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On the Route of the Determination of Monosaccharides Conformations
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Abstract: Many theoretical studies on carbohydrates have been published in the last century. Building on these developments, a proce-
dure is presented to select stable conformations of monosaccharides in aqueous solution from samplings on potential energy surfaces
(PES) obtained from quantum mechanics. Considerations regarding the property chosen to validate conformational samplings are also
presented. The conformations found for D-xylopyranose present an optical rotation value of +20.35°, which coincides with the experi-

mental value (+18.8°).

Keywords: Monosaccharide conformations, monosaccharide potential energy surface, optical rotation calculations for carbohydrate, carbo-

hydrate conformations.

1. INTRODUCTION

Carbohydrates are molecules that are responsible for many dis-
tinct biological functions, probably due to their structural and
conformational versatility [1, 2]. In these molecules, small
structural or conformational changes can lead to systems with
drastically different physical-chemical properties, such as cellulose
and starch, which are both made of glucose units linked to each
other by different bond types, as can be seen from Fig. (1).
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Fig. (1). The three-dimensional structures of cellulose and glycogen are
defined by the type of the glycosidic bond between the monomeric units,
which consequently responds also for their physical-chemical properties.

The presence of this class of molecules exerting several and dis-
tinct chemical and biochemical roles in all kingdoms imposes the
necessity of obtaining reliable descriptions of them. But, ironically,
the same conformational versatility that makes them special in na-
ture makes it difficult to rationalize them from experimental data
and, consequently, to describe them with theoretical models.

1.1. General Remarks on Experimental Information About
Monosaccharides

In fact, experimental access to information about carbohy-
drates’ structures, and in particular conformations, is not as straight-
forward as it is for rigid structures. The most common techniques
employed are X-ray crystallography and nuclear magnetic reso-
nance (NMR) spectroscopy. In the first instance, as discussed by
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Wormalm and coworkers [3], we first need perfect crystals, which
are not easy to obtain for carbohydrates, even if they are more fea-
sible for monosaccharides than for oligosaccharides. However, for
monosaccharides, the major interest concerns their behavior in
aqueous solution (due to the similarity with the biological medium),
or in glycopeptides, and not in their crystalline state, and we cannot
assume that the geometry of such a flexible system is independent
of the environment [4]. In the second case, properties obtained from
NMR (or any other experimental technique) spectra are average
values for non-rigid structures [4], which saves no relation with a
unique conformation. Then, in most cases, we are able to find many
distinct combinations for the relative abundance values of conform-
ers that resemble the experimental data. In addition, the use of ex-
perimental data in parameterizations should be avoided; otherwise,
there is a high risk of obtaining a non-physical conformation. An
additional complication arises when the measured property has
similar values for similar conformations. For instance, the coupling
constant (J) values obtained from nuclear magnetic resonance
(NMR) spectra that are frequently used to validate carbohydrate
conformations do not cover a large range. As discussed by Bock
and Duus, in a detailed revision [5], the range spanned by the prop-
erty is at most 10 Hz for the differences between the g7 and gg or 7g
and gg hydroxymethyl group orientations. Although the empirical
relationships between dihedral angles and heteronuclear or homo-
nuclear J values for disaccharides—or direct measures for mono-
saccharides [6-9] —have been developed in many valuable works
that helped us to achieve the level of conformational knowledge
that we now have [10], they alone are not sufficient to solve the
problem of identifying the most stable carbohydrates conforma-
tions.

More recently, the use of a combination of electronic and vibra-
tional spectroscopy has shed more light on the conformational prob-
lem of monosaccharides and their hydrated complexes [11], but
mainly treating carbohydrates as isolated systems.

Concerning the simplest members of the huge family of
carbohydrates, the monosaccharides have been studied, both theo-
retically and experimentally, for a long time. A single monosaccha-
ride can occur (as reported in Fig. (2)) as an open or closed struc-
ture or as a ring with various numbers of atoms (generally 5 or 6,
which are called, respectively, furanoses and pyranoses). The latter
in turn can occur in many different ring conformations (e.g., chair
(C), boat (B), skew-boat (S)) or even the same ring conformation in
different shapes (e.g., 'C, or *Cy, >°B or B; o, 1S5 or *Ss), where the
super and subscripts indicate which atoms (e.g., C1, C2, C3, C4, C5
or O) are pointing above and below the plane defined by the four
remaining atoms, which are always present in these conformations
for pyranose rings. Finally, each conformation can occur with dif-
ferent orientations of the hydroxyl and hydroxymethyl groups. Such
geometrical versatility is demonstrated in Fig. (2). It is not evi-
denced from the most common Fischer and Haworth projections,
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which are used in many textbooks to represent a carbohydrate
molecule, and which were proposed to emphasize the configuration
of each chiral center and the cyclic prevalence against open forms,
in carbohydrates with five or more carbon atoms, respectively.
From the thermodynamic point of view, a carbohydrate present
itself as an average of these different possibilities, weighted by their
relative energy values referred to the global minimum.

