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Abstract—The rotational barrier for a methyl group at the end of an anomeric system is sometimes lower than we might have anti-
cipated. Thus, in the trans—trans conformation of dimethoxymethane, the barrier to methyl rotation is calculated (B3LYP/6-
311++G(2d,2p)) to be 2.22 kcal/mol, just slightly smaller than the corresponding barrier to rotation of the methyl group in methyl
propyl ether of 2.32 kcal/mol. However, if the methyl being rotated in dimethoxymethane is placed into a gauche conformation, that
rotational barrier is reduced to 1.52 kcal/mol. This substantial (0.80 kcal/mol relative to methyl propyl ether) reduction in barrier
height in the latter case is attributed mainly to the change in the bond order of the C-O bond to which the methyl is attached,
as a function of conformation, which in turn is a result of the anomeric effect. We have called this barrier lowering the external-
anomeric torsional effect. This effect is apparently widespread in carbohydrates, and it results in the changing of conformational ener-
gies by up to about 2 kcal/mol. If polysaccharide potential surfaces are to be accurately mapped by molecular mechanics, this effect

clearly needs to be accounted for.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In computerized molecular modeling, forces acting on
the atoms can be calculated with empirical equations
for bond stretching, angle bending, and so forth. Alter-
natively, the model can be based on electronic structure
theory. Empirical force field equations are often referred
to as ‘molecular mechanics’ and electronic structure the-
ory methods are called ‘quantum mechanics’ or just QM.
Authors of molecular mechanics software strive to
incorporate enough relevant knowledge into their soft-
ware so that reasonably correct results can be obtained
rapidly. Quantum chemistry software, on the other
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hand, depends on fundamental principles that can be en-
coded in increasingly complete ways. With more com-
plete theory, results should be more accurate. At
present, however, QM methods of sufficient accuracy
for general use are too time-consuming for large mole-
cules, and molecular mechanics representations are
expected to be useful for many years to come.

A major limitation to molecular mechanics modeling
is the need to incorporate all of the relevant facts for
the systems to be studied. Much of this knowledge has
come from laboratory experiments such as spectroscopy
and diffraction. To fill in missing information, the
important forces in molecules can be calculated with
QM for small molecules. Then, empirical parameters
and equations can be developed so that the resulting
models duplicate the behavior of QM models. In the
past decade or so, several workers have developed
general empirical force field systems that are based
extensively on QM studies of fragment molecules.'>
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Other workers have employed QM to parameterize gen-
eral purpose empirical force fields for specific kinds of
molecules when experiments did not agree with
calculations.

For carbohydrates, the positions and energies of
atoms near the anomeric centers have been critical ques-
tions.** In the early 1970s, QM studies of small relevant
molecules established a foundation for further pro-
gress.®® More recently, several authors have focused
on QM energy profiles for rotations about the glycosidic
bond to improve energies for conformational analyses of
disaccharides.” ' At least one paper has calculated QM
torsional energies of methoxyl groups attached at non-
glycosidic positions on tetrahydropyran to represent
the aglycon bonds.'

When we wrote our four manuscripts on the molecu-
lar mechanics (MM4'%) of alcohols, ethers, and carbo-
hydrates,'® ' we thought that we had accounted fairly
well for the structural characteristics of carbohydrates
in terms of the related characteristics of the simpler com-
ponent molecules, plus explicit effects that occur in sug-
ars and related compounds. These effects include
hydrogen bonding, the anomeric effect,!” and also the
delta-2 effect.'”” We subsequently found that another
known effect, called the Bohlmann effect, which is of
some importance even in simple alcohols and ethers,?
was accounted for only partially in the earlier work.
Now we see another effect that is important and previ-
ously unrecognized. It causes changes to the calculated
potential energy surfaces of many carbohydrate mole-
cules in certain areas by up to about 2 kcal/mol. This
effect, which we designate as the ‘external-anomeric
torsional effect;”” occurs only in systems that show the
anomeric effect. It is a special case of the more general
Bohlmann Torsional Effect, which was discussed in detail
earlier in another paper.”” The Bohlmann Torsional Ef-
fect is quite widespread, apparently occurring in all mole-
cules that contain an atom with a lone pair of electrons
attached to an alkyl group. Here we will specifically dis-
cuss the external-anomeric torsional effect.

