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Abstract—To better understand computational predictions of disaccharide conformations, /,w maps were constructed for two ana-
logs in which all hydroxyl groups were replaced with fluorine atoms (F-cellobiose and F-maltose). These molecules do not permit
hydrogen bonding but should give better steric representation than analogs in which hydrogen atoms replaced exo-cyclic groups.
Hartree Fock and B3LYP density functional quantum mechanics (QM) theory were used. The preferred ring shape for fluorinated
glucose depends on the level of QM theory, but over the limited /,w space that was studied, the rings remained in the 4C1 form.
Also, fluorine atoms are remote enough that they do not affect the torsional energies for the glycosidic bonds. F-Cellobiose maps
were predictive of the conformations in crystals, but F-maltose maps were less so. The QM F-cellobiose map and an MM4::QM
hybrid map for cellobiose itself were similar. However, the hybrid maltose map had many more experimental conformations within
its 2-kcal/mol contour than did the QM F-maltose map. The apparent mean strength of an intra-molecular, inter-residue hydrogen
bond is about 3 kcal/mol, based on the energy for many of the hydrogen bonded maltose structures on the F-maltose map. The F-
maltose map was similar to a new QM map for an analog of maltose in which all hydroxyl groups were replaced with hydrogen
atoms.
Published by Elsevier Ltd.
1. Introduction

Individual disaccharides have extensive ranges of con-
formations, mostly from variable geometries of the link-
ages between the monosaccharides. Understanding this
flexibility is important not only for disaccharides them-
selves, but also for larger carbohydrates. For example,
the disaccharides cellobiose and maltose are the shortest
molecules that have the same inter-residue linkages as
the polysaccharides cellulose and amylose, respectively.
Likely shapes of the larger molecule will correspond to
likely shapes for the corresponding disaccharides. Be-
sides various experimental methods, a classic approach
to understanding the shape properties of disaccharides
is Ramachandran, or /,w, mapping of the energy hyper-
surface. In such studies, the two monosaccharide rings
are systematically rotated in increments around their
bonds to the oxygen atom that links the two rings. At
each increment of rotation, the energy is calculated.
Ramachandran maps plot the energy against axes of /
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and w, the torsion angles that describe the amount of
rotation of the monosaccharide rings (Fig. 1). The re-
gions of energy minima indicate probable structures. A
map is predictive if all experimentally observed struc-
tures are in the lowest-energy regions and there are no
unoccupied regions of low energy.

Computational conformational analysis of disaccha-
rides has seen numerous advances since the initial work
in the 1960�s.1 These include consideration of stereoelec-
tronic effects at the glycosidic linkage in the HSEA2 and
PFOS3 methods, work with the semi-empirical molecu-
lar orbital PCILO4 method, and relaxed-residue maps
based on energy minimization with general purpose
molecular mechanics (MM) software.5 More recently,
molecular dynamics calculations have included explicit
solvent.6 Other approaches used a hybrid7 of MM and
electronic structure theory (often called quantum
mechanics or QM) or, in special circumstances, pure
QM.8 Even today, the methods employed are still lim-
ited by the available software and hardware resources.

QM methods are, in principle, able to calculate accu-
rately the stereoelectronic effects that arise from the lone
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Figure 1. Drawings of F-cellobiose and F-maltose. Also indicated are the atom numbering and the / and w torsion angles. Fluorine atoms are the

unlabeled large, green spheres.
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pairs of electrons in carbohydrates, a task that requires
extra effort in MM. On the other hand, QM demands
substantial amounts of computer time, and more accu-
rate levels of theory demand even more time. The calcu-
lated energies of sugars depend very much on the
orientations of their exo-cyclic groups. Therefore, find-
ing the lowest-energy structure for each /, w location
on an energy surface requires consideration of a large
number of combinations of the exo-cyclic group orienta-
tions.9 For example, cellobiose has 10 exo-cyclic bonds
about which rotation can occur, besides the / and w tor-
sions. Consideration of just the three staggered confor-
mations for each of these gives 310 or 59,049
combinations. Even though most of those combinations
are unstable, it is possible that a different one would be
optimal at each grid point on a /,w map. Calculations at
respectable levels of QM are, at present, too time-con-
suming to do a thorough, straight-forward test of all
possibilities.

