotation of the hydroxymethyl group and by changing
the crown of hydrogen bonds from clockwise to counterclockwise,
at the B3LYP/6-311þþG** level. They also studied the alternate
chair and some boat and skew forms [24]. Another study found
the most important rotamers of the b-anomer using a Monte Carlo
approach, and later optimized them at the B3LYP/6-31þG* level
[25]. By a combination of resonant two-photon ionization and
Fig. 1. Schematic representation of a- and b-D-galactopyranose and the torsion angles. For
and tg are shown.
resonant ion-dip IR spectroscopy, Jockusch et al. were able to
identify the presence of just one major rotamer at low tempera-
tures for phenyl b-D-galactopyranoside [26,27]. The great stability
of this conformer and other minor accompanying structures was
confirmed by B3LYP/6-31þG* optimization and MP2/6-311þþG**
energy calculations [26,27]. Csonka has published in the web the
structures for galactose calculated with HF [26], but the data ap-
pears not be available by now.

In the current work, we have made a full conformational search
for the 729 potential rotamers of the 4C1 conformations of a- and b-
D-galactopyranose (Fig. 1) with MM3 [28,29] at dielectric constants
1.5 and 80 to emulate vacuum and solution conditions. The
resulting set of conformers was optimized by DFT calculations with
the functionals B3LYP [30] and M06-2X [31] at the 6-311þG** level
as vacuum calculations and with the addition of the polarizable
continuum model (PCM) [32] and the SMD model [33] with water
as the solvent. Free energies were also calculated. The conformer
ensembles obtained in each case were compared to reflect the
characteristic features of each method and the true landscape for
the galactose rotamers.
2. Methods

2.1. Calculations

Molecular mechanics calculations were carried out using the
program MM3(92) (QCPE, Indiana, USA) [28,29] with relevant pa-
rameters modified as in the MM3(2000) version [34]. Also, the
maximum atomic movement at each step of minimization was
reduced from 0.25 to 0.10 Å. The structures were minimized using
the block diagonal method, with a termination condition 300 times
tighter than the MM3 default. From a given local minimum, an
automated routine [22] was used to generate the 729 starting
conformations produced by rotation of ±120� for each of the
exocyclic dihedral angles. The procedurewas carried out twicewith
different starting points. After removing the repeated conformers,
the sets calculated at ε¼ 1.5were submitted to DFToptimizations at
the B3LYP/6-311þG** and M06-2X/6-311þG** levels. Following the
same procedure, the sets obtained after MM3 calculations at ε ¼ 80
were submitted to the same levels of DFTcalculation, but optimized
separately including PCM [32] and SMD [33] in water. Quantum
mechanical calculations were carried out using Gaussian 09W (rev.
C.01) [35], with standard termination options.
the O-5eC-5eC-6eO-6 torsion angles, the commonly used conformation names gg, gt,



E.A. Del Vigo et al. / Carbohydrate Research 448 (2017) 136e147138
In either MM3 or DFT calculations, stationary points were
characterized by frequency calculations in order to verify that the
minima had no imaginary frequencies. When a transition state was
detected (it occurred sometimes with MM3 calculations), it was
removed from the minima set. For DFTmethods, free energies were
calculated at 298 K as reported in the Gaussian output file, without
scaling. In this way, for each anomer of D-galactopyranose we ob-
tained eight sets of minima: MM3 (ε ¼ 1.5), B3LYP and M06-2X
representing gas phase calculations, and MM3 (ε ¼ 80), B3LYP
and M06-2X with inclusion of two different solvent models to
represent solution calculations. For each set, a list of energies, free
energies (for DFT methods) and dihedral angles have been issued,
and are provided as a Supplementary Material.

Population analysis was carried out using the Boltzmann
equation, with a temperature of 298 K and using free energies for
DFT methods and steric energy for MM3. The populations of each
rotamer with a given trait were summed to give the whole popu-
lation with that characteristic.
2.2. Nomenclature

The orientations of the exocyclic secondary hydroxyl groups are
indicated by the dihedral angle cn, defined by the atoms H-neC-
neO-neH(O)-n, with n ¼ 1 to 4. The angle c6 is defined by the
atoms C-5eC-6eO-6eH(O)-6 and u by the atoms O-5eC-5eC-
6eO-6. The values for all those angles are described by a one letter
code [4,12]: g for 5e100�, T for angles with absolute value larger
than 150�, and G for angles between �5� and �100�. No angle
values outside these ranges were encountered. The whole confor-
mation for each rotamer is indicated as c1c2c3c4 uc6. In the liter-
ature, for the u angle, the acronyms gg, gt and tg are used for what
we call G, g and T, respectively (Fig. 1).

For the definition of relative energies and related parameters,
we have used the conventions of Csonka et al. [36].

DEmodel

�
confi; confref

�
¼ EmodelðconfiÞ � Emodel

�
confref

�

i.e. the relative energy is the difference between the energy of the
ith conformer and the energy of a reference conformer, using the
given model chemistry.
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�
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�

¼ DEmodel A

�
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�
� DEmodel B

�
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�

is the difference between the relative energies of the ith conformer
calculated with two different model chemistries.

The model and reference conformer dependent mean deviation
(MD) is defined as:
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and the model and reference conformer dependent mean absolute
deviation (MAD) is defined as

MADmodel A�model B

�
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Finally, the range of the relative difference, RRD is defined as
max DDE e min DDE.
In every case, the reference conformer was that with the lowest

free energy determined with the B3LYP functional.

3. Results and discussion

From a given structure of a- and b-D-galactopyranose, rotations
around the six exocyclic angles were performed, in order to have
729 starting points for minimizations (full conformational search).
They were minimized with the empirical force field MM3, which
showed good results for carbohydrates [34]. Calculations were
carried out at a dielectric constant value of either 1.5, to simulate
vacuum conditions, or 80, to damp electrostatic and hydrogen
bonding interactions, and thus to simulate aqueous solutions. Each
of the four resulting set of conformers (after eliminating duplicates)
was submitted to DFT optimizations at the B3LYP/6-311þG** and
M06-2X/6-311þG** levels, with inclusion for the ε ¼ 80 sets of the
polarizable continuum model (PCM) and the SMD model using the
parameters for water. As expected, many of the 729 starting con-
formers have clashing substituents. Thus, these conformers led to
other, sterically more stable conformations, leading to a consider-
able decrease in the number of conformers in each set. Further-
more, for the vacuum calculations, hydrogen bonding interactions
were strong enough to drive sterically feasible conformations to
others stabilized by these H-bonds. In the process of submission of
the MM3 sets to DFT calculations, most of the conformers kept
approximately the same combination of exocyclic angles as the
original MM3 rotamer. However, there were always some con-
formers which changed one or more of the angles to converge with
another rotamer already found, or to generate a new, different
rotamer. This process was sometimes the same for both functionals,
and sometimes different. The results for each set are presented
separately.