"The name of the effect was chosen only after considerable discussion.
Using methyl glucoside as an example, the new effect applies to the
energy barriers encountered during rotation of the methyl group
about its bond to O-1. Our initial name (J.-H. Lii, K.-H. Chen, G. P.
Johnson, A. D. French, and N. L. Allinger, was the New exo-
anomeric torsional effect.” Abstract CARB025, ACS National Meet-
ing, Anaheim, 2004.), The exo-anomeric torsional effect was chosen
because it refers to atomic positions affected by the geometry of the
anomeric sequence but that are outside that sequence. Another
candidate name, the ¥ effect, made sense because it is important in
calculations of energies for the ¥ coordinate (using accepted
conventions) of @,¥ energy surfaces for conformational studies of
disaccharides. However, the ‘exo-anomeric torsional effect’ is too
close to the widely used, if somewhat obsolete, ‘exo-anomeric effect’,
and the ¥ effect is felt to be insufficiently descriptive. A referee has
suggested the aglycon effect.

2. Physical basis and formulation of the new effect

The new effect was discovered while tracking down dis-
crepancies between a carefully parameterized empirical
force field (MM4) and observations from crystallogra-
phy or calculations with QM.?! The present work re-
flects a progression of the development of the MM4
method to more accurately reproduce what was found
by QM calculations, especially for the smaller molecules,
and by experiment.

For the small molecules dimethyl ether, dimeth-
oxymethane, and ethoxymethoxymethane (2,4 dioxa-
hexane), we used a particular basis set for QM
calculations (6-311++G(2d,2p)). The reasons for this
choice were given earlier.”> We have generally done
the calculations with two different correlation treat-
ments. These are MP2 and B3LYP. We informally refer
to this basis set as Big, and so we represent these two
kinds of calculations by the shorthand MP2/B, or
DFT/B. We have generally found (K.-H. Chen, unpub-
lished) that MP2/B gives better geometries,>> but we are
uncertain about the energies, and hence usually use both
calculations. In the present case, there are usually small
or negligible differences between the results from the two
methods.

We will use the expression MM40 to represent the
‘old’ version of MM4 (without the anomeric or Bohl-
mann torsional effects) as described in our earlier carbo-
hydrate papers.'® ' We will use MM4 to represent the
version developed herein with the effects included. The
predictive utility of the various methods is assessed by
comparing with crystalline conformations of molecules
that contain a cellobiose analog (CBA). That analog
has two tetrahydropyran rings, linked analogously to
cellobiose. QM calculations on the larger CBA molecule
were done at the B3LYP/6-311++G(d,p)//B3LYP/
6-31G(d) level. Geometries of small-molecule crystals**
were from the Cambridge Structural Database.” Crys-
talline complexes of proteins and cellodextrins also fur-
nish data on CBA conformation, and those were gained
from the Protein Databank.”® Conformations from pro-
tein—lactose complexes were not included in the present
work.

The external-anomeric torsional effect in its most sim-
ple form may be illustrated by the rotational barrier of a
methyl group in dimethoxymethane. This barrier proves
to have a height that depends on the conformation of
the anomeric part of the molecule. The important con-
formations of this molecule are shown in Scheme 1.
(Throughout this manuscript, a capital 7" or G is used
to indicate a trans or gauche conformation in the part
of the molecule under discussion, and small letters are
used to indicate other parts of the molecule.)

As shown in Table 1, if the molecule is in the ¢7" con-
formation, the barrier heights for rotation of a methyl
group by DFT/B or MP2/B calculations are quite simi-
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Scheme 1. Conformers of dimethoxymethane.
Table 1. Methyl rotational barriers in dimethoxymethane
Conformation Calculation
DFT/B MP2/B MM40* MM4°
tT 2.22 2.39 2.60 2.24
tG 1.52 1.66 2.57 1.52

% Without the external-anomeric or Bohlmann torsional effects.
® With the external-anomeric and Bohlmann torsional effects.

lar (2.22 and 2.39 kcal/mol). With the MM4O force
field, that barrier was calculated a little bit high
(2.60 kcal/mol). We have reduced this barrier slightly,
and with MM4 the value is calculated to be 2.24 kcal/
mol.

Interestingly, when the molecule is put into the tG
conformation (which is more stable than the ¢T confor-
mation), these barriers are reduced by approximately
0.7 kcal/mol, to heights of 1.52 and 1.66 kcal/mol by
DFT/B and MP2/B calculations, respectively. Because
there is a negligible steric effect involved here, the
MMA40 calculations gave a barrier height of 2.57 kcal/
mol, insignificantly different from that of the #7" confor-
mation. Compared to the QM calculations, however,
this barrier height is too high by about 1.0 kcal/mol,
which is a significant error. The reason for this error is
that in the anomeric system there are stereoelectronic ef-
fects, not properly included in the MM4O calculation.
Those need to be included if one is to obtain the correct
barrier height.

