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Abstract—Thirty-five conformations of o- and Bf-p-mannopyranose, the C-2 substituted epimer of glucopyranose, were geometry
optimized using the density functional (B3LYP), and basis set (6-311++G**). Full geometry optimization was performed on the
hydroxymethyl rotamers (gg/gt/tg) and an analytical hessian program was used to calculate the harmonic vibrational frequencies,
zero point energy, enthalpy, and entropy. The lowest energy conformation investigated is the p-fg in the *C; chair conformation.
The in vacuo calculations showed little energetic preference for either the o or B anomer for mannopyranose in the *C; chair con-
formation. Results are compared to similar glucopyranose calculations in vacuo where the o anomer is ~1 kcal/mol lower in elec-
tronic energy than the p anomer. In the case of the generally higher energy 'C, chair conformations, one low-energy, low-entropy
B-gg-' C4 chair conformation was identified that is within ~1.4 kcal/mol of the lowest energy *C; conformation of mannopyranose.
Other ' C, chair conformations in our investigation are ~2.9-7.9 kcal/mol higher in overall energy. Many of the *°B, B; o, '*B, and
By 4 boat forms passed through transitions without barriers to 1S5, 38, 1S5 skew forms with energies between ~3.6 and 8.9 kcal/mol
higher in energy than the lowest energy conformation of mannopyranose. Boat forms were found that remained stable upon
gradient optimization. As with glucopyranose, the orientation and interaction of the hydroxy groups make a significant contribution

to the conformation/energy relationship in vacuo.
Published by Elsevier Ltd.
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1. Introduction
1.1. Background

In this work high-level density functional methods were
used to study the conformational preferences of the *C;
and 'C, chair conformations as well as boat and skew—
boat conformations of o- and B-pD-mannopyranose. The
purpose of this study is to investigate the effects of epi-
merization at the C-2 position on the energy/property
relationships of carbohydrates, and apply these relation-
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ships in the design of new polymers with desired proper-
ties. Mannose is also of general interest as a component
in biological systems.

To our knowledge, a study of mannopyranose of this
scope and at this level has not been reported. Many
computational studies on carbohydrates, including glu-
cose and its epimers, or related substructures have ap-
peared in the literature and will not be reviewed in
detail in this paper.'* However, work related to our
calculations of mannopyranose will be compared with
the results presented here.

The interactions and thus the geometries and relative
energies among conformers of carbohydrates are known
to be very dependent on selection of both the basis set
and density functional with DFT calculations.'’ Ener-
gies obtained from a larger basis set using structures
optimized with a smaller basis set do not necessarily
correspond with energies and resulting geometries
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optimized with a larger basis set. This inherent discrep-
ancy was shown to lead to significant errors in optimized
geometries and energies.! Also, differences in relative
energies obtained from different basis sets on the same
geometry of structures of glucose and its epimers have
been reported,” and the inclusions of diffuse functions
have been found to be important.* This dependence
has also been reported for structures related to
carbohydrates.®

DFT studies in this laboratory on glucose* in vacuo
and monohydrates of glucose,’ as well as maltose' and
cellobiose in vacuo®’ have shown that the B3LYP/6-
311++G** level of theory will give consistently reliable
geometries and conformationally dependent energies
for carbohydrates. To ensure that this is the case in
the work presented here, all structures were geometry
optimized at this level of theory (B3LYP/6-311++G**).

The conformational preferences of mannopyranose
and its derivatives have been explored experimentally
by 'H NMR studies'®?*2% and X-ray crystal struc-
tures.”’ ** The X-ray structure for o-D-mannopyranose
showed that the molecule exists in the crystal environ-
ment in the *C; chair conformation.?’ Hydrogen bond-
ing has been shown to be prevalent in carbohydrate
crystal structures with the hydroxy groups acting as
both hydrogen bond donors and acceptors.>’ *° It has
also been experimentally observed that the hydrogen
bond network can form long, cooperative chains, link-
ing the sugar molecules to water molecules when crystal
hydrates are studied.?®

The preference of mannopyranose for the *C; chair
conformation has also been observed in solution by
NMR spectroscopy.’® The anomeric ratio in solution
was found to be 68:32 (o/B) by NMR spectroscopy.>®
This is opposite to the anomeric ratio of glucose in solu-
tion, where the f anomer is preferred. An investigation
into the rotamer population of pseudo-n-mannose by
"H NMR studies reveal a 50:43:7 ggl/gt/tg ratio for the
o anomer and a 56:43:2 ratio for the p anomer.”” The
rotamer population of mannopyranose is similar to that
of glucopyranose. However, as will be described later,
the results reported here suggest stability of the zg form
in vacuo. Discrepancies like this are not unique to the
work presented here; differences between DFT/molecu-
lar mechanics and experimental results have been previ-
ously observed.”