3.1. Vacuum calculations for a-D-galactopyranose

Out of the 729 possible rotamers, MM3 optimization (ε¼ 1.5) led
to about 130 conformers. However, control of the imaginary fre-
quencies showed that somewere actually transition states. Besides,
stringent optimization of some conformers led to convergencewith
another rotamer. Thus, 117 stable minima were found. Further
optimization by DFT led to 113 stable B3LYP minima, and 113 stable
M06-2X minima. However, these minima did not correspond to the
same conformers. Therewere 107 conformers common to the three
models, 5 appearing for MM3 and M06-2X, 2 appearing for MM3
and B3LYP,1 appearing forM06-2X and B3LYP, three appearing only
for MM3, and three appearing only for B3LYP, making a grand total
of 121 different conformers. Giving the procedure employed,
starting from MM3, it may sound unusual to find out a DFT mini-
mumwhich does not have a correspondence in MM3. One of these
conformers (GgGg TG in the used nomenclature) appeared as a
transition state in MM3, in a very flat region of the potential energy
surface. However, it optimized sharply by DFT. Three of the minima
appearing distinguished inMM3 and B3LYP differ in the value of c6:
they are T for MM3 and g for B3LYP. Two of them converged with a
third minimum with M06-2X. Anyway, this only happened with
some high-energy rotamers. Only one rotamer with low energy did
not appear with the three models: it corresponds to the conformer
ggTG GT (B3LYP DG ¼ 1.83 kcal/mol) which, when submitted to
optimization by M06-2X converged with the global minimum
(ggTG Gg) by rotation of c6. The 117 MM3 conformers appeared in
an energy range of 12.6 kcal/mol. The 113 B3LYP conformers
appeared in an energy range of 14.1 kcal/mol, value reduced to
11.9 kcal/mol when free energy was calculated. Those values rise to
15.3 and 13.5 kcal/mol withM06-2X. The DFTmethods found as the



Table 1
The five most stable conformers for the 4C1 shape of a- and b-D-galactopyranose,
calculated using different methods (vacuum calculations/ε ¼ 1.5).

Conformer Relative energy (kcal/mol)a

B3LYP DG B3LYP DE M06-2X DG M06-2X DE MM3 ε ¼ 1.5

a-D-Galp
ggTG Gg 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 1.64 (5)
GTgg gG 0.27 (2) 0.82 (2) 0.80 (2) 1.51 (2) 0.00 (1)
GTgg Tg 1.10 (3) 1.58 (4) 1.63 (3) 1.72 (3)
GTgg GG 1.27 (4) 1.45 (3) 1.81 (4) 2.06 (4) 0.13 (2)
GTgg TT 1.35 (5)
GgTG Gg 1.99 (5) 2.14 (5) 2.26 (5) 1.05 (3)
GTgg gT 1.44 (4)

b-D-Galp
gGgg gG 0.00 (1) 0.00 (1) 0.00 (1) 0.03 (2) 0.00 (1)
TGgg gG 0.29 (2) 0.23 (2) 0.22 (2) 0.19 (4) 0.96 (3)
gGgg Tg 0.77 (3) 0.62 (4) 0.48 (3) 0.00 (1)
gGgg GG 1.08 (4) 0.82 (5) 0.20 (2)
gGgg TT 1.12 (5)
GgTg Gg 0.61 (3) 0.56 (4) 0.03 (3)
TGgg Tg 0.73 (5) 0.36 (5)
TGgg GG 1.38 (4)
gGgg gT 1.41 (5)

a Rank number for each conformer is given in parenthesis.
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global minimum the conformer with a clockwise arrangement of
secondary hydrogen bonds which continues from HO-4 to O-6 and
from HO-6 to O-5 (conformer ggTG Gg, Table 1, Fig. 2a). This was
also the lower energy minimum found byMomany et al. (named as
a-gg-c) [24] with B3LYP/6-311þþG**, although no exhaustive
search was carried out in that publication. Second in rank, the DFT
methods placed the conformer with the corresponding counter-
clockwise arrangement of hydrogen bonds (GTgg gG). It carries an
energy 0.82 kcal higher in B3LYP, and 1.51 kcal higher in M06-2X.
When free energies were calculated, these values decreased to
0.27 and 0.80 kcal, respectively. This conformer was also predicted
to be stable byMomany et al. (a-gt-r) [24]. Third and fourth in rank,
two other conformers with a counterclockwise arrangement of
hydrogen bond appeared; they were differentiated from the second
by the orientation of the hydroxymethyl group (Table 1). These four
rotamers completed the first 2 kcal of the M06-2X free energy
calculations. B3LYP gave rise to four rotamers more within this
energy range. On the other hand, MM3 tended to favor counter-
clockwise arrangements, and to penalize u ¼ T (tg) arrangements.
Thus, the conformers ranked second and fourth by DFT, appeared as
Fig. 2. Structure of the most stable conformers determined by B3LYP/6-311þG**
the most stable. In a previous study [22] carried out by MM3 at
ε ¼ 3, the two most stable conformers were the same as those
found here by DFT methods. The MM3 penalization for u ¼ T (tg)
arrangements is originated in the torsional potential function for
OeCeCeO sequences, which has a minimum at 180� that is 1.3 kcal
higher in energy than those at ± 70�. Table 1 shows the five most
stable conformers found by each model. The X-ray diffraction
structure for this compound (GTgg TT) [23,37] matched that ranked
fifth with B3LYP (Table 1). However, as several intermolecular
hydrogen bonds occur in the monocrystal [37] the exocyclic angles
may not be compared fully with calculations on isolated molecules,
capable of performing only intramolecular bonds. Besides, the
actual orientation of the hydroxyl groups in the crystal is contro-
versial [38]. Fig. 3 depicts the energy values obtained by the
different methods for each of the 107 conformers found for all of
them. The plot shows that the energy orders are not changed
sharply when switching between both DFT functionals or by using
free or electronic energy. On the other hand, MM3 shows a different
behavior, with many observable “bumps” in the plot, due to larger
energy differences. This may be quantified by the mean absolute
deviation (MAD) and the range of relative difference (RRD) be-
tween each model (Table 2). The MAD values for MM3 against the
four DFT calculations are 1.39e2.96 kcal/mol. The worst agreement
occurs against the electronic energy byM06-2X. The RRD values are
higher than 5 kcal/mol (Table 2). As mentioned above, the strong
penalization given by MM3 to u ¼ T (tg) rotamers is partly
responsible for these differences. The MD values indicate if the
energy differences are random, or if some trend occurs. Results
indicate that MM3 tends to give lower energy (i.e. flatten the sur-
face); however, when comparing with free energies, these values
level off. The MAD values between B3LYP and M06-2X are much
lower: 0.65e0.91 kcal/mol, and the RRD values are quite much
lower: 1.56e1.98 kcal/mol. The MD parameters show that always
B3LYP gives lower energy values than M06-2X. In other words,
M06-2X shows a better stabilization of the global minimum. When
comparing the electronic and free energies for each functional,
MAD values of 0.90e1.16 kcal/mol are obtained, together with RRD
values of 2.18e2.23 kcal/mol. The MD values show that free energy
calculations gave lower relative energies, confirming (Table 1) that
the global minimum is entropically less favored. The three con-
formers previously determined [21,22] as the most stable by the
semiempirical method AM1 are ranked 29, 8 and 72 with DFT free
relative energies of 4.04e4.39, 2.08e2.42, and 5.78e6.02 kcal/mol,
indicating that AM1 fails for the calculation of carbohydrates. The
vacuum calculations for a) a-D-galactopyranose, and b) b-D-galactopyranose.