The carbohydrates cyclization (a hemiacetal formation reac-
tion), commonly called mutarotation [12-14], leads to the creation
of an additional asymmetric carbon (C1 in aldoses and C2 in ke-
toses), called anomeric carbon. The anomers are called o or B if the
hydroxyl group of the anomeric carbon assumes an axial or equato-
rial position, respectively, with respect to the ring plane.

9 9 9

Fig. (2). Schematic 3D representation for some types of conformations
possible for monosaccharides.

Undoubtedly, the most commonly studied monosaccharide is
glucose, but some questions are still open with regard to its behav-
ior in aqueous solution, as we will see. As the number of works
dedicated to this subject is very large, some references may not be
cited, because this paper is not intended to provide a full review of
carbohydrate chemistry. Instead, we restrict ourselves to mention-
ing those that shed some light on our understanding of carbohydrate
behavior. A very recent study performed by Schnupf and coworkers
[15] provides an extensive bibliographical review of conformational
studies of glucose and its epimers.

The experimental o3 anomeric ratio for glucose in the pyrano-
sydic form in aqueous solution is reported as 34:66. Other forms,
such as furanoses or open aldehyde, have a negligible occurrence
(0.4% and 0.0040%, respectively) [16-19]. This ratio is reversed for
the isolated system, which is attributed to the anomeric effect and
causes the o anomer to be energetically favored over the [ one. The
origin of the anomeric effect is controversial, being attributed to
electrostatic repulsions between the O1 and OS5 lone pairs, in some
works, and to the electron delocalization (hyperconjugation) from
the OS5 lone pairs to the vacant antibonding orbital 6*¢oy, in others
[20-23].
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1.2. Theoretical Information About Glucose Conformations

Many theoretical studies in aqueous solution using classical dy-
namics and continuum solvation models reproduce the o:p glucose
anomeric ratio, but there is one, in particular, performed by Molteni
and Parrinello [24], that goes further. These authors reported re-
markable differences in the solvation scheme of both anomers. In
the simulations performed, water molecules that solvate the crucial
anomeric site were less tightly bound and had a shorter residence
time in S than in o. The B anomer, which is the most abundant in
water, allows water molecules to flow freely around its anomeric
site, while the o anomer tends to bind them more tightly and in a
more orderly manner. According to these authors, the difference in
the solvation of the two anomers is therefore more qualitative than
quantitative.

The theoretical works that are in agreement with these anomeric
ratios refer primarily to the pyranosidic form of the *C; chair con-
formation, which has been reported as more prevalent than other
shapes by many authors [25-27]. With regard to the hydroxymethyl
orientations, many works can be found dedicated to this study [28-
35]. The large majority of them show that the gg and g¢ conforma-
tions are preferred in aqueous solution over the g one, due to the
competition between the intermolecular (O(water)---HO6) and
intramolecular (O4---HO®6) interactions, this latter possible only in
the zg rotamer. Of course, these hydroxymethyl orientations are
influenced by the secondary hydroxyl groups’ positions, and the
determination of these secondary hydroxyl positions is the most
difficult task, because rigorously it would be necessary to consider
all 1458 conformations generated (being 729 for each anomer), if it
is assumed that the staggered positions of the hydroxyl hydrogen
atoms along the C-OH bond are energetically favored (3(C1) x
3(C2) x 3(C3) x 3(C4) x 3(C5) x 3(C6) = 729). The main challenge
here (and in any other conformational study on carbohydrates) is to
identify the most stable conformers among the 1458 possible in this
case, obtained from the rotations around the ~C-OH~ (secondary
hydroxyls) and ~C-CH,OH bonds. The crucial issue is thus deter-
mining which conformers are abundant in aqueous solution at room
conditions.

