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Abstract

The method and basis set dependence of the relative energies of the 'C, and “C, chair forms of B-D-glucose were
calculated for two selected, low-energy hydroxyl rotamers at various levels of generalized gradient approximation density
functional theory (GGA-DFT). The GGA-DFT and MP2 methods provide similar energetic differences for B-p-glucose
conformers. Addition of the diffuse functions to a double-zeta quality basis set and inclusion of the HF exchange into the
DFT functionals improve the agreement between the DFT and the best composite estimates of the energetic differences. The
GGA- or hybrid-DFT methods reproduce the geometrical consequences of correlation effects correctly for glucose.

1. Introduction

Because of its biochemical importance D-glucose
has been the subject of a series of recent theoretical
studies [1-10]. These studies address questions re-
lated to the stability of hydroxyl and hydroxymethyl
rotamers, the ring conformation, the structural and
energetic consequences of anomeric effect, and sol-
vation effects. Recent studies show a considerable
agreement for the anomeric and solvation effects
[3,4,6-8,11], providing that the differential anomeric
solvation effect is less than 1 kcal /mol.

Polavarapu and Ewig [4], as well as Schleyer and
Salzner [8] showed for the hydroxymethyl rotamers
of D-glucose, at HF/4-31G and 6-31G(d) levels of
theory, respectively, that the rotation of the exocyclic
hydroxymethyl group has no influence on the energy
difference between the o and B anomers. The
three-fold rotation of the four hydroxyl and the

hydroxymethyl groups, in principle, can generate
3° =729 different rotamers. Fig. 1 shows several
rotamers of the 4CI and 'C 4 conformers of (3-D-glu-
cose using the notations of our previous paper [12].
Note that only the carbon atoms are numbered.
These same numbers will be used to denote the
oxygen atoms attached to those carbons throughout
the paper. The idealized dihedral angles of the
C(n + 1)-C(n)-O(n)-H torsions, where n =
1,2,3,4 are designated by g+, t and g— for
gauche clockwise (60°), anti (180°) and gauche coun-
terclockwise (—60°), respectively. The idealized
05-C5-C6-06 dihedral angles for the hydrox-
ymethyl group are denoted by capital letters (G +, T
and G — as shown in Fig. 1).

NMR results for the rotamers of the hydrox-
ymethyl group in the 4Cl conformer of D-glucose
provided that the G — and G + rotamers were popu-
lated in about 55:45 ratio at room temperature,
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while the population of the T rotamer was negligible
(less than 2%) [13]. In the crystal structure of a-D-
glucose [14] the G — orientation was found for the
hydroxymethyl group. However, the crystal structure
represents a conformer of considerably higher en-
ergy, by 8 kcal/mol at the HF/6-31G(d) level of
theory, because in this geometry the unfavorable
orientations of the OH groups decrease the number
of intramolecular hydrogen bridges [8]. At the
HF/6-31G(d) level of theory the G — g + hydrox-
ymethyl rotamer is the most stable, however, the
differences between the three rotamers are below 0.2
kcal /mol [12]. At the HF /4-31G level of theory the
T rotamer is the most stable [4]. The inclusion of the
Gibbs energy corrections stabilizes the G — rotamer,
however, it becomes only slightly more stable (by
0.02 kcal /mol [4]) than the T rotamer. Barrows et al.
[10] have shown that a large (cc-pVTZ or larger)
basis set is required to get the correct energetic order
for the hydroxymethyl rotamers at the MP2 level of
theory. Basis set extension corrections (up to cc-
pVTQZ basis set) and correlation corrections (up to
CCSD level) were also proposed.

The conformation of the aldopyranosyl ring is
also an important issue. For B-D-glucopyranose it is
well known that it takes an all-equatorial chair con-
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formation, designated 4C1 in Fig. 1. An alternative
chair conformation, designated 'c 4 in Fig. 1, puts all
substituents in axial positions. Beside the correct
description of various rotamers, the accurate model-
ing of the energetic and structural consequences of
aldopyranose ring puckering is a challenging task
even for the most advanced levels of theory. The
results of Barrows et al. [10] show again that only
expensive MP2 calculations are able to reproduce the
experimental energetic order. However, such calcula-
tions are clearly too demanding to become routine on
a series of rotamers or conformers, or for larger
oligosaccharides.