Recent gas-phase studies using UV and IR ion-dip
spectroscopy have experimentally supported previous
in vacuo DFT and ab initio calculations.* ** From a
previous study of cellobiose®’ at the B3LYP/6-
311++G** level of theory, it has been found that the
‘flipped’ form is preferred in vacuo over the experimen-
tally observed (solvated) ‘normal’ form. This ‘flipped’
form has recently been reported to be observed for an-
other disaccharide in the gas phase (a lactoside
derivative).’!

1.2. Computational methodology

Calculations were carried out using the B3LYP nonlocal
exchange functionals and the 6-31+G* and 6-311++G**
basis sets as previously described.'*”” Calculations were
carried out on Parallel Quantum Solutions software and
hardware.>* Preliminary geometry optimizations were
carried out at the B3LYP/6-31+G* level, followed by
further optimization at the higher level. All results
reported here are at the B3LYP/6-311++G** level of
theory. Convergence criteria were set at 1x107°
Hartree and a gradient of less than 3 x 10~ a.u. Vibra-
tional frequencies were calculated on geometry-opti-
mized structures using an analytical hessian program
with the threshold set at 1 x 1072, which provided con-
sistent zero vibrational energies, enthalpies and entro-
pies. Results have been displayed using HYPERCHEM
v7.5.%

Several *C; chair conformations of mannopyranose
have been considered in this study. The hydroxy group
orientation in these studies were taken from lower en-
ergy vacuum calculations using the AMBO02C force field,
an in-house AMBER-based empirical energy force field
developed using results from our previous DFT calcula-
tions on carbohydrates.”**! In several cases, soft mini-
mization was used to maintain desired geometries and
minimize the empirical bias prior to the DFT calcula-
tions. Geometric assignments were made using improper
dihedral angles as described previously.****?

2. Results
2.1. Conformations

The *C; chair conformations have energies within
~2 kcal/mol of each other and a relative free energy of
up to ~2 kcal/mol. In contrast, the ' C, chair conforma-
tions are generally higher in energy (~1.4-7.9 kcal/mol)
and higher in relative free energy (4.1-8.3 kcal/mol). The
stable boat and skew forms evaluated are ~3.6-8.9 kcal/
mol higher in energy. The skew forms are the results of
transitions without barrier from modeled, unstable boat
forms. The *C; chair conformations are the preferred
conformations, and a relatively extensive conforma-
tional analysis was performed on these structures.