Interestingly, we have found that intra-molecular hydro-
gen bonding is of limited importance to successful pre-
diction of observed structures with isolated model
molecules. This is in spite of the strong effects of the
exo-cyclic group orientations and consequent hydrogen
bonding schemes on the calculated energy. Our calcula-
tions have been most predictive when the strength of
hydrogen bonding is reduced substantially by an ele-
vated dielectric constant.8,10 Also, our QM calculations
on analogs of the disaccharides that have had all of their
exo-cyclic groups replaced by hydrogen are surprisingly
predictive of crystalline structures11 despite obvious
shortcomings from a steric viewpoint.

In this study, we use models of fluorinated cellobiose
and maltose (Fig. 1) to calculate energy maps for com-
parison with experimental structures. Although these
compounds do not exist, it is simple to create their com-
putational counterparts. They are sterically better
approximations of disaccharides than our models11 that
were based on two O-linked tetrahydropyran (THP)
rings. Substitution with fluorine is practiced in experi-
mental studies of the effects of removal of a hydrogen
bonding capability. According to Taylor,12 fluorinated
carbohydrates are used in biochemical studies to replace
hydroxyl groups with minimal disturbance of molecular
structure and conformation. Fluorine replaces hydrox-
yls on a one-to-one basis, allowing an increase in molec-
ular bulk13,14 compared to the hydrogen atoms in THP–
O–THP models. The replacement of OH by F is not a
large steric change. The van der Waals radius is only
slightly smaller for fluorine than for oxygen (1.35 Å vs
1.4 Å). The distance from the carbon atom of CH3F
to the van der Waals surface of the fluorine is 3.35 Å
versus 3.45 Å for the distance from the carbon of
CH3OH to the surface of the hydroxyl, including the
hydrogen, and 3.22 Å to the surface of just the oxygen.

Such simplification has precedent. Historically, some
modeling systems united the hydroxyl hydrogen and
oxygen atoms, a recent example being the empirical
CHEAT force field.15 For either our substitution with
fluorine or the united hydroxyl groups, the only rotat-
able groups for cellobiose and maltose are the two (for-
mer) primary alcohol groups. Consideration of all
staggered conformations results in 32 = 9 �starting� struc-
tures, any one of which could minimize to the structure
that has the lowest energy at a given point on the energy
surface. Thus, the fluorinated molecules offer an expen-
sive (at the QM level) but feasible system that has no
hydrogen bonding capability but sterically approximates
the analogous disaccharides.

Using models of the fluorinated disaccharides as stand-
ins, or substitutes, for models of the native disaccharides
gives a new means to predict the likely conformations of
disaccharides. In the present work, we also have calcu-
lated new MM::QM hybrid maps for the native disac-
charides. We have also calculated a QM map for a
maltose analog with all hydroxyl groups replaced by
hydrogen. That analog retains exo-cyclic methyl groups
and gives a better steric representation than our THP–
O–THP analogs, although perhaps not as good as F-
maltose. Consideration of these additional maps gives
additional insight into the factors that control carbohy-
drate conformation.
2. Methods

We refer to the fluorinated analog molecules as F-cello-
biose and F-maltose, and the original, nonfluorinated
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molecules as cellobiose and maltose. The linkage torsion
angles (Fig. 1) are defined as / = C4–O4–C1 0–O5 0, and
w = C1 0–O4–C4–C5, based on carbohydrate
nomenclature.16

QM calculations were done with Jaguar,17 Gaussian,18

and GAMESS.19 Calculations were carried out for
the cellobiose analog at the HF/6-31G(d) and HF/6-
311+G(d)//HF/6-31G(d)� levels of theory, and the
B3LYP/6-31G(d) density functional method. Following
completion of the cellobiose studies, preliminary
studies were carried out for 28 gg,gg� maltose struc-
tures with HF/6-31G(d) theory and with B3LYP theory
and the 6-31G(d), 6-31+G(d), 6-311G(d), and
6-311+G(d) basis sets. There was nearly perfect (R2 =
0.999) correlation between the B3LYP/6-31+G(d) level
and the best level, B3LYP/6-311+G(d). The next best
correlation with the best level, R2 = 0.973, (Fig. 2)
was provided by the least expensive level that we tried,
HF/6-31G(d). The slope from that regression, 0.82,
indicates the effect of neglected electron correlation in
HF calculations. Thus discrepancies of just tenths of
a kcal/mol would result from use of HF/6-31G(d) in-
stead of the largest calculation if the relative energies
were multiplied by 0.82. However, we did not scale
these energies.
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Figure 2. Correlation between HF/6-31G(d) and B3LYP/6-311+G(d)