The primary focus of this Letter is to find an
economical alternative which can provide reliable
energetic order and molecular geometry for glucopy-
ranoses. These methods will be tested on further
series of various hexapyranoses. The results of Bar-
rows et al. [10] will be used as a benchmark in this
Letter, thus we follow the selection of Barrows et al.
[10). The following codes identify the four selected
conformers (see Fig. 1): (1) *C, [tttt G +g—1,(2)
‘C, lttttTg+1, B3 'C, [tg+g——g—G+g
+, @ 'C,[g——g++g—-—-g++G-g-]
where the order of the code letters follows the
clockwise sequential numbers of the carbon atoms in

'C, chair

Fig. 1. Schematic representation of some 'C 4 and 4Cl chair hydroxyl and hydroxymethyl rotamers of [-D-glucose. The idealized
C(n + 1)-C(n)-O-H torsions are denoted by g + , t and g — for gauche clockwise (60°), anti (180°) and gauche counterclockwise (—60°)
respectively, where n=1, 2, 3, 4. The idealized O5-C5-C6-06 dihedral angles for the hydroxymethyl group are denoted by capital
letters: G+, Tand G —, g + + or g — — notate torsions far from the idealized values for the 'C, chair conformer.
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Fig. 1, and g+ + or g — — denotes further devia-
tion compared to the idealized angles.

It should be noted that the selection of the con-
formers by Barrows et al. [10] is somewhat arbitrary.
For example, the 4C1 [ttttG— g+ ] conformation,
which was not considered, is certainly close in en-
ergy to conformers (1) and (2). It is also possible that
other rotamers may be equally or more stable than
conformers (3) and (4). However, our results show
that some of the important features of the conforma-
tional space is well represented by these four con-
formers and they are suitable for benchmark pur-
poses. The analysis of these structures leads to a
better understanding of the real features of aldo-
hexapyranose rings and the role of the electron corre-
lation effects in the OH - - - O interactions.

2. Computational methods

We use the following combinations of the DFT
functionals:

(i) BP or Becke—Perdew method, in which
Becke’s exchange functional [15] is combined with
Perdew’s correlation functional [16].

(i) B3P is a hybrid method. It is a three-parame-
ter linear combination of the HF, Slater and Becke
exchange functionals, and Vosko, Wilk and Nusair
[17] and Perdew [16] correlation functionals. The
parameters A, B and C were determined by Becke
by fitting heats of formations (A =0.2, B=0.72, C
=0.81) [18]. Note that Becke used the Perdew—
Wang (PW91) functional instead of P86 [18].

(iii) B3LYP is a hybrid method. This functional
was first implemented into the GAUSSIAN 92 /DFT
[19] program. It is a logical extension of Becke’s
three-parameter concept using the LYP correlational
functional [20].

The geometries were optimized using the Berny
algorithm combined with redundant internal coordi-
nates built into the GAUSSIAN 94 program [21].
The DFT calculations were carried out using the sgl
(pruned to about 3000 points per atom) and fine

Table 1
Calculated total (E,) and relative (kcal /mol) energies of the four selected B-D-glucose conformers ?
Method Conformer