2.2. 4C; Chair

The effects of anomers, rotamer conformations, and the
orientation of the hydroxyls (with an emphasis on the C-2
hydroxyl orientation) were the focus in our *C; chair
investigation (see Tables 1 and 2, and Figs. 1 and 2).
As found in the case of glucopyranose, the *C; chair
conformation is the lowest energy ring conformation
for mannopyranose at this level of theory. Epimerization
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Table 1. B3LYP/6-311++G** energies and geometries for a-*C; chair conformations of p-mannopyranose®
o-gg-*Cy o-gg-*Cy 0-gg-(0-4)-*C;  o-gt-*C, a-gt-*C, a-1g-*C, a-1g-4C, a-1g-*C(c)
(HO-2---0-5) (HO-2.--0-5) (HO-2.--0-5)
Energy —431,351.018 —431,351.841 —431,350.448  —431,351.053 —431,351.808 —431,351.032 —431,351.746 —431,352.076
AE 1.097 0.274 1.667 1.062 0.307 1.083 0.369 0.039
ZPVE 123.656 123.896 123.979 123.653 123.904 123.858 124.172 123.729
E-ZPVE —431,227.362 —431,227.945 —431,226.469  —431,227.400 —431,227.904 —431,227. 174 —431,227.574 —431,228.347
AE (Corr) 1.271 0.688 2.164 1.233 0.729 1.459 1.059 0.286
Enthalpy 132.027 132.155 132.237 132.041 132.152 132.121 132.289 132.054
H-ZPVE 8.371 8.259 8.258 8.388 8.248 8.263 8.177 8.325
Entropy 107.356 106.484 106.934 107.513 106.418 106.497 105.320 107.729
(cal/mol/K)
H-TS 100.035 100.423 100.371 100.002 100.439 100.385 100.904 99.951
(298 K)
AGSyg 1.142 0.947 2.048 1.492 0.756 1.478 1.283 0
HO-4---HO-3 2.441 2.464 2422 2.403 2.433 2.402 2.430 2.377
HO-3---HO-2 2.251 2.315 2.292 2.230 2.301 2.209 2.282 2.242
HO-1---0-5 2.517 2.577 2.581 2.511 2.577 2.507 2.572 2.533
HO-2---0-5 2.530 2.510 2.505 2.523
HO-6---O-5 2.356 2.431 2.399 2.410
HO-6---0-4 2.873 2.070 2.079 1.984
O-1-C-1 1.414 1.407 1.409 1.413 1.405 1.414 1.406 1.414
C-5-0-5 1.446 1.448 1.445 1.446 1.450 1.440 1.444 1.434
C-1-0-5 1.407 1.420 1.417 1.408 1.421 1.407 1.421 1.415
C-5-0-5-C-1 116.4 115.4 114.6 115.8 114.8 115.5 114.5 116.1
0-1-C-1-0-5 112.4 112.5 112.8 112.6 112.8 112.5 112.7 111.8
C-1-C-2-C-3 110.5 110.3 110.5 110.7 110.5 110.8 110.6 110.5
oy -29.0 -32.7 -32.0 =275 —32.8 —26.6 -32.0 -27.6
0 -324 —-30.7 —-30.7 -32.0 -29.9 -31.9 -29.9 —32.6
o3 -323 -31.9 —34.6 —34.9 —34.2 -36.1 -353 -32.9
# All energies are in kcal/mol unless noted otherwise. All bond lengths are in A.
Table 2. B3LYP/6-311++G** energies and geometries for p-*C; chair conformations of p-mannopyranose®
B-gg-*C) B-gg (0-4)-*Cy p-g-*Cy p-1g-*Cy p-1g-*C1 ()
Energy —431,351.827 —431,350.069 —431,352.002 —431,352.115 —431,352.067
AE 0.288 2.046 0.113 0 0.048
ZPVE 123.527 123.585 123.541 123.798 123.434
E-ZPVE —431,228.300 —431,226.484 —431,228.461 —431,28.317 —431,228.633
AE (Corr) 0.333 2.149 0.172 0.316 0
Enthalpy 131.878 131.934 131.907 132.016 131.386
H-ZPVE 8.351 8.349 8.366 8.218 7.952
Entropy (cal/mol/K) 107.160 107.790 107.265 105.997 104.414
H-TS (298 K) 99.944 99.813 99.942 100.429 100.271
AGSyq 0.242 0.065 1.869 0.439 0.329
HO-4.--HO-3 2.473 2.411 2.432 2.426 2.387
HO-3---HO-2 2.250 2.208 2.231 2.213 2.281
HO-2.--HO-1 2.267 2.209 2.247 2.228 2.202
HO-1---0-5 2.369 2.309 2.379 2.341 2.564
HO-2.--0-5 3.096 3.059 3.078 3.076
HO-6---O-5 2.385 2.432
HO-6---0-4 2.709 2.068 1.974
O-1-C-1 1.400 1.402 1.400 1.400 1.384
C-5-0-5 1.439 1.434 1.440 1.434 1.423
C-1-0-5 1.416 1.414 1.416 1.416 1.431
C-5-0-5-C-1 114.4 113.1 113.6 1133 114.9
0-1-C-1-0-5 107.8 107.6 108.0 107.8 108.0
C-1-C-2-C-3 109.7 110.2 110.0 110.1 110.8
oy -32.1 —28.8 -32.8 -30.8 -30.3
o —-30.0 —28.8 -294 -294 -30.1
o3 -33.5 -39.6 -36.3 —37.6 —353

# All energies are in kcal/mol unless noted otherwise. All bond lengths are in A
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a-gg-*C,-(OH-2--0-5) o-gg-*C,-(0OH-4) a-gt-*C,
AE =0.274 AE =1.667 AE =1.062

¢
(2
o-gt-*C,-(OH-2--0-5) a-1g-*C, o-1g-*C,-(OH-2--0-5) o-1g-*C)-(c)
AE =0.307 AE=1.083 AE=0.369 AE =10.039

Figure 1. Geometry-optimized a-D-mannopyranose structures in the *C; chair conformation. All energies are in kcal/mol.

