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The evidence for an anomeric effect of the proton
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Abstract—The significant excess in conformational free-energy at position 2 of an oxane ring and other chemical and physical prop-

erties are explained by an anomeric effect of the proton.
© 2005 Elsevier Ltd. All rights reserved.
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In 1977, we reported that tetra-O-acetyl-1,5-anhydro-
p-iditol carried three axial substituents and one equato-
rial (at C-5) in its stable conformation.' This anomaly
found its explanation in a report by the Eliel group:?
the conformational free energies (CFE) of methyl or
hydroxymethyl substituents at position 1 of oxane’ were
measured with the help of variable-temperature NMR
on such model compounds as cis-2,5-dimethyloxane.
The figures reported in 1982, namely, 2.86 and
2.89 kcal mol ™! at —100 °C were higher than the value
for the CFE of the methyl group at position 4, which
is 1.95 kcal mol~!. With these new values, we revised
predictions for the conformations of hexopyranose sug-
ars and came to the conclusion that chair conformations
having axial side chains cannot be observed. Six config-
urations are locked in a very rigid chair form. For the a-
ido configuration, an equilibrium mixture of flexible
conformations was predicted and observed.® In such gly-
cosaminoglycans as heparin, nature has taken care to
introduce a-L-iduronic acid residues. These are sites of
flexibility among the rigid hexopyranoses, which may
be important for biological activity.

In contrast to the many papers about the classical
anomeric effect, the 1982 report on this new effect re-
ceived little attention. It was first explained by tradi-
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tional considerations of conformational analysis: non-
bonded interactions across the oxygen atom were as-
sumed to be greater because the two C-O bonds are
shorter. However, calculations from several groups
showed that this explanation cannot be true. Jorgensen
et al.* calculated the variations of the free energy of bu-
tane and methoxyethane as a function of the dihedral
angles @, C-C-C-C and C-C-O-C. They found that
the free energy of the ether in its eclipsed conformation,
® =0, is smaller than that of butane by about
3.5 kcal mol ™!, although steric compression reaches its
highest in this conformation. For ¢ = 120°, the free en-
ergy of the methyl ether is also smaller. Recently’ calcu-
lations for the homologous ethoxypropyl ether by the
Allinger group confirmed this decrease, the diminution
being about 0.5 kcal mol™!'. The same authors found
that the rotational barrier of the Me—O bond in methyl-
propyl ether was smaller than that of the Me—C bond in
butane. As the outcome of extensive calculations, the
authors of a third report® concluded that, if only non-
bonded interactions are considered, the conformational
energy of 2-methyloxane would be smaller than that of
2-methylcyclohexane. As the computed CFE of the
methyl substituent in 2-methyloxane is 3.18 kcal mol ™
(not much above the experimental value), effects other
than steric are involved.

Since non-bonded interactions are not greater, the
CFE of the methyl substituent at position 2 should be
at most equal to that at any other position of the ring,
that is, 1.95 kcal mol™'. Thus, the 0.91 kcal mol~! excess
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should be a measure of the stabilization of the molecule
when the C-5-H bond is in axial orientation. Thus, we
may speak of an anomeric effect of the proton.

We note first that the magnitude of the effect sug-
gested here for the anomeric effect of the proton is of
the expected order. For halogens, the effect is estimated
as the free-energy difference between isomers havin axial
and equatorial bonds at C-1 in a pyranose sugar. The
figures in kcal mol~! are F (near 1), CI (2.7), Br (3.2),
and I (3.1). The place of the fluorine atom shows defi-
nitely that the effect is not related to electronegativity,
as 1s sometimes believed. On the other hand, the order
corresponds roughly to that of the atomic polarizabili-
ties, namely F (0.56), CI (2.18), Br (3.05), and I (4.7).
The accepted explanation of the effect is an overlap of
the 2p lone-pair atomic orbital of the oxygen atom with
o*(C-H), and this is more efficient with atoms having
more diffuse orbitals. We see that the value suggested
for the anomeric effect of the proton (0.91 kcal mol™*)
is compatible with its atomic polarizability (0.67).

Molecular orbitals were first introduced in carbohy-
drate chemistry in 1973 by calculations on 2-chloroox-
ane 1 as a model.”® It was observed in a pictorial
representation® that the 2p lone pair of the oxygen atom
was delocalized not only, as anticipated, into the car-
bon—chlorine bond, but also, on the other side of the
oxygen atom, into the C-5-H axial carbon-hydrogen
bond. This is a property of the chair form of oxane, as
seen from the HOMO picture in Figure 1, independent
of the presence of an electronegative substituent at C-
2. It is natural to associate this specific HOMO configu-
ration to the anomeric effect of the proton, as in the case
of electronegative substituents. The origin of the effect
with halogen, as a consequence of a 2p—c*(C-H) inter-
action, was proved by the determination of the *>Cl

Figure 1. The HOMO of oxane in its stable conformation, as
calculated with HYPERCHEM 5.1 and the program STO 6-31 G*.
The orbital contour value is 0.045. This picture shows the interaction
of the 2p lone-pair orbital of the oxygen atom in the front of the
picture with the adjacent C-H orbital.