Let us first examine the /G conformation of dimeth-
oxymethane. The methyl numbered 5 (Scheme 2) is
being rotated. The resonance that occurs in the ano-
meric effect tends to increase the bond order of the 3—
4 C-O bond, and reduce the bond order of the adjacent
2-3 C-O bond. The particular valence bond structure
that is important in this case is shown in Scheme 2.

gy,
gy,

2
oom) - 400

5
11\\\\)J\

13 12

tG

855

1, 2
o0 4OQ(1)

5
11\\\")\

13

(6]
4 M
5
1 1wy

13 12 12

eG

Thus, the bond order about the C-O (3-4) bond is
higher (more double bond character) than it would be
if the other oxygen (O-2) were not present in the gauche
conformation (since a lone pair on O-4 must be anti to
the 2-3 bond for effective resonance). Rotational barri-
ers in saturated molecules (sp’—sp>, for example, the
methyl group in propane), are normally oriented such
that the staggered conformation is the energy minimum,
and the eclipsed conformation the energy maximum.
But in sp”~sp’ systems such as propene, the double bond
is normally eclipsed by a methyl hydrogen in the ground
state. Also, previous studies have shown that the height
of the rotational barrier of a methyl group attached to a
normal double bond varies with the precise bond order
of that double bond.?”?® If the double bond has a high
bond order as in propene, the eclipsed structure is more
stable by a relatively large amount (about 1.5 kcal/mol).
This amount is reduced as the bond order of the double
bond is reduced, and would presumably become nega-
tive at a sufficiently low bond order, that is, the previous
energy minimum would become, or at least tend toward,
an energy maximum.

Applied to the case at hand, if we look at the principle
resonance form of dimethoxymethane (on the left in
Scheme 2), the 3-4 C-O bond vicinal to the rotating
methyl is single, and if we call that a bond order of
one (or nearly so), that would be a reference point.
But to the extent that the resonance indicated in Scheme
2 occurs (structure on the right), that bond becomes
more double, of higher bond order, and therefore the
hydrogen on the methyl eclipsing that bond (at the top
of the barrier) is in a more stabilized conformation.
Thus, the rotational barrier of the methyl group goes
down as expected, and this will happen in the gauche
(but not the anti) conformation. Hence, we have the
physical basis of external-anomeric torsional effect.
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Scheme 2. The external-anomeric torsional effect in the G conformation of dimethoxymethane.
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The rotational barrier of the methyl group on dime-
thoxymethane goes down considerably (to 1.66 kcal/
mol, MP2/B) when that methoxyl group is gauche to
the rest of the system, compared to 2.39 kcal/mol if it
is anti. It makes a negligible difference whether the meth-
oxyl group on the other end of the system is gauche or
anti (C-1-0-2-C-3-0-4 = 66° or 180°), as suggested by
the valence bond pictures, and as confirmed by MP2/B
calculations. However, if the methoxyl were to be gauche
(C-1-0-2-C-3-0-4 = —66°), there would be an addi-
tional large steric effect between the two ends of the
system, and that would be a separate matter.

Hence, we conclude that this effect is dependent upon
a lone pair delocalization, as illustrated in the valence
bond pictures shown in Scheme 2. The effect would be
near a maximum when that methoxyl is gauche to the
rest of the system, and it amounts to about 0.7 kcal/
mol in the case of a methyl substituent.

To some extent the anomeric resonance shown also
occurs in the trans—trans conformation. For the ano-
meric resonance to be most effective, the lone pair on
oxygen, which is being donated into the o*-orbital
(forming the double bond in the valence bond picture)
needs to be anti (180°) to the leaving group (the other
oxygen). If the angle were to be 90°, there would be
no resonance effect. The two lone pairs on oxygen can
never be oriented so that both of them are simulta-
neously 90° with respect to the leaving group, so the ef-
fect can never go to zero. What is usually referred to as
the anomeric effect is the energy difference between the
anti and gauche conformations.

We might now ask, is it really all that important that
the rotational barrier of a methyl group is reduced by
0.7 kcal/mol? The answer might appear to be ‘probably
not’ for the case of methyl itself, but whatever happens
for the methyl group would presumably happen (in a
qualitative sense) for an alkyl group as well. In the latter
case this effect could lead to significant conformational
consequences when appropriate structures occur in lar-
ger molecules. Such structures turn out to be plentiful
in the carbohydrate field, so the effect has a greater sig-
nificance than might have been evident at first sight.

The next point would be how, exactly, should we for-
mulate this effect? We want to consider two cases. The
first is the methyl case, where the rotating group has
the structural segment C—-O—C-H, and then separately
we want to consider the ethyl (or larger) group, where
the rotating structure contains the segment C-O-C-C,
in place of, or in addition to, the C-O—-C-H. (The iso-
propyl and tert-butyl groups are just combinations of
the above two terms in molecular mechanics.)

