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ABSTRACT: The block-localized wave function (BLW)
method, which can derive optimal electron-localized state
with intramolecular electron delocalization completely deacti-
vated, has been combined with the polarizable continuum
model (PCM) to probe the variation of the anomeric effect in
solution. Currently both the hyperconjugation and electro-
static models have been called to interpret the anomeric effect
in carbohydrate molecules. Here we employed the BLW-PCM
scheme to analyze the energy differences between α and β
anomers of substituted tetrahydropyran C5OH9Y (Y = F, Cl,
OH, NH2, and CH3) and tetrahydrothiopyran C5SH9Y (Y = F,
Cl, OH, and CH3) in solvents including chloroform, acetone, and water. In accord with literature, our computations show that
for anomeric systems the conformational preference is reduced in solution and the magnitude of reduction increases as the
solvent polarity increases. Significantly, on one hand the solute−solvent interaction diminishes the intramolecular electron
delocalization in β anomers more than in α anomers, thus destabilizing β anomers relatively. But on the other hand, it reduces
the steric effect in β anomers much more than α anomers and thus stabilizes β anomers relatively more, leading to the overall
reduction of the anomeric effect in anomeric systems in solutions.

■ INTRODUCTION

The anomeric effect is a celebrated phenomenon in
carbohydrate chemistry, and the term is designated for the
thermodynamic preference of an electronegative substituent
(Y) at the anomeric carbon center adjacent to the endocyclic
oxygen atom in a glycopyranosyl derivative to adopt an axial
position (α anomer) rather than an equatorial position (β
anomer) in the chair conformation.1−3 This is in contrast to the
prediction based on conventional steric interactions that the
less crowded β anomers would be favored over α anomers, as
exemplified by substituted cyclohexanes. While the anomeric
effect ubiquitously exists in monosaccharides and their
derivatives, this stereoelectronic effect has now been recognized
in saturated heterocycles and acyclic systems containing
heteroatoms (X = O, N, S, and P).4−9 Compared with the
corresponding β anomer, α anomer involves a shortened
(strengthened) C−X bond and a lengthened (weakened) C−Y
bond in a R−X−C−Y moiety.10−17 As molecular conforma-
tions are closely related to their physical properties and
chemical reactivity, it is essential to understand the physical
origin of the anomeric effect. Yet, no consensus has been
reached so far, although extensive experimental and computa-
tional studies have been conducted in the past 50
years.6,7,14,18−43 The currently popular hyperconjugation
explanation initially came from the analysis of the X-ray
crystallographic data with the longer substituent axial bonds

relative to C-substituent equatorial bonds.10 It states that the
preference of α anomers is a manifestation of the charge
delocalization from the lone pairs on X to the vacant
antibonding orbital σCY* (Scheme 1a), which reaches
maximum when group Y is in axial orientation.10,44−46 The
hyperconjugation model is consistent with the structural
changes associated with the anomeric effect, since the n →
σ* electron delocalization interaction tends to strengthen the
X−C bond but weaken the C−Y bond. An alternative and
conventional explanation is the electrostatic (dipole) model,
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Scheme 1. Hyperconjugation (a) and Electrostatic (b)
Explanations of the Anomeric Effect
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which was initially proposed by Edward to explain the
destabilization of equatorial conformers of carbohydrates.1,47

The orientations and interactions of the local dipoles of the
lone pairs on X and the C−Y polar bond favor α anomers
(Scheme 1b).
Obviously, both the hyperconjugation and electrostatic

explanations have their justifications with certain experimental
proofs. In particular, the n → σ* negative hyperconjugation
explanation is in accord with geometric variations, though the
electrostatic model can interpret this kind of geometrical
changes to some extend as well.48 The electrostatic model is
mostly endorsed by the observation that the magnitude of the
anomeric effect decreases when the solvent dielectric constant
increases.49−52 Though the hyperconjugation model enjoys its
popularity, there have been recent evidence challenging this
model.36,37,39,48,53−58 A more balanced view, however, is that
both steric and electronic interactions make contributions to
the conformational preference.22,40

In the recent years, we have been developing the block-
localized wave function (BLW) method59,60 which is the most
simplified and efficient variant of the valence bond (VB)
theory,61−63 in attempt to quantify the electron delocalization
(conjugation and hyperconjugation) effect and differentiate it
from the steric effect (broadly defined here as we interpret it as
a sum of Pauli exchange repulsion and electrostatic
interactions) at the quantum mechanical level. Compared
with existing post-SCF analysis schemes,64−66 the BLW method
uniquely defines a hypothetical electron-localized Lewis state
whose wave function is self-consistently optimized and taken as
a reference for the measure of the electron delocalization. This
is achieved by limiting the expansion of one-electron molecular
orbitals.67−73 Our applications to the exemplary systems for the
anomeric effect, namely, dimethoxymethane and substituted
tetrahydropyrans, provided strong computational evidence that
disapprove the hyperconjugation explanation for the anomeric

effect.36,39 Most recently, we investigated the generalized
anomeric effect in a series of systems, and found that the
hyperconjugation effect contributes to the conformational
preference in certain systems, while in others it plays a negative
role in the conformational preference, and the steric effect thus
is solely responsible for the generalized anomeric effect.40

Considering that the hyperconjugation effect is not exper-
imentally measurable, and only the solvent effect can be
quantified in the wet lab, we feel that applications of the BLW
method in the solvent environment may provide further
insights into the nature of the anomeric effect.
Experimentally, distributions of different anomers can be

measured by optical rotation and NMR experiments.74−76 Praly
and Lemieux probed the influence of solvent polarity and
hydrogen bond formation on the conformational preference for
2-substituted tetrahydropyrans using NMR and showed that β
anomers are significantly favored by water, primarily due to the
hydrogen bonding interactions between the anomeric groups
and solvent water molecules.50 For the instance of 2-methoxy
tetrahydropyran, 83% of the molecules adopt the axial
conformation in the nonpolar solvent CCl4 but only 52% lie
axial in water.49 However, there are also anomeric systems such
as 2-carbomethoxy-1,3-dithiane in which increasing the polarity
of the solvent favors axial conformation.77 With the enormous
experimental measurements of the solvent effect on the
equilibrium between α and β anomers, computational studies
have also been conducted in order to elucidate the forces
governing the anomeric effect and reconcile the differential
behaviors of different anomeric systems in solution.51,52

