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Abstract

The conformational space of selected aldo-pyrano-hexoses was searched by the MM2 “~SUMM (systematic unbounded multiple
minimum) molecular mechanics conformational search technique. The first 19 structures of lowest energy were analyzed at the HF/
3-21G, 6-31G(d) and generalized gradient approximation—density functional (GGA—DFT) levels of theory. The interactions of the
hydroxyl groups were analyzed by employing the gradient vector field theory. © 1997 Elsevier Science B.V.
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1. Introduction

In aqueous solutions the 16 p-aldo-hexoses exist
almost exclusively in the pyranosyl (6-membered
ring) form. These rings take either of two non-equiva-
lent chair forms [1] or, in a few instances, also popu-
late skew or skew-boat forms [2]. For any given ring
form, the, three-fold rotations of the four hydroxyl and
the hydroxymethyl groups can generate 3° = 729 dif-
ferent rotamers. Not all of these will be stable. How-
ever, it is expected that there will be numerous fairly
stable forms for each sugar.

The conformers of four aldo- hexoses («- and §8-D-
glucose and - and 3-D-mannose) are shown in Fig. 1
for the dominant (in the case of these sugars) ‘C, ring
shape. The equatorial OH at C2 refers to pD-glucose,
while the axial OH indicates D-mannose, and the

* Corresponding author.

axial and equatorial dispositions the OH group at
C1 define whether the molecule is the a- or (8-
compound, respectively. It is not necessary to
study the energetics of both the p- and L-enantio-
mers because a 'C, L-sugar is the mirror image of
the *C, p-sugar.

The anomeric effect that was originally discovered
for sugars [3-5] in aldo-pyrano-hexoses manifests
itself as the substituent effect of electronegative
groups at C1, which increases the population of the
« anomer at the expense of the 3 form. For example,
the proportion of the axial a-anomer is about 67% for
D-mannose [3]. For other aldo-pyrano-hexoses, e.g.
glucose, galactose, and gulose this effect is apparently
weaker because the « anomers have populations of
about 36, 31 and 18%, respectively [3].

Glucose has been the subject of extensive theoreti-
cal studies [6—10]. The HF/4-31G [9] and HF/6-
31G(d) [10] calculations provide that the «-anomer
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Fig. 1. Nllustration of the conformational spaces of the “C| pyranose
rings of the («,B)-D-glucose and mannose (OH axial at C2). The
idealized C(x + 1)~Cx-O-H torsions are denoted by g*, tand g~ for
gauche clockwise (60°), anti (180°), and gauche counterclockwise (
—60°) respectively where x=1,2,3,4. The T, G+ and G — symbols
denote the positions of the oxygen in the hydroxymethyl group
(05-C5-C6-06 torsions). The idealized C5-C6-06-H torsions
are denoted by g +,tand g —.

is the more stable by 2.2 and 1.2 kcal mol™, respec-
tively. This varies from the experimental 0.3 kcal
mol ™' preference for the 8-form in aqueous solution.
Lemieux et al. [11] showed, based on NMR data, that
hydroxylic solvatation decreases the anomeric effect
(i.e. it increases the preference of the 3-anomer). The
calculated results agree well with the experimental
results in this respect for simple pyranoses [5,12,13]
and their derivatives [14,15], although different
conclusions have been drawn regarding the nature of
the differential solvatation effect (i.c. whether it
involves hydrogen bonding [11,13,16,17] or it is
related mainly to electrostatic effects [12,14,18]). In
addition to the solvent effects, the zero point
energy difference between (AZPE) should also be
considered [9]. This results in 0.5 kcal mol™ prefer-
ence of the B-anomer. The third source of the calcu-
lated «-anomer preference at HF/6-31G(d) level of
theory is a basis set error of 0.5 kcal mol ' [10]. The
addition of a solvent effect of 0.5 kcal mol™ to the
basis set error and the AZPE would result in agree-
ment with the observed (0.3 kcal mol™) preference
for the 8 form.