Fig. 3. Representation of the energy of the 107 rotamers of a-D-galactopyranose obtained using each method, sorted according to their relative free energy calculated by B3LYP/6-
311þG**.

Table 2
Comparison of the relative energies (in kcal/mol) obtained by different models, as determined by the mean absolute deviations (MAD), mean deviations (MD), and ranges of
relative differences (RRD).

Model A Model B a-Galp, vacuum b-Galp, vacuum a-Galp, SMD water b-Galp, SMD water a-Galp, PCM water b-Galp, PCM water

MAD (MD) RRD MAD (MD) RRD MAD (MD) RRD MAD (MD) RRD MAD (MD) RRD MAD (MD) RRD

DE B3LYP DE M06-2X 0.65 (�0.64) 1.56 0.30 (�0.06) 1.76 0.14 (þ0.05) 0.85 0.12 (�0.03) 0.71 0.23 (�0.12) 1.31 0.26 (�0.16) 1.43
DG B3LYP DG M06-2X 0.91 (�0.91) 1.98 0.33 (�0.14) 2.37 0.37 (þ0.20) 2.77 0.52 (þ0.50) 2.42 0.45 (�0.43) 1.75 0.40 (�0.38) 1.71
DE B3LYP DG B3LYP 1.16 (þ1.16) 2.23 0.55 (þ0.42) 3.00 1.08 (�1.07) 3.26 1.01 (�1.01) 2.74 0.51 (þ0.37) 2.25 0.39 (þ0.20) 2.78
DE M06-2X DG M06-2X 0.90 (þ0.90) 2.18 0.51 (þ0.37) 2.37 0.94 (�0.92) 3.12 0.54 (�0.48) 2.75 0.29 (þ0.06) 1.85 0.31 (�0.03) 2.37
MM3 DE B3LYP 2.29 (�2.19) 6.72 0.96 (þ0.50) 5.48 1.24 (þ0.45) 7.75 1.09 (þ0.37) 7.03 1.93 (�1.77) 8.44 1.12 (�0.54) 7.21
MM3 DE M06-2X 2.96 (�2.90) 8.28 1.17 (þ0.39) 7.24 1.23 (þ0.48) 7.74 1.08 (þ0.33) 6.99 2.13 (�1.96) 9.34 1.32 (�0.75) 8.21
MM3 DG B3LYP 1.39 (�1.04) 5.45 1.15 (þ0.91) 4.37 1.02 (�0.63) 5.88 1.06 (�0.64) 6.23 1.53 (�1.39) 7.13 0.94 (�0.34) 6.32
MM3 DG M06-2X 2.15 (�2.00) 6.91 1.11 (þ0.75) 5.52 0.99 (�0.44) 6.51 0.90 (�0.15) 5.66 2.00 (�1.90) 8.92 1.16 (�0.77) 6.81
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match with the best conformers [22] obtained by PM3 is not better:
they are ranked 29, 9, and 89 in the current B3LYP free energy
calculations. It has been stated a long time ago that PM3 fails for
sugar modeling [39].
3.2. Vacuum calculations for b-D-galactopyranose