1.3. Sampling Criteria and Conformational Validation—the
Key Points

If the theoretical route is chosen to study a carbohydrate, the
description chosen has to encompass the main stabilizing effects of
these molecules, such as the anomeric (and exo-anomeric) effect
and hydrogen bonding [36]. The theoretical approaches historically
used to study carbohydrates are based on classical descriptions
(molecular mechanics or dynamics), which are particularly useful
when the system is large (oligo and polysaccharides) or very flexi-
ble. Due to the possibility of scanning a variety of different con-
formations in a molecular simulation, these methods have domi-
nated the study of carbohydrates. In these methods, the force field is
the key expression. Many different parameterizations have been
found in the literature to account for specific interactions among
carbohydrates [37, 38], principally because the transferability of the
force field parameters into the carbohydrate family cannot be as-
sured in most cases, even when accurately obtained [39, 40]. Com-
plementing this scenario, there are the quantum mechanical meth-
ods, which are very efficient in quantifying stereo electronic effects
because no parameterizations are needed. Nevertheless, they consist
of calculations performed on selected geometries, and there still
remains the physical question related to the vast carbohydrate flexi-
bility, which is mathematically expressed as a potential energy
surface (PES) with a high density of minima. By adopting quantum
mechanical methods, the depth of each region that is a minimum on
the PES can be determined precisely (and consequently, the relative
energies among conformers can be calculated). However, it is nec-
essary to assure that the most stable conformations are included in
the PES. Clearly, if an ab initio study is to be performed, a protocol
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should be established to “walk™ on the potential energy surface, in
order to avoid non-representative conformational samplings.

In the large majority of the theoretical works found in the litera-
ture that make use of quantum mechanical methods, a set of con-
formations is generally chosen based on some initial criteria and
tested in their ability to reproduce a property, which is very often
the anomeric ratio.

If all conformations possible (1458 for glucose, for instance)
are not considered, the criteria used will be at some extent qualita-
tive, based mainly on the consideration of conformations where the
cooperativity effects are magnified (clockwise and counterclock-
wise hydroxyl orientations) [41]. However, two main problems can
be identified in these procedures: the first is related to the criteria
for sampling conformations themselves, and the other is related to
the validation process of the conformations found.

In the former case, the procedure obviously favors conforma-
tions that present the cooperativity effect, which is discussed by
Klein [41], either as the starting geometry or even as the final con-
formations obtained after a partial conformational search. This is a
very frequent result found in many theoretical studies not only for
glucose [42] but also for other monosaccharides [43-46].

The second problem concerns the validation step. The problem
now is the accuracy of the calculation of the selected property. In
almost all cases (even when the theoretical level is very sophisti-
cated), it has the same magnitude of the difference of the property
values for distinct conformers. A quick illustration of this problem
can be given as follows: the eleven individual glucose conformers
that seems to respond for its tautomeric equilibrium in aqueous
solution were recently identified, by Barrows and coworkers [47],
after a full exploration of glucose PES using molecular mechanics
(all 1458 conformations were computed by molecular mechanics).
The rotameric hydroxymethyl relative abundance found (after im-
provements in the description level were introduced on the most
stable conformations) was 27:66:5 to the sequence gg:gt:tg. If only
the B anomers are considered, the corresponding proportion re-
mains, coincidentally, the same. The most recent proportion of
31:59:10 was found by Suzuki ef al. [48] to S-glycopyranse. They
are in good agreement with the most recent experimental proportion
of 32:59:9 found to B-glycopyranse by Serianni et al. [49]. These
latter authors have found for the relative hydroxymethyl groups
population, in both sets of anomers, the values of 37:55:8 (although
the rms errors have the same magnitude of the tg population), revis-
ing the values used as benchmark for years, from Nishida ez al.
[507) which are 53:45:2 to S-glycopyranse and 55:44:1 for both sets
of anomers. A very small change in the former theoretical set of
conformers, which includes a new conformation present in previous
studies [51, 52], changes the proportion to 34:57:8 [53]. Consider-
ing that the energy difference that responds for these relative popu-
lations is smaller than the accuracy of the calculation levels used,
are they equivalent sets? This question cannot be answered if the
anomeric ratio, hydration energies or coupling constants are the
only properties used in the validation procedure.

Taking into account the previous considerations, this study has
a dual goal: (1) to show that a quantitative sampling procedure
based on quantum mechanical methods is now feasible and is able
to select the most stable conformations for monosaccharides in
aqueous solution and (2) to validate these conformations, and con-
sequently the procedure itself, by calculating a property that is ex-
tremely sensible to small conformational changes, which values
change very much from one conformer to another [53, 54], and
which is easily available to solutions of carbohydrates—the optical
rotation (OR). It is important to mention that almost all considera-
tions here are based on theoretical and experimental data available
in the literature, that when combined, enable us to perform an
analysis from a new perspective.
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2. COMPUTATIONAL ASPECTS

To start with a system simpler than glucose, xylopyranose was
the carbohydrate chosen as a test case in this study. Compared to
glucose, the conformational problem is reduced by a factor of 3x3,
because the hydroxymethyl group is missing on the C5 atom of this
molecule (see Fig. (3)).