Because of the complexity of solvent structures, most works
are based on implicit solvent models, notably the polarized
continuum model (PCM).78−80 For instance, Carballeira and
Peŕez-Juste probed the conformational preferences of methyl-
enediamine and several methylated derivatives in the gas phase
and aqueous solution.81,82 They claimed that the charge

Table 1. Relative Energies (ΔEα→β) and Delocalization Energies (DE0, kcal/mol), Electron Population Changes on C1, X2, and
Y, and Dipole Moments (μ0, Debye) for C5XH9Y

a

ΔEα→β
b ΔP0c μ

Y anomer MP2 HF BLW DE0 C1 X Y BLW HF

(X = O)
F α 0.00 0.00 0.00 35.01 0.033 −0.039 −0.010 2.729 2.509

β 3.41 2.79 3.48 35.70 0.024 −0.029 −0.018 4.380 3.918
OH α 0.00 0.00 0.00 35.69 0.030 −0.028 −0.019 0.596 0.477

β 1.32 0.77 2.22 37.14 0.025 −0.024 −0.026 3.003 2.481
Cl α 0.00 0.00 0.00 35.37 0.029 −0.038 −0.001 2.959 2.794

β 2.70 2.46 1.80 34.71 0.020 −0.022 −0.016 4.341 3.871
NH2 α 0.00 0.00 0.00 35.22 0.031 −0.018 −0.026 2.052 1.834

β −2.73 −3.08 −2.50 35.80 0.026 −0.017 −0.026 1.922 1.468
CH3 α 0.00 0.00 0.00 29.77 0.015 −0.018 −0.007 1.955 1.771

β −3.30 −3.47 −2.30 30.94 0.014 −0.017 −0.011 2.010 1.715
(X = S)
F α 0.00 0.00 0.00 28.95 0.027 −0.035 −0.007 2.769 2.509

β 3.08 2.37 1.62 28.20 0.015 −0.019 −0.014 4.317 3.912
OH α 0.00 0.00 0.00 30.98 0.023 −0.025 −0.016 0.698 0.584

β 2.72 1.99 1.95 30.94 0.017 −0.016 −0.021 3.013 2.562
Cl α 0.00 0.00 0.00 27.95 0.029 −0.038 −0.005 2.835 2.607

β 1.40 1.02 0.28 27.21 0.021 −0.022 −0.016 4.240 3.813
CH3 α 0.00 0.00 0.00 24.98 0.019 −0.026 −0.004 2.188 2.025

β −1.80 −2.02 −1.66 25.34 0.018 −0.025 −0.007 2.241 2.021
aAll results were computed with the MP2/6-31+G(d) optimal geometries. bRelative energies are referenced to α conformers at the same theoretical
level. cΔP0 = PHF

0 − PBLW
0 .
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delocalization is the main cause for the anomeric effect based
on the NBO analysis, and PCM computations showed that the
anomeric effect is not reduced but enlarged in water, though
the electrostatic interaction is largely responsible for the
energetic changes, and depends strongly on local solute−
solvent interactions. Vila and co-workers developed an
interpretative model based on the quantum theory of atoms
in molecules (QTAIM)64 for the anomeric effect57 and
analyzed a number of anomeric systems in three solvents.83

They found that atomic electron population reorganization in
different conformers of each molecule decreases when the
polarity of the solvent increases, and both the electron density
variation and conformational preference can be interpreted by
the repulsion between the hydrogen atoms and lone pair
orbitals.
In this work, we combined the BLW method with the PCM

approach and decomposed the conformational energy differ-
ences at the MP2 level into three components, namely, the
electron delocalization energy (ΔDES), steric effect (ΔEs), and
electron correlation (ΔEc). While this decomposition scheme
seems similar to our previous one in gas phase,36,39,40 here
either of the delocalization energy or steric energy is composed
of two contributions, namely, the intrinsic energy term and a
secondary energy term induced by the solute−solvent
interactions. This BLW-PCM scheme was applied to
substituted tetrahydropyrans C5OH9Y (Y = F, Cl, OH, NH2,
and CH3) and tetrahydrothiopyrans C5SH9Y (Y = F, Cl, OH,
and CH3) in solvents including chloroform (clform in short in
the following), acetone, and water in order to gain insights into
the physical origin of the anomeric effect. Computations in gas
phase were performed for comparison. The variation of the
total dipole moment caused by the solvent effect, as well as the
differences in solute−solvent interaction energy and dipole
moment between α and β conformers were also investigated,
for the purpose of identifying the cause for the change of the
anomeric effect in polar solvents.

■ RESULTS AND DISCUSSION

Anomeric Effect in Gas Phase. We first performed
computations of the systems in gas phase. Note that substituted
tetrahydropyrans C5OH9Y (Y = F, Cl, OH, NH2, and CH3)
previously were analyzed by one of us.36 For the sake of
consistency of this work, we revisited these cases, and the only
difference from the previous work is the adoption of the frozen
core approximation here, which leads to tiny changes of both
the relative energy and delocalization energy less than 0.05
kcal/mol. Table 1 listed the relative conformational energies,
delocalization energies, dipole moments, and electron pop-
ulation changes from electron-localized (BLW) to delocalized
(HF) states. As found previously, the delocalization energies in
α and β conformers are comparable for all substituted
tetrahydropyrans, while the β conformers are even more
stabilized by the intramolecular electron delocalization
particularly when Y = F and OH. Thus, the results for 2-
fluorotetrahydropyran and 2-tetrahydropyranol are inconsistent
with the hyperconjugation explanation. But we reiterate that
both the n → σ* negative hyperconjugative interaction and the
geminal interactions are included in the delocalization energy,
which generally cannot be separated effectively (however,
Khaliullin et al.73 have proposed a solution using a perturbative
approximation where the delocalization energy is composed of
a single noniterative Roothann step (RS) and a higher order

relaxation (induction), and the RS term is a sum of occupied-
virtual pairwise energies).
A more sensitive measure may be the electron population