nuclear resonance frequencies for a number of pyranosyl
chlorides.® This suggests a similar approach for the C-H
bond, that is, a discussion of the electric field gradient
(EFQG) at the hydrogen atom. I shall now review pub-
lished evidence under this light.
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Deuterium quadrupole coupling constants have been
calculated for all positions in deuterated derivatives of
compounds 2 and 3 by Density Functional Theory.’
The EFGs, (eq) calculated from these coupling con-
stants were found to be smaller for the axial H-6 atoms
than for the equatorial ones, by 0.16 and 0.27 x
10°dynescm™'. A similar decrease, 0.27 x 10°
dynes cm ™!, is observed upon comparison of the H-2
atoms in 2 and 3. However, the presence of two oxygen
atoms on C-1 makes the conclusion less certain, as the
lone-pair orbital of the extracyclic oxygen may have
an effect. To appreciate the meaning of these figures,
we must recall the range of values for eq at the hydrogen

atom in a C—H bonds is about 3.5-5 x 10° dynes cm ™.
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Experimental EFG’s for C-H bonds, usually mea-
sured with deuterium as a probe, are not casily avail-
able. However, they are related to the stretching force-
constant of the bonds, k& which is generally more acces-
sible. For diatomic molecules, Salem'® predicted and ob-
served a rough proportionality: eq ~ 0.85 k (range about
2-8x 10° dynes cm~!). Measurements'' by deuterium
NMR for a C-D bond in 17 aliphatic derivatives led
to the following empirical relation, in which both eq

and k are expressed in 10°> dyne cm

eq =3.83k—15.08, 4.80 <k <5.11

Unfortunately, extrapolation to lower values of k
(some of interest to us) seems unrealistic. Nevertheless,
we observed that the actual figures for eq and k are num-
bers of the same order and, we can be fairly confident
that eg is a monotonic function of k, lower k’s corre-
sponding to lower eg’s. I now review some IR data un-
der this assumption.

The stretching force-constants of the C—H bonds have
been derived from the IR spectra for three inositols.'
From these, the authors derived a formula, which relates
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k for the C-H bond in one H-C-OH unit to the angle
between the bond and the lone-pair orbital on the
oxygen atom. The extreme values are 4.24 and
4.77 x 10° dyne cm ™! for the parallel and gauche bonds.
These conformations correspond, respectively, to those
of the axial and equatorial C—H bonds at position 2 of
an oxane.

In units of 10° dyne cm ™', the decrease in k from the
vibration of the bond gauche to the lone pair on the oxy-
gen atom to the vibration of the parallel one is 0.53 in
the foregoing example, 0.19 for methanol, 0.19 for etha-
nol, 0.33 for dimethyl ether, and 0.26 for 1,4-dioxane.'?
The observed'* wave numbers for the C-D stretching
vibration in 4 and 5 are 2185 and 2103 cm ', Assuming
pure vibrations, these figures correspond to a decrease
of 0.36 in k. All of these figures are comparable and
we may assume a decrease of the same order of the cor-
responding eq.

A simplified theoretical expression for the EFG of a
hydrogen atom at the site A is

(eq)n = > _[(3c0s’0as — 1)/Ry5] X Zs — elrc
A#B

In this formula, Zy is the charge on any nucleus differ-
ent from A, O,p is the angle between the direction of the
chemical bond and the radius vector R from B to A, and
L is the so-called two-center integral, which involves
the molecular orbitals of atoms near to A. Both terms
are positive.'! This formula indicates that a decrease in
eq may be the consequence of a decrease of the first
term, or an increase of the second, or both.

If it is a diminution of the first term that is responsi-
ble, at least partly, for the decrease in eq, this means that
R, the length of the bond, is greater for the axial than for
the equatorial bond. Now such an effect is well known in
the case of anomeric carbon-halogen bonds, and has
been indeed considered as a proof of the 2p—c*(C-X)
interaction. Calculations’ indicate that the axial C-6-H
bonds in 2 and 3 are longer (by 0.5 and 1.1 pm, respec-
tively) than the equatorial ones. But so far, neutron-dif-
fraction  spectroscopy does not support this
calculation.'® No such differences of lengths were found
in the constitution of the methyl a-glycopyranosides of
mannose and glucose (respective standard deviation
0.2 and 0.5 pm). In B-p-fructopyranose, the lengths of

the C-6-H bonds are 109.3 and 109.5 nm, respectively,
for the equatorial and the axial bonds, but the authors
warn us that these (very small) differences are probably
not significant, owing to the uncertainty on the estima-
tion of the thermal riding rotor effect. Thus, for the time
being, we may consider the variations of the first term as
not significant.

Now coming to the two-center integral, we have to
discuss a term whose complete expression is fairly com-
plicated, but all we need to know is that it is the product
of the populations of atomic orbitals involved in the
bonding by a geometry-dependent factor. The geometry
should not change appreciably between the pairs consid-
ered. Thus, an augmentation of the I, term, which is
responsible for the decrease of eq, means that the elec-
tronic-density probability at the site of the hydrogen
atom is higher when the C—H bond is axial. This is in
conformity with the drawing of the HOMO in Figure
1. Thus, the behavior of a C—H bond geminal to an oxy-
gen atom is similar to that of a carbon-halogen bond.
We may speak of an anomeric effect of the proton,
which, like its classical counterpart, has stereochemical
consequences. This achieves a unified picture of interac-
tions in pyranoses other than the traditional nonbond-
ing ones.

The ‘generalized Bohlmann effect’ is the diminution of
the frequency of the stretching vibration of a C—H bond
when it is antiparallel to the lone pair of an adjacent
oxygen atom. This has been related in a qualitative man-
ner to a weakening of this bond due to antibonding elec-
trons. We see here that the effect can be related to a
precise observable physical quantity, the electric field
gradient at the nucleus of the hydrogen atom.

However, we have only evidenced here for orbital
delocalization. It has been accepted for a long time that
this was a source of stabilization. This view has been
challenged recently for such archetypes of resonance as
benzene and the allyl radical.'®
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