relative energies in kcal/mol for gg,gg F-maltose with different / and w
torsion angles. The slope is 0.823, the intercept is �0.15 kcal/mol, and

R2 = 0.973.
Because of the expense of these calculations, two com-
promises were made. The full ranges of / and w were
not covered for the F-disaccharides. Instead, only the
main regions of the crystal structures were covered by
grid search, accompanied by unconstrained energy min-
imizations in the known major minima. Increments of /
�The // notation indicates that the molecular geometry was fully

optimized at the level to the right of the //, while the reported energy

is for that geometry at the theoretical level on the left of the //.
�The gg,gg notation refers to the O5–C5–C6–F6 and C4–C5–C6–F6

torsion angles on the nonreducing and reducing ends, respectively.

The gg shapes place F6-gauche (�60�) to O5 and +gauche (+60�) to
C4. The gt designates that F6 is gauche to O5 and trans to C4, while

tg indicates that F6 is trans to O5 and gauche to C4.
and w were 20�. We used 81 grid points for the F-cello-
biose maps and 49 for the F-maltose structures. The
F-cellobiose map at the B3LYP/6-31G(d) level and the
F-maltose map at the HF/6-31G(d) level were also expe-
dited by examining the minimized energies of all nine
starting geometries at nine grid points in the lowest-
energy region. To save computer time, those starting
geometries already at high relative energies were not
considered at the remaining grid points. Ultimately,
351 B3LYP/6-31G(d) minimizations at grid points were
carried out for F-cellobiose instead of the 9 · 81 = 729
possibilities due to this reduction, and 161 HF/6-
31G(d) minimizations for maltose instead of
9 · 49 = 441.

Our nonintegral hybrid method7 involves calculation
of MM energy maps for the complete disaccharide and
MM and QM maps for the THP–O–THP analog. The
MM analog map is subtracted from the MM disaccha-
ride map, and the QM analog map is added to the differ-
ence to give the hybrid surface. Hybrid maps for
cellobiose itself were constructed with 107 combinations
of the hydroxyl and primary alcohol group orientations
at each /,w point. The hybrid was constructed using the
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) map20 for the
THP–O–THP backbone and MM421 for the remainder
of the molecule. The dielectric constant for the cellobi-
ose calculation was set to 7.5, and it was 1.5 for the
THP–O–THP analog. The maltose surface used 58 start-
ing geometries and was constructed with HF/6-31G(d)
theory for the THP–O–THP backbone22 and MM4 for
the remainder, again with the same dielectric constant
strategy. We used the MM3(1992) hydrogen bonding
parameters instead of the standard MM4 values. The
hydrogen bonding parameters were important for the
predictiveness of the resulting maltose hybrid surface
but made little difference for the cellobiose hybrid
map. The increased dielectric constant was important
for both hybrid maps.

Molecules that had the backbone structure of THP rings
and the appropriate linkage geometry were taken from
the Cambridge Structural Database (CSD)23 and the
Protein Databank (PDB)24 to validate the energy maps.
Thus, even though the maps are created with the hypo-
thetical fluorinated molecules, the crystal structures are
from real molecules that are chemically more similar
to the actual disaccharide (or the actual disaccharide it-
self). A detailed discussion of the selected small, cellobi-
ose-like molecules is published.25 The other plotted
structures are discussed briefly below. Small molecule
structures from the CSD are quite accurate but there
is more uncertainty in the geometries of carbohydrates
that are complexed with proteins in the PDB. That
may contribute to the wider range of observed geome-
tries but there could be other factors, such as distortion
for some biochemical purpose. That said, even though
most of the observed conformations of lactose moieties
in the PDB are similar to the cellodextrins in the PDB,
some lactose geometries in the PDB deviate consider-
ably (see Ref. 26). The reason for this is unclear, and
the PDB lactose data are not included in the present
discussion.
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3. Results and discussion