B-gg-*C, B-gg-*C,-(OH-4) B-gt-*C,
AE =0.288 AE =2.046 AE=0.113

¢
("
B-1g-*C, B-1g-*C-(c)
AE=0 AE = 0.048

Figure 2. Geometry-optimized B-D-mannopyranose structures in the *C; chair conformation. All energies are in kcal/mol.

at the C-2 position results in an increase in overall nose are slightly lower in energy than their gg and gt
energy of ~1.3-3.4 kcal/mol in *C; chair conformations counterparts. The lowest energy structure of mannopyr-
of mannopyranose over that of the lowest energy glu- anose at the B3LYP/6-311++G** level of theory is the
cose structure, the o-gr-*C;. However, contrary to the B-tg-*C; and is similar to that reported at the B3LYP/

glucopyranose results, the g rotamers of mannopyra- 6-31G(d) level."?
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2.3. *C; Chair: orientation of hydroxy groups

The orientation of the hydroxy groups and their syner-
gistic, noncovalent interactions are the significant fac-
tors in relating geometry to energy for the *C; chair
conformations. All *C, chair conformations in this
study contain OH-4---OH-3---OH-2 intramolecular
interactions. In addition, the lower energy conforma-
tions possess more elaborate networks. For example,
the lower energy g rotamers exhibit a ~2 A hydrogen
bond between the OH-6 hydroxymethyl group and the
OH-4 hydroxy group resulting in an OH-6---OH-
4...0OH-3---OH-2 network. The B anomers hold an
OH-2-.-OH-1 interaction forming an OH-4---OH-
3. -OH-2 interaction for most conformations. The low-
est energy conformation of mannopyranose in this
investigation, the p-tg-*C; chair, possesses an extensive
OH-6- - -OH-4- - -OH-3- - -OH-2- - -OH-1 network.

The configuration at the C-2 position in *C; chair con-
formations of mannopyranose places the OH-2 hydroxy
group in the axial position, which presents a special
emphasis on the orientation of the C-2 hydroxyl in this
study. o Anomers of the *C; chair type of mannopyra-
nose lack the interaction between the OH-2 hydroxy
group and the OH-1 hydroxy group with the C-2 hydroxy
group axial ‘up’ and the C-1 hydroxy group axial
‘down’ (see Fig. 1). Selected o anomers were geometry
optimized with their C-2 hydroxy group interacting with
the O-5 ring ether (indicated in Table 1 by (OH-2---O-
5)). The formation of the OH-2.--O-5 interaction
(~2.5 A) in o anomers lowered overall electronic energy
values by ~0.8 kcal/mol, lowered the ZPVE corrected
energy by ~0.5 kcal/mol, and the entropy by ~1 cal/
mol/K with a more general decrease in free energy.
The o anomers with the OH-2- - -O-5 interaction exhibit
a slight increase in enthalpy. However, all B anomer con-
formers started with the OH-2---O-5 interaction, upon
geometry optimization had the OH-2 hydroxy group
undergo transition without barrier to an ~2.2 A OH-
2---OH-1 interaction (see Fig. 2). Thus, no stable § ano-
mers were obtained with the OH-2. - -O-5 interaction.

2.4. *C; Chair: rotamer effects

The axial configuration of the hydroxy group at the C-2
position allows for interesting interactions in mannopyr-
anose. The effect of rotamer conformation on energy de-
pends on how the OH-6 hydroxymethyl group interacts
with the *C; chair mannopyranose ring ether or other
ring hydroxy groups. Both a- and -gg and g7 rotamers
in this study exhibit a ~2.4 A hydrogen bond between
the OH-6 hydroxymethyl group and the O-5 ring ether.
In contrast, the o- and B-gg rotamers, which exhibit an
OH-6---OH-4 (~2.8 10\) interaction, are higher in elec-
tronic energy and ZPVE corrected energy. The g rota-
mers were found to be the lowest electronic energy

rotamers and are also low in ZPVE corrected energy
and free energy. For the a- and B-zg rotamers, the con-
formations with the OH-6---OH-4- - -OH-3. - -OH-2 net-
work in the counterclockwise orientation had a ~2.07 A
OH-6---OH-4 bond, while the clockwise orientation
possessed a shorter ~1.97 A interaction.