The internal rotation of the hydroxymethyl
group was also studied in a number of publications.

Polavarapu and Ewig [9] proved that the conforma-
tion of the CH,OH has no influence on the energy
difference between the two anomers, at the HF/4-
31G level of theory. Schleyer et al. [10] showed that
this remains true at HF/6-31G(d) level of theory.
NMR results for the CH,OH group suggest that the
G - and G + (see Fig. 1, the methoxy oxygens are
denoted by capital G and T) conformations are popu-
lated in about 55:45 ratio at room temperature, while
the population of the T conformation were considered
negligible (less than 2%) [19]. At HF/4-31G level of
theory the T conformation is the most stable [9]. How-
ever, the comparison of the Gibbs energies, instead of
the electronic energies, shows that the G — conformer
is slightly more stable, by 0.02 kcal mol™ [8]. In the
crystal structure of the a-D-glucose [20]. the latter, the
G ~ orientation was found for the CH,OH group.
However, the crystal structure represents a conformer
of considerably higher energy, by 8 kcal mol ™" at HF/
6-31G(d) level of theory, because at this geometry the
unfavourable orientations of the OH groups decreases
the number of intramolecular hydrogen bridges [10}.
In the present paper the conformational space of
aldo-pyrano-hexoses is searched by the MM2'—
SUMM method. During conformational searches
pyranose rings were temporarily cleaved; thus, all
twisted and boat ring conformations were screened
as potential minima. We analyze the first 19 low
energy structures at the HF3-21G, 6-31G and general-
ized gradient approximation (GGA) DFT levels of
theory. The interactions of the hydroxyl groups are
analyzed by the help of gradient vector field theory.

2. Computational methods

The search for stable conformers in the conforma-
tional space of aldo-pyrano-hexoses was carried out
using the MACROMODEL 4.0 program package [21].
The MM2" force field available in MACROMODEL has
been used which differs from the original MM2 force
field [22] only in that it employs the point-charge
Coulomb potential to describe the electronic—electro-
static interactions. The conformational space was
searched using a particularly efficient SUMM
(systematic unbounded multiple minimum) search
technique [23] that is available in MACROMODEL. Dur-
ing conformational searches, aldo-pyrano-hexoses
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were temporarily cleaved, according to the ‘‘ring-
master’’ approach of Still and Galynker [24]. The
3500 structures generated by the SUMM procedure
were re-closed and minimized to yield unique confor-
mers within an energy window of 40 kJ mol ™' above
the global minimum. Geometry optimizations were
carried out with a truncated Newton conjugate gradi-
ent (TNCG) technique [25] with maximal number of
iterations set to 150, and using a convergence criteria
of 0.01 for gradient norm. This procedure resulted in
320 minima.

The first 19 minima obtained by the MM2 -
SUMM search were further optimized by HF and gen-
eralized gradient approximation density functional
(GGA-DFT) methods. The use of density functional
methods might be advantageous to recover electron
correlation effects that are not included in the HF
method. Kohn and Sham [26] proved that the exact
ground-state density and energy of a many-electron
system may be found like that of a Hartree—Fock (HF)
self consistent field (SCF) method. In the Kohn—Sham
(KS) method, the HF exchange energy is replaced by
the exchange-correlation energy that is a functional of
the electron density and the HF exchange potential is
replaced by the exchange-correlation potential,
termed KS potential, which is the functional deriva-
tive of the exchange-correlation energy [27,28]. This
formalism seems to be an economic alternative com-
pared to the extremely expensive configuration-inter-
action-based methods used currently for the electron
correlation. However, the exact molecular KS poten-
tials are generally not known, consequently approxi-
mate potentials are used in the practical calculations.
We employed the following combinations of the
GGA-DFT functionals:

(1) BP or Becke—Perdew method, in which Becke’s
exchange functional [29] is combined with Perdew’s
correlation functional [30].