The MM4 torsional parameters of C-O-C-H (Q) and
C-O-C-C (¥) were modified using the equations below
to account for this effect. Note that the torsional ele-
ments being considered here (22 and ¥) are not for these
units in isolation, but only when they are external to the

anomeric system so that we have the arrangement, O-1-
C-2-0-3-C-4-H-5 (where 2-3 is &, and 3-4 is Q, or O-
1-C-2-0-3-C-4-C-5 where 2-3 is @ and 3-4 is ¥). The
new parameters for torsional angles of C-O-C-H (Q)
and C-O-C-C (W), are not constants, but are functions
of the adjacent O—C-O-C (@) torsional angle.

For C-O-C-H (Q), the external-anomeric torsional
effect changes the torsional constant from V3(Q2), the
earlier MMA4O0 value, to V4(Q):

Vi(Q) =V3(Q)+ K /2% (1 —cos(P@)) +K»/2
% (1 — cos(2®)) + K3/2 x (1 + cos(3®)) (1)

and similarly,
For C-O-C-C (V)

Vi(P)=Vi(¥)+Ks/2% (1 —cos(29)) + K (2)

V() =Va(¥) + Ks/2 % (1 —cos(29)) + K (3)

V(W) =V3(¥) 4+ Ke/2 % (1 — cos(29)) + K, (4)

where K|—Ko are adjustable parameters.

The MM4 calculations with the new procedure were
carried out for the model compounds dimethoxyme-
thane and ethoxymethoxymethane, and the values of
K,—Ky were optimized for the external-anomeric case
by fitting their MM4 torsional profiles to the QM
results. The best values for Ki—Ky are —0.13, —0.40,
—0.27, 0.68, —0.30, —0.40, 0.33, 0.10, and 0.0,
respectively.

3. Results and discussion
3.1. Small model systems

The general nature of the problem can perhaps best be
understood by first examining Figures 1 and 2. If we
consider dimethoxymethane, and begin with the trans—
trans conformation (Fig. 1), we can consider what hap-
pens to the energy of the system as we rotate one of the
methyl groups. A plot of the energy (DFT/B) is shown,
as is the corresponding MM4O0 plot. They show the ex-
pected 3-fold symmetry, and the MM40 plot shows bar-
riers that are slightly higher. Lowering the V3 term in the
MMA40 function yields the MM4 function, which now
agrees with the DFT calculations. But if we now rotate
the methoxyl stepwise around into a gauche conforma-
tion, changing the @ torsion angle of the methoxyl from
180° to 120°, and then to 90°, then to the gauche confor-
mation (Fig. 2), we find that the MM4O barriers change
in height considerably, from about 2.6 kcal in Figure 1,
up to 3.5 kcal at 120°, and then back down to 3.0 kcal at
90°, and 2.6 kcal in Figure 2. (The figures for ¢ = 120°
and 90° are in the Supplementary material.) The reason



J.-H. Lii et al. | Carbohydrate Research 340 (2005) 853-862 857

[~ - DFT/B ——MM40 - a - MM4|

AN A
Fou R

@
=}

N N
) o
=
e =

Energy (kcal/mole)
5 o

o
()]

N VAR VARV

0 120 150 180 210 240 270 300 330 360
C-3-0-4-C-5-H-11 (Q) Angle

Figure 1. The torsional potential for rotation of a methyl group in
dimethoxymethane with the C-1-O-2-C-3-O-4 and O-2-C-3-0-4-C-5
(@) angles fixed at 180°. Note that this figure (and some of those that
follow, 2-8) sometimes show a lack of symmetry relative to what might
have been expected. These are artifacts of the driver method that was
used to generate these figures (Ref. 29).
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Figure 2. The torsional potential for rotation of a methyl group in
dimethoxymethane with the C-1-O-2-C-3-O-4 and O-2-C-3-0-4-C-5
() angles fixed at 180° and 66.3°, respectively.

for these changes is mainly a steric effect in the MM40
calculations. At @ equals 120°, the rotating methyl car-
bon eclipses a C-H bond from C-3, and hence the
MM4O0 energy of the barrier to methyl rotation is very
high (3.5 kcal). But the DFT/B values are quite different.
Here the energy barrier is only about 1.3 kcal/mol at @
angles of 120° and 90°, and then is slightly higher, about
1.5 kcal/mol, at 66.3° (the gauche conformation, Fig. 2).
The MM4O0 barrier heights consequently are slightly too

high for the trans—trans conformation, but much too
high for all of the other conformations. Correcting these
original MM4O values using Eqs. 1-4 with the parame-
ter values given in the previous section, MM4 gave the
curves as shown in Figures 1 and 2 (open squares labeled
MM4). It may be seen that compared with the earlier
MM40 values, these energies are now in reasonable
agreement with the DFT/B values. These corrections
amount to more than 2 kcal/mol at some geometries,
so they can be quite substantial.