2.5. 4C; Chair: anomeric influence

Most *C; chair conformations of mannopyranose stu-
died are within ~1 kcal/mol of each other in overall
energy with the lowest energy o and B anomers differing
by only ~0.04 kcal/mol. The o and B anomers evenly
spread across this ~2 kcal/mol range implying that
mannopyranose energies are less sensitive to anomeric
changes than glucopyranose in the *C; chair conforma-
tion.*> The anomeric ratio was calculated from the free
energy to be 50:50 (o/B). There is an anomeric influence
on the C-5-0-5-C-1 bond angle. Most  anomers have a
C-5-0-5-C-1 bond angle of ~114 °, while most o ano-
mers without the OH-2.--O-5 interaction have a C-5—
0-5-C-1 bond angle of ~116°, suggesting that the trans
effect is the dominant determinate for this internal coor-
dinate. Both anomers of the 7g rotamers with their pyra-
nose ring hydroxyls in the clockwise orientation posses a
C-5-0-5-C-1 bond angle of « = 116.1° and ff = ~114.9°.
B anomers have a smaller O-1-C-1-O-5 bond angle
(~108°) compared to the o anomers (~112.5°), in line
with the results found for glucopyranose.*

2.6. 'C, Chair

Transition from the *C; chair conformation to the 'Cy
chair conformation exchanges the positions of the axial
and equatorial substituents, and the effects of this inver-
sion can be seen in the hydroxy group interactions (see
Fig. 3 and Table 3). Both the 4, and ' ¢ chair conform-
ations exhibit a 2.1-2.4 A OH-3---OH-2 hydrogen
bond. However, all *C; chair conformations possess
OH-4---OH-3 interactions (~2.4 A), while both the a-
and f-forms of the 'C, chair conformations possess
2.0-2.6 A OH-2- - -OH-1 interactions (see Fig. 3). In con-
trast, for the *C; chair conformations, only the B—4C1
chair conformations contain a 2.2-2.3 A OH-2---OH-1
interaction. This ring inversion places the hydroxy-
methyl substituent in the unfavored axial position, and
the resulting energies are ~1.4-7.9 kcal/mol above the
lowest overall energy *C chair conformation of manno-
pyranose. The free energies of the 'C, chair conforma-
tions are ~4.1-8.4 kcal/mol higher than the lowest free
energy “C; chair conformation of mannopyranose.
Similarities between all the 'C, chair conformations
are the interactions between the hydroxy groups at
OH-4---0-5, HO-3.---OH-2, and HO-2.--OH-1. How-
ever, unlike the *C; chair structures, length of the hydro-
gen bonds in the PB-'C4 chair varies considerably
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a-gg-'C, a-gt-'C, a-1g-'C,
AE=2914 AE = 5.064 AE = 5.205
v\/‘
[
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¢ (% ¢
pB-gg-'C, B-gt-'C, p-1g-'C,
AE=1.435 AE =17.850 AE =17.529

Figure 3. Geometry-optimized structures of o- and p-p-mannopyranose in the ! C; chair conformations listed in Table 3. All energies are in kcal/mol.

Table 3. B3LYP/6-311++G** energies and geometries for a- and B-'C, chair conformations of b-mannopyranose®

a-gg-'Cy a-gt-'Cy a-1g-'Cy B-gg-'Cs B-gt-'Cy B-tg-'Cy
Energy ~431,349.201 ~431,347.051 —431,346.910 ~431,350.679 —431,344.265 —431,344.586
AE 2914 5.064 5.205 1.435 7.850 7.529
ZPVE 124.384 123.724 124.275 125.147 123.910 124.269
E-ZPVE 431,224,817 —431,223.327 431,222,635 ~431,225.533 431,220,355 —431,220.317
AE (Corr) 3.816 5.306 5.998 3.100 8.278 8.316
Enthalpy 132.373 132.087 132.416 132.681 132.221 132.467
H-ZPVE 7.989 8.363 8.141 7.534 8.311 8.198
Entropy (cal/mol/K) 103.631 106.889 105.010 100.497 106.793 106.149
H-TS (298K) 101.496 100.234 101.123 102.733 100.397 100.835
AGg 4.420 5.308 6.338 4.178 8.257 8.374
HO-3---HO-2 2.190 2.264 2255 2.186 2221 2.363
HO-2-- -HO-1 2.497 2.491 2.545 2.045 2.561 2.020
HO-1.--0-5 2.526 2522 2.482 2.509 2,619
HO-3- - -HO-1 2.119
HO-6. - -HO-3 1.866 2.109 1.806 2.307
HO-4---0-5 2.518 2.551 2.429 2471 2.676 2.398
HO-6---0-5 2416 2.456
HO-1.- -HO-6 1.750
0-1-C-1 1.401 1.400 1.400 1.405 1.437 1.423
C-5-0-5 1.423 1.426 1.449 1.443 1.454 1.455
C-1-0-5 1.431 1.429 1.427 1.420 1.398 1.411
C-5-0-5-C-1 115.1 115.0 115.1 119.1 118.5 118.6
0-1-C-1-0-5 108.0 108.1 108.0 114.4 108.9 113.3
C-1-C2-C3 111.7 110.8 111.5 115.5 110.7 114.7
% 353 35.1 31.0 25 317 18.4
% 252 28.1 28.8 234 30.6 282
% 31.0 30.1 34.0 34.5 242 36.8