A continuum model was used to describe the aqueous solution
environment; thus, we are describing the molecules in an aqueous
solution after thermodynamic equilibrium is reached. It is equiva-
lent to assume that the conformations considered resemble those of
a larger residence time in a molecular dynamics simulation. This
correspondence is possible [55] because the electrostatic effects are
those that mostly govern the interaction of carbohydrates and water,
due to the high dielectric constant of water and due to the high di-
pole moments of the hydroxyl groups present in large numbers in
the carbohydrate structure, which are not geometrically compen-
sated. The hydrogen bond interactions, although they have well-
defined orientations, can also be included among the electrostatic
interactions because their largest component has an electrostatic
nature [56-58].

To introduce the solvent effects, we used the Polarizable Con-
tinuum Model [59, 60] in its Integral Equation Formalism (PCM)
formulation [61, 62]. This solvation model has been successfully
used in the study of many important physical chemical properties
[63], and it was proven to be a robust model to describe the solva-
tion energy of many different systems. The radii of the spheres that
define the cavity are the following: 2.40A for CH or CH, group,
1.80A for O atom and 1.44A for H bonded to the oxygen atom of
the hydroxyl groups [64]. In this PCM version, we computed the
solvation energy (Gy.y) as the sum of the electrostatic (Ggjee) and
non-electrostatic (Gyon-elect) cOmponents. The latter is obtained from
the computation of the dispersion, repulsion and cavitation terms
[65]. The calculations were all performed with the Gaussian03 [66]
computational code and the GaussView2.1 molecular editor [67] in
a cluster of five computers with AMD Opteron processors such as
QuadCore 2.3GHz or DualCore 3.0GHz—and 6Gby of RAM.

All calculations related to the conformational sampling on xy-
lopyranose potential energy surface were performed at the HF/6-
31G (d) and B3LYP/6-31+(d,p) levels because they have been iden-
tified in the literature as the simplest calculation levels that are still
reliable to describe geometrical aspects of carbohydrate conforma-
tions [68, 69]. The diffuse functions must attend density functional
descriptions to assure reliable conformations [68].

Single point (SP) and geometry optimization (GO) calculations
were performed at the HF/6-31G(d) level for all conformers in the
gas phase, and B3LYP/6-31+G(d,p) geometry optimization calcula-
tions were performed only for the fifteen most stable conforma-
tions. The final population values were obtained from geometry
optimization calculations in PCM using a B3LYP/6-31+G (d,p)
description for the fifteen most stable conformers found in the pre-
vious step. The corresponding frequency calculations characterized
the structures as stationary points with minimum energy on the
xylopyranose potential energy surface and allowed the introduction
of thermal and entropic corrections into the fifteen most stable con-
formations.

Two starting structures were obtained for both xylopyranose
anomers (alpha(o) and beta(p)) from geometry optimization calcu-
lations at the HF/6-31G(d) level in the gas phase, using the initial
geometrical coordinates generated by the GaussView. These start-
ing structures are reported in Fig. (3) and have all the hydroxyl
groups in staggered orientations regarding the ring. The B confor-
mation seems to have the maximal possible cooperativity effect, but
this phenomenon is not observed for the o conformation, where the
01---HO2 interaction is not allowed.
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Fig. (3). Alpha (0.) and beta (B) anomers of xylopyranose. In (a), the free
rotations of the hydroxyl groups are represented and in (b), the labels of the
atoms are presented.

Systematic rotations of 120° for the dihedral angles ¢1 (HO1-
01-C1-05), 62 (HO2-02-C2-Cl), 63 (HO3-03-C3-C2) and ¢4
(HO4-04-C4-C3) were imposed after the geometry optimization
step was performed for each anomer. This gave rise to 162 con-
formers (81 for each anomer), because only the *C; chair conforma-
tion for the ring was considered. Other xylopyranose ring confor-
mations ('C4 chair, boat, half-chair, skew boat) have negligible
occurrence in aqueous solution at room conditions [27, 70, 71]. All
these 162 conformations were subjected to single point energy and
geometry optimization calculations in the gas phase.

