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The modeling of intermolecular interactions in organic com­
pounds and biomolecules plays a critical role in various fields of 
modern chemistry and biochemistry such as crystal prediction,1,2 
molecular docking3,4 and molecular dynamics.5,6 To decrease 
the computational cost of large systems simulations by orders of 
magnitude, molecular mechanics (MM) methods are used.7 They 
are based on the classical laws of atomic motions in predesigned 
force fields. In molecular modeling, a force field refers to a 
functional form and parameters set defining molecular system 
energy from bond lengths, angles and torsion angles between all 
bonded atoms and from distances between unbonded atoms and 
molecular fragments. A popular choice of accounting for non­
covalent interactions is to limit such interactions to pairwise 
energies with the Lennard–Jones potential used to consider a 
van der Waals term and Coulomb’s law, for an electrostatic term.8 
Even though noncovalent interactions are considered in this way, 
in the most common nonpolarizable force fields, it is implied 
that only bonding interactions can affect torsion energy profiles 
in molecules. However, as we found earlier,9 this approximation 
is fundamentally wrong in some cases. Thus, the formation of a 
strong hydrogen bond in a carboxylic group leads to a change in 
its preferred conformation from cis to trans. Charge redistribu­
tion analysis has demonstrated that this effect is closely related 
to stereoelectronic effects; thus, we proposed the term supra­
molecular stereoelectronic effect (SSE) for it. Moreover, we have 
found that the lack of consideration of SSE in common force 
fields inevitably leads to significant errors in the modeling of 
crystals and biomolecules, e.g., insulin.

Here, we have studied the strength and importance of SSE 
in hemiketals, which are commonly found in crystals and bio­
molecular systems10 (for example, in carbohydrates) by means 
of quantum chemical calculations, the subsequent natural bonding 
orbital (NBO)11 and atoms-in-molecules (AIM)12 analyses, and the 
analyses of crystal structures available in the Cambridge Structural 
Database (CSD)13 and Protein Data Bank (PDB).14 Quantum 
chemical calculations were performed using Gaussian0915 program 

package at the PBE016-D3BJ17/cc-pVTZ18 level of theory. This 
method was shown to be suitable for organic chemistry calcula­
tions19,20 and well-grounded in theory.21 NBO, NCI (non-covalent 
interactions) and AIM analyses were performed at the same level 
of theory as quantum chemical calculations, using Gaussian09, 
MultiWFN22 and AIMAll23 program packages, respectively.

We used 2-methoxypropan-2-ol as a model structure for 
quantum chemical calculations (Figure 1). Rotations around 
the two Me2C–O bonds in the model hemiketal give rise to five 
possible nonequivalent conformers. In terms of Me–O–C–O 
torsion angle, these conformers can be divided into the two 
groups of gauche and trans conformers (Figure 1).

For carbohydrates containing hemiacetal or hemiketal fragments, 
it is commonly assumed that the most stable rotamers are –gg, 
+gg and gt with the gauche orientation of the OH hydrogen atom.24 
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Hemiketals are important targets for crystal prediction and 
molecular modeling. The supramolecular stereoelectronic 
effect (SSE) recently found in carboxylic acid associates 
occurs in hemiketals: the presence and nature of an H-bond 
acceptor affect the conformational preference of hemiketals. 
To provide a structural basis for the multitude of biological 
roles played by hemiketal-containing structures, it is important 
to accurately model their spatial and dynamic properties, so 
the SSE in hemiketals should be explicitly implemented in 
future force fields.

Me–O–C–O gauche conformers

Me–O–C–O trans conformers

–gg +ggtg

tt gt

Figure  1  Structures of the nonequivalent conformers of the model hemi­
ketal. The names of conformers are given in terms of rotations around 
Me2C–OH (the first symbol) and Me2C–OMe (the second symbol) bonds. 
The letters g and t refer to gauche and trans substituent orientations, 
respectively. Plus and minus signs refer to clockwise and anticlockwise 
hydrogen atom rotations about the OMe group, respectively.
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This is explained by an exo-anomeric effect due to overlapping 
between the s* orbital of Me2C–OMe bond and one of the lone 
pairs of the OH oxygen atom.25

However, the analysis of hemiketal-containing structures in 
CSD has revealed that, in addition to the most frequently encountered 
structures corresponding to –gg, +gg and gt conformers (the 
major maximum in Figure 2), there is also a substantial number 
of tg and tt conformers corresponding to the minor maximum 
close to 180°. 