2 All energies are in kcal/mol unless noted otherwise. All bond lengths are in A.

depending on the rotamer conformations. In this study anomers. The 'C4 chair conformations exhibit an ano-
all o anomers in the 'C, chair conformation possess a meric influence on bond angle with the C-5-O-5-C-1
OH-3---OH-2- - -OH-1 network. The B anomers exhibit bond angle of ~115° for the o anomers and 118.5-
more complex hydroxy group interactions than the o 119.1° for the B anomers.
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An unexpected, low-energy 'C, chair conformation
was discovered when the B-gg-'C, conformation was
found to be only ~1.4 kcal/mol higher in total energy
than the lowest energy conformation for mannopyra-
nose. The B-gg-'C, conformation has a tight (1.75-
2.19 A) OH-6- - -OH-3. - -OH-2- - -OH-1- - -OH-6 circular
hydrogen bond network. This circular hydrogen bond
network contains two favorable antiparallel dipole—
dipole interactions between OH-1 and OH-3, and the
OH-2 and OH-6 hydroxyls. Antiparallel dipole-dipole
interactions of this type have been shown to be overesti-
mated in popular semiempirical methods,*® but appear
to be well treated at the DFT level used here. The effects
of the tight interaction can be seen in the entropic terms,
where the B-gg-'C,4 conformation has the lowest entropy
(100.497 cal/mol) of all the chair conformations of
mannopyranose in this study. In addition the B-gg-'Cy4
conformation is the lowest in free energy of all the 'Cy
chair conformations found in this investigation.

2.7. Boat and skew forms

Rotamers of the *°B, B3 o and interesting rotamers of
the "*B and B, 4 were geometry optimized, and the ener-
gies and geometries of the structures are shown in Table
4 (see Figs. 4-6). Many boat forms were not stable and
went through transitions without barrier to skew forms
or other boat forms.

2.8. Boat and skew forms: >°B boat

The a-gt->©B is a stable ‘hardboat™-like form, while the
gg and g rotamers of the initial a-*°B structure went
through a transition without barrier to another boat
form, the B4 boat. The 0-gt->°B boat maintains its
3OB boat form and lacks the OH-4---OH-1 hydrogen

B-gg-'Ss
O AE=5031

Table 4. B3LYP/6-311++G** energies and geometries for skew and
boat conformations of p-mannopyranose®

Geometry Starting o o o3 AE
optimized conformations

conformations

0-gg-B1 4 o-gg->°B —52.7 4717 0.1 3.645
o-gt->°B —182 60.8 —488 7.074
o-1g-Bi 4 a-1g->°B —484 614 —12.8 8.860
B-gg-'Ss B-gg->°B 53.6 102 —54.8 5.031
B-gt-1Ss B-gt->°B 53.7 9.5 —56.4 5.379
B-tg-1Ss B-1g->°B —54.5 8.5 —574 5.181
o-gg-'S; 0-gg-Bs 524 —60.1 4.0 8.545
o-gg (02)-Bs o 147 —63.1 352 8815
o-gt-'S; o-gt-Bs.o 482 —63.2 7.9 8.067
o-1g-1S3 o-1g-Bs o 60.7 —55.6 —3.5 7.041
B-gg-Bs.o 27.5 =317 27.5 5.453
B-gt-Bs.o 144 —61.7  39.5 6.143
B-1g-1S5 B-tg-Bs.0 546 —60.3 —14.1 4.764
0-gt-'Ss o-gt-'*B 59.0 —56.7 —1.3 6.366
o-1g-By 5 o-1g-"*B 222 311 —657 4.662
o-gg (0-3)-°S;  a-gg (0-3)-B;4 —57.0 117 334 3.847

# All energies are in kcal/mol.

bond (~2.0-2.2 A) found in the gg and tg forms of the
optimized o-B; 4 boats. The o-gt->"°B boat conforma-
tion contains an OH-6---O-5 interaction (~2.5 A) be-
tween the hydroxymethyl substituent and the ring ether.