A more important case results when instead of dim-
ethoxymethane we consider the molecule eth-
oxymethoxymethane, which has an ethyl group
replacing one of the methyls of the original system.
(The methyl is to some extent a special case. The ethyl
is a better representation of an alkyl group.) Here we
wish to rotate the ethyl group with respect to the rest
of the anomeric system. The structure and numbering
system is shown in Scheme 3.

Again, starting with the anomeric system at a dihedral
angle (®@: O-2-C-3-0-4-C-5) of 180°, and rotating the
ethyl group through dihedral angles (¥: C-3-0-4-C-5-
C-6) of 0° to 360° (Fig. 3), and then repeating the calcu-
lation for @ dihedral angles sequentially of 120°, 90°,
and 60° (the 60° case is shown in Figure 4, and the oth-
ers in the Supplementary material), we obtained profiles
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Figure 3. The torsional potential for rotation of the ethyl group in
ethoxymethoxymethane with the C-1-O-2-C-3-O-4 and O-2-C-3-O-
4-C-5 (@) angles fixed at 180°.

Scheme 3. The external-anomeric torsional effect in the G conformation of ethoxymethoxymethane.
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Figure 4. The torsional potential for rotation of the ethyl group in
ethoxymethoxymethane with the C-1-O-2-C-3-O-4 and O-2-C-3-O-
4-C-5 (@) angles fixed at 180° and 60°, respectively.

that are roughly analogous to those with the methyl
group, but distorted somewhat by the presence of the
ethyl. Note that in Figure 3 the MM40O and MM4 cal-
culations show rather small differences in the heights
of the barriers. But for the gauche conformation (Fig.
4), as the angle (@) decreases, the DFT/B values are
rather different from the MM40O values, and the MM4
values have been adjusted to fit better to the DFT/B val-
ues. The fits of the MM4 values to the DFT values as
shown in Figures 3 and 4 could obviously be further im-
proved, but this was not done as other items discussed
later would then have been more poorly fit.

3.2. Carbohydrate systems

We now wish to examine what happens in carbohydrate
molecules of interest, where this external-anomeric tor-
sional effect comes into play. This can be presented by
discussing a study of the cellobiose analog (CBA), which
is a disaccharide ring system with all the exo-cyclic
groups removed (Scheme 4). Cellobiose is in turn a
model for the important common polysaccharide, cellu-
lose. A comprehensive approach to the study of CBA
conformations was to calculate the QM energy surface
for @,¥ space shown in Figure 5. To carry out this cal-
culation by molecular mechanics, we need the force field
and parameters as presented earlier (Eqgs. 1-4, and con-
stants K;—Kp).

There can be seen in the central region of the surface
in Figure 5 just a single potential minimum, at @,¥
approximately —70°/—120°. The minimum energy area
for CBA (Fig. 5) is more or less oval shaped and ori-
ented north-south. There are also four large ‘moun-
tains,” near the corners of the map. These are quite
high, in the 11-16 kcal range, according to DFT calcula-

v
0-5 0-4 C-3
c_5'/ C-a €C 4/ C‘J-Z
C-‘4' C-o C‘ 5 C-1
e
\ c-3 O/

Scheme 4. The structure and numbering for the cellobiose analog
(CBA).
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Figure 5. Ramachandran plot of the CBA potential surface by QM
(B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)) calculations. The numbers
on the contours are their energies relative to the minimum at about
@ —70°, ¥ —120°. Conformations observed in experimental crystal
structures are shown as triangles.

tions. Such DFT calculations tend to significantly over-
estimate the energies in places where there are high van
der Waals repulsions,® so these mountains are expected
to actually be smaller than indicated in Figure 5 (but still
large). On the corresponding CBA MM40 contour map
(Fig. 6), there are two main minima rather than the oval
shape in Figure 5. The four mountains are still in place,
although substantially lower (in the range of 8-13 kcal/
mol) than on the DFT map, and we believe that the
MMA4O0 values for these are more accurate. There are
many cellobiose derivatives (disaccharides containing
the CBA ring system) that have known crystal struc-
tures. We have placed points on these contour maps cor-
responding to the experimental linkage conformations.
On Figure 6, they form a pattern that is roughly cen-
tered on the saddlepoint between the two 1-kcal/mol
contours, a little bit to the west (left) and spilling over
the 1.0 and 2.0 kcal contours further to the west. The
experimental pattern is not circular, but elliptical, with
the major axis pointing roughly north-south (or perhaps
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Figure 6. Ramachandran plot of the CBA potential surface by MM40O
(without the external-anomeric torsional effect). Crystal structures are
shown.

northeast-southwest). If we compare the location of the
experimental data points in Figure 6 with the energy
minimum in Figure 5, the points and the QM plot are
in agreement. There is a major disagreement between
the MM40O plot (Fig. 6) and both the experimental
values and the QM plot, however. The presence of
the saddlepoint in the MM4O calculations is clearly
inconsistent with quantum mechanics and experiment.