changes on the anomeric center C1 and O2, as well as the
substituent Y. Table 1 indicated that in all anomeric or
nonanomeric molecules, with the electron delocalization, there
is a reduction of the electron population on the endocyclic
oxygen atom O2, which is in accord with the hyperconjugation
model and confirms the n(O2) → σ*(CY) electron flow. But
we note that geminal interactions also contribute to the
population changes. Interestingly, the populations on Y
decrease as well with the electron delocalization, indicating
the hyperconjugation from Y to the C1−O2 and C1−C5
antibonds. Such kind of hyperconjugation broadly exists even in
ethane.84 The population on the anomeric carbon, however,
increases in all cases. Significantly, O2 loses more electrons in
the α anomer than in the β anomer for each molecule,
confirming a stronger n(O2) → σ*(CY) hyperconjugative
interaction in the former. In contrast, there is more significant
electron loss from Y in the β anomer than in the α anomer,
suggesting a competing n(Y) → σ*(CO)/σ*(CC) hyper-
conjugation, also called exoanomeric effect. While the n(O2)→
σ*(CY) interaction is usually more pronounced than n(Y) →
σ*(CO)/σ*(CC) interaction, one exception is 2-amino-
tetrahydropyran, which is well recognized for the preference
of the β anomer over the α anomer, a phenomenon sometimes
called reverse anomeric effect (which usually refers to cationic
substituents).4,19,22,85−87 Steric repulsions have been cited as
the cause.23,88 Here we found that among all substituted
tetrahydropyrans, 2-aminotetrahydropyran is the only one with
more electron loss on Y than on O2, suggesting a more
significant exoanomeric effect than the regular endoanomeric
effect. This can be explained by the slightly low electro-
negativity of nitrogen compared with fluorine and oxygen,
which makes the amine group a good electron donor and the
C−N antibond orbital a poor electron acceptor. The change of
electron density from the electron-localized state to the
electron-delocalized state better be visualized with electron
density difference (EDD) maps. Figure 1 shows the electron

Figure 1. Intramolecular electron delocalization shown by the electron
density difference (EDD) maps for the α and β conformers of
C5OH9F (a) and C5SH9F (b) with isodensity value 0.002 au. The red/
blue color means an increase/reduction of electron density.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo402306e | J. Org. Chem. 2014, 79, 1571−15811573



delocalization effect in the α- and β-conformers of C5OH9F and
C5SH9F, where the red color indicates a gain and the blue
denotes a loss of electron density. EDD maps clearly show that
the electron delocalization interactions mainly occur on the C1,
O2, and Y atoms or group.
Overall, the magnitude of the anomeric effect decreases in

the order of F > Cl > OH > NH2 > CH3, which is
approximately in the same order as the ΔP0 values of α
conformers. Our calculations also showed that population
change is reduced when the endocyclic oxygen is substituted by
a sulfur atom. For the example of C5OH9F, population changes
on O2 are 0.004 and 0.010 e more than those on S2 of C5SH9F
for the α and β conformers. This finding can be confirmed by
EDD maps as demonstrated in Figure 1. With the same
isodensity value, it is obvious that there are more electrons
delocalized in C5OH9F than in C5SH9F. Analyses based on the
electron density distribution so far suggest that the hyper-
conjugation effect is the primary culprit for the anomeric effect.
However, it must be noted that conformational preferences are
unchanged after the complete removal of all electron
delocalization interactions in BLW computations. In other
words, the EDD maps show the trends but cannot measure the
weight of the hyperconjugative interactions in the conforma-
tional preference for anomeric systems studied in this work.
Among the four substituted tetrahydrothiopyrans studied in

this work, α anomers are favored for Y = F, OH, and Cl, and
thus exemplify the anomeric effect. In contrast, for C5SH9CH3,
the β anomer is about 2 kcal/mol more stable than the α
anomer. Thus, C5SH9CH3 does not exhibit the anomeric effect
and can be taken as a reference. In both substituted
tetrahydropyrans and tetrahydrothiopyrans, the energy gap
between α and β anomers are enlarged by the MP2 method,
indicating the importance of the electron correlation for the
conformational behavior, which favor more crowded con-
formers in terms of dispersion effect. For the instance of
C5SH9F, the α−β conformational energy difference with the
HF method is 2.37 kcal/mol, while MP2 method increases it to
3.08 kcal/mol. Compared with C5OH9Y with the exception of
Y = OH, C5SH9Y has relatively low α−β conformational energy
gap.
As the intramolecular electron delocalization reduces the

electron populations on O2 and Y but increases the populations
on the anomeric carbon C1 (Table 1), it is rational to conclude
that the electron delocalization reduces the local dipoles as
illustrated in Scheme 1b. Table 1 listed the overall molecular
dipole moments in the electron-localized (BLW) and electron-
delocalized (HF) states. Two significant characteristics of the
dipole moments in Table 1 can be observed. One is the much
higher dipole moment of a β anomer than its corresponding α
anomer except 2-aminotetrahydropyran with the reverse
anomeric effect. Besides, in both C5OH9CH3 and C5SH9CH3,
the dipole moments of α and β anomers are similar. The
second feature is the good correlation between the dipole
moments in electron-localized and electron-delocalized states,
as shown in Figure 2.
Anomeric Effect in Solution. The relative energy ΔEα→β

of α and β anomers in chloroform (dielectric constant ε = 4.8),
acetone (ε = 20.7), and water (ε = 80.4) were computed at
MP2, HF, and BLW levels for molecules C5OH9Y (Y = F, Cl,
OH, NH2, and CH3) and C5SH9Y (Y = F, Cl, OH, and CH3).
The solvent effect is modeled via the PCM approach, and Table
2 summarizes the magnitudes of the conformational preference.
In agreement with previous experimental and computational

results, Table 2 shows that for the molecules exhibiting the
anomeric effect (Y = F, OH, Cl), the conformational preference
is diminished in solutions, and the magnitude of reduction
increases as the solvent polarity increases. Of course, these data
coincide with the electrostatic explanation of the anomeric
effect. For example, the α anomer of C5OH9F is 3.41 kcal/mol
more stable than the β anomer in gas phase, but the energy gap
is reduced to 2.23 kcal/mol in water. For those non- or reverse

Figure 2. Correlation between the total dipole moment of the
electron-localized and electron-delocalized states of α and β anomers
of C5OH9Y and C5SH9Y.