3.1. Stability of ring shapes

Almost all experimentally observed structures of gluco-
pyranose rings are in the 4C1 shape, in agreement with
our calculations.27,28 We were unsure of the effect of
fluorine substitution, so we checked on the preferred
conformation of F-b-glucose. Both chairs and all six
of the skew form rings29 were generated. Each ring form
had its C6–F group in all three staggered orientations.
Table 1 shows the energies for the two chairs and the
lowest-energy skew forms with various levels of theory.
At the two HF levels of theory, the 4C1 chair is not the
preferred form. The correlated B3LYP method with the
larger 6-31+G(d) basis set does indicate a preference for
the 4C1 form over the 1C4 ring, but the skew form 1S5 is
even more stable. The results on the two chairs are
in line with previous results on glucopyranose that show
increased calculated stability for the 4C1 shape with
better basis set quality at the HF, MP2, and various
DFT levels of theory.28 The dependence on the level of
theory is known, based on the gauche effect that is stron-
ger at the better levels of theory, compared to the di-
pole–dipole interactions that favor the less frequently
observed 1C4 chair at the lower level theoretical levels.

30

No explanation is available for the absolute preference
for the skew form. From this exercise we concluded that
it is necessary to monitor the ring shapes in the disaccha-
ride studies to make sure that our model was not spon-
taneously changing to its theoretically preferred forms.
For all 4C1 F-glucose calculations, the favored C6–F
orientation was gg. The energy depended on the level
of theory, with the relative energies for the gt structures
being 1.03, 1.03, and 0.40 kcal/mol at the HF/6-31G(d),
B3LYP/6-31G(d), and B3LYP/6-31+G(d) levels. The tg
structures had relative energies of 1.89, 2.44, and
0.87 kcal/mol, respectively, at the three levels.
Table 1. Relative energies for both chair forms and the best nonchair

form for fluorinated b-glucopyranose

Conformer Level of theory Erelative (kcal/mol)

4C1 HF/6-31G(d) 0.00
1S5 HF/6-31G(d) 0.05
1C4 HF/6-31G(d) �1.61
4C1 B3LYP/6-31G(d) 0.00
1S5 B3LYP/6-31G(d) �0.06
1C4 B3LYP/6-31G(d) �1.00
4C1 B3LYP/6-31+G(d) 0.00
1S5 B3LYP/6-31+G(d) �0.03
1C4 B3LYP/6-31+G(d) 0.44
3.2. Effect of fluorine on glycosidic torsion angles

Conceivably, the highly electronegative F atoms could
alter the computed /,w torsional energies, even though
there is a C–C bond between the F atom and the C–O
bonds of the linkage. The assumption of an insignificant
effect over this distance is inherent in most, if not all,
empirical force fields, but this was still a concern. To ad-
dress this, energy profiles for the molecule F–CH2–CH2–
O–CH3 were compared to those for HO–CH2–CH2–O–
CH3, in which the C–C–O–C sequence was driven
through 180� with O–C–C–O and F–C–C–O held at
180�. These model fragments contain the inter-ring link-
age C–O and O–C bonds as well as the C1–C2 and C2–
O2H or C2–F groups. Figure 3 shows the B3LYP/6-
31+G(d) energy profiles, which have negligible depen-
dence on whether the terminal group is F or OH.
In addition, full /,w maps were made with B3LYP/6-
31G(d) for the three molecules X–CH2–CH2–O–CH2–
CH2–Y, where X and Y = OH, X and Y = F and
X = OH, Y = F. In these calculations, the X–C–C–O
and O–C–C–Y sequences were held at torsion angles
of �79� and �70�, and the H–O–C–C sequences were
held at 180�. All of /,w space was considered for all
three molecules at the B3LYP/6-31G(d) level. All
showed the global minimum in the same location and
most of the differences in relative energy were less than
1 kcal/mol. In the highest energy region, the map with
X and Y = OH was higher in energy than the X and
Y = F map by 5.0 kcal/mol. In the important low-energy
region, the differences were less than 0.5 kcal/mol but it
could be said that the minima on the X and Y = F map
were slightly deeper than those on the X and Y = OH
map. From these calculations we conclude that the elec-
tronic effects of F are likely to be negligible in our main
calculations for the F-disaccharides.