In Figure 7, the MM4 plot is shown as is shown in
Figure 6 for MM40O. We note that the saddlepoint be-
tween the two minima in Figure 6 has largely disap-
peared. Many more of the experimental points (most
of them) now lie within the 1.0-kcal contour than was
observed with the original MM4O map (Fig. 6). In
Figure 7, the minimum is located at about —80°/
—125°, similar to that from the quantum mechanical
calculations in Figure 5 (—70°/—120°).

It is instructive to note the differences between MM40O
and MM4 as shown by Ramachandran maps. The
(MM40 — MM4) difference map is shown in Figure 8.
There is a substantial broad peak almost in the center
of the map (at @/¥ about —100°/—120°), that is,
2 kcal/mol above the zero reference. There are four
smaller peaks (N, S, E, and W), each 0-0.5 kcal/mol
high. These are all relative to a general surface at a value
of about —0.5 or —1.0 kcal/mol. Thus, the MM40O sur-
face relative to the better MM4 surface is best thought
of as consisting of one broad, large peak 2.5-3 kcal high,
and four smaller ones about 0.5-1.0 kcal high.

Finally, we may examine Figure 9, which compares
MM4 to the QM calculations. The 2 kcal/mol mountain
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Figure 7. Ramachandran plot of the CBA potential surface by MM4
(with the external-anomeric torsional effect included). Crystal struc-
tures are shown.
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Figure 8. Ramachandran difference plot of the CBA potential surface
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shown in Figure 8 is gone, and a large portion of the sur-
face is now surrounded by contours labeled 0 or 0.5.
There are four mountains in the corners, corresponding
to the locations of the peaks on Figures 5-7 and these
are now fairly low, 3.5-5.5 kcal/mol being the highest
energy difference contours on the map. According to
MM4 (Fig. 7), these mountains have actual energies rel-
ative to the minimum in the 8-14 kcal/mol range, so the
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Figure 9. Ramachandran difference plot of the CBA potential surface
(QM — MM4).

discrepancies in Figure 9 between MM4 and QM are
probably due in large part to the inaccurate representa-
tion of the dispersion energies by the DFT method. The
discrepancies in Figure 9 are smaller where the peaks in
Figures 5-7 are smaller.

Our older and widely used MM3 program®! does not
include the external-anomeric torsional effect, and hence
an MM3 plot (Supplementary material) that corre-
sponds to Figures 5-7 shows this same kind of bifur-
cated minimum defect as seen in the corresponding
original MM4O plot (Fig. 6).

One of the principles of molecular-mechanics develop-
ment is that parameters are determined from a study of
small molecules. They are not whimsically adjusted in
larger molecules, but are transferred from the small
model systems. This procedure has been followed in
the present case. No parameters have been specifically
adjusted to fit the carbohydrate data. If that had been
the approach, the resulting force field would have been
less universal in its application, and an understanding
of the actual stereochemistry would not have been forth-
coming. One might have initially assumed that one
could transfer parameters from simple alcohols and
ethers to carbohydrates. However, stereoelectronic ef-
fects are well known in organic chemistry.** In the pres-
ent case, dimethoxymethane represents the smallest
model system that contains the stereoelectronics in ques-
tion. And hence, in addition to the simple alcohols and
ethers themselves, it has to be used as the basis from
which we must work. A present limitation in molecular
mechanics, which is probably more widespread than is
generally recognized, is that model compounds cannot
be chosen from the smallest available systems containing
the proper individual bonds, but must be constructed
from the smallest stereoelectronically complete systems
that contain the necessary bond combinations. It is not
certain that all of the stereoelectronic systems necessary
for use in molecular mechanics have been identified, and
it is even less certain that all of the effects shown by such
systems have been recognized (the external-anomeric
torsional effect being a case in point).

The changes in the MM4 force field described herein
might also be expected to have greater or lesser effects
on the energies and properties of various other com-
pounds that show the anomeric effect. The nature of
molecular mechanics is such that parameters for the

Table 2. Torsional parameters (kcal/mol) for alcohols and ethers to account for the external-anomeric torsional effect”