The optical rotation (OR) values were calculated at B3LYP/6-
311++G (2d,2p), as suggested in the literature for rigid systems [72,
73], to validate the final set of conformers found. Each conformer
contributed to the final property in a weighted average. The weights
were obtained from the Boltzmann distribution, once the system (a
xylopyranose aqueous solution in an infinite dilution) is assumed to
follow this type of distribution (it can be described as a system with
extensive entropy [74]) when it reaches thermodynamical equilib-
rium at room conditions. OR values were calculated for the con-
formers in PCM following the TD-DFT/GIAO approach described
previously [75]. The results obtained are reported as the specific
rotation [ot]p calculated at the sodium D line frequency (the specific
rotation [a]p is the observed rotation corrected for concentration
(g/mL) and a defined path length (dm), namely [ot]p =0tbs/(c*1)).

3. RESULTS AND DISCUSSION
3.1 Conformational Sampling

In Fig. (4), all 162 single point energy and geometry optimiza-
tion calculations are reported in the same graph for the alpha and
beta anomers. As can be seen in the figure, the geometry optimiza-
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Fig. (4). Relative electronic energy values in the gas-phase for single point
(SP) and geometry optimization (GO) calculations for all 162 xylopyranose
conformers investigated at HF/6-31G (d) level, in kcal/mol. Each curve has
its own energy reference value, as reported in the text.

tion procedure generated conformations that cover a range of elec-
tronic energy of approximately 10 kcal/mol in the alpha set and 12
kcal/mol in the beta set, while for the single point calculations, the
range span is larger (as could be expected): 24 kcal/mol and 20
kcal/mol, respectively.

The lowest absolute values in the SP calculations are o.(conf.
51)=-569.441049 a.u. and B(conf.81)= —569.443170 a.u., while in
the GO calculations, the lowest absolute values are 0=-569.444991
a.u. and f=-569.443170 a.u. (in this case, the starting structure was
the global minimum among the B anomers). Because many con-
formers converged to the same geometry in the geometry optimiza-
tion calculations, the reference absolute values for the o and B

anomers correspond to several conformations, which are reported in
Table 1.

Table 1. Conformations Described by Single Point Energy Calculations (SP) that Converged to the Same Geometry, During the Geometry Optimiza-

tion Calculations (GO)
Alpha anomers
GO SP AE (kcal/mol)
1 28,29,30,31,32,33,39,42,46,47,48,49,50,51,52,53,54,59,60 0.00
2 1,7,10,12,16,18,19,25,27,34,43 ,45,55,61,64,70 2.34
3 2,8,11,17,20,26,35,44,62,65,71 3.23
4 15,24,58,69,76,77,78 3.54
5 21,57,66,72,73,74,75,79,81 3.65
6 4,1322,67 3.94
7 40 4.10
8 3,9,36 4.36
9 5,14,23,68 4.64
10 38,41 5.00
11 6 5.46
12 80 7.43
13 56,63 7.65
14 37 9.38
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Table 1. contd.....

Beta anomers
GO SP AE (kcal/mol)
1 20,21,26,27,36,45,52,53,54,58,59,60,61,62,63,69,72,73,74,76,77,78,79,80,81 0.00
2 29,30,31,39,46,47,48,49,50,55,56,57,66,75 0.89
3 16,18,43,67 423
4 4,13,15,22,40,42 436
5 25,70 4.50
6 1,2,10,12,19,37 4.58
7 64 5.36
8 8,9,34,35 5.53
9 17,44 5.61
10 71 5.66
11 5,14,23,41,68 5.72
12 11,38 5.86
13 24 6.04
14 6,32,33 6.20
15 3 6.30
16 65 6.45
17 51 6.64
18 7 8.36
19 28 11.99
14
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Fig. (5). Relative electronic energy values for geometry optimization (GO) calculations for xylopyranose conformers, at HF/6-31G(d) level, assuming the glo-
bal minimum (0. =—569.444991 a.u.) as the reference value for both sets of anomers.

As can be seen from Table 1, after the geometry optimization
step, the number of distinct conformations decreased to 33, if com-
pared to the 162 initial ones. The initial 81 conformers of the alpha
set converged to only 14 distinct conformations, while those 81 of
the beta set converged to 19 final different conformations. It is im-
portant to recall that most likely only a small part of this set will be
abundant in aqueous solution at room conditions.

Another way to visualize these identical conformations is ex-
hibited in Fig. (5).

When the lowering in the electronic energy is computed in the
geometry optimization procedure and quantified for each con-
former, maximum values of approximately 20.8 kcal/mol (con-
former 45 of alpha set and 59 of beta set) are found for both sets of
anomers.