(ii) B3P is a hybrid method. 1t is a linear combina-
tion of various exchange and correlational functionals
in the form:

A-E.[HF} +(1-A)-E,[S]+B-AE.[B]+ E.[VWN]
+C-AE_[P86],
where E [HF], E [S] and AE[B] are the HF, Slater

and Becke exchange functionals; and E [MN] and
AE [P86] are the Vosko, Wilk and Nussair [31] and

Perdew [30] correlation functionals, respectively.
Note that AE,[B] is a gradient correction to the S +
WVN or LSDA, for exchange and AE [P86] is a
gradient correction for correlation. The constants A,
B and C are those determined by Becke by fitting
heats of formations (A = 0.2, B = 0.72, C = 0.81)
[32]. Note that Becke used the Perdew—Wang
(PW91) functional instead of P86 [32].

(iii) B3LYP is a hybrid method. This functional was
not published before the implementation into the
GAUSSIAN 92/DFT [33). It is a logical extension of
Becke’s three-parameter concept using different cor-
relational functionals (e.g. LYP) in the form:

A-E[HF] + (1 — A)-E,[S]+B-E[B] + (1 -C)-E.[VWN]
+C-E,[P86],

The constants A, B and C are selected to be equal to
those determined by Becke for the B3P method [32].

GAUSSIAN 92/DFT [33] uses numerical quadrature to
evaluate the DFT integrals. The quadrature scheme is
defined by the number of points in the radial and
angular directions. The geometries were optimized
with a normal grid (50 radial shells, 194 angular
points per shell, pruned to about 3000 points per
atom).

The HF and GGA-DFT calculations were carried
out using 3-21G [34] and 6-31G(d) [35] basis sets.

The properties of the gradient vector field of the
electron density, Vp(r), were calculated from the
wave functions calculated by the G92/DFT using
AIMPAC package, [36] which was modified in our
laboratory to perform the grid calculations. The
gradient vector field theory for the analysis of electron
density has been pioneered by Bader and it has been
reviewed recently [37,38]. Using this approach,
gradient trajectories of the electron density can be
identified. The gradient vector field of the electron
density, Vp(r), has a set of attractors, where the
basin of an attractor is defined by the ‘‘catchment
region’’ of points for which this attractor is the so-
called w-limit. These basins are recognized as atoms
in molecules and an atom in a molecule is defined as a
set of points in three-dimensional space bounded by a
zero-flux surface. Two interacting atoms are con-
nected by a maximum electron density (MED) path
which terminate near the neighbouring nuclei
(attractors). The MED path is alternatively called
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bond path. The necessary condition for a bond is the
existence of a bond path between the two nuclei. The
molecular graph is the network of bond paths. Along a
bond path there exists a critical point where the Vp(r)
= 0. This critical point is called bond critical point
(BCP) and it is a minimum of p(r) along the MED
path and a maximum of p(r) in all directions perpen-
dicular to the MED path. It corresponds to a multiple
saddle point of p(r) in three dimensions. This saddle
point may be characterized by the three eigenvalues of
the second derivative (Hessian) matrix, the first two
eigenvalues (\; and ;) are negative, the third eigen-
value (A3) is positive at BCP. In a usual sigma bond
the two negative eigenvalues are equal to each other
because of the cylindrical symmetry. In the double
bonds and ring bonds the negative eigenvalues are
different (A\; < A,) the bond is elliptic. The ellipticity
is defined as: € = N{/A; — 1. Inside of a ring of the
MED paths there exists a ring critical point (RCP). In
this type of saddle point the first eigenvalue is nega-
tive, and the two other eigenvalues are positive. This
means that the electron density is minimum in two
directions (in a plane) in this point. For the symmetric
rings, the two positive eigenvalues are equal to each
other. During the formation of a ring, a conflict point
appears first because one BCP and RCP merge, result-
ing in an elliptic critical point with an eigenvalue of
nearly zero.