Further support for the negligible electronic effect of
fluorine atoms on the conformation came from inspec-
tion of the Mulliken charges on CH3F and CH3OH as
well as the molecule X–CH2–CH2–O–CH2–CH2–Y.
The numeric value of charges for oxygen represents
the sum of charges on both the oxygen and hydrogen,
for comparison with the F atoms. The O in CH3OH
has a charge of �0.196, while the F in CH3F has a
charge of �0.325. In X–CH2–CH2–O–CH2–CH2–Y,
the carbon atoms adjacent to the central oxygen (which
represents the glycosidic oxygen in the disaccharide)
have a charge of �0.24 when X and Y = F, �0.26 when
X = F, Y = OH, and �0.27 when X and Y = OH. The
differences among these values are small.

3.3. F-Cellobiose

Figure 4a–c show the HF/6-31G(d), HF/6-311+G(d)//
HF/6-31G(d), and B3LYP/6-31G(d) maps, respectively,



-220

-200

-180

-160

-140

-120

-100

-80

-60

ψ
C

1′
–O

4–
C

4–
C

5

-220

-200

-180

-160

-140

-120

-100

-80

-60

ψ
C

1′
–O

4–
C

4–
C

5

-180 -160 -140 -120 -100 -80 -60 -40 -20

-180 -160 -140 -120 -100 -80 -60 -40 -20 -180 -160 -140 -120 -100 -80 -60 -40 -20

φO5′–C1′–O4–C4

-220

-200

-180

-160

-140

-120

-100

-80

-60

ψ
C

1′
–O

4–
C

4–
C

5

(a) (b) φO5′–C1′–O4–C4φO5′–C1′–O4–C4

(c)

Figure 4. (a) HF/6-31G(d) energy surface for F-cellobiose with experimentally observed small molecule crystal structure geometries shown as points.

(b) HF/6-311+G(d)//HF/6-31G(d) energy surface for F-cellobiose with small molecule structures. (c) B3LYP/6-31G(d) energy surface for F-cellobiose

with small molecule structures.
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for F-cellobiose and the conformations from the CSD.
There is a small effect of the level of theory, not as large
as those seen for different theory for QM maps of treha-
lose.8 At the HF/6-31G(d) level, 66 of the 81 lowest-
energy structures for each map point had gg,gg C6–F
positions, with 9 gg,tg and 4 gt,tg pairings. That domi-
nance of the gg,gg structures agrees with the above find-
ings for F-glucose. The HF/6-311+G(d)//HF/6-31G(d)
map had 15 gg,gg, 12 gg,tg, and 8 gt,tg structures, but
44 gt,gg structures. A few points failed to yield con-
verged results on both maps. The B3LYP/6-31G(d) sur-
face was composed of 64 gg,gg, 8 gt,gg, 4 gt,gt, 4 gt,tg,
and 1 gt,tg structures.

On all of three F-cellobiose maps, the crystallographi-
cally observed small molecule conformations fit within
the 1-kcal/mol contour. One structure, a very heavily
substituted cellobiose, that is in a secondary minimum
that is not on these maps (see Fig. 8, below). The dashed
diagonal line indicates structures that would have inter-
nal twofold screw-axis symmetry. Because of their essen-
tially infinite length, crystalline cellulose molecules often
have this symmetry, but the small molecules cannot. In
cellobiose, for example, the reducing and nonreducing
residues are chemically different and cannot be related
by symmetry. However, a consequence of this geometry,
regardless of exact symmetry, is that the dimers, oligo-
mers or polymers of b-1,4-linked glucopyranose residues
have the shape of a flat ribbon that can pack very effi-
ciently in crystals, like bricks in a wall. Conformations
falling near this line, therefore, may be the result of dis-
tortions from crystal packing forces. Of the several sur-
faces that we have produced recently with QM, hybrid,
and MM theory for molecules related to cellobiose,20