In Fig. (5), where the same absolute energy value was taken as
the reference value for both sets of oo and B anomers, the fifteen
most stable conformations are highlighted by the horizontal dashed
lines. As can be seen, among these fifteen conformations, eleven
are o and four are PB. These fifteen conformations span an energy
range of 5.5 kcal/mol. The global minimum is an o. anomer, as ex-

pected due to the anomeric effect [20,21], which is not compen-
sated by intermolecular electrostatic interactions with the environ-
ment (solvent) because the system is isolated in this model.

If all conformational space is scanned, the energetic ordering is
automatically obtained. Because the theoretical level used does not
furnish reliable relative energies, some changes in this energetic
ordering could be expected if a more complete description were
used. However, the geometries are reliable at this computational
level.

When samplings are performed on a potential energy surface of
a carbohydrate molecule, it is desirable to follow a protocol that is
able to select the most stable conformations, without having to con-
sider all possibilities, as we have just demonstrated. It should be
noted that, while a HF/6-31G(d) geometry optimization calculation
takes, on average, 1 hour and 13 minutes in our cluster, a single
point calculation at the same theoretical level on the same machine
takes, on average, 40 seconds. This is a difference that cannot be
neglected and that prompted us to consider more carefully the set of
single point energy calculations as a possible source of information
to drive conformational samplings, as described in the following.
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Fig. (6). Relative electronic energy values for single point (SP) calculations for xylopyranose conformers, at HF/6-31G(d) level. Each anomer set has its own

reference value.

Table 2. Relative Electronic Energy (AUr-o), Standard Gibbs Free Energy (A G°1—zs.15) in kcal/mol and Boltzmann Population (%) Values for Xy-
lopyranose, at HF/6-31G(d) and B3LYP/6-31+G(d,p) Levels, in the Gas-Phase

HF B3LYP

Conf. AUr=gK' AG°T=295.15K pi AUT=0K' AG°T=295.15K pi
280 0.0 0.00 0 0.00 0.00 56.24
20B 1.15 0.55 0 0.95 0.38 29.61
29B 2.04 130 0 1.69 1.05 9.51
la 2.34 -6.07 100.0 226 1.96 2.06
20 3.23 3.04 0 2.87 2.62 0.67
150, 3.53 299 0 3.59 2.99 0.36
210 3.65 338 0 3.34 2.96 0.38
40, 3.94 3.52 0 3.80 3.26 0.23
400, 4.10 3.74 0 3.90 3.48 0.16
3a 4.16 421 0 3.94 3.73 0.10
50 430 425 0 421 3.80 0.09
380 452 432 0 4.47 420 0.05
168 485 476 0 472 3.76 0.10
60. 5.10 5.02 0 5.04 3.76 0.10
48 4.95 4.40 0 484 3.97 0.07

1. The absolute values for electronic energy (Ur—k) at HF and B3LYP levels are —569.444991 a.u. and —572.693014 a. u. for conformer 280, respectively. AU= U(conformer X) —

U(conformer 28c).

2. The absolute values for Gibbs standard free energy (AG°7-9s15x) at HF and B3LYP levels are —569.299142 a.u. and —572.562539 a. u. for conformer 280, respectively. A

G°1-205.15k = G°1-295.15% (conformer X) — G®r-05.15x (conformer 28a).

If the relative energy values for the geometry single point calcu-
lations of all 162 conformers are reported assuming the correspond-
ing “global minimum” value (in SP calculations) as the reference
for each alpha and beta series (conf. 51 and conf. 81, respectively),
we obtain the graph in Fig. (6).

From Fig. (6), the whole set of conformers spans an energy
range of =24kcal/mol. If an energy cutoff of 12 kcal/mol (dashed
line) is assumed, and only the conformers under this energy limit
are considered in the geometry optimization step, 75 calculations
must be performed instead of the 162 geometry optimization calcu-
lations for xylopyranose. The energy cutoff value was estimated
from the geometry optimization step, as the largest observed energy
range covered, even though during the geometry optimization pro-
cedure for all the xylopyranose conformers, changes of up to 20.8
kcal/mol were observed. Due to this reason, the energy cutoff value
proposed here is only a tentative limit. Nevertheless, if the set of
conformers it provides is not able to reproduce the experimental
property chosen in the validation step, the graph of Fig. (6) (or an
equivalent to any other monosaccharide) is still able to suggest an
ordering for including missing conformations, thus furnishing a
mathematical criterion to introduce them in the previous set of con-

formers that is already considered below the energy cutoff value.
Moreover, with such a large energy cutoff to select conformations
from single point calculations, the HF/6-31(d) deficiencies in de-
scribing reliable energetic ordering for the conformations are com-
pletely overcome.