Table 2. Energy Difference (ΔEα→β, kcal/mol) between α
and β Anomers of C5XH9Y at the MP2, HF, and BLW Levels
of Theory in Gas Phase and Solution

ΔEα→β

Y level vac clform acetone water

(X = O)
F MP2 3.41 2.54 2.29 2.23

HF 2.79 1.75 1.47 1.40
BLW 3.48 1.94 1.55 1.46

OH MP2 1.32 0.53 0.31 0.26
HF 0.77 −0.09 −0.32 −0.38
BLW 2.22 0.88 0.55 0.47

Cl MP2 2.70 2.02 1.84 1.79
HF 2.46 1.69 1.48 1.43
BLW 1.80 0.75 0.47 0.47

NH2 MP2 −2.73 −2.67 −2.64 −2.63
HF −3.08 −3.02 −3.00 −2.99
BLW −2.50 −2.76 −2.63 −2.57

CH3 MP2 −3.30 −3.24 −3.23 −3.23
HF −3.47 −3.41 −3.40 −3.40
BLW −2.30 −2.34 −2.36 −2.36

(X = S)
F MP2 3.08 2.72 2.60 2.57

HF 2.37 1.98 1.85 1.82
BLW 1.62 1.07 0.91 0.87

OH MP2 2.72 1.56 1.26 1.19
HF 1.99 0.82 0.52 0.45
BLW 1.95 0.54 0.19 0.10

Cl MP2 1.40 1.02 0.90 0.87
HF 1.02 0.62 0.49 0.46
BLW 0.28 −0.31 −0.49 −0.49

CH3 MP2 −1.80 −1.78 −1.77 −1.77
HF −2.02 −2.00 −2.00 −2.00
BLW −1.66 −1.60 −1.60 −1.60

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo402306e | J. Org. Chem. 2014, 79, 1571−15811574



anomeric systems (C5OH9NH2, C5OH9CH3, and C5SH9CH3)
where β conformers are preferred, the α−β energy gap has little
dependence on the solvent effect. Similar to the trend in gas
phase, the relative stabilization of α anomers is reinforced by
the electron correlation. Thus, for anomeric molecules, the
energy gaps are enlarged, but for non- and reverse anomeric
systems, the energy gaps are reduced at the MP2 level
compared with the HF level. In general, the solvent effect is not
strong enough to change the ordering of the energy gap for
substituted tetrahydropyrans and tetrahydrothiopyrans. In
other words, in both gas phase and solutions, the magnitude
of the conformational preference for C5OH9Y decreases in the
order of F > Cl > OH > NH2 > CH3, and for C5SH9Y the order
is F > OH > Cl > CH3.
At the outset, it seems that the reduction of the

conformational preference in solution can also be explained
by the hyperconjugation model. Because of the hydrogen
bonding interaction and/or polarization with solvent molecules,
the endocyclic O2 (S2) has a lowered propensity of giving or
accepting electron density, resulting in the reduction of both
the endo- and exoanomeric effect. However, there are two
outstanding findings from the electron-localized state (BLW)
calculations in solvent that are inconsistent with the hyper-
conjugation explanation. First, with the removal of intra-
molecular electron delocalization, the conformational prefer-
ence remains unchanged for all systems, as both the BLW and
HF (or MP2) computations lead to the same trends. One
partial exception is C5OH9OH, for which the β anomer is
favored in chloroform, acetone, and water at the HF level, but
both the BLW and MP2 computations favor the α anomer in all
environments. In this case, the electron delocalization plays a
negative role for the anomeric effect in C5OH9OH. Second, the
dependence of the energy gap between α and β anomers on the
solvent polarity can be seen even when all electron
delocalization is quenched. In other words, similar to the
MP2 and HF results, BLW computations also show that the

energy gap decreases with the increasing polarity for the
anomeric systems C5XH9Y (X = O, S; Y = F, OH, Cl). These
two observations suggest that neither the conformational
preference nor its variation in different environment is uniquely
determined by the hyperconjugation effect, which is in accord
with our findings in gas phase.
Although the hyperconjugative interaction does not play a

determining role in the anomeric effect, it does make non-
negligible contributions in an either positive (enhancing the
anomeric effect) or negative (diminishing the anomeric effect)
way. It is thus worthwhile to look into the electron
delocalization in more details. Equation 8 shows that the
delocalization energy in solution can be decomposed to two
parts: one is the intrinsic intramolecular delocalization energy
(DES0), and the other is the secondary energy change (SEV)
due to the solute−solvent interactions. Table 3 compiles the
absolute values of the intrinsic delocalization energies for both
α and β anomers in solution computed with the BLW method.
The hyperconjugation model for the anomeric effect would
expect reduced hyperconjugative interactions and subsequently
reduced intrinsic delocalization energy in solution compared
with in gas phase. However, Table 3 demonstrated that for all
molecules in all media, the intrinsic delocalization energy has
little changes. For the example of the α anomer of C5OH9F, the
total energy changes by 0.67 kcal/mol from gas phase to water
at the HF level. But the variation of the delocalization energy is
merely 0.01 kcal/mol. We note, nevertheless, that short-range
hydrogen bonds between solute and solvent are not explicitly
considered in the PCM model (examples with explicit water
molecules will be discussed in the following subsection). The
population change ΔPS in Table 3 measures the electron
density changes due to the solvent effect, and we indeed
observe the increase of the electron population on the
endocyclic O2 or S2, which does not translate to the increase
of intrinsic delocalization energy. A visualization of the overall
electron density change due to the solvent effect is sampled in

Table 3. Intramolecular Delocalization Energies (kcal/mol) in Gas Phase and Solution and Electron Population Changes from
Gas Phase to Aqueous Solution for α and β Conformers of C5XH9Y

DES0 ΔPSa

Y anomer vac clform acetone water C1 X Y

(X = O)
F α 35.01 35.01 35.01 35.02 0.003 0.018 0.017

β 35.70 35.74 35.77 35.78 0.006 0.027 0.021
OH α 35.69 35.67 35.67 35.37 0.001 0.017 0.005