Torsional angle

Vi Vs Vy Vs BTBP
6-1-6-1 —1.850 —1.300 0.100 0.503 0.000 —0.150
Torsion-bend parameters (mdyn A/rad)
Left angle Right angle
Krpi Kt K3 Krpyr Krpy Krpy
6-1-6-1 0.030 —0.040 0.009 —0.003 0.000 0.000
Torsion—torsion parameters (kcal/mol)
Krri Kr12 K13 Type
6-1-6-1-6 —0.25 0.04 0.12 1
1-1-1-6-1-1 0.00 —0.08 0.00 2
1-6-1-6-1-1 —0.14 —0.23 0.00 2
Coefficients for Eqs. 1-4 (kcal/mol)
K, K> K Ky Ks K K Ky Ko
—0.13 —0.40 —0.27 0.68 —0.30 —0.40 0.33 0.10 0.00

?These are to be added to, or to replace parameters in the older version of MM4 (Refs. 16-19).
® Bend-torsion—bend (BTB) parameters are in units of mdyn A/rad>.
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equations are chosen to fit the available data as well as
possible. In the present work, a new effect has been
uncovered, that can properly be allowed for as discussed
above. But if this set of changes alone were simply added
into the MM4 force field, many other things would no
longer fit very well. The reason is that the parameters
used for those other things were chosen so as to optimize
the overall results in the absence of explicit inclusion of
this new effect. If we are now going to explicitly include
the new effect, then we must derive a new set of MM4
parameters that will be based on that effect being explic-
itly included, rather than simply averaged out insofar as
possible by parameter adjustment.

The only way to have MM4 give other results as
they were previously in MM4O was to go back and
reparameterize anomeric systems, so that was done.
The full parameter set arrived at is given in Table 2.
We then repeated calculations of all of the anomeric
compounds previously studied in paper I1I'” and the re-
sults differ in only trivial ways. They are given in full in
the Supplementary material. Because of these differ-
ences, however, versions of MM4 dated 2004 or later
will generally give slightly different results than did
the earlier versions.

4. Conclusions

Still one more effect that complicates organic chemistry,
and which we have chosen to call the external-anomeric
torsional effect has been recognized. The result of this ef-
fect is the substantial lowering of potential energy barri-
ers to rotation in certain anomeric systems. These
lowerings were found to lead to changes in model com-
pound potential surfaces that indicate corresponding
changes in the energy surfaces of di- and poly-sacchar-
ides of 1-2 kcal/mol are to be expected. The roles of
the various anomeric effects in the conformational analy-
sis of disaccharides (or CBA) are as follows: The ano-
meric effect describes the anomeric form at the linkage
(an endo-ring torsion), but this is already determined
in a given disaccharide. The exo-anomeric effect contrib-
utes substantially to the energy for rotation about the
glycosidic bond (the @ torsion angle). The external-ano-
meric torsional effect contributes substantially to the en-
ergy for rotation about the bond to the aglycon (the ¥
torsion angle.) This external-anomeric torsional effect
has now been formulated and included in MM4, so that
calculations on carbohydrates and related molecules will
automatically have the effect taken into account.

An important use of the molecular-mechanics model
is to reproduce results that are known from experiment,
and/or from ab initio calculations. When the model fails
to correctly reproduce something, it is always possible
that some previously unrecognized ‘effect’ is responsible
for the discrepancy. Hence molecular mechanics can be

a powerful tool for understanding chemistry, as well as
for generating numerical information.

Supplementary material
Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.carres.
2005.01.032.

References

—

Halgren, T. A. J. Comput. Chem. 1996, 17, 490-519.

2. Hwang, M.-J.; Ni, X.; Waldman, M.; Ewig, C. S.; Hagler,
A. T. Biopolymers 1998, 45, 435-468.

3. Damm, W.; Frontera, A.; Tirado-Rives, J.; Jorgensen,
W. L. J. Comput. Chem. 1997, 18, 1955-1970.

4. Tvaroska, 1.; Bleha, T. In Anomeric and Exo Anomeric
Effects in Carbohydrate Chemistry; Tyson, R. S., Horton,
D., Eds.; Academic: New York, 1989; Vol. 47.

5. Thatcher, G. R. J., Ed.; The Anomeric Effect and Associ-
ated Stereoelectronic Effects. ACS Symp. Ser.; 1993; Vol.
539, pp 1-305.