6)) ) (©)) @
HF/3-21G —679.55250 -2.09 ~6.55 —7.68
HF/6-31G(d) —683.33194 -0.15 6.73 6.76
HF /cc-pVDZ ° —683.40610 -0.09 6.23 6.34
HF /cc-pVTZ/ /HF /cc-pVDZ ® —683.61764 0.35 9.78 9.87
HF /cc-pTVQZ/ /MP2 /cc-pVDZ ® —683.65029 0.48 13.07 16.78
MP2/6-31G(d) ® —685.17603 -0.45 0.66 —-0.60
MP2/cc-pVDZ ® —685.34107 -0.50 —0.11 —0.81
CCSD/6-31G(d)/ /MP2/6-31G(d) ® —685.24789 -0.34 2.07 1.68
MP2/cc-pVTZ/ /MP2 /cc-pVDZ ® — 686.05046 0.07 413 3.65
composite E ° —686.16144 0.27 6.41 6.99
composite Ggq (rot-vib) ° —685.97132 0.58 8.24 8.80
BP/6-31G(d) —687.15320 -0.77 —0.66 —4.40
B3P/cc-PVDZ/ /MP2 /cc-pVDZ —688.94839 ~0.89 —-0.16 —-2.45
B3LYP/6-31G(d) —687.14920 -0.70 1.65 -0.60
B3P/6-311G(d,p)/ /MP2 /cc-pVDZ —689.09736 -0.52 2.15 0.85
B3P/6-31G(d) —688.88034 -0.80 2.97
BP/6-31 + G(d)/ /MP2 /cc-pVDZ ~687.19506 -0.16 3.39 1.69
BP/6-31 + G(d) ~687.19818 -0.15 494 2.79
B3P/6-31 + G(d)//MP2 /cc-pVDZ —688.91578 -0.30 5.43 424
B3P faug-cc-PVDZ/ /MP2 /cc-pVDZ —689.02121 0.02 6.18 5.28
B3LYP/6-31 + G(d) ~687.19449 -0.12 6.92 493
B3LYP/6-31 + G(d)/ /MP2 /cc-pVDZ —687.19207 -0.16 7.19 6.74

* See text for the numbering and geometry of conformers.
® Ref. [10].
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(pruned to about 7000 points per atom) grids. The
6-31G(d), 6-31 + G(d), 6-311G(d,p) [22], cc-pVDZ,
and aug-cc-pVDZ [23] basis sets were used. The
calculations were performed on Silicon Graphics and
IBM workstations.

3. Results and discussion
3.1. Relative energies

Earlier results, in Table 1, show that there is a
monotonic change in the energetic order as the basis
set quality increases at the HF level of theory. The
HF/3-21G results are inadequate for the energetic
order because the HF /3-21G method overstabilizes
the 'C, conformers relative to the “C, conformers.
The HF /6-31G(d) and cc-pVDZ results provide quite
good relative energies that are close to the results of
the most expensive calculations, while the HF /cc-
pVTZ or cc-pVTQZ methods understabilize the 'C,
conformers [10]. The HF method supplemented with
good quality basis sets tends to underestimate the
H - - - OH interactions, because it overconcentrates
the electron density around the atoms and in the
normal covalent bonding regions and underconcen-
trates it in the other regions of space. The lC4
conformations are sensitive to this effect because the
strength of the 1-3 OH interactions may casily be
decreased by small (low-energy) deformations of the
'C . ring and the exocyclic hydroxyl groups causing
considerable increase in the H - - - O distances. The
monotonic change in the relative stabilities as a
function of basis set quality provides an opportunity
to find a basis set for which the basis set truncation
error compensates the inherent deficiencies of the
HF method for the relative energies of the four
conformers studied in this Letter. Using a double-zeta
quality basis set is close to the optimal choice for
this type of energetic order at the HF level of theory
(see Table 1).

The results of Barrows et al. [10] show that the
inclusion of the electron correlation at the MP2,
CCSD/6-31G(d) and MP2 /cc-pVDZ levels of the-
ory provide rather poor energetic order (Table 1).
This is expected because the introduction of electron
correlation increases the H - - - OH stabilization ef-
fects for the 'C,, ring relative to the HF method, thus

worsening the good HF results by 6-7 kcal/mol.
Considerably larger basis sets (cc-pVTZ or larger,
see Table 1) are required at the MP2 level of theory
to approach the real energetic order somewhat better.
It should be noted that even this level of theory is
not fully satisfactory and further basis set and corre-
lation corrections are necessary to improve the re-
sults [10]. This behavior limits the applicability and
value of MP2 calculations for conformational studies
of aldohexapyranoses. It should be noted that the
computational expense of the MP2 method is for-
mally O(N?®), where N is the number of basis
functions in the molecule. The DFT methods may
provide a less expensive alternative for estimating
correlation effects. The cost is formally O(N?),
which may be reduced by efficient implementations
[24].