β 37.14 37.17 37.20 36.95 0.005 0.021 0.013
Cl α 35.37 35.32 35.31 35.32 0.027 0.007 −0.079

β 34.71 34.76 34.78 34.85 −0.002 0.025 0.028
NH2 α 35.22 35.36 35.40 35.45 0.001 0.022 0.001

β 35.80 35.75 35.92 36.02 0.003 0.020 0.006
CH3 α 29.77 29.77 29.77 29.77 0.000 0.025 −0.005

β 30.94 30.94 30.95 30.95 0.003 0.025 0.001
(X = S)
F α 28.95 28.94 28.94 28.94 0.001 0.028 0.018

β 28.20 28.19 28.19 28.19 0.002 0.042 0.021
OH α 30.98 30.96 30.95 30.95 −0.002 0.027 0.006

β 30.94 30.96 30.96 30.97 0.001 0.036 0.011
Cl α 27.95 28.06 28.19 28.08 −0.004 0.027 0.023

β 27.21 27.24 27.43 27.32 −0.005 0.041 0.026
CH3 α 24.98 24.87 24.84 24.84 −0.005 0.045 −0.005

β 25.34 25.31 25.30 25.29 −0.004 0.043 −0.001
aΔPS = PHF

S − PHF
0 .
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Figure 3, which corresponds to the density difference between a
molecule in water and in gas phase.

As the total delocalization energy in solution is contributed
by two components (eq 8), the energy difference between α
and β anomers in solution is similarly composed of two
contributions. Table 4 listed the impacts of both the intrinsic
electron delocalization and the solute−solvent interaction
induced delocalization on the conformational preference of
the studied systems in this work. We first look at the term of
total delocalization interaction ΔDES. In cases of C5SH9Y (Y =
F, OH, and Cl), the total delocalization energies in α anomers
are higher than in their corresponding β anomers in all solvents,
suggesting that the total hyperconjugative interactions
positively contribute to the anomeric effect. However, for all
C5OH9Y except Y = Cl, electron delocalization stabilizes β
anomers more than α anomers in solution, and thus negatively
contributes to the anomeric effect. This is consistent with the
previous study in gas phase36 and suggests the steric
(electrostatic) explanation for the conformational preference.
It is also interesting to see that ΔSEV is negative in all cases of
this work, indicating that the solute−solvent interaction reduces

the electron delocalization in β anomers more than α anomers.
Note that delocalization is a stabilizing force and the reduction
of delocalization thus destabilizes a system.
The overall redistribution of the electron density of a

molecule induced by solvation (Figure 3) can be signified by
the change of its dipole moment. We compared the molecular
dipole moments calculated in gas phase (μ0) and solution (μS)
and correlated them in the form of μS = kμ0 + b, as shown in
Figure 4. We note that k in all solvents is greater than 1, which

means all anomers undergo polarization in solutions.
Computations have shown that a β anomer has higher dipole
moment and subsequently is polarized more than its
corresponding α anomer. For the example of the β anomer
of C5OH9F, its total dipole moment is increased by 0.979 D in
water, which is 0.383 D higher than the α anomer. Interestingly,
the value of k increases with the solvent polarity increasing.
Hence, k reflects the ability of solvent molecules to polarize the
solute, and as we expect, the solvent with higher polarity tends
to polarize the solute molecule more. In brief, molecular dipole
moment is lowered by the intramolecular electron delocaliza-
tion but enhanced by the solvent effect.
According to Figure 4, a β anomer would enhance its dipole

moment more than the α anomer in solution as the former has
higher intrinsic dipole moment. Thus, the β anomer would be
stabilized more than the α anomer, and consequently, the

Figure 3. Electron density polarization in water shown by the electron
density difference (EDD) maps for the α and β conformers of
C5OH9F (a) and C5SH9F (b) with isodensity value 0.002 au. The red/
blue color means an increase/reduction of electron density.

Table 4. Delocalization Energy Difference (ΔDES)a between α and β Anomers of C5XH9Y in Solution with Decomposed
Contributions from Intrinsic Delocalization and Solute−Solvent Interaction Energy Changes (kcal/mol)

clform acetone water

Y ΔDES0 ΔSEV ΔDES ΔDES0 ΔSEV ΔDES ΔDES0 ΔSEV ΔDES

(X = O)
F 0.73 −0.54 0.19 0.76 −0.68 0.08 0.77 −0.71 0.06
OH 1.50 −0.52 0.98 1.53 −0.66 0.87 1.58 −0.73 0.85
Cl −0.56 −0.38 −0.94 −0.54 −0.48 −1.01 −0.46 −0.50 −0.97
NH2 0.39 −0.13 0.26 0.51 −0.14 0.37 0.57 −0.15 0.41
CH3 1.17 −0.10 1.06 1.18 −0.14 1.04 1.18 −0.14 1.04
(X = S)
F −0.75 −0.16 −0.91 −0.75 −0.19 −0.94 −0.75 −0.20 −0.94
OH 0.00 −0.28 −0.28 0.01 −0.34 −0.33 0.02 −0.36 −0.34
Cl −0.82 −0.11 −0.93 −0.76 −0.22 −0.98 −0.76 −0.19 −0.95
CH3 0.44 −0.04 0.40 0.46 −0.06 0.40 0.45 −0.06 0.39

aΔDE = DE(β) − DE(α).