The same procedure already stated for a-galactose generated in
this case 116 stable MM3 minima. Further optimization by DFT led
to 106 stable B3LYP minima, and 108 stable M06-2X minima. Once
more, these minima did not correspond to the same conformers.
There were only 100 conformers common to the three models, and
Fig. 4. Representation of the energy of the 100 rotamers of b-D-galactopyranose obtained u
311þG**.
a grand total of 120 different conformers. Two of the MM3 con-
formers carrying c6 ¼ T rotated this angle to g when submitted to
the M06-2X minimization, but kept this conformation using B3LYP.
The relative energy of most of the conformers was lower than that
observed for a-galactose. However, there were a few outliers. All
but one of the MM3 conformers appeared in an energy range of
10.6 kcal. Most of the B3LYP conformers appeared in an energy
range of less than 9 kcal, value reduced to 8 kcal when free energy
was calculated. However, one conformer appeared out of this range
by about 4 kcal/mol. Something similar happened with M06-2X,
but in this case there were two outliers (one of them not paired
with a B3LYP conformer). Fig. 4 shows the energy profiles using
sing each method, sorted according to their relative free energy calculated by B3LYP/6-
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each method for the 100 common rotamers. This outlier can be
clearly observed as the last conformer in the Figures for the DFT
models. The Figure also shows that conformer 56 (ggGg gT) appears
with an energy much higher than those of the surrounding con-
formers for the M06-2X and B3LYP electronic energy calculations.
This is actually due to an unusual stabilization of this conformer by
determination of its B3LYP free energy, given by an abnormally high
entropy and low zero-point energy. All methods found as the global
minimum the conformer with a counterclockwise arrangement of
secondary hydrogen bonds which starts from HO-6 to O-4 and
finally from HO-1 to O-5 (conformer gGgg gG, Table 1, Fig. 2b). This
was also the lower energy minimum found by Momany et al.
(named as b-gt-r) [24] with B3LYP/6-311þþG**, and also by Sturdy
et al. in a lower level calculation [25]. Furthermore, the group of
Simons found [26,27] an equivalent conformer of phenyl b-D-gal-
actopyranoside (where the value of c1 is not taken into account due
to the presence of the large phenyl substituent) using MP2 calcu-
lations; experimentally this conformer appears almost solely at low
temperatures [26,27]. The other two conformers observed experi-
mentally in lower amounts (?Ggg Tg and ?gTg Gg, where the ?
indicates that c1 is not considered) also match with those appear-
ing in Table 1, although with different energy levels. Results show
that several variants of the counterclockwise arrangement for
secondary hydroxyl groups were highly preferred by every calcu-
lation method. Only one conformer corresponding to a clockwise
arrangement (GgTG Gg) appeared within the five more stable using
M06-2X and by electronic energy determination with B3LYP. The
M06-2X calculation actually led to three low-energy conformers
with similar energy, namely gGgg gG, gGgg Tg, and GgTG Gg. Free
energy calculations established back the differences observed with
other models (Table 1). A calculation made by HF/6-31* for b-
galactose has failed to found the global minimum, as it started [23]
from an orientation of the secondary hydroxyl groups allegedly
appearing in the crystalline state [40] but not observed in any of the
conformers obtained in the current work. Anyway, the authors [23]
reported that in some cases the original orientation GTgg for these
angles rotated spontaneously by minimization to TGgg, which is
more likely to occur (Table 1). Taking into account this rotation, the
authors assumed that independently from the starting point for the
secondary hydroxyl groups, the most stable conformation was
obtained [23]. Clearly, this did and does not happen. Some barriers
may be overcome during the minimization processes, but many
others cannot be overcome. In comparisonwith the calculations for
a-galactose, muchmore low energy conformers appeared. This may
be examined by comparison of Figs. 3 and 4: in the latter the 2 kcal-
limit is extended for many more conformers. Fig. 4 shows a better
match between the different models than that observed in Fig. 3 for
a-galactose. This is observed even better with the deviation pa-
rameters (Table 2). The MAD values involving comparison of DFT
models are considerably lower than those for a-galactose, indi-
cating small differences not only between B3LYP and M06-2X but
also between the usage of free energies or electronic energies
(0.30e0.55 kcal/mol, Table 2). The comparison of MM3 with DFT
electronic energies also lead to much lower MAD values with
regards to a-galactose, as well as lower RRD values. The MD values
are also different to those observed for a-galactose: B3LYP no
longer gives lower energy values than M06-2X, but the differences
are more random, as shown by the low MD value. However, when
comparing for each functional the electronic and free energies, it is
maintained that free energy calculations give lower relative en-
ergies, as the MD values are positive. However, the differences are
less patent than for a-galactose. It is worth noting that MM3 shows
positive MD values for the four comparisons, indicating that the
empirical method actually gives (in average) higher relative energy
values than DFT methods. Only two of the three conformers
determined previously [21] as the most stable by the semiempirical
method AM1 appear in the current search: they are ranked 21 and
22 with B3LYP free relative energies of about 3 kcal/mol.

3.3. Solvent-simulated calculations for a- and b-D-galactopyranose

With ε ¼ 80, out of the 729 possible rotamers, MM3 optimiza-
tion leads to 433 (a)-435 (b) conformers. The hydrogen bond does
not drive anymore the optimization, and thus, most of the sterically
possible rotamers appear. Further optimization by DFT with in-
clusion of water by the PCM model, leads to 283-284 stable B3LYP
minima, and 286-287 stable M06-2X minima, whereas the use of
SMD yielded all the MM3 conformers (433-435) as stable by M06-
2X, and just four less by B3LYP. As shown, the values are highly
similar between both anomers. The simple landscape observed
using SMD is complicated with PCM: about 80 of the DFT minima
for the a-anomer have turned the c1 dihedral angle from the MM3
minima from a value of ca. 167� to a value of 85� (i.e. from T to g).
These 80minima did not appear withMM3. Thus, for the a-anomer,
only 192 rotamers appear for the three methods, and the grand
total of conformers is 524. On the other hand, for the b-anomer,
there are 276 common rotamers, and a grand total of 439. Besides
increasing the number of available rotamers, the effect of adding a
solvent model is a marked decrease in the energy ranges by either
method. When adding the solvation model, the DFT energy ranges
have decreased from 11.9 to 15.3 kcal/mol to 8.7e10.0 kcal/mol for
a-galactose with PCM, and just to 5.4e6.3 kcal/mol with SMD.
These figures, for b-galactose are 11.5e14.1 kcal/mol for vacuum
calculations, 6.6e8.2 kcal/mol with the PCM model, and
4.2e5.3 kcal/mol with the SMD model. The average energies have
decreased in the same proportion. The flattening of the potential
energy surface with water modeling is clearly evidenced, and it is
significantly larger with the SMD model, which levels off the en-
ergies of the different conformers. This flattening has already been
observed in other carbohydrate studies [20], but also in other bio-
molecules, like proteins [41]. Results show that the energy ranges
are even smaller for the b-anomer, as already observed for vacuum
calculations. It is noteworthy that free energy calculations in-
troduces an additional flattening in vacuum calculations (Section
3.1) and using the PCM model, but the effect is reversed using the
SMD model. There is a good correlation between the rotamer en-
ergies of both functionals, but the correlation is very poor with the
MM3 (ε ¼ 80) calculations. Although some matching conformers
appear, the minima found using PCM and SMD are not alike. PCM
found global minima akin to the low energy rotamers in vacuum
calculations: for the a-anomer, the free energy global minimum is
the conformer with a counterclockwise arrangement of secondary
hydrogen bonds (GTgg gG), which ranks second in vacuum calcu-
lations. Other low energy conformers (Table 3) are ranked within
the eight most stable rotamers in vacuum calculations. For the b-
anomer, vacuum and PCM calculations gave rise to the same global
minimum, namely that with a counterclockwise arrangement of
hydrogen bonds (gGgg gG). Other low energy conformers (Table 3)
have a similar conformation, and were also privileged in vacuum
calculations. On the other hand, these two stable conformations
(GTgg gG for a-galactose, gGgg gG for b-galactose) are ranked
second in free energy calculations with SMD (Table 3), but most of
the remaining SMD stable conformers do not appear as stable
vacuum conformers. These results indicate that even using a sol-
vent model like PCM and optimizing the geometry, calculations
lead to conformers with some degree of cooperative hydrogen
bond arrangement. This makes sense, since a continuummethod is
not realistically modeling hydrogen bond interactions with the
solvent, thus keeping the original, intramolecular hydrogen bonds.
SMD shows a lower tendency for keeping these conformers. In any



Table 3
The three most stable conformers for the 4C1 shape of solvated a- and b-D-galactopyranose, calculated using different methods.