the fluorinated maps show the lowest energy for the two-
fold screw structures. Except for the F-cellobiose maps,
and the new hybrid map below (Fig. 8), the twofold lines
pass through areas that have minimum energies of more
than 0.8 kcal/mol. Somewhat older cellobiose maps, also
made with elevated dielectric constants but with fewer
starting structures, showed low energies for the twofold
structures.31
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Figure 5. (a) HF/6-31G(d) energy surface for F-cellobiose with cellodextrin protein complexes. (b) HF/6-311+G(d)//HF/6-31G(d) energy surface for

F-cellobiose with cellodextrin protein complexes. (c) B3LYP/6-31G(d) energy surface for F-cellobiose with cellodextrin protein complexes.
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Figure 5a–c show the same energy surfaces with the con-
formations from cellodextrin oligosaccharides that are
complexed with proteins, taken from the PDB. Some
of the conformations have rather high energies on this
surface but most corresponding energies are less than
1 kcal/mol. What can be concluded from these predic-
tions of the geometry of cellobiose using QM calcula-
tions on F-cellobiose? The experimentally observed
conformations of cellobiose coincide with predictions
based on high-quality QM calculations for a molecule
that does not permit hydrogen bonding. The various lev-
els of theory are all reasonably predictive. The most
Table 2. Relative energies (kcal/mol) at minimaa and glycosidic angles (�) fo

Level of theory Rel. E center of map s (C10–O4–C4) Rel.

HF/6-31G(d) 0 117.73 2.95

HF/6-311+G(d) 0 2.90

B3LYP/6-31G(d) 0 116.31 2.48

B3LYP/6-311+G(d) 0 2.67

B3LYP/6-311++G(d,p) 0 2.58

a The central minima are at /,w � �80�, �120�; the right edge minima at /,w
The latter regions are not shown on the F-cellobiose maps.
expensive of these three calculations, B3LYP/6-31G(d),
is not demonstrably superior to the others.

Table 2 shows the energies for the three main minima31

for F-cellobiose in /,w space (see also Fig. 8, below).
There is only one observed structure in an alternative
minimum but the energies for these conformations are
of interest for molecules in solution and possibly, folded
chain structures. The glycosidic bond angles are larger
for the alternative minima, as are the energies. There
is a modest dependence for both these properties on
the level of theory. Presumably, B3LYP theory provides
r F-cellobiose

E right edge s (C10–O4–C4) Rel. E top edge s (C10–O4–C4)

120.33 3.56 120.89

3.39

118.14 3.41 118.87

3.10

3.04

� 60�, �120�; and the top (or bottom) minima at /,w � �80�, �300�.
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lower contributions to the van der Waals energies for
the strained structures in the alternative minima. We
note that the alternative minimum that is split by the
sides of the map (not populated by experimental struc-
tures) is the location of the global QM minimum for cel-
lobiose itself, according to Strati et al.32,33

3.4. F-Maltose

Based on the above results (see the paragraph in Meth-
ods on preliminary maltose studies and the low sensitiv-
ity to level of theory for F-cellobiose in Figs. 4 and 5),
HF/6-31G(d) theory was deemed sufficient to make a
predictive surface for F-maltose. Figure 6a–c show the
energy surface for F-maltose with three sets of observed
conformations from the CSD. Figure 6a contains the
acyclic, small-molecule structures, fewer than half of
which are inside the 1-kcal/mol contour. While the max-
imum energy for any crystal structure is less than 4 kcal/
mol, the distribution of the observed structures is not
random, but instead more or less along a diagonal line.
Figure 6. F-Maltose computed at the HF/6-31G(d) level: (a) with crystal st

crystal structure conformations from a- and b-cyclodextrins (red and blue, re

with 8 (green), 9 (gold), 10 (purple), 12 (light green), 14 (red), and 26 (light
Most of the structures at the upper right, such as crystal-
line maltose itself, benefit from intra-molecular, inter-
residue hydrogen bonding, while those within the 1-
kcal/mol contour and to the lower left do not. Thus,
the latter structures either cannot form hydrogen bonds
because they have no hydroxyl groups, such as maltose
octaacetate, or the hydroxyl groups form inter-molecu-
lar hydrogen bonds. The map can be interpreted to indi-
cate that observed structures in one area of /,w space
are favored by factors inherent in the F-maltose model,
but that intra-molecular, inter-residue hydrogen bond-
ing, and other effects can distort the linkage by more
than 3 kcal/mol.