It was possible to perform this check because the geometry cal-
culations had already been done for all possible conformers. The set
of the fifteen most stable conformations was reproduced. This in-
formation can be confirmed by the analysis of data presented in
Table 1 and Fig. (6). Additionally, it is worth mentioning that the
recovery of the most stable conformations from single point energy
calculations (performed on geometries selected from an energy
cutoff value) is possible, even when the starting conformation used
is not the most stable one (o. anomer in Fig. (3)), probably because
the cutoff value adopted was not too small.

3.2. Relative Abundance and Validation of Conformers

Once the fifteen most stable conformations were selected in the
previous step, their relative abundance was calculated and reported
in Table 2, for the systems in the gas phase.
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Fig. (7). Fifteen most stable xylopyranose conformers found following a B3LYP/6-31+G(d,p) description for the isolated system. The distance values between

atoms are in A, and refer to the isolated and in PCM (italic) systems.

The relative electronic energy values reported in Table 2 for xy-
lopyranose conformers are very similar in both theoretical levels,
and this can be an indication that the geometries found are similar
in both descriptions. However, when thermochemical corrections
are introduced, the descriptions diverge from each other. This hap-
pens because the entropy value calculated for lo. conformer is
121.30 cal/mol.K, whereas all other values for the remaining con-
formations are approximately 90cal/mol.K. This unexpected behav-
ior seems to be a calculation artifact that leads to HF population
values that are still less reliable than usual, contrary to those ob-
tained from the B3LYP description. The o:3 anomeric ratio found
is 61:39 for xylopyranose as an isolated system at room conditions,
following this latter description. Previous theoretical studies of
xylopyranose decomposition [76] have used conformations for the
most stable alpha and beta anomers very similar to those found in
this study (280 and 20p) for the isolated system. The optimized
conformers are reported in Fig. (7).

These fifteen conformers were solvated in PCM and geometry
optimization calculations were performed at the B3LYP/6-31+G
(d,p) level. During the geometrical optimization process, very small
geometrical changes were observed in fourteen conformers. As a
general remark, we can say that, in all the conformations, the values
of the plane angle HO-O-C~ and the intramolecular OH---O inter-
actions were enlarged in PCM, compared to the corresponding
value in the gas-phase (see Fig. (7)). In some o anomers, however,
this interaction involving the O1 atom, was shortened, reinforcing
perhaps the idea that the oo and B anomers have a distinct solvation
pattern [24]. Surprisingly, it was not possible to obtain the first

conformer (280) as a stationary point in PCM calculations. From
Fig. (7), it can be seen that there is an electrostatic interaction be-
tween OH2 and Ol (the OH2---O1 distance is 2.23A, shorter than
the others in the same conformer — but not the shortest among all
conformers — which are 2.50 A and 2.44 A, for OH3---02 and
OH4---03, respectively) for the isolated system, which seems to be
strongly disturbed by the solvent presence. In fact, this conforma-
tion becomes stable in PCM only if smaller atomic radii are as-
sumed in the cavity definition (this procedure artificially magnifies
the solvent effects and was used to check the reason for the instabil-
ity of this conformation).

The main energetic parameters for the fourteen stable confor-
mations are reported in Table 3, and all the conformers with a rela-
tive abundance higher than 3% are highlighted. A more detailed
analysis to evaluate the effects of different descriptions on the geo-
metries, energies and optical rotation values can be found elsewhere
[77].

When solvation effects are considered, the B anomers become
more abundant than the o anomers. The environmental effects (sol-
ute—solvent interactions) overcome the anomeric effect for glucose
[24]. The o:p ratio found changes from 61:39 in the gas-phase to
35:65 in PCM (at the description level employed). This ratio is kept
the same, even if the description level is improved [77], and it is in
close agreement with the experimental reference value of 34:66
[78], and with other theoretical studies [70, 80].

The most abundant conformations found (200 and 29p) present
the hydroxyl groups pattern as being counterclockwise oriented, as
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Table 3. Relative Solvation Free Energy (AG,,.), Standard Solvation Free Energy (in kcal/mol) and Boltzmann Population at the B3LYP/6-31+G
(d,p) level in PCM, for the Fourteen Conformations Obtained. Specific Rotation Values [o]p (in deg/(dm(g/cm3))) are at the B3LYP/6-
311++G (2d,2p) Level in PCM