Conformer Relative energy (kcal/mol)a

B3LYP DG
SMD

B3LYP DE
SMD

M06-2X DG
SMD

M06-2X DE
SMD

B3LYP DG
PCM

B3LYP DE
PCM

M06-2X DG
PCM

M06-2X DE
PCM

MM3 ε ¼ 80

a-D-Galp
GTGg gG 0.00 (1) 0.00 (1)
GTgg gG 0.21 (2) 0.17 (3) 0.00 (2) 0.00 (1) 0.21 (2) 0.00 (1) 0.37 (3)
GTGg gg 0.56 (3)
GTgT gG 0.10 (3)
GTTT gG 0.00 (1) 0.19 (3)
GTTG Gg 0.10 (2) 0.00 (1) 0.68 (3) 0.25 (3) 0.41 (2) 0.25 (2)
GTgg GG 0.18 (2) 0.35 (2) 0.00 (1) 0.41 (3) 0.00 (1)
GGgg gT 0.00 (1)
GgGg gT 0.02 (2)
Gggg gT 0.10 (3)

b-D-Galp
TGgg gG 0.00 (1) 0.49 (3) 0.54 (3)
gGgg gG 0.31 (2) 0.06 (2) 0.00 (1) 0.05 (2) 0.00 (1) 0.20 (3) 0.21 (2)
TGTG gG 0.51 (3)
gGTT gG 0.00 (1) 0.39 (3) 0.00 (1)
TGTT gG 0.18 (2) 0.24 (3)
ggTT gG 0.25 (3) 0.00 (1)
gGTG Gg 0.24 (2) 0.18 (3) 0.15 (2)
gGgg GG 0.32 (2) 0.00 (1) 0.22 (2) 0.00 (1)
gGgg gT 0.00 (1)
ggGg gT 0.22 (3)

a Rank number for each conformer is given in parenthesis.
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case, many more conformers were found, because these in-
teractions are weakened. On the other hand, MM3 calculations at
ε ¼ 80 do not reproduce at all the results obtained at ε ¼ 1.5,
especially for the a-anomer. The most stable conformers at high
dielectric constant (Table 3) appear very low in the ranking of
vacuum calculations. With the b-anomer, results are less straight-
forward: the twomost stable structures correspond to those ranked
fifth and first, respectively, in the vacuum calculations. Other stable
conformers (Table 3) are much less important in those calculations.
Comparison with the vacuum calculations of the mean absolute
deviations (MAD) and the ranges of relative difference (RRD) be-
tween models (Table 2) also explain some of the observed trends.
The MAD values for MM3 against the four DFT calculations for the
a-anomer are 1.53e2.13 kcal/mol with PCM and 0.99e1.24 kcal/mol
with SMD, whereas they are 0.94e1.32 kcal/mol (PCM) and
0.90e1.09 kcal/mol (SMD) for the b-anomer. The values are roughly
similar to those observed in vacuum calculations for the b-anomer,
whereas they show a decreasing trend vacuum > PCM > SMD for
the a-anomer (Table 2). In all cases, lower MADs for the b-anomer
are observed. The sign of the MDs indicate that MM3 tends to give
lower energy values in all PCM calculations, vacuum calculations
for a-galactose, and free energy SMD calculations, but higher values
when comparing with electronic energy SMD calculations, and
vacuum calculation with b-galactose. On the other hand, the
comparisons between both DFT methods give much lower MADs
(0.12e0.52 kcal/mol for both anomers) and RRDs (0.71e2.77 kcal/
mol). The SMD calculations give particularly similar results for both
functionals, at least using electronic energies (Table 2, MADs of
0.12e0.14 kcal/mol). As occurred with vacuum calculations, by the
PCM model B3LYP tends to give a shorter span of energy values, as
indicated by the negative sign of the MDs, suggesting a better
stabilization of the global minimum. However, using SMD this
trend is slightly reversed. The comparison of free and electronic
energies gives rise usually to small differences, with a flattening of
the free energy surfaces, as observed in vacuum calculations as well
as in PCM water calculations (Table 2). However, the reverse trend
is observed using SMD: free energy calculations give higher average
energies and ranges, especially using B3LYP (Table 2).

3.4. Differences in exocyclic angles

The different models obviously led to different optimized ge-
ometries. Fine details of the precise geometry of the rings and
puckering parameters are out of the scope of the current paper.
However, as a full search of the different exocyclic angles was car-
ried out, a comparative evaluation of their geometries may help to
assess their variations. Table 4 shows the average differences for the
six exocyclic angles between the B3LYP geometry and the other two
geometries for all the conformers existing in both models. For both
the vacuum and solvent calculations, no major differences between
the results for a- and b-anomers are observed. As expected, the
average difference between the DFT methods is lower, of only 2� in
vacuum calculations, and slightly higher with the SMD and PCM
models, whereas the difference with the classical method MM3 is
larger, especially with the PCM solvent-modeled DFT conformers
(ca. 6� for vacuum, ca. 7� for SMD, ca. 9� for PCM). However, not all
angles contribute equally, especially in relation with MM3. Be-
tween the DFT methods in vacuum calculations, independent re-
sults for each angle indicate average differences of 1.4e2.7�, being
c6 and u those which vary more (2.4e2.7�) and c1 that with the
lower variation (1.4e1.7�). For PCM calculations, these values rise to
average differences of 1.3e4.0�, where u shows the largest varia-
tion (4.0�) and c1 the lowest (1.3e1.8�). SMD gives rise to a more
evenly distributed difference between angles (1.2e3.0�), but u is
still that showing the largest differences. On the other hand, when
conferring MM3 and B3LYP vacuum geometries, c6 shows the
largest variation (10.5e10.6�) followed by c4 (7.2e7.8�), whereas
the remaining angles vary much less (3.5e3.7� for b-galactose,
3.1e5.7� for a-galactose). The main source of difference for the c6
angle occurs with some uc6 ¼ GG combinations, which either carry