Figure 6b shows the locations of the very large number
of conformations of the a- and b-cyclodextrins (six and
seven glucose residues per macrocycle). Although there
is a range of observed conformations, the center of the
population is shifted from that of the acyclic structures.
From this we conclude that the closure of the macrocy-
cle restricts the flexibility of the glycosidic linkages.
ructure conformations of nonmacrocyclic molecules plotted; (b) with

spectively); (c) with crystal structure conformations from cyclodextrins

blue) glucose residues.
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Many of these cyclodextrins have inter-residue hydrogen
bonds between O-3 and O-2 0, so it is not possible to dis-
tinguish between the effects of hydrogen bonding and
closure of the macrocycle on the / and w values.

Figure 6c shows the conformations from the larger
cyclodextrins plotted on the HF/6-31G(d) energy sur-
face. These larger molecules have different restrictions
on accessible values for / and w. In the a- and b-cyclo-
dextrins, the C-6 groups are all on the same side of the
macroring. The macrorings with 10 and 14 residues have
a �flip� in two of the linkages between rings, so that half
of the C6 groups are on one side and half on the other.34

The macrorings with 26 glucose residues have two heli-
cal segments connected with flipped geometries, so that
there is an �up� helix as well as a �down� helix in the same
molecule.35 The flipping linkage geometries fall into a
secondary minimum that appears on the full space /,w
energy maps. See Ref. 31 for an example of a full /,w
map constructed with the empirical force field, MM3,
and an MM3::HF/6-31G(d) hybrid map for maltose is
also available.22 Energy values for all of /,w space are
also plotted below in Figure 8.

Figure 7 shows the minimum energy conformations for
each of the nine starting geometries at two levels of the-
ory, HF/6-31G(d) and B3LYP/6-31G(d). Also shown
are the final /,w values for the nine structures started
in the secondary minimum, calculated with both levels
of theory. The effect of C6–F orientation on the / values
is substantial, yielding minima that varied in location
over a range of about 40�, similar to the 44� range of
/ values reported by Strati et al.32 for various starting
geometries of cellobiose.
-300

-280

-260

-240

-220

-200

-180

-160

-140

-120

60 80 100 120
φ

ψ

Figure 7. Locations of the minimum energy conformations for the F-

maltose structures. There are 18 points in each of the two groups. The

upper group aligns with the experimental structures and the main

energy minimum. It depicts the /,w values from the nine starting

structures, minimized without constraints with the 6-31(d) basis set

and HF and B3LYP theory. The lower group corresponds to the

alternative minimum on the hybrid maltose map (Fig. 9) below. The

HF/6-31G(d) data are represented by h and the B3LYP/6-31G(d) data

are marked with n. The global minima are represented with filled

symbols.
3.5. Hybrid disaccharide and methylated tetrahydropyran
analog QM maps

MM4::QM hybrid maps for actual cellobiose and malt-
ose are shown in Figures 8 and 9. Both of these maps
seem to be very predictive. The more rapid generation
of the hybrid surfaces, compared to the F-disaccharide
calculations, along with the high quality of prediction,
suggests that the hybrid method is preferred for predic-
tion of the real disaccharides. However, hybrid maps
prepared at lower dielectric constants, that is, with
stronger hydrogen bonding, were less predictive than
these surfaces. On those maps (not shown), only the
hydrogen bonded molecules have low energies. More
cellobiose linkage conformations are within the 1-kcal/
mol contour on its present hybrid surface than are malt-
ose linkages. The effects of ring closure on linkage con-
Figure 8. MM4::B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) hybrid

map for cellobiose with experimental conformations from Figures 4

and 5. Black and red dots represent structures from the CSD and PDB,

respectively.