The trace of the Hessian matrix, the Laplacian of
the electron density p(r), V2p(r), is of fundamental
physical significance. The detailed analysis shows
that the sign of V2p(r) is determined by the relative
magnitudes of the local values of the potential and
kinetic energy densities. In regions where V2o(r) is
negative, the potential energy is dominant and the
negative charge is concentrated. In the regions with
positive V2p(r) the kinetic energy density dominates
and a depletion of negative charge occurs.

The visualization of the results was created by our
programs written with the Explorer™ development
package. All calculations were performed on Silicon
Graphics workstations.

3. Results and discussion

The MM2 -SUMM results, summarized for the
first 19 minima in Table 1, show that the first six

lowest energy conformers are various “C, p-mannose
conformations (axial OH at the C2 in Table 1). The
various C,, aldo-pyrano-hexose conformations and
configurations are numbered according to the MM2~
energy sequence and the conformations and config-
urations are notated according to Fig. 1. The MM2’
results contradict experimental results providing
that the anomer of the mannose is more stable than
the B-anomer. Further mannose conformations can he
found in the rows 8, 10, 15, 16, 17 and 19 of Table 1.
The remaining conformations and configurations,
shown in Table 1, are various glucose conformations,

a: t(a) g+ tt Tg+ (row 7 inTable 1)

Fig. 2. The « and 8 anomers "D,-glucose,
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the only exception is a gulose (row 11). The results
show qualitatively that the three-fold rotator model is
not suitable for the description of the rotation of the
OH groups of the aldo-pyrano-hexoses. The relative
orientations of the four OH groups on the C1-C4
atoms of the pyranose ring allows for strong coupling.
In the most stable conformation, the number of pos-
sible OH---O interactions is maximal and this leads to
the formation of an intramolecular chain of OH
groups. The formation of these bridges distort the
ideal three-fold potential energy surface and counter-
clockwise, ttttTg + like (e.g. conformations 2, 4, 7,
9,12, 13, 14, and 18 in Table 1) or clockwise, g — g +
(a) g+ g— Ttlike (e.g. conformations 1, 3, 5, 6, 8, etc.
in Table 1), patterns appear (the order of the letters
follows the clockwise sequential numbers of the car-
bon atoms). These effects dramatically reduce the
number of possible rotamers. Fig. 2 shows the lowest
energy «- and B3-D-glucose conformations with
counterclockwise OH orientations (conformations 7
and 12 in Table 1).

G.1. Csonka et al./Journal of Molecular Structure (Theochem) 395396 (1997) 29—40

The orientation of the CH,OH group is influenced
only slightly by the formation of the intramolecular
OH chains. The CH,OH group shows the expected
three-fold rotation pattern (c.f. rows 5, 6, 16 or 2, 4,
15 or 7, 9, 13 (triplets) in Table 1).

The HF/3-21G and 6-31G(d) results in Table 1
show clearly that the MM2" energy order does not
agree with the HF energy order and even at the HF
level the basis set dependence of the energy differ-
ences is large. To facilitate the comparisons, the
relative energies compared to the lowest energy -
D-glucose (7th row in Table 1) are shown in separate
columns of Table 1. The HF/3-21G method provides
that one of the mannose and gulose conformations
(Sth and 11th row in Table 1) have an energy that is
lower than the reference (7th row in Table 1). The HF/
6-31(d) energy order differs from that obtained at the
HF/3-21G level (e.g. the structure 11 is less stable
than the structure 7) and the former method results
in smaller energy differences. Fig. 3 shows the
energy differences in graphical form to facilitate the
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Fig. 3. The relative energy differences of aldo-pyrano-hexoses calculated with MM2, HF/3-21G, HF, BP, B3P and B3LYP/6-31G(d) methods.

The numbering of conformations is given in Table 1.
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comparison. The HF results are in agreement with
experiment suggesting that the a-anomers of the *C,
p-mannose (rows 5 and 6 in Table 1) are more stable
than the corresponding B-anomers (rows 1 and 3 in
Table 1). The energy difference is about 2 and 0.4
kcal mol™ at HF/3-21G and HF/6-31G(d) levels of
theory, respectively.