Conf. AGsuh] AGO1,208.15k pi (%) [a]p
208 0.00 0.00 37.28 -21.28
298 0.67 0.64 12.65 43.19

low 1.40 1.52 2.85 71.76
20 1.89 2.24 0.84 83.56
150 1.13 0.68 11.81 150.29
21a 1.45 1.85 1.62 120.28
4a 1.10 1.18 5.10 94.02
400 0.35 0.93 7.73 127.83
3o 2.00 2.79 0.34 9227
So 1.45 1.84 1.67 108.32
380 0.75 1.62 241 143.81
16B 0.90 0.69 11.60 -73.58
60, 1.71 2.33 0.73 115.58
48 2.32 1.42 3.37 -31.51
Weighted average +20.36
Exp.? +18.8

a. Reference [84]

1. The absolute values for solvation energy (Gioy) are —572.705691 a.u. for conformer 20B and AGoyy = Gion (conformer X) — Gyl (conformer 20B). Gyon= Geteert Geay + Gisp-rep-
2. The absolute value for the standard solvation free energy (G, 208.15x) is —572.578622 a.u. for conformer 20B and AG® 208,15k = G solv.208.15x (conformer X) — G208 5k (con-

former 20[). G®son,208.15k takes into account the thermal and entropic corrections to Ggol-

already observed in molecular dynamics simulation studies [81]. In
particular, the dihedral angle defined by the sequence OH4-04-C4-
H4 was studied [82, 83], and the most common values found were
300° and 60°, which is in full agreement with the conformations
obtained in this study.

To validate the conformational sampling performed, the indi-
vidual OR values were calculated as previously described and re-
ported in Table 3. Because the o anomers in general have very high
individual OR values, conformers with Boltzmann population val-
ues lower than 3% were not considered in the final OR weighted
average. These relative abundance values can be considered to be
below the accuracy of the method for the energy values (in other
words, a relative abundance of 3% cannot be distinguished from
that of 0%). Because the sensitiveness of this property is very high,
non-abundant o. conformers can cause unrealistic distortions to the
final OR value. The individual OR values and the corresponding
relative abundance values considered are gray-highlighted in Table
3. When 89.54% of the xylopyranose conformers are considered in
a weighted average, the final specific rotation value obtained is
+20.36 °/(dm(g/cm?)), which is in agreement with the experimental
benchmark value of +18,8°/(dm(g/cm?®)) [84].

4. CONCLUSIONS

In this study, we have used D-xylopyranose as a test case to il-
lustrate the possibility of using quantum mechanical single point
energy calculations to sample the most stable conformations of a
monosaccharide. The sampling procedure consists of selecting
those conformations from the previous step that have relative en-
ergy values below an assumed energy cutoff value. Geometry opti-
mization calculations were performed only on these selected con-
formations.

This suggestion is subject to criticism because there is no guar-
antee that all relevant conformations at room conditions will be
recovered from those that are below the chosen energy cutoff value.
Nevertheless, it is at least a quantitative, unbiased criterion to sam-
ple on potential energy surfaces of hexoses, which have at least

1458 conformers each (if we consider as abundant in the group of
glucose epimers only the *C; chair conformation for the pyranose
ring).

The generalization of the energy cutoff value to other monosac-
charides is a work in progress. If a smaller energy cutoff is as-
sumed, to diminish the number of geometry optimization calcula-
tions needed, it may be convenient to change the description from
HF to B3LYP/6-314G(d,p) because, in the latter, the relative
energy values are more reliable, which demonstrates a very good
correlation (= 0.99354) value [85], with those obtained from the
B3LYP/6-311++G(d,p) calculations. The B3LYP/6-
311++G(d,p)//B3LYP/6-31+G(d,p) description gives converged
relative energies with a mean absolute deviation of about 0.3
kcal/mol compared to MP2 reference results [69].

The fifteen most stable xylopyranose conformers selected by
the procedure proposed here were solvated in PCM, and the solvent
effects on the geometry were also considered. Although very small
geometrical differences were found, the most stable conformer
found in the gas phase was not found in PCM as a stable conforma-
tion. The intramolecular interactions present in this conformation
are significantly disturbed by the electrostatic interactions with the
continuum, which seems to be unable to replace them.

The optical rotation property is much more sensitive to individ-
ual conformational variations than the anomeric or hydration ener-
gies. In fact, the differences found among the individual OR values
for the set of conformers considered is higher than the accuracy of
the calculated property. We believe that this property should be
used in any validation process, in addition to other properties, to
help in the selection of monosaccharides conformations as reliable
as possible.
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SUPPORTIVE/SUPPLEMENTARY MATERIAL

The optimized geometries in the Cartesian coordinates and the
energy values in PCM (Gejecqrostatic) for the fourteen conformers at
B3LYP/6-31+G(d,p) level can be found in the supplementary mate-
rial.

Supportive/Supplementary material as available on the pub-
lisher web site along with the published article.
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