2.9. Boat and skew forms: B, 4 boat

The gg and g rotamers of the a->°B investigated went
through transitions without barrier to the By 4 boat form
despite differences in their hydrogen bond network and
rotamer conformation (See Table 4). The lowest energy
conformation of the B; 4 boat structures is the a-gg-B 4
boat, and this structure contains a cooperative
OH-2.--OH-3.--OH-60-5 network as well as a OH-
4...0OH-1 hydrogen bond. This is in contrast to the
0-gt->°B and a-tg-By 4 boat rotamers that have their

¢

B-gt-15;
AE=5.379 ¢

p-1g-'S;
AE=5.181

Figure 4. Geometry-optimized structures of o- and B-p-mannopyranose listed in Table 4 that were initially in the >°B boat form prior to geometry

optimization. All energies are in kcal/mol.
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a-gg(0-2)-B; 4

AE = 8.545 AE=8.815

AE =5453

B-gg-33_o ¢

¢

o-1g-'S;
AE=17.041

a-gt-'S;
L AE = 8.067

(™
B-gt-B;
AE =6.143

ﬁ'[g'IS_;
AE =4.764

Figure 5. Geometry-optimized structures of a- and B-p-mannopyranose listed in Table 4 that were initially in the B; o boat form prior to geometry

optimization. All energies are in kcal/mol.

a-gt-1S;
AE = 6.366

ot-tg—Bz.5
AE =4.662

o-gg(0-3)-5,
AE =3.847

Figure 6. Additional geometry-optimized structures from Table 4. All energies are in kcal/mol.

3-hydroxy group interacting with the O-5 ring ether to
form an OH-3---0-5 hydrogen bond across the pyra-
nose ring.

2.10. Boat and skew forms: B, 5 boat

The B, 5 boat is the result of a transition without barrier
from a selected o-g-'*B boat conformation. The result-
ing o-1g-B,s boat conformation possesses an
OH-6---OH-4---OH-3---OH-2---O-5 hydrogen bond
network in the counterclockwise orientation. The o-rg-
B,s boat is one of the lower energy boat forms
(AE = ~4.7 kcal/mol).

2.11. Boat and skew forms: Bj o boat

The a-gg (O-2)-B; o boat conformation is the only a-
B; 0 boat form in the investigation that maintained the

B3 boat form upon geometry optimization. Despite
favorable interactions, including an OH-6---OH-2
hydrogen bond and an OH-6.--OH-2.--OH-3---OH-4
counterclockwise network, this boat form is relatively
high in energy.

The gg and gt rotamers of the B-B; o ‘softboats’ in this
investigation maintained their B;o boat geometries.
These B-B; o softboats were between 5.4 and 6.2 kcal/
mol higher in energy than the lowest energy conforma-
tions of mannopyranose in this study. One commonality
between the gg and gt B-B; o boats is the OH-4.--OH-
3-.-OH-2.--OH-1 network.

2.12. Boat and skew forms: 'S; skew form
Five 'S5 skew forms were identified and three of the 'S;

skew forms were the result of a transition without bar-
rier from the o-B; o boat form. These 1S5 skew forms
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have energies ~6-9 kcal/mol higher than that of the low-
est energy mannopyranose structure.

All of the a-B; o boat forms have dissimilar intramo-
lecular interactions. The o-gg-'S5 and o-gr-' Sy originat-
ing from the o-Bs o boat form contain an OH-4- - -OH-
3.--OH-2 network in the counterclockwise orientation.
In contrast, the a-rg-'S; possesses an OH-1.--OH-2
OH-3---OH-4- - -OH-6 clockwise network. However the
a-B; o boat forms, which went through the transition
without barrier to the 'S; skew forms, lack the OH-
6---OH-2 hydrogen bond present in the stable a-gg-
B3 o boat conformation, indicating the importance of
the OH-6---OH-2 hydrogen bond in maintaining the
B; 0 boat conformation.