Table 4
Average differences in exocyclic torsion anglesa between different models and between each model and a perfectly staggereda,b conformation (in degrees).

a-Gal, vacuum b-Gal, vacuum a-Gal, SMD b-Gal, SMD a-Gal, PCM b-Gal, PCM

Between models
B3LYP vs M06-2X 2.0 ± 1.7 2.0 ± 1.6 2.5 ± 1.7 2.1 ± 1.7 2.7 ± 2.8 2.4 ± 2.9
B3LYP vs MM3 5.9 ± 4.8 5.5 ± 5.0 6.8 ± 7.5 7.3 ± 7.4 9.4 ± 8.6 8.6 ± 8.6
With perfect staggering
B3LYP 13.9 ± 7.2 11.7 ± 7.7 11.1 ± 6.4 10.3 ± 6.5 14.2 ± 8.4 11.2 ± 8.0
M06-2X 13.3 ± 6.9 11.6 ± 7.4 10.5 ± 6.9 9.6 ± 6.9 13.0 ± 7.6 10.5 ± 6.9
MM3 14.1 ± 10.3 12.6 ± 10.4 10.9 ± 9.1 9.8 ± 9.6

a Average of the differences in angles cn with n ¼ 1, 2, 3, 4 and 6, and u ± the standard deviation.
b The lowest value of the difference of each dihedral angle with þ60, �60 and 180� was considered for the calculation.
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values of ca. �45� or values of �60�. MM3 optimize the first ones
into a more eclipsed arrangement (c6 between 0 ande25�) and the
second ones towards the other side (c6 around �80�). For the c4
angle the difference arises mainly from conformers with
c4uc6 ¼ GGg, where c4 has a value of ca. �90� with DFT, and
of �60�e�70� with MM3, probably related with the DFT methods
adopting the best angle for the H(O)-4/ O-6 hydrogen bond. With
either solvent modeling, the differences increase considerably. Al-
ways c4 shows the largest variation (14.8e15.8�), mostly originated
in the same conformers mentioned earlier (c4uc6 ¼ GGg). The
difference is larger in this case, because the DFT methods keep c4
with the �90� value, but MM3 shifts it to �40�. The angle showing
the second largest variation is c3 in PCM calculations, and c6 in
SMD calculations, for both anomers. The angleu always shows little
variation, of about 3� in average.

The other difference that has been investigated corresponds to
that of the real angle values and those expected from a perfectly
staggered conformation (±60�, 180�). The data are also shown on
Table 4. Results indicate that with every model, the difference ap-
pears larger for a-Gal than for b-Gal, especially in vacuum and PCM
calculations. However, a detailed analysis of the data (with the
exception of MM3 at ε ¼ 80) indicates that for these models, this is
originated in a higher dispersion of the values for the c1 and c2
angles, closer to the anomeric center. The variations for c2 are just
6.1e7.4� for the b-anomer, whereas they rise to 15.4e18.7� for the
a-anomer. Less pronounced are the variations for c1: 7.8e10.3� to
9.9e16.5�. Results are similar when comparing vacuum and PCM
calculations. For the SMD calculations, c1 is the main source of
distinction: the difference is 13.1e13.9� for the b-anomer, and
16.4e17.1� for the a-anomer. In all the methods, the largest varia-
tions with perfect staggering are observed for the c4 angle, which
differs in 16.1e22.3�. The c3 angle shows a large variation from
staggering in vacuum calculations (15.8e20.1�), but it decreases
whenwater is modeled (8.8e16.5�). As explained earlier, the c1 and
c2 angles show a large dispersion for the a-anomer, but not for the
b-anomer. The lowest variation is usually observed for the u angle,
which as expected, is a “harder” dihedral angle, with heavier atoms
across. The average variation is only 3.0e5.2� with MM3, 3.9e5.3�

with the SMD model, and rises to 4.7e7.4� with the DFT vacuum or
PCM models. It might have been expected that the variations
should have been smaller for MM3, which has explicit sinusoidal
functions to stabilize angles closer to the ideal value, than for DFT
methods. However, a closer look at the actual torsional potential
functions involved for the CeCeOeH and HeCeOeH angles
determine that they have small effects: HeCeOeH has minima at ±
60 and 180�, but with an energy difference of only 0.2 kcal/mol with
the maxima. The CeCeOeH dihedral angle has only a minimum at
180�, whereas at the gauche positions only a couple of shoulders are
observed, with a total energy span of 0.5 kcal/mol. The effect might
be more marked for the angle u, as the function for the dihedral
angle OeCeCeO has a total span of 3.7 kcal/mol. However, the
global minima do not appear exactly at 60�, but at ± 70.5�. The
function for CeCeCeO is softer (0.5 kcal/mol), but gives minima
at ± 63.8 and 180�. Thus, for MM3 the trend to give angles closer to
the ideally staggered is not strong enough.

3.5. Population analysis

The results of vacuum calculations can be compared to experi-
mental data as the crystal structure or conformer population by a
combination of resonant two-photon ionization and resonant ion-
dip IR spectroscopy [26,27]. On the other hand, it is hard to know if
the ensembles of conformers obtained with the solvent models
represent the dynamic structure of the sugar in aqueous solution. In
that sense, a hint can be obtained by comparing the experimentally
retrieved data on anomeric equilibrium or hydroxymethyl rota-
meric ratio with that deduced from the Boltzmann-averaged data
for the ensembles. We have used the free energies and the Boltz-
mann equation to determine the population of different con-
formers (or even anomers) in the equilibrium. Table 5 shows the
results and comparisons with experimental data in solution.
Regarding the difference between the anomers, as expected from
the magnitude of the anomeric effect, DFT methods show that the
most stable conformer of the a-anomer has less energy than that of
the b-anomer. The difference in vacuum calculations is
2.21e3.33 kcal/mol (higher by M06-2X than by B3LYP), but it de-
creases by ca. 1 kcal/mol when free energies are considered. PCM
solvent modeling decreases further the difference, in such a way
that B3LYP gives a similar free energy for themost stable conformer
of each anomer. SMD solvent modeling decreases the differences
even further, thus making the b-anomer as the most stable
(Table 5). The dampening of the anomeric effect inwater is a known
fact [46]. MM3 does not model so good the anomeric effect, and
thus the b-anomer appears better stabilized. The experimental a/b
ratio in aqueous solution is 34:66 [47,48]. The results with the
different solvent models show an evident trend: PCM tends to
underestimate the effect of the solvent. Thus, the increase in the
population of the b-anomers is not enough to reach the experi-
mental value. However, as B3LYP stabilizes better the b-anomers
than M06-2X, a fair agreement with that ratio (43:57, Table 5) is
observed with B3LYP. On the other hand, SMD tends to over-
estimate the solvation effect. In this case, M06-2X, which stabilizes
better the a-anomers than B3LYP, gives a fair agreement with the
experimental ratio (30:70, Table 5). Application of the COSMO
solvent model to some rotamers (not the whole ensemble) was
reported to give a better agreement [48]. Another important pop-
ulation ratio corresponds to the conformation of the exocyclic
hydroxymethyl groups. There are several experimental de-
terminations made for galactose and its glycosides [42e45,48,49],
with different values. As an average, for both anomers, a gg:gt:tg
ratio of about 15:64:21 was observed inwater (Table 5). Most of the
determinations were obtained using NMR three bond HeH
coupling constants [42e44]. However, further determinations by
the group of Serianni using a combination of different coupling