Figure 4. Correlation between the total dipole moments in gas phase
and in solution for α and β anomers of C5XH9Y.
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anomeric effect would be reduced, as both experiments and
computations have shown. To gain more insights into the
change of the anomeric effect in solution, we decompose the
steric effect in solution (ΔEs) to the intrinsic steric effect
(ΔEs

S0) and the secondary effect due to the solute−solvent
interactions (ΔEsV), as expressed in eq 11. Table 5 compiles the
results. In all cases, the intrinsic steric effect, which is a
combination of intramolecular electrostatic and Pauli repulsion,
increases slightly along with the solvent polarity. But this very
modest increasing is overwhelmed by the solute−solvent
interaction, which increases much more rapidly with the
solvent polarity. As a consequence, the steric interaction in
solution reduces. This reduction is ultimately responsible for
the reduced anomeric effect.
Alternatively, we can partition the MP2 energy difference in

terms of intrinsic HF energy difference (ΔEHFS0 ), solvation
energy difference at the HF level (ΔEHFV ), and the correlation
energy (ΔEc) as shown in eq 10. Table 6 listed the data. Of
significance, we find that ΔEHF

S0 and ΔEHFV have contrasting roles
in all systems. In other words, in anomeric systems (with
positive values of ΔEHF

S0 ), the ΔEHFV terms are negative and thus
reduce the magnitude of the anomeric effect. On the other
hand, for non- or reverse anomeric systems, the ΔEHF

S0 terms are
negative and the ΔEHFV terms are positive. Either way, the
solute−solvent interactions tend to reduce the α−β energy
gaps. Therefore, the reduction of anomeric effect in polar
solvents is solely caused by the solute−solvent interaction
energy.

C5OH9F with Explicit Water Molecule(s). Continuum
solvation models are known for being unable to properly
describe the hydrogen bonding between solute and solvent
molecules. For the systems studied in this work, both the
endocyclic oxygen O2 and the electronegative substituent Y can
form strong hydrogen bonds with adjacent water molecules. To
evaluate the impact of the use of the PCM method in this work
on our analyses and final conclusion, we take C5OH9F as an
example to probe the α−β energy gap by explicitly including
one or two water molecules in computations. As both O2 and F
can serve as the hydrogen bond acceptors, we investigated three
models as shown in Figure 5. Model 1 (M1) and 2 (M2)
concern the hydrogen bonding interaction of O2 or F with one
water molecule, while M3 includes both kinds of hydrogen
bonds. Table 7 compiles the main computational results.
Table 7 shows that the hydrogen bonding of a solvent

molecule to the endocyclic O2 reduces the anomeric effect at
both MP2 and HF levels, whereas hydrogen bonding to the
substituent (F) enhances the anomeric effect. The former
reduction is more significant than the latter enhancement.
When both types of hydrogen bonds are considered in model
M3, the anomeric effect reduces as we have found with the
PCM method in the previous subsection. If there are more
explicit water molecules included in the computations, we
expect that the magnitude of reduction will increase. These
results are consistent with the hyperconjugation effect, as the
depletion of the electron density on O2 due to the hydrogen
bond in model M1 will reduce the n → σ* hyperconjugative
interaction, while the attraction of F by the positively charged

Table 5. Steric Energy Difference (ΔEs)
a between α and β Anomers of C5XH9Y in Solution with Decomposed Contributions

from Intrinsic Steric Effect and Solute−Solvent Interaction Energy Changes (kcal/mol)

clform acetone water

Y ΔEsS0 ΔEsV ΔEs ΔEs
S0 ΔEs

V ΔEs ΔEsS0 ΔEsV ΔEs

(X = O)
F 3.82 −1.88 1.94 4.02 −2.47 1.55 4.07 −2.61 1.46
OH 2.50 −1.62 0.88 2.67 −2.12 0.55 2.76 −2.29 0.47
Cl 2.12 −1.37 0.75 2.27 −1.80 0.47 2.37 −1.90 0.47
NH2 −2.74 −0.02 −2.76 −2.65 0.02 −2.63 −2.60 0.03 −2.57
CH3 −2.28 −0.07 −2.34 −2.25 −0.11 −2.36 −2.25 −0.11 −2.36
(X = S)
F 1.83 −0.76 1.07 1.97 −1.05 0.91 2.01 −1.13 0.87
OH 2.27 −1.73 0.54 2.44 −2.26 0.19 2.50 −2.40 0.10
Cl 0.32 −0.62 −0.31 0.36 −0.84 −0.49 0.41 −0.90 −0.49
CH3 −1.57 −0.02 −1.60 −1.56 −0.04 −1.60 −1.56 −0.04 −1.60

aΔEs = EBLW
S (β) − EBLW

S (α).

Table 6. Decomposition of the α−β Energy Gap for C5XH9Y (kcal/mol)

clform acetone water

Y ΔEHF
S0 ΔEHF

V ΔEC ΔEHF
S0 ΔEHF

V ΔEC ΔEHF
S0 ΔEHF

V ΔEC

(X = O)
F 3.09 −1.34 0.79 3.26 −1.79 0.82 3.31 −1.91 0.83
OH 1.00 −1.10 0.62 1.14 −1.46 0.63 1.18 −1.56 0.64
Cl 2.67 −0.99 0.33 2.80 −1.32 0.35 2.84 −1.40 0.36
NH2 −3.13 0.11 0.35 −3.16 0.16 0.35 −3.17 0.18 0.35
CH3 −3.45 0.04 0.17 −3.43 0.03 0.17 −3.43 0.03 0.17
(X = S)
F 2.58 −0.60 0.75 2.72 −0.87 0.75 2.76 −0.94 0.76
OH 2.27 −1.45 0.74 2.43 −1.92 0.74 2.48 −2.03 0.74
Cl 1.23 −0.61 0.40 1.37 −0.87 0.40 1.40 −0.94 0.41
CH3 −2.01 0.01 0.22 −2.01 0.02 0.23 −2.01 0.01 0.23
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hydrogen atom of water in model M2 enhances the
hyperconjugation. However, the examination of hydrogen
bonding interactions (ΔEb in Table 7) reveals that the changes
of the α−β energy gap in all models dominantly result from the
variation of hydrogen bonding energy. For instance, with the
bonding of one water molecule to O2, the α−β energy gap at
the MP2 level reduces from 3.41 to 2.41 kcal/mol by 1.00 kcal/
mol, but the difference of the hydrogen bond strength in α and
β anomers contributes 0.83 kcal/mol. This finding supports our
conclusion based on the PCM model that the solute−solvent
interactions, rather than the intrinsic electron delocalization
(hyperconjugation), cause the variation of anomeric effect.
In the BLW computations of models M1, M2, and M3, we

treat each water molecule as one individual block; thus, the

electron transfer in the hydrogen bond is also quenched. In all
electron-localized states, the preference of α anomer still holds,
suggesting that the hyperconjugation is not the origin of
anomeric effect in water. The comparison between the α−β
energy gaps with the HF and BLW methods shows that the
electron delocalization enhances the anomeric effect, different
from the PCM computations (Table 2), which show a
reduction of anomeric effect in water for C5OH9F. A further
analysis indicates that the intermolecular electron transfer in
the formation of hydrogen bonds between C5OH9F and water
molecule(s) is responsible for the discrepancy. We expect that
the inclusion of more explicit water molecules in computations
would generate results comparable with the PCM results
presented in the previous subsection.