The results in Table 1 show that the various DFT
methods supplemented with the double-zeta quality
basis set provide similar energetic results as the MP2
method. They fail in the same way as the MP2
method failed. However, the results also show that
the addition of diffuse functions (e.g. 6-31 + G(d) or
aug-cc-pVDZ) improve considerably the DFT ener-
getic order. This is because the diffuse functions
provide a space for the electrons far from the nuclei,
thus the long-range part of the correlation and ex-
change functionals work better for the OH--- O
interactions. A similar behavior was experienced by
Del Bene et al. [25] for the weak interactions with
the B3LYP functional. The inclusion of the exact
exchange into the functional (B3P or B3LYP meth-
ods) improves the agreement between the DFT and
MP2 or composite results (see Table 1) considerably.
Most of the energy calculations were performed with
the MP2/cc-pVDZ geometries, because the geome-
try optimizations are rather expensive. The energetic
effect of the geometry optimization was studied for
the BP/6-31 + G(d) and the B3LYP/6-31 + G(d)
calculations. The agreement with the best composite
energy is slightly improved in the former and slightly
worsened in the latter case by the geometry opti-
mization. The relative energy changes are below 1.5
kcal /mol (see Table 1).

The reproduction of the correct energetic order for
the two "C, hydroxymethyl rotamers (1 and 2) is
also a challenging task for the various methods.
According to the experimental results the T rotamer
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is less stable than the G + rotamer. The HF and
MP2 methods are able to reproduce this energetic
order only with the largest basis sets (see Table 1).
The HF, MP2 or CCSD methods supplemented with
polarized double-zeta quality basis sets provide the
opposite energetic order than the experiment by
0.15-0.50 kcal /mol (see Table 1). Our recent GGA-
DFT/6-31G(d) calculations provided even larger
(0.7-0.8 kcal/mol) relative stabilization for the T
rotamer compared to the G + rotamer [12]. Only the
B3P /aug-cc-PVDZ/ /MP2 /cc-pVDZ calculations
indicated the G + rotamer (1) to be slightly more
stable than the T rotamer (2).

3.2. Molecular geometry

For the G — g + hydroxymethyl rotamer of 4C1[3'
p-glucose, (1), the experimental X-ray crystal struc-
ture is available [26]. The MP2 /cc-pVDZ calculated
geometry is in good agreement with the experimental
results for the bond lengths [10]). The largest devia-
tion is 0.01 A (see Table 2). The endocyclic torsional
angle differences between the calculated and experi-
mental geometry range up to 5°, these variations,
however, can be attributed to crystal packing effects
[27]. Experimental data are not available for the
other three conformers. For these conformers we
take the MP2/cc-pVDZ calculated geometries as
reference.

The results in Table 2 show that the bond length-
ening correlation effects are largest in the BP/6-
31G(d) method. Adding diffuse functions to the
heavy atoms provide a further small bond lengthen-
ing (about 0.002 1&). The BP method clearly overcor-
relates compared to the MP2 method in this sense.
The introduction of the exact exchange in the hybrid
forms of B3P or B3LYP decreases the bond length-
ening effects. The results in Table 2 suggest the
following relations for the C-~C and C-O bond
lengths: r(HF) < r(B3P) < r(MP2) < r(B3LYP) <
r(BP) (all methods are supplemented with 6-31G(d)
or 6-31 + G(d) basis sets). This observation is in
perfect agreement with our earlier observations for
C-O and O-H bond lengths with double- and
triple-zeta quality basis sets [28]. The difference
between the B3P, MP2 and B3LYP results is small
(Table 2). It should be noted that for the bond angles
the BP method shows a better agreement with the