Table 5
Population of different rotamers and anomers, and energy difference between most stable rotamers for each anomer.

a-Galp, vacuum b-Galp, vacuum a-Galp, water b-Galp, water

Ratio gg:gt:tga

B3LYP 54:32:13 18:60:22 36:48:16 (PCM) 31:50:19 (PCM)
12:77:11 (SMD) 8:77:15 (SMD)

M06-2X 74:19:13 29:47:24 46:41:13 (PCM) 40:46:13 (PCM)
12:76:12 (SMD) 11:74:15 (SMD)

MM3 49:49:2 42:56:2 14:82:4 13:82:5
Experimentalb

Free sugar, ref. [42] 17:63:20 18:62:20
Free sugar, ref. [43] 18:38:44 24:66:10
Free sugar, ref. [44] 19:65:17
Me glycoside, ref. [42] 13:70:17 17:65:18
Me glycoside, ref. [43] 14:66:20 21:61:18
Me glycoside, ref. [44] 16:75:9 18:57:26
Me glycoside, ref. [45] 3:74:23 3:72:25
Population of rotamers favored by exo-anomeric effectc (%)
B3LYP 51.8 60.2 85.8 (PCM) 69.3 (PCM)

92.9 (SMD) 51.6 (SMD)
M06-2X 30.6 51.8 83.0 (PCM) 68.4 (PCM)

93.5 (SMD) 58.4 (SMD)
MM3 96.9 84.7 97.6 81.4
Population of a-anomers (%)
B3LYP 79.9 43.5 (PCM)

15.2 (SMD)
M06-2X 95.2 73.2 (PCM)

29.6 (SMD)
MM3 44.2 24.2
Experimental 34
DEa�b (kcal/mol)
B3LYP �2.21 �0.75 (PCM)

þ0.53 (SMD)
M06-2X �3.33 �1.32 (PCM)

�0.31 (SMD)
MM3 þ0.13 þ0.76
DGa�b (kcal/mol)
B3LYP �0.97 �0.03 (PCM)

þ0.77 (SMD)
M06-2X �2.33 �0.72 (PCM)

þ0.39 (SMD)

a It corresponds to the ratio of conformers with u angles G:g:T.
b Determined by measurement of NMR coupling constants. Results from equation B were used when more than one was available.
c Only the rotamers with c1 ¼ G for a-anomers, and g for b-anomers were considered.
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constants on isotopically labeled compounds has disclosed the
presence of only a few gg rotamers (Table 5) [45,50]. Vacuum cal-
culations yield a ratio similar to that determined experimentally for
the b-anomer, especially with B3LYP (Table 5). The gg proportion
increases dramatically for the a-anomer (the most populated in
vacuum, Table 5). This increase of gg rotamers in a-glycosides has
already been noted [44,49], and explained in terms of an
augmented gauche-effect [44,51]. Solvent modeling tends to
equilibrate the ratios for both anomers (in part due to a decreased
gauche-effect in solution [50]), showing a net increase of the gt
conformers over the remaining ones. However, as observed for the
anomeric population the PCM solvent model is insufficient to
provide enough gt conformers to cope with the experimental re-
sults (Table 5), whereas the SMD solvent model matches quite well
the results obtained experimentally by some of the different papers
(Table 5). Only a slight overestimation of the gt rotamers is
observed in some cases. There are no major differences between
the functionals, although for PCM, B3LYP gives results slightly
closer to the experimental values than M06-2X. Tvaro�ska et al. [49]
have found a similar coincidence between calculated (gg:gt:tg ratios
of 14:72:14 and 12:76:12 for the a- and b-methyl galactopyrano-
sides, respectively) and experimental values using the solvent
model implemented in Jaguar over a B3LYP/6-31G** calculation.
However, the authors pointed out that they analyzed only a small
slice of the potential energy surface and that thus, that the
agreement may be fortuitous [49]. The major effects that determine
the rotamer population of the hydroxymethyl groups are solvation
effects, 1,3-diaxial interactions, the gauche-effect and hydrogen
bonding [44]. The high proportion of gg rotamers in vacuum cal-
culations is probably related to their high O-4/H/O-6 capabilities
and to the gauche-effect, in spite of the unfavorable syn-diaxial
arrangement [49]. In water, where the hydrogen bonds are damp-
ened and the gauche-effect loses weight [49], the gt rotamers, with
no O-4/O-6 hydrogen bonding capabilities become the most
populated. As mentioned earlier, the SMD model is capable of
reproducing these preferences, but PCM maintains the importance
of hydrogen bonding and thus keeps a high population of gg
rotamers.

The exo-anomeric effect stabilizes conformations where c1 is G
for a-anomers, and g for b-anomers, for the same stereoelectronic
grounds that stabilize axial polar groups in the anomeric carbon.
Although this effect also acts on c1 ¼ T rotamers, these are less
important for sterical reasons. This effect is usually observed in the
conformational maps of di- and oligosaccharides [52]. MM3 shows
a large predominance of these rotamers (Table 5), at either
dielectric constant, especially for the a-anomer. The DFT methods
also show large populations of these rotamers, but mostly with the
solvent models. It has already been stated [20] that the exo-
anomeric effect is turned over by strong hydrogen bonds. This
can explain why the population increases with solvent models: as
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the hydrogen bond strength diminishes, the exo-anomeric effect
acquires importance.