Our recent GGA-DFT results [39] for 1,2-ethane-
diol show that the theoretical predictions are consis-
tent with the experimental observations. There exist
two conformers (gGg — and tGg — ) which are nearly
equally stable. In this respect the GGA-DFT results,
especially the B3P/6-311G(d,p) results, are in good
agreement with the MP2/6-311G(d,p), and MP2/
cc-pVDZ results. The B3P/6-31G(d) results are
close to the CCSD(T)cc-pVDZ//MP2/cc-pVDZ
and MP4/6-311G(d,p)//MP2/6-311G(d,p) results.
The HF/3-21G method provides an exaggerated
stability for the tGg-conformation compared to the
tGt and tGg rotamers.

For aldo-pyrano-hexoses, the GGA-DFT methods
follow approximately the HF/6-31G(d) ordering;
however, they result in considerably larger energy
differences. It is seen that the GGA-DFT methods
agree well with each other and they may differ con-
siderably (by 2-3 kcal mol™) from HF3-21G results
(Fig. 3). The a-anomer of the ‘C, p-glucose is pre-
dicted to be more stable than the 3-anomer by 1.8-2.2
kcal mol™ depending on the GGA-DFT functional
(c.f.rows 7 and 12 in Table 1). The GGA-DFT results
are in disagreement with experiment suggesting that
the a-anomer of the *C,; D-mannose is less stable than
the corresponding (-anomer (c.f. rows 5 and 1 in
Table 1).

Table 2

Next we compared the total energy of the t(a) t tt
Tg + rotamer (not shown in Table 1) of a-D-glucose
to that of the lowest energy rotamer (t(a) g+ ttTg +
in row 7 in Table 1) at HF, BP and B3P/6-31G(d)
levels of theory. In the former conformation, the inter-
action between the first two OH groups is broken,
while the interaction between the other OH groups
is conserved. The breaking of the OH:--O chain
between the Cl and C2 atoms results in a higher
energy, by 3.70, 5.06 and 5.02 kcal mol ™!
respectively.

Table 2 shows the geometrical parameters for some
selected conformations at HF/3-21G level of theory.
The comparison of the C1-05, C1-0O1 and C1-H
distances of the conformers 7 and 12 reveal that the
geometric consequences of the anomeric effect are
reproduced at HF/3-21G level of theory. The C5-
O-C1 and O-C1-1 bond angles are smaller in 3-
anomers. The dihedral angles frequently show large
deviation, in some cases as large as 20°, from the ideal
angles, because of the OH:--O interactions.

Table 3 shows the GGA-DFT geometrical para-
meters for six low energy rotamers of « and (8-p-glu-
cose. The longest bond lengths are provided by the BP
method. The HF exchange included in the B3P
method provide slightly shorter C-O bonds. In the
a-anomer the C1-05 bond length is 0.01 A shorter
than the C1-O1 bond length. In the «-anomer
the C1-05 bond length is 0.03 A longer than the
C1-01 bond length. The C1-H bond length is
001 A longer in B-anomer than in «-anomer.
The C5-0-C1 and O-C1-O bond angles are 2.5
and 4° smaller in S-anomer than in o-anomer respec-
tively. The differences mentioned are seemingly

Geometrical parameters for selected conformations at HF/3-21G level of theory®

Bond lengths Bond angles Dihedral angles

No. C5-05 C1-0O5 C1-O1 Ci-H (C5-0-CI 0O-Cl-O  CI-O-H 1 2 3 4 5 6

2 1447 1423 1416 1.083 1155 107.0 110.1 159.2 2019 -827 1613 1720 469
3 1445 1436 1396 1.079 1164 108.8 -449 477 505 -843 -6L5 57.1
4 1457 1422 1416 1.087 115.6 107.4 110.6 197.6 2009 -819 1676 587 -543
5 1444 1422 1422 1077 1164 110.4 111.1 180.1 46.2 493 -454 1868 1794
6 1453 1423 1421 1077 1157 110.4 111.3 181.0 475 518 -859 -622 54.8
7 1451 1415 1428 1.078 1163 112.2 112.2 181.2 80.0 1898 167.3 171.6 446
9 1461 1415 1427 1078 1165 112.3 112.3 180.6 792 1894 1687 576 -548
12 1448 1426 1408 1.085 1143 109.6 111.2 1917 1781 1876 1689 1716 445