One 'S; skew form discovered was the result of a
geometry optimization of a a-g¢-'** B boat conformation.
This resulting o-gz-' Sy skew form is lower in energy by
~0.6-2.2 kcal/mol than the other a-'S; skew forms. This
1S5 skew form possesses a complicated set of intramolec-
ular interactions.

Another 'S5 skew form is the result of a transition
without barrier from the B-tg-B; o boat form. While
the hydroxymethyl group substituent of the gg and gt
rotamers of the B-Bs o boats form an OH-6.--O5 inter-
action, the hydroxymethyl group of the 7g rotamer inter-
acts with the extended network forming an OH-6. - -OH-
4...OH-3---OH-2---OH-1 network. This network
resulted in a change in ring geometry to the B-rg-'S;
conformer, and this conformation is lower overall in
energy than the stable B-B; o boat forms. The 7g rotamer
has an overall energy difference of ~4.8 kcal/mol above
the lowest energy structure for mannopyranose, while
the stable B-B; o gg and gt rotamers are an additional
~0.7-1.4 kcal/mol higher in energy.

2.13. Boat and skew forms: >S; skew form

The a-gg (0-3)->S; conformation is the result of a geo-
metry optimization of an a-gg (O-3)-"*B boat. This is
the lowest energy (AE = ~3.8 kcal/mol) skew form.
Interesting aspects of this conformation are the position
of the hydroxymethyl substituent and a complicated
hydrogen-bonding pattern, including an OH-6.--OH-
3.--OH-2.--OH-6 circular network and an OH-
4..-OH-1 hydrogen bond.

2.14. Boat and skew forms: 'S5 skew form

The three 'S5 skew forms identified in this investigation
are the result of geometry optimization of the three rota-
mers of the B-*°B ‘hardboat’ form investigated. The
three skew forms are similar in relative energy
(AE = ~5.0-5.4 kcal/mol). The three rotamers possess
similar OH-2- - -OH-3- - -OH-1 networks. The gf and g
rotamers form interactions between the hydroxymethyl

group and the ring ether, while the g rotamer has an
OH-6- - -OH-4 hydrogen bond (2.07 A).

3. Conclusions

This study has brought to light several results that de-
serve further discussion. One important observation is
that small changes in hydroxy group interactions can
lead to drastic changes in geometries and energies upon
geometry optimization. In the study of the a-B; o boat
forms, a boat conformation with an OH-6---OH-2
hydrogen bond interaction maintained the boat form,
while other conformations lacking this interaction
passed through a transition without barrier to skew
forms.

Further, in our *C; chair study several of the 1g-4C,
chair conformations have similar energies, despite sig-
nificant differences in their hydroxy group orientation.
This is an example of how energies and energy minima
are results of the whole structure, and the effects on
the whole structure must be taken into consideration
during the interpretation of specific stabilizing
influences.

Of particular interest in the mannopyranose results
presented here is the comparison with our previous stud-
ies of glucopyranose by DFT at a high level of theory.*
Although both glucopyranose and mannopyranose have
the *C; chair structures as the lowest energy ring conform-
ation, the two different molecules show dissimilar prefer-
ences for rotamer conformation and anomer preference
in vacuo.

Configuration at the C-1 position has less of an effect
on energies in mannopyranose with low-energy o and f
anomers for the *C, chair structures investigated. For
these mannopyranose calculations in vacuo, the lack
of an anomeric preference can be attributed to the
importance of the OH-2.--OH-1 interaction. The effect
of epimerization at the C-2 position can be seen in the
boat and skew form results—where mannopyranose
had no stable >*°B boats and few stable B; o boats, in
contrast to the glucopyranose results.

In this high-level DFT study, intramolecular interac-
tions, including hydrogen bonding and cooperative
hydrogen bonding, are significant factors in determining
relative energies and ring geometries in vacuo. Discrep-
ancies between anomeric ratio and rotamer preferences
between these calculations and previous experimental
results may be explained by hydration effects, where
water may act as a explicit hydrogen bond donor or
acceptor in a vast number of positions. Water, acting
as both a hydrogen bond donor and acceptor, has been
observed in X-ray crystal structures of carbohydrates.?®
Explicit water calculations have also been reported to
account for similar discrepancies in the anomeric ratio
for glucopyranose calculations in vacuo.’
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