■ CONCLUSION
The solution to the controversy over the nature of the
anomeric effect lies in the proper estimates of the hyper-
conjugative and electrostatic interactions. Following the ab
initio VB theory, we have developed the BLW method, which
can derive the wave function for an electron-localized state
where intramolecular electron delocalization is quenched.
Although such kind of electron-localized state or resonance
state is not a real physical state, it provides a useful theoretical
reference state to differentiate the hyperconjugation and steric
(including the electrostatic) effects, and is in line with
conventional chemistry theory in terms of Lewis structure
and resonance concept. Applying the BLW method to the
anomeric effect, we have profoundly demonstrated that the
hyperconjugation can play either positive or negative roles in
the conformational preferences of various anomeric and
generalized anomeric systems.36,39,40 But even when the
hyperconjugation effect plays a positive role, it contributes
less than 50% to the α−β energy gap. Thus, we conclude that
the steric effect, or more specifically the electrostatic
interaction, dominates the anomeric effect.
Previous experiments have profoundly shown that in polar

solvent the anomeric effect is diminished along with the solvent
polarity. This phenomenon is further confirmed by numerous
computational studies. It would be valuable to explore the
electron-localized states in solution. As such, in this work we
combined the BLW method with the PCM model and
performed BLW-PCM analyses of a series of substituted
tetrahydropyran and tetrahydrothiopyran in the solutions of
chloroform, acetone, and water. Following the previous energy
partition scheme in gas phase, we can decompose the α−β
energy gap in solution to the contributions from intramolecular

Figure 5. Optimal geometries of C5OH9F complexed with one or two
water molecules at the MP2/6-31+G(d) level of theory.

Table 7. Energy Differences (ΔEα→β) between α and β Anomers of C5OH9F Complexed with Water, Hydrogen Bonding
Energies (ΔEb in kcal/mol),a Major Structural Parameters (Å), and Delocalization Energies (DE0 in kcal/mol)

ΔEα→β

structure MP2 HF BLW ΔEb R(H···O2) R(H···F) R(O2−C1) R(C1−F) DE0

α-C5OH9F 1.3888 1.4237 35.01
β-C5OH9F 3.41 2.79 3.48 1.4054 1.3907 35.70
M1_α −5.13 1.9043 1.3997 1.4162 34.47
M1_β 2.41 2.10 2.58 −5.96 1.9113 1.4118 1.3913 35.04
M2_α −4.21 1.9406 1.3782 1.4469 34.90
M2_β 4.12 2.96 2.55 −3.86 2.0354 1.4028 1.4055 35.18
M3_α −9.10 1.9105 1.9656 1.3897 1.4369 34.29
M3_β 3.08 2.35 1.86 −9.56 1.9040 2.0922 1.4103 1.4050 34.56

aΔEb is the energy difference between the complex and the monomers with the basis set superposition error (BSSE) correction at the MP2 level.
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electron delocalization, steric interaction and electron correla-
tion. However, both electron delocalization energy and the
steric energy can be influenced by the solute−solvent
interactions, and thus can be further divided into an intrinsic
term and a secondary term due to the solute−solvent
interaction. Our analyses show that for anomeric systems, the
solute−solvent interaction diminishes the electron delocaliza-
tion in β anomers more than α anomers, thus enlarging the
anomeric effect in polar solution with reference to the gas
phase. In contrast, the solute−solvent interaction significantly
reduces the steric energy in β anomers. This can be well
understood because of the larger dipole moments of β anomers
than those of α anomers. We also note that both the intrinsic
delocalization energy and intrinsic steric energy change little in
solutions and are comparable to the values in gas phase. This
reinforces the fact that the solute−solvent interaction is
responsible for the diminishing of the anomeric effect in
solution.
If we combine the intrinsic delocalization energy and

intrinsic steric energy together as the internal energy (ΔEHFS0 ),
and the secondary energy terms for delocalization and steric
effect together as the overall solvation energy (ΔEHFV ), we
observe the different behaviors of ΔEHFS0 and ΔEHF

V in all
systems. For anomeric systems that have positive α−β internal
energy changes, the solvation energy changes are negative and
thus reduce the magnitude of the anomeric effect. But for non-
or reverse anomeric systems that have negative α−β internal
energy changes, the solvation energy changes are positive.
Either way, the solute−solvent interactions tend to reduce the
α−β energy gaps.

■ COMPUTATIONAL METHODS
Valence bond (VB) theory adopts a bottom-up approach to interpret
the molecular structures. It analyzes a molecule using electron-
localized resonance states, each of which can be defined by a Heitler−
London−Slater−Pauling (HLSP) function.61−63 Usually a molecule
can be well represented with one such state corresponding to the
conventional Lewis structure, and any intramolecular electron
delocalization (conjugation or hyperconjugation) can be described
with the addition of extra (mostly ionic) resonance states. For a
resonance structure L with N electrons (here we assume closed-shell
cases, i.e., N is an even number), its HLSP can be expressed as

∏φ φ φ φ α β β αΨ = ̂ ··· −N A i j i j{( ) [ ( ) ( ) ( ) ( )]}L L N
ij

1 2 3
(1)

where NL is the normalization constant and Â is an antisymmetrizer,
and in the above resonance structure L, two electrons on orbitals φi
and φj form a chemical bond. Apparently, each HLSP can be expanded
into 2N/2 Slater determinants. Unlike MO theory where all orbitals are
delocalized over the whole system with the constraint of mutual
orthogonality, VB theory constructs wave functions with localized
orbitals without the orbital orthogonality constraint. These localized
orbitals can be atomic orbitals as in the classical VB theory, but in
modern VB theory, fragmental or functional group orbitals that are
variational can be used as localized orbitals.
The fundamental idea of the BLW method is to reduce the number

of Slater determinants for a VB function.59,60 In the BLW method, we
partition the molecular system into several blocks (or fragments or
groups) and limit the block-localized MOs (BL-MOs) to expand
within only one block and doubly occupied in closed-shell cases. In
such a way, a HLSP function can be reduced to a BLW as