4. Conclusions

The aim of this paper is to establish a simple mechanism for the
exhaustive search of the rotamers of molecules containing many
exocyclic groups, like monosaccharides, and to compare the results
produced by different calculation models. Herein, we have made
full searches for the most stable chair conformations of a- and b-D-
galactopyranose in gas phase and using solvent continuummodels.
The geometry optimizations and energy determinations have been
carried out with the B3LYP and M06-2X functionals and the 6-
311þG** basis set, using MM3 as the starting point. Free energies
were also calculated. We expect that the current paper will not be
limited to help researchers to determine starting points for their
modeling work; other goals may come, for example, from unrav-
eling how the presence of different rotamers may affect the polar
and non-polar regions for molecular recognition events. Some
interesting conclusions can be drawn from our results. The first
ones arise from our vacuum calculations.

There are about one hundred stable rotamers for each compound
within each model. They occupy ca. 14 kcal/mol of conformational
space. Most of these conformers match their exocyclic angle orien-
tations between models, but there are some, usually high-energy
rotamers, which appear in some models and not in others.

For a-Galp, the rotamer with a clockwise arrangement of
hydrogen bonds, which extend to O-6 via a gg arrangement of the
hydroxymethyl group (ggTG Gg) is the most stable by DFT calcula-
tions (Fig. 2a). Following this rotamer, others with a counterclock-
wise arrangement of hydrogen bonds appear second in importance,
with a significant energy difference with the global minimum.

On the contrary, for b-Galp, the most stable structure corre-
sponds to that with a counterclockwise arrangement of hydrogen
bonds (gGgg gG), with a gt arrangement of the hydroxymethyl
group (Fig. 2b). There are many structures with low energy, most of
them with small variants of the same arrangement. The conformer
with a clockwise arrangement of H-bonds appears to be less
important: although stabilized in electronic energy calculations by
M06-2X, free energy calculations tend to disfavor it, as any B3LYP
calculation does.

There are several numerical differences between the calcula-
tions for each anomer. Average electronic energies of the con-
formers are 6.6e7.4 kcal/mol for the a-anomer, and 5.0e5.3 kcal/
mol the b-anomer. These figures decrease for both when free en-
ergies are calculated: 5.4e6.5 kcal/mol for the a-anomer, and
4.6e4.9 kcal/mol the b-anomer. The higher number of each range
always corresponds to the M06-2X calculation. In any case the
dissimilarities appear to be significantly higher for the calculations
for a-Galp: the mean absolute deviations between both DFTmodels
fall from 0.65 to 0.91 kcal/mol for the a-anomer to 0.31e0.33 kcal/
mol for the b-anomer. Comparison of free energies with electronic
energies, it also decreases from a- to b-anomer from 0.90 to
1.16 kcal/mol to 0.52e0.55 kcal/mol. In all cases M06-2X calcula-
tions and electronic energy determinations tend to give higher
energy ranges when compared to the reference conformer (the
global minimum). In other words, the b-anomer appears to be
modeled more evenly with both DFT models. Maybe, a different
treatment of the anomeric effect is complicating the calculations of
the a-anomer.

Solvation clearly introduces a flattening of the surfaces, but in
different extents for each model. The average energies are reduced
by about 2 kcal/mol with respect to the vacuum ensembles with
PCM and by about 3e4 kcal/mol with SMD. The average electronic
energies for the a-anomer are 4.2e4.6 kcal/mol with PCM, and
2.4e2.5 kcal/mol with SMD. For the b-anomer, they are
3.3e3.7 kcal/mol with PCM, and 1.9e2.0 kcal/mol with SMD. The
calculation of free energies also generates a differential behavior
with the solvent models: it produces an additional flattening of
0.2e0.5 kcal/mol with PCM, but they increase by 0.3e0.6 kcal/mol
with SMD. The number of available rotamers for the solvated en-
sembles is considerably larger than that of the vacuum calculations.
Almost 300 different rotamers have been identified by DFT
methods for each anomer using PCM, and more than 400 using
SMD.

DFT calculations with inclusion of solvent lead to some global
minima which also appeared highly stabilized in vacuum calcula-
tions. The intramolecular hydrogen bond is still a stabilizing factor
of the geometry optimization process even when the presence of
water is modeled by the continuum method PCM. The SMD model
gives rise instead to many new conformers, indicating a larger
solvating effect. MM3 gives mostly different stable conformers at
distinct dielectric constants.

Using PCM, the MAD values for MM3 against the four DFT cal-
culations are 1.53e2.13 kcal/mol for the a-anomer, and 0.94e1.32
for the b-anomer, roughly similar to those observed in vacuum
calculations for each anomer. Using SMD, the b-anomer showed the
same trend, but for the a-anomer, amarked decrease inMAD values
is observed (0.99e1.24 kcal/mol). Comparison between both DFT
functionals give much lower MADs (0.12e0.52 kcal/mol for both
anomers and methods) and RRDs (0.71e2.77 kcal/mol). These
values are similar to those for vacuum calculations of b-galactose,
but largely lower than those for the a-anomer. The MD values for
the comparisons of electronic and free energies show that vacuum
and PCM calculations show a flattened free energy surface (positive
MDs), whereas SMD calculations give flattened electronic energy
surfaces (negative MDs).

Only small differences in geometry were determined between
the conformers found with each DFT model: about 2-3� in average
for the exocyclic dihedral angles. As expected, this difference is
multiplied by 3 or 4 when comparing to the MM3 geometries. The
angle c4 is themain source of difference, especially with the solvent
models.

The calculated rotamer populations in solution put in evidence
the behavior of the different solvent models: PCM still keeps many
of the stabilizing factors observed in vacuum calculations, thus
underestimating the solvent effect. On the other hand, the SMD
model gives a better picture of the solvation effects. The a/b
anomeric ratio is underestimated by SMD and overestimated by
PCM. As B3LYP stabilize differentially better the b-anomers, fair
agreements with experimental anomeric ratio upon mutarotation
are observed with B3LYPþPCM, or with M06-2XþSMD. In terms of
hydroxymethyl group rotamers, a similar trend is observed: PCM
underestimates the proportion of gt rotamers (more stable in so-
lution), whereas SMD states correctly this proportion.
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