MP?2 results than the hybrid methods (Table 2). The
grid size influences the calculated molecular geome-
tries only marginally (see Tables 2 and 3). This
makes it possible to use the more economical sgl
grid instead of the more expensive fine grid for sugar
calculations. The B3LYP/6-31 + G(d) calculations
differ considerably from the MP2 and other calcula-
tions for 'C, conformer (4). The MP2 results show
that the hexapyranose ring in this conformer is
distorted by the OS5 --- H2-02 --- H4 and
Ol ---H3-03 --- H6-06 - - - H1 interactions. In
the B3LYP/6-31 + G(d) equilibrium geometry the
C3-C2-0-H and C4-C3-0-H dihedral angles ro-
tate from their starting positions (g + + and g — —,
respectively) toward t positions (see Table 3 and Fig.
1), resulting in considerably smaller ring distortion
and breaking the O1 - - - H3 and O5 - - - H2 interac-
tions. Similar results were obtained by the BP /6-31
+ G(d) calculations for the C3—-C2-O-H dihedral
angle (Table 3).

Table 3 shows the method and conformer depen-
dence of the main geometric components of the
O - --H interactions. The difference between the
ideal and calculated C—C—OH dihedral angles may
signal the strength of the interaction. For the 4Cl
conformers the HF method turns these dihedral an-
gles toward their ideal values, while the inclusion of
electron correlation provides a larger difference from
the ideal values (see Table 3 and Ref. [12]). For 'C .
conformers, (3) and (4), the deviations of the C—C-
O-H dihedral angles are as large as 40° and 55°,
respectively. In these conformers the repulsive
eclipsing interactions of the OH groups with the ring
C-C bonds is counterbalanced by the O - - - H inter-
actions and nearly eclipsed rotamers occur. How-
ever, this effect is rather sensitive to the method and
basis set. For conformer (4) the inclusion of diffuse
functions into the basis set turns the second and third
OH groups away from the O4 and Ol atoms (see
B3LYP or BP method in Table 3), respectively. This
not only decreases the repulsive eclipsing interac-
tions, but it also decreases the distortion of the ring
as noted above. It is probable that larger basis sets
would also influence the MP2 results of Barrows et
al. [10). Conformer (3) shows a fair stability in this
respect. It should be noted that the H-C(n)-O-H
dihedral angles, measurable by NMR experiments,
can be derived within 3° error bar from the C(n +
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1)-C(n)-O-H dihedral angles by subtracting 120°
(if n=1, 3) or adding 120° (if n =2, 4) to them at
the HF and GGA-DFT levels of theory [12].

Some of the earlier characterizations of the
O - - - H interactions used the O - - - H distance and
one angle (e.g. O ---H-O or R-O-C - - - H out of
plane angle [29]). The O - - - H-O angle is not dis-
cussed here, because the linearity and non-linearity
of the O - - - H-O angle is extensively discussed in
the literature [30] and this parameter is completely
insensitive to the spatial arrangement of the oxygen
lone pairs. Also in sugars this angle is determined by
other geometrical constraints and it deviates consid-
erably from 180°. The low experimental IR frequen-
cies for the proton acceptor bending signal that the
energy hypersurface is flat in this direction and little
energy is required to reorient the acceptor molecule
[30]. The O - - - O distance and two angles are used
for the precise description of symmetric, C_, water
dimer [31] or methanol and sylanol dimers [32].

Alternatively, the O --- H interactions for non-
symmetric cases can be characterized in a polar
coordinate system centered on the O atom by three
coordinates that provide the exact position of the H
atom: the O--- H distance, the C-O --- H angle
and the R—O-C - - - H dihedral angle.