Ψ = ̂ Ω Ω ···ΩN A{ }L
K

BLW
1 2 (2)

where Ωi is a successive product of ni/2 doubly occupied orbitals in
block i:

φ αφ β φ αφ βΩ = ···i i i
n
i

n
i

1 1 /2 /2i i (3)

BL-MOs in the same block are constrained to be orthogonal like in
MO methods, but among different blocks they are nonorthogonal like
in VB theory. If we allow all orbitals to expand in the whole space of
primitive orbitals, the BLW will be upgraded to the familiar Hartree−
Fock (HF, or Kohn−Sham within the density functional theory, DFT)
wave function ΨD, corresponding to a delocalized state, which is
implicitly a superposition of all electron-localized states. Thus, the
energy difference between ΨBLW and ΨD is generally defined as the
delocalization energy (DE0),36 which is a stabilizing force by definition

= Ψ − ΨE EDE ( ) ( )0
BLW D (4)

Although PCM approaches78,80 do not consider discrete description
of solvation or nonequilibrium effects, they have been proven to be an
effective and economical way for the investigation of solvation effect
within the VB theory.89 In the PCM method, the solute molecule is
treated quantum mechanically, and the interaction between solute and
solvent is described as a perturbation on the Hamiltonian of the solute
molecule. The total energy of a solvated molecule is

= ⟨Ψ | + |Ψ ⟩

= ⟨Ψ | |Ψ ⟩ + ⟨Ψ | |Ψ ⟩

= +

E H V

H V

E E

S S
R

S

S S S
R

S

S V

0

0

0 (5)

where H0 is the Hamiltonian of the solute molecule in gas phase and
VR is the solvent reaction potential term, which also depends on the
wave function of the solute. In general, VR is a sum of the electrostatic,
repulsion, and dispersion contributions to the solvent effect. But in
practice, only the electrostatic component is related to the solute’s
wave function, while the rest of the nonelectrostatic components are
taken as empirical parameters. Song et al. first incorporated the PCM
method into ab initio VB computations where VB wave functions are
optimized in the presence of a polarizing field of the solvent self-
consistently.89 Overcoming the disadvantages of inexplicit solvent
models, Mo and Gao developed the combined QM(BLW)/MM
approach, which considers the solvent molecules explicitly in the
derivation of energy profiles of electron-localized states.90 But here we
will focus on the incorporation of the PCM approach into the BLW
method, which leads to the energy of the electron-localized state in
solution as

= ⟨Ψ | + |Ψ ⟩ = +E H V E ES S
R

S S V
BLW BLW

0
BLW BLW

0
BLW (6)

where ψBLW
S is the block-localized wave function of the solute molecule

in solution, EBLW
S0 accounts for the internal energy of the solute

molecule, and EBLW
V is the solute−solvent interaction energy calculated

with the electron-localized and self-consistent reaction field operator.
By extending the expansion of the block-localized orbitals in the whole
basis space of the solute molecule, we get the electron-delocalized HF
wave function in solution with its energy

= ⟨Ψ | + |Ψ ⟩ = +E H V E ES S
R

S S V
HF HF

0
HF HF

0
HF (7)

Similar to eq 4, we can define the delocalization energy in solution
as the energy difference between electron-localized and -delocalized
wave functions as

= −

= − + −

= +

E E

E E E E

DE

( ) ( )

DE SE

S S S

S S V V

S V

BLW HF

BLW
0

HF
0

BLW HF
0 (8)

where DES0 is the intramolecular delocalization energy, which can be
regarded as an intrinsic property of the solute, and SEV denotes the
secondary electron delocalization effect, or the influence of the solute−
solvent interaction on the electron delocalization. The MP2 method
considers the electron correlation in a second-order perturbation as
the HF energy is the first order energy. Thus, MP2 energy is the
summation of the HF energy with an additional electron correlation
contribution as
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= +E E ES S
cMP2 HF (9)

Accordingly, the energy difference between α and β anomers at the
MP2 level can be decomposed into three energy terms in two ways as

β αΔ = −

= Δ + Δ + Δ

= −Δ + Δ + Δ

E E E

E E E

E E

( ) ( )

DE

S S S

S V
c

S
s c

MP2 MP2 MP2

HF
0

HF

(10)

where ΔEs refers to the intrinsic steric effect (ΔEsS0)36,39,40 and the
secondary effect due to the solute−solvent interactions (ΔEsV) and is
expressed as

β α

β α β α

Δ = −

= − + −

= Δ + Δ

E E E

E E E E

E E

( ) ( )

( ) ( ) ( ) ( )
s

S S

S S V V

s
S

s
V

BLW BLW

BLW
0

BLW
0

BLW BLW
0 (11)

In this work, all optimal geometries of substituted tetrahydropyran
C5OH9Y (Y = F, Cl, OH, NH2, and CH3) and tetrahydrothiopyran
C5SH9Y (Y = F, Cl, OH, and CH3) with vibrational frequency
computations were derived at the MP2/6-31+G(d) level with the
Gaussian 03 program.91 The subsequent generalized BLW calculations
were performed using the Xiamen Valence Bond (XMVB)
program.92,93 In BLW computations, C1−X, C1−Y, and X−C3 σ
bonds were localized between the two bonding atoms, while the lone
pairs on X and the electrons on group Y were constrained to the
respective atom and the functional group. Finally, the remaining 13
doubly occupied BL-MOs were strictly localized on the C5H9
fragment. The atomic electron population changes due to the electron
delocalization interactions and the solvent effect were monitored using
the natural population analysis (NPA).94 All BLW calculations with
PCM model were performed using the VBPCM method,89 which was
ported to the quantum mechanical software GAMESS.95 Frozen cores
(1s orbitals) were adopted for all heavy atoms including carbon,
nitrogen, oxygen, sulfur, and halogen elements. Note that in all PCM
computations, optimal gas-phase geometries are used.
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