Notwithstanding, according to the quantum chemical calcula­
tions of the model hemiketal [Figure 3(a)], there are no energy 
minima upon rotation around the Me2C–OH bond corresponding 
to tg or tt conformers. The observed minima correspond to the 
conformers stabilized via the anomeric effect mediated by OH 
group lone pairs, and they are consistent with earlier reports for 
similar structures.26 Thus, the existence of these minima explains 
the major peak in CSD analysis plot (Figure 2) but not the 

occurrence of the minor peak corresponding to the O–C–O–H 
torsion angle near 180°.

However, it should be noted that the hydroxyl groups of hemi­
ketal moieties in CSD structures are almost always hydrogen-
bonded to some bases.27 This fact could explain (in consideration 
of recently found SSE) the minor peak in Figure 2.

To study the influence of hydrogen bonding on the O–C–O–H 
torsion angle distribution, we examined it for the model hemiketal 
containing a hydrogen bond with a strong base CN– [Figure 3(b)]. 
In this case, we found three minima for both trans and gauche 
conformers in contrast with the two minima for the unbonded 
hemiketal. The new minima correspond to the conformers with 
an O–C–O–H torsion angle of 180°, which are more energetically 
favorable than those with an O–C–O–H torsion angle close to 60°. 
Appearance of these additional minima justifies our hypothesis 
on the occurrence of SSE in hemiketals.

Note that, in the cyanide-bonded hemiketal, the +gg conformer 
becomes the most favorable due to additional CH∙∙∙X hydrogen 
bonding of the anion with the OMe group [weak H-bond in 
Figure 4(a)]. However, the +gg conformation of both the model 
hemiketal and its associate is shifted toward 270° (from an ideal 
300° torsion angle) to diminish H–H repulsion interactions of 
the hydrogen atoms of OH and OMe groups [steric repulsion in 
Figure 4(a)].

Further, we examined the observed SSE effect by means of 
NBO analysis. Indeed, this effect has a stereoelectronic nature, 
and it can be explained by interactions between the O–H bonding 
and Me2C–OMe anti-bonding NBO orbitals28 [Figure 4(b)]. In 
the absence of CN–, their interaction strength is 4.2 kcal mol–1; 
however, it increases to 5.4 kcal mol–1 in the presence of CN–. 
Other NBO orbital interactions are not affected that much.

To expand the scope of the found effect, we studied it for the 
three Me–O–C–O gauche conformers of the hemiketal (–gg, tg 
and +gg, Figure 1) associated with the neutral and anionic bases 
MeCN, MeCONHMe, CN–, NCO– and MeCOO– (Figure 5). 
The relative free energy plot indicates that the SSE appears when 
the hemiketal is associated with anionic rather than neutral bases 
(this is consistent with the results obtained for carboxylic acids9). 
Importantly, in associates with CN– and NCO–, the relative 
energies of corresponding tg conformers are less than 1 kcal mol–1; 
thus, their contributions to the ensembles should not be neglected. 
The relatively high energy of the tg MeCOO– associate is due to 
strong additional hydrogen bonds formed by the carbonyl oxygen 
of MeCOO– stabilizing the –gg and +gg conformers (structures 
are in Online Supplementary Materials).

The OH∙∙∙X interaction energy plot shows that the strengths 
of hydrogen bonds are virtually identical for the three hemiketal 
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Figure  2  Distribution of O–C–O–H torsion angles (absolute values) for 
hemiketal fragments in CSD structures.
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Figure  3  Relative energies of (a) the model hemiketal and (b) its associate 
with CN− in (1) trans and (2) gauche Me–O–C–O torsion conformations 
upon varying the O–C–O–H torsion angle anticlockwise from 0 to 360° in 
increments of 10°.