? Bond lengths are in A, the angles are in degrees.
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Fig. 4. Iilustration of the results of the gradient vector field analysis
fort(a) g+ ttT g+ rotamer of (a-D-glucose calculated at HF/6-
31G(d) level of theory. Ring critical points are marked by ~, bond
critical points are marked by x .

method-independent. Comparison of the C1-O-H
bond angles in Table 2 and Table 3 provide that the
HF/3-21G method gives a too large bond angle.
The wide C-O-H bond angle is clearly the result of
the basis set deficiency of the 3-21G basis set. A
polarization function on the O atom would result in
better bond angles (c.f. HF/6-31G(d) results in Table 3).

The method dependence of the six dihedral angles
in Table 3 is small, which is rather encouraging. How-
ever, the differences between the HF and DFT dihe-
dral angles in Table 3 show that correlation effects
may play an important role in determining, the orien-
tation of the OH hydrogens.

Next we performed a gradient vector field analysis

of the electron density of the t(a) g+ tt Tg + rotamer
of C, (a-D-glucose at HF and BP/6-31G(d) levels of
theory. The two results differ marginally from each
other. The HF results are presented in Fig. 4. The OH
bond critical points (BCP) are shifted toward the
hydrogen atoms and the C-O BCPs are closer to C
atoms, as expected. The ring critical point (*) in the
middle of the pyranose ring is well visible. There is a
surprising ring critical point between the hydroxy-
methyl group and the fourth hydroxyl group. It is
interesting, because there is no closed ring around it.
This feature will be discussed later. The algorithms of
the AIMPAC program, used in this paper for the critical
point search, did not find any critical points between
the hydroxyl groups. This means that there is no
hydrogen bond in this sense between the hydroxyl
groups. A more detailed investigation resulted that
the critical point of the electron density between the
hydroxyl groups of the tGg — conformer of the 1,2-
ethanediol appears as a weak minimum in a slightly
varying low density (0.012-0.017 au) electron gas
[40]. The critical point is characterized by a small
positive Laplacian (0.053-0.064 au) and large (2.2)
ellipticity, possibly caused by the merging of a BCP
with a ring critical point. The 3D analysis shows that
at small values of |Vpl an elliptic lens-shaped surface
appears around this critical point.

The positions, the electron densities and Laplacians
of some selected critical points are summarized in
Table 4. The C5-05 bond shows the characteristics
of a normal sigma C—-O bond. The bond critical point
is close to the carbon atom and the value of the
Laplacian is only slightly negative. The ellipticity of

Table 4

Results of the gradient vector field analysis of HF/6-31G(d) electron density for a-D-glucose®

A B HA-B) rdA) r{B) pe Vi, €. Iy A\, A3
BCP

C5 o5 1.417 0.449 0.969 0.248 -0.046 0014 -0.447 -0441 0.842
Cl 05 1.386 0.442 0.945 0.277 -0.223  0.202 - 0.640 -0.532 0949
Cl 0Ol 1.394 0.442 0.952 0.269 -0.158  0.198 ~0.606 -0505 0953
Cl C2 1.526 0.782 0.744 0.276 -0.808 0.069 - 0.588 -0.550 0.330
Cl H 1.082 0.698 0.385 0.302 -1.187  0.031 - 0.860 -0.834 0506
0l H 0.949 0.767 0.182 0.364 ~2.099 0.019 - 1.891 - 1856 1.648
RCP

OH 4) 06 1.139 1.432 0.011 0.065 - 0.008 0.025  0.048
0s C4 1.390 1.426 0.019 0.133 -0.016 0.071  0.079