6. Wolfe, S.; Rauk, A.; Tel, L. M.; Csizmadia, I. G. J. Chem.
Soc. (B) 1971, 136-145.

7. Radom, L.; Hehre, W. J.; Pople, J. A. J. Am. Chem. Soc.
1971, 93, 289-300.

8. Jeffrey, G. A.; Pople, J. A.; Radom, L. Carbohydr. Res.
1972, 25, 117-131.

9. Lemieux, R. U.; Bock, K.; Delbaere, L. T. J.; Koto, S.;
Rao, V. S. R. Can. J. Chem. 1980, 58, 631-653.

10. Tvaroska, I.; Pérez, S. Carbohydr. Res. 1986, 149, 389—
410.

11. Homans, S. W. Biochemistry 1990, 29, 9110-9118.

12. Hardy, B. J.; Gutierrez, A.; Lesiak, K.; Seidl, E.;
Widmalm, G. J. Phys. Chem. 1996, 100, 9187-
9192.

13. Senderowitz, H.; Still, W. C. J. Org. Chem. 1997, 62,
1427-1438.

14. Tvaroska, 1.; Carver, J. P. Theochem 1997, 395-396, 1-13.

15. A UNIX version of the MM4 program is currently
available from Tripos, Inc. (1699 South Hanley Road, St.
Louis, MO 63144), and a Windows version will be
available from Wavefunction (18401 Von Karmen, Suite
370, Irvine, CA 92715) shortly. Interested persons should
contact the appropriate distributor directly. Non-profit
organizations should contact the authors.

16. Allinger, N. L.; Chen, K.-H.; Lii, J.-H.; Durkin, K. A.
J. Comput. Chem. 2003, 24, 1447-1472.

17. Lii, J.-H.; Chen, K.-H.; Durkin, K. A.; Allinger, N. L.
J. Comput. Chem. 2003, 24, 1473-1489.

18. Lii, J.-H.; Chen, K.-H.; Grindley, T. B.; Allinger, N. L.
J. Comput. Chem. 2003, 24, 1490-1503.

19. Lii, J.-H.; Chen, K.-H.; Allinger, N. L. J. Comput. Chem.
2003, 24, 1504-1513.

20. Lii, J.-H.; Chen, K.-H.; Allinger, N. L. J. Phys. Chem. A
2004, 108, 3006-3015.

21. French, A. D.; Kelterer, A.-M.; Johnson, G. P.; Dowd, M.

K.; Cramer, C. J. J. Mol. Graphics Modell. 2000, 18, 95—

107; French, A. D.; Kelterer, A.-M.; Johnson, G. P

Dowd, M. K.; Cramer, C. J. J. Comput. Chem. 2001, 22,

65-78; French, A. D.; Johnson, G. P.; Kelterer, A.-M;

Dowd, M. K.; Cramer, C. J. Int. J. Quantum Chem. 2001,

84, 416-425; French, A. D.; Kelterer, A.-M.; Cramer, C.


http://dx.doi.org/10.1016/j.carres.2005.01.032
http://dx.doi.org/10.1016/j.carres.2005.01.032

862

22.

23.

25.

26.

J.-H. Lii et al. | Carbohydrate Research 340 (2005) 853-862

J.; Johnson, G. P.; Dowd, M. K. Carbohydr. Res. 2000,
326, 305-322.

Lii, J.-H.; Ma, B.; Allinger, N. L. J. Comput. Chem. 1999,
20, 1593-1603.

Wiberg, K. B. J. Comput. Chem. 2004, 25, 1342-1346.

. French, A. D.; Johnson, G. P. Cellulose 2004, 11, 5-

22.

Allen, F. H. Acta Crystallogr. Sect. B 2002, 58, 380—
388.

Berman, H. M.; Battistuz, T.; Bhat, T. N.; Bluhm, W. F_;
Bourne, P. E.; Burkhardt, K.; Feng, Z.; Gilliland, G. L.;
Iype, L.; Jain, S.; Fagan, P.; Marvin, J.; Padilla, D.;
Ravichandran, V.; Schneider, B.; Thanki, N.; Weissig, H.;
Westbrook, J. D.; Zardecki, C. Acta Crystallogr. Sect. D
2002, 58, 899-907.

217.

28.

29.

30.

31.

32.

Liljefors, T.; Allinger, N. L. J. Comput. Chem. 1985, 6,
478-430.

Liljefors, T.; Allinger, N. L. J. Am. Chem. Soc. 1976, 98,
2745-2749.

Burkert, B.; Allinger, N. L. J. Comput. Chem. 1982, 3, 40—
46.

Argaman, N.; Makov, G. Am. J. Phys. 2000, 68, 69—
79.

Allinger, N. L.; Yuh, Y. H.; Lii, J.-H. J. Am. Chem. Soc.
1989, 711, 8551-8566; Lii, J.-H.; Allinger, N. L. J. Am.
Chem. Soc. 1989, 111, 8566-8575; Lii, J.-H.; Allinger, N.
L. J Am. Chem. Soc. 1989, 111, 8576-8582, and
subsequent papers.

Deslongchamps, P. Stereoelectronic Effects in Organic
Chemistry; Pergamon: NY, 1983.



	The external-anomeric torsional effect z.star Part VI of the series: Alcohols, ethers, carbohydrates, and related compounds. z.star 
	Introduction
	Physical basis and formulation of the new effect
	Results and discussion
	Small model systems
	Carbohydrate systems

	Conclusions
	Supplementary material
	References