Strong
H-bondWeak

H-bond
Steric
repulsion

(a) (b) σO–H

σ*C–O

σO–H ® σ*C–O = 4.2 kcal mol–1 (no base)
σO–H ® σ*C–O = 5.4 kcal mol–1 (with CN–)

Figure  4  (a) NCI analysis of an ideal +gg conformer (O–C–O–H torsion 
angle, 300°) of the model hemiketal bonded to CN–. Blue-colored isosurface 
denotes strong H-bond; green-colored, weak H-bonds; red-colored isosur­
face stands for steric repulsion. (b) The NBO analysis of the SSE in the 
tg  conformation. The O–H bonding and Me2C–OMe anti-bonding NBO 
orbitals, which are responsible for the SSE effect in hemiketals according 
to  the NBO analysis, are shown. In the absence of CN–, their interaction 
amounts to 4.2 kcal mol–1, whereas it becomes 5.4 kcal mol–1 in the presence 
of CN–.
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conformers for a given neutral base. However, for the anionic 
bases, the strengths of hydrogen bonds are not equal to those of 
the  –gg conformer exhibiting the biggest OH∙∙∙X interaction 
energies (Figure 5; Table 1). To explain this observation, we 
performed the AIM analysis of anion-associated hemiketal gauche 
conformers. In many cases, there are additional hydrogen bonds 
(CH∙∙∙X) between the base atom (further, H-bonding center) 
bonded to the OH group of the hemiketal and the CH hydrogen 
atoms of hemiketal. Thus, the tg and +gg conformers usually 
form one or  two CH∙∙∙X bonds, though the –gg conformer has 
either one or none of them. According to the Espinosa–Lecomte–
Mollins equation,29 the weak interaction energy can be estimated 
from the potential energy density [V(r), a universal descriptor of 
interaction strength30] at the bond critical point (BCP) of the 
interaction: Eint = –0.5 V(r). For the –gg conformers with the largest 
OH∙∙∙X interaction energies, the values of Eint corresponding to 
CH∙∙∙X interactions are the smallest for a given base (Table 1). 
Moreover, in the MeCOO– associate in the +gg conformer, the 
H-bonding center does not form CH∙∙∙X bonds, and its OH∙∙∙X 
interaction energy is very close to that in the –gg conformer 
(Figure 5; Table 1). To summarize these observations, we can 

conclude that the highest OH∙∙∙X interaction energies are revealed 
when there are no CH∙∙∙X interactions or their relative Eint values 
are small. Note that the sum of the energies of all H∙∙∙X interac­
tions between the H-bonding center and the hemiketal remains 
approximately constant for a given base regardless of the number 
of these interactions (Table 1). A similar effect was recently 
observed for alkali metal carboxylates with different coordination 
numbers.31 We propose a term ‘cumulative weak interactions 
energy permanence’ (CWIEP) for this effect. According to it, 
each weak-bonding center in a given molecule has a constant 
cumulative weak interactions (CWI) energy. The CWI energies for 
the studied bases are approximately 15, 20.5 and 24 kcal mol–1 
for CN–, NCO– and MeCOO–, respectively (Table 1).

As noted above, hemiketals are common in both organic crystals 
and biomolecules, as they are strong bases capable of inducing 
the supramolecular stereoelectronic effect in them. A survey over 
the PDB database has demonstrated that SSE takes place in the 
binding of b-l-ribulose in the d-xylose isomerase active site32 
[PDB ID: 4QE4, Figure 6(a)]. Adding hydrogens to the structure 
with the TSAR33 algorithm implemented in the Build Model 
program of the Lead Finder34 package has revealed that ribulose 
forms a strong hydrogen bond with the carboxylic group of the 
Asp287 residue, which stabilizes its tt conformation via the SSE 
effect. An analysis of the CSD, in addition to the clear evidence of 
the SSE in hemiketals (a minor maximum in Figure 2), brought 
to light a very interesting crystal structure35 [CSD ID: RIJDOD, 
Figure 6(b)] containing a hemiketal moiety, whose OH group 
can simultaneously form hydrogen bonds with two ether oxygen 
atoms with the O–C–O–H torsion angle of 170 or 293° closely 
corresponding to the ideal tg and +gg conformations, respectively. 
However, according to XRD data, the hemiketal occurs only in 
the tg conformation. To exclude experimental errors, we optimized 
both possible crystal structures (including the unit-cell parameters) 
in a G-point version of the VASP 5.3.4 program package36 with the 
PBE37-D317 functional and a plane-wave basis set (cutoff energy, 