Figure 9. MM4::HF/6-31G(d) hybrid map for maltose with crystal

structures from Figure 6 plotted.
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formations of the cyclodextrins may play a substantial
role in the explanation of this situation.

The inherent differences between di-equatorial and ax-
ial–equatorial linkages are clear in Figures 8 and 9. On
the di-equatorial cellobiose map, a secondary minimum
nearly as low in energy as the central minimum is split
by the left and right edges. On the axial–equatorial malt-
ose surface, that same region corresponds to energies of
about 15 kcal/mol. Both surfaces have secondary min-
ima of less than 2 kcal/mol that are split by the top
and bottom edges of the maps. The (top/bottom) min-
ima are populated with experimental structures. For cel-
lobiose, there is only one, heavily substituted, observed
structure.36 The maltose structures in the top/bottom re-
gion are all from the larger cyclodextrins. Those linkages
relieve the strain that would occur in the glucose rings37

if all linkages in the larger molecules had geometries
similar to those in the small cyclodextrins.

The map in Figure 10 is from a model that has methyl
groups attached to tetrahydropyran (THP) rings in the
positions of primary alcohol groups. In another descrip-
tion, the model molecule is the same as maltose with all
OH groups replaced by hydrogen. Thus, this maltose
analog is sterically more complete than the simple
THP–O–THP analogs studied earlier.11 The fit of the
crystal structures on this surface is comparable to that
on the F-maltose surface, although the structures in
the secondary minimum of the Me,Me–THP–O–THP
surface are slightly higher in energy than reported above
for the F-disaccharide surface. This overall comparabil-
ity supports the validity of our assumptions that the flu-
orines would not affect the torsional energies for the
glycosidic linkage bonds.
Figure 10. HF/6-31G(d) full map for 5,5 0-dimethyl THP–O–THP

maltose analog with crystal structures from Figure 6.
4. Conclusions

In this work, we have explored the possibility of using F-
disaccharides for predictive modeling of disaccharides
and larger, more complex carbohydrates. This was
undertaken because of the substantial multiple mini-
mum problem inherent in sugars that have many hydrox-
yl groups. There are so many combinations of exo-cyclic
group orientations possible, compared to just three per
monomeric unit in F-disaccharides. Although our ear-
lier work had shown that the torsional energies for the
glycosidic bonds were very important in determining
the observed conformations, that work was based on
simple THP–O–THP analogs. Those analogs had obvi-
ous steric shortcomings that could be partly relieved
with an analog based on substitution of all hydroxyl
groups with fluorine atoms.

Whether these analogs are suitable was tested by study-
ing the ring shape stability and the influence of the fluo-
rine atoms on the glycosidic torsional bond energies.
These issues were not obstacles, and all of the F-cellobi-
ose energy surfaces were very predictive of the observed
conformations. On the other hand, the F-maltose map
was only predictive of structures that lack inter-residue
hydrogen bonds. Structures having hydrogen bonds
were outside of the 2-kcal/mol contour. From this obser-
vation, it appears that there is a strong (2–3 kcal/mol)
hydrogen bonding effect on the linkage geometry if a
hydrogen bond is formed. The cyclodextrin and cyclo-
amylose structures added a very large number of linkage
geometries to the study, including some that populate an
alternative minimum. By far, most of their linkage
geometries were outside of the 2-kcal/mol contour on
the F-maltose surface. Although there could be a strong
effect on the linkage geometry from closure of the mac-
rocycle, the geometries in the main minimum are not so
different from those of the nonmacrocyclic maltodext-
rins. Hydrogen bonding is also a likely factor in the con-
formational preference for maltose linkages in
macrocycles.

Additional energy surfaces were constructed for the
disaccharides themselves with our MM4::QM hybrid
method. They took less computer time than for the
F-disaccharides, and gave a substantially more predic-
tive result for maltose molecules, although there was
little difference among the various cellobiose-type maps
herein. Finally, a map for another maltose analog that
lacked hydrogen bonding ability was quite similar to
the F-maltose map. This confirmed that the major
deficiency of the F-maltose model was its total lack of
hydrogen bonding ability, and not an effect of the
fluorine atoms on the glycosidic torsional energies or
some new, nonbonded interactions of the fluorine
atoms.
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