Bader et al. have shown that two minima exist for
the Laplace concentrations of electron density around
the O atoms [33]. These minima are rigorous and
exact mathematical representations of the O lone
pairs. The position of these minima can be character-
ized the same way as the position of the H atoms
(the sign of the dihedral angle tells at which side of
the molecule the points are). The angular position of
the points where the negative Laplacian attains its
minimal value (LM) are 99-100° and + 104-105°
for the C-O-LM and R-O-C - -- LM angles, re-
spectively. Marshall et al. [34] considered these points
as a site of electrophilic attack by the H atoms.
Analysis of the 3D isosurfaces of the norm of the
electron density gradient shows that an elliptic lens-
shaped surface appears around the bond critical point
between the interacting O an H [35]. Analysis of the
3D isosurfaces of the negative Laplacian concentra-
tion around the minima shows that the negative
Laplacian concentration remains considerably large
between the two minima (large torsion angles) and a
sharp cut-off experienced at small angles (below

90°). Our investigation of the O - - - H interactions in
1,2-ethanediol also shows that the interaction is spa-
tially extended [28]. A detailed discussion of the
shape of the Laplacian concentration is beyond the
scope of this Letter and will be given in a subsequent
paper.

The results in Table 3 show that the various
O - - - H interactions can readily be differentiated by
the proposed geometric parameters. In the 4Cl con-
formers the O - - - H distances, C-O - - - H bond an-
gles and R-O-C - -- H torsion angles are in the
range 2.26-2.45 A, 77-80° and + 140-150°, respec-
tively (Table 3). The geometric parameters of the
04 - - - H6 interaction in conformer (2) are different
from these values (Table 3). For 'C, conformers the
O - - - H distances are considerably smaller (1.72—
1.95 A) signalling a stronger interaction. The only
exception is the OS - - - H2 interaction in conformer
(4) (Table 3). For 'C, conformers the C-O - -- H
angles are closer to their optimal values and this
gives a considerable stability for conformer 3), in
which the dihedral angles are also close to their
optimal values. In conformer (4) the O1 - - - H3 and
OS5 - - - H2 interactions are particularly weak. This
can be attributed to the small C-O---H and/or
R-O-C---H angles. The small angles for C—-
O:---H or R-O-C - - - H provide weaker interac-
tion while large R—O-C - - - H torsion angles (above
120°) are not so disadvantageous. This supports our
proposition that the shape of the negative Laplacian
concentration around the O atom plays a role in the
interaction.

5. Conclusions

The following conclusions can be drawn from the
discussion above.

(1) GGA- or hybrid-DFT methods and the MP2
method provide similar energetic differences for B-
D-glucose conformers. Addition of the diffuse func-
tions to a double-zeta quality basis set and inclusion
of the exact exchange into the DFT functionals
improve the agreement between the DFT and MP2
or best composite estimates of the energetic differ-
ences considerably.

(2) The GGA- or hybrid-DFT results show that
these methods reproduce the geometrical conse-
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quences of correlation effects correctly for glucose.
The extent of the correlation effects, however, varies
with the applied functional. For C-C and C-O bond
lengths the order is the following: »(HF) < r(B3P)
<r(MP2) < r(B3LYP) < r(BP). The BP method
shows the best agreement with the MP2 results for
the bond angles.

(3) The difference between the ideal and calcu-
lated C~C—OH dihedral angles signals the strength
of the O---H interactions. The inclusion of the
electron correlation provides larger differences for
the “C, conformers. For the 'C + conformers the
deviations are large because the repulsive eclipsing
interactions of the OH groups with the ring C-C
bonds is counterbalanced by the O - - - H interactions
and nearly eclipsed rotamers occur. However, this
effect is rather sensitive to the method and basis set.
The inclusion of the diffuse functions into the basis
set results in different rotamers.

(4) We characterized O - - - H interactions in a
polar coordinate system centered on the O atom by
three (one radial and two angular) coordinates. The
analysis shows that the angular position of the min-
ima of the negative Laplacian concentrations (LM)
are 99-100° and + 104-105° for the C—O-LM and
R-O-C - - - LM angles, respectively. Our results in-
dicate that the various O - - - H interactions can read-
ily be differentiated by the proposed geometric pa-
rameters. The small values for angular coordinates
provide weaker interactions while large R-O-
C - - - H torsion angles (above 120°) are not so disad-
vantageous in this respect. This supports that the
shape of the negative Laplacian concentration around
the O atom plays a role in the interaction.
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