Table  1  Characteristics of the –gg, tg and +gg conformers of the model hemiketal associated with anionic bases (CN–, NCO– and MeCOO–).a

Base Conformer –V(r)OH∙∙∙X –V(r)CH∙∙∙X 
(number of CH∙∙∙X)

Eint (OH∙∙∙X) / 
kcal mol–1

Eint (CH∙∙∙X) / 
kcal mol–1

Eint (cumulative) / 
kcal mol–1

CN– –gg 0.0471 0 14.8 0.0 14.8
   tg 0.0436 0.004 (1) 13.7 1.3 15
+gg 0.0427 0.0045 (1) 13.4 1.4 14.8

NCO– –gg 0.0624 0.004 (1) 19.6 1.3 20.9
   tg 0.0558 0.0085 (2) 17.5 2.7 20.2
+gg 0.0546 0.0106 (2) 17.1 3.3 20.4

MeCOO– –gg 0.0745 0.0048 (1) 23.4 1.5 24.9
   tg 0.0678 0.0104 (2) 21.3 3.3 24.6
+gg 0.0736 0 23.1 0.0 23.1

a CH∙∙∙X is an additional hydrogen bond between the H-bonding center and CH hydrogen atoms of hemiketal; V(r)OH∙∙∙X is potential energy density at the BCP 
of OH∙∙∙X interaction; V(r)CH∙∙∙X is the sum of potential energy densities at the BCPs of the CH∙∙∙X interactions; Eint is interaction energy [estimated from V(r) 
using the Espinosa–Lecomte–Mollins equation29].
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Figure  5  Plots of the (a) relative free energies and (b) OH∙∙∙X interaction 
energies (estimated from the Espinosa–Lecomte–Mollins equation29) for 
the Me–O–C–O gauche conformers of the model hemiketal in associates 
with bases sorted by increasing energy of OH∙∙∙X interactions: (1) –gg, 
(2) tg and (3) +gg. The tg conformer of the unbonded hemiketal has been 
obtained by constraining the O–C–O–H torsion angle to 180°. In the case of 
MeCN associate in –gg conformation, we have constrained the OH–N–C 
angle to 173° to avoid the cleavage of OH∙∙∙X interaction due to alternative 
hydrogen bonding.
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Figure  6  SSE in hemiketal moieties of XRD structures. (a) b-l-Ribulose 
in the active site of the D-xylose isomerase (PDB ID: 4QE4). Positions 
of hydrogen atoms were calculated with the TSAR33 algorithm confirmed 
that the hemiketal moiety occurs in the tt conformation. (b) Two possible 
positions of the OH hydrogen in the RIJDOD (CSD ID) crystal. The right 
structure (bearing tg hemiketal moiety) is observed in the crystal and was 
computed to be 4 kcal mol–1 more stable than the left one (with +gg hemi­
ketal moiety).
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400 eV) with PAW38 pseudo-potentials. Calculations have  revealed 
that tg conformation of the hemiketal moiety is preferred, and its 
shift to the +gg conformer costs 4 kcal mol–1 per molecule.

To summarize, we have found that the supramolecular stereo­
electronic effect can occur in hemiketals. It stabilizes the tg and 
tt conformations (with an O–C–O–H torsion angle close to 180°) 
of hemiketals bound to strong bases. This effect is clearly visible 
in the CSD and quantum chemical calculations; its examples can 
also be found in the PDB database. Since SSE cannot be described 
with current force fields, it should be explicitly considered in 
future molecular mechanics methods for crystal prediction and 
molecular modeling studies involving hemiketal-containing struc­
tures. An NBO analysis has demonstrated a stereoelectronic nature 
of this effect, and showed that it can be explained as interaction 
between the O–H bonding and Me2C–OMe antibonding NBO 
orbitals, which strengthens upon hydrogen bond formation. The 
AIM analysis of the calculated associates revealed an interesting 
feature of cumulative weak interactions energy permanence (we 
denote it as CWIEP), which consists in the invariability of cumulative 
weak interactions energy (computed according to the Espinosa–
Lecomte–Mollins equation) for each weak-bonding center of a 
given molecule.
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