*r.(A) and r.(B) are the distances (A) from the atom A and B to the bond critical point respectively. p. is the electron density (e/au®), VzpC is
the Laplacian of p, & is the ellipticity of p. and X — s are the curvatures of the p. at the bond or ring critical points (BCP or RCP respectively).
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the bond is negligible. However, in the C1-0O5 and
C1-01 bonds the electron density in the BCP is
larger, the Laplacian is more negative and a consider-
able ellipticity appears. This is a clear sign of electron
delocalization and this delocalization is responsible
for the anomeric effect. The ring critical point
between the hydroxymethyl group and the fourth
hydroxyl group is characterized by a small positive
Laplacian (0.065 au) and large (3.0) ellipticity. This
critical point appears to be a conflict point in which
a RCP and a BCP are shifted together. Similar
BCP-RCP merging was found by Cioslowsky for
H-H interactions [41]. This weak interaction is
essentially similar to the weak interaction found
between the hydroxyl groups of the 1,2-ethanediol
[40]. However, the spatial arrangment of the inter-

action is somewhat different (6 membered ring vs. 5
membered ring).

In order to visualize the problem, we present the
relief map for the absolute values of the electron den-
sity gradients, |Vpl, in Fig. 5. The two RCPs may be
well identified and the asymmetric nature of the con-
flict point is well visible from Fig. 5. Fig. 5 shows
again that there are no BCPs between the other OH
groups.

4, Conclusions

The following conclusions can be drawn from the
discussion above:

1. The MM2™ method does not provide an energetic

Fig. 5. Relief map of the absolute value of the HF/6-31 G(d) electron density gradient, |Vpl, fort(a) g + tt Tg + rotamer of ic, (a-D-glucose in
the plane containing the O4, H6 and the two ring critical points. The innermost contour corresponds to a gradient value of 0.01 au and the
outermost contour has a value of 0.001 au.
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order for the various rotamers and conformers of
the pyranose rings, which is in agreement with the
HF results. Serious differences appear in Table 1
and Fig. 3. The MM2" method appears to reverse
erroneously the experimental preference between
the  and B anomers of “C, D-mannose.

. The HF/3-21G method provides large energy dif-
ferences. The HF/6-31G(d) method provides con-
siderably smaller energy differences and
somewhat different energy ordering for the confor-
mers investigated in the present paper. The HF/3-
21G method reproduces correctly the experimental
results that the o-anomer of 4C1 D-mannose is the
more stable.

. The deficiencies of the HF/3-21G method result in
the wrong C—O-H equilibrium bond angles and
C-C-0O-H dihedrals.

. The GGA-DFT methods provide somewhat larger
energy differences than the HF6-31G(d) method
and they reflect correctly the expected structural
changes due to the inclusion of the electron corre-
lation relative to the HF method. The BP, B3P and
B3LYP methods provided consistent results.

. The MM2', HF and GGA-DFT results are in
agreement with each other in that the orientation
of the four OH groups on the C1-C4 atoms of the
pyranose ring show strong coupling. The most
stable conformations tend to maximize the number
of possible OH---O interactions and thus provide
an intramolecular chain of OH groups. The forma-
tion of these bridges distorts the ideal three-fold
potential energy surface and counterclockwise, t t
ttTg+ like or clockwise,g— g+(a)g+ g— Tt
like patterns appear. These effects greatly reduce
the number of possible rotamers.

. The Ammpac results of the HF/6-31G(d) electron
density analysis suggest that the OH---O inter-
actions are not a well-defined hydrogen bond,
because there exists no BCP between the hydrogen
and oxygen atoms of the neighbouring OH groups.
Only a distorted conflict point has been found
between the O4—H and the CH,OH group.

. There is a large ellipticity at bond critical points of
the C1-O bonds. This is a clear sign of electron
delocalization. The values of the Laplacians of the
two C1-0 bonds are relatively large and negative.
The electron densities at the C1-O bond critical
points are also larger than at the other C—O BCPs.
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