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Abstract
We selected 145 reference organic molecules that include model fragments used in computer-aided drug design. We calcu-
lated 158 conformational energies and barriers using force fields, with wide applicability in commercial and free softwares 
and extensive application on the calculation of conformational energies of organic molecules, e.g. the UFF and DREIDING 
force fields, the Allinger’s force fields MM3-96, MM3-00, MM4-8, the MM2-91 clones MMX and MM+, the MMFF94 force 
field, MM4, ab initio Hartree–Fock (HF) theory with different basis sets, the standard density functional theory B3LYP, the 
second-order post-HF MP2 theory and the Domain-based Local Pair Natural Orbital Coupled Cluster DLPNO-CCSD(T) 
theory, with the latter used for accurate reference values. The data set of the organic molecules includes hydrocarbons, 
haloalkanes, conjugated compounds, and oxygen-, nitrogen-, phosphorus- and sulphur-containing compounds. We reviewed 
in detail the conformational aspects of these model organic molecules providing the current understanding of the steric and 
electronic factors that determine the stability of low energy conformers and the literature including previous experimental 
observations and calculated findings. While progress on the computer hardware allows the calculations of thousands of 
conformations for later use in drug design projects, this study is an update from previous classical studies that used, as refer-
ence values, experimental ones using a variety of methods and different environments. The lowest mean error against the 
DLPNO-CCSD(T) reference was calculated for MP2 (0.35 kcal mol−1), followed by B3LYP (0.69 kcal mol−1) and the HF 
theories (0.81–1.0 kcal mol−1). As regards the force fields, the lowest errors were observed for the Allinger’s force fields 
MM3-00 (1.28 kcal mol−1), ΜΜ3-96 (1.40 kcal mol−1) and the Halgren’s MMFF94 force field (1.30 kcal mol−1) and then 
for the MM2-91 clones MMX (1.77 kcal mol−1) and MM+ (2.01 kcal mol−1) and MM4 (2.05 kcal mol−1). The DREIDING 
(3.63 kcal mol−1) and UFF (3.77 kcal mol−1) force fields have the lowest performance. These model organic molecules we 
used are often present as fragments in drug-like molecules. The values calculated using DLPNO-CCSD(T) make up a valu-
able data set for further comparisons and for improved force field parameterization.
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Introduction

Molecular mechanics methods are widely used for ranking 
and filtering huge numbers of organic molecules conform-
ers, e.g., in structure-based drug design (SBDD) before 
docking calculations are applied [1–6], in ligand-based 
drug design (LBDD) [7–9], which is often followed by 
three-dimensional quantitative structure–activity rela-
tionships (3D-QSAR) predictions [10] or pharmacophore 
modeling [11]. Scoring functions based on force fields, 
e.g. MM3-96 [12] or semiempirical quantum mechanical 
(QM) methods, e.g., MNDO hamiltonians [13, 14], with-
out or combined with an implicit solvent model [12, 14] 
are used for SBDD.

Conformational sampling using force fields of the 
drug molecules in SBDD problems can be accomplished 
using fragment-based approaches [15, 16], in which the 
candidate drug molecule is divided into fragments and 
the smaller organic molecule conformations are sampled 
before carrying out the docking calculations. Candidate 
conformations of the entire molecule are computed by re-
combining favorable fragment conformations. A database 
of minimized conformations of the fragments allowed 

re-using them during conformer generation of other mol-
ecules, including drugs and large bioactive molecules, 
which improves the time-efficiency of sampling as, for 
example, in the open-access Quantum–Mechanical Proper-
ties of Drug-like Molecules (QMugs) data set; the QMugs 
collection comprises QM properties on optimized molecu-
lar geometries using ωB97X-D/def2-SVP, e.g., QM wave 
functions, including DFT density and orbital matrices, of 
more than 665 k biologically and pharmacologically rel-
evant molecules extracted from the ChEMBL database, 
totaling ~ 2 M conformers [17, 18]. QM7-X [19] is another 
comprehensive dataset of 42 physicochemical properties 
for ~ 4.2 million equilibrium and non-equilibrium struc-
tures of small organic molecules with up to seven non-
hydrogen optimized with PBE0 + MBD, i.e., a third-order 
self-consistent charge density functional tight binding 
(DFTB3) supplemented with a treatment of many-body 
dispersion (MBD) interactions. These methods use ensem-
bles of conformations that capture the bioactive confor-
mation as one of a diverse set of energetically accessible 
conformations [20–23]. Another approach involves using 
pre-existing knowledge of small-molecule conformations 
to further restrict the space of the conformational search 
to likely torsion angles and other combinations. Such 
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knowledge-based methods [24, 25] derive torsion angle 
preferences from molecular mechanics or QM simulations 
of small molecules or structural databases such as the 
Cambridge Structure Database (CSD) [26] or the Protein 
Data Bank (PDB) [27]. Such datasets combined with ML 
can lead to the calculation up to 20 million off-equilibrium 
conformers of organic molecules [28].

Benchmarks of conformer generation tools have been per-
formed, not based on low-energy/geometry [23], but also by 
comparing the geometry of an experimental crystal struc-
ture against an ensemble (e.g., 50 to 200+) of conformers 
[22, 29–35]; given a reasonable tool, one might guess that 
generating enough conformers should produce something 
close to the experimental geometry. Thus, finding a metric, 
such as energy, to filter, score or rank conformers is criti-
cal. Also, Bayesian optimization for conformer generation 
[36] or Graph Neural Network [37] have been applied to 
find the lowest energy conformer rather than an ensemble 
of conformers. Although most methods to score conforma-
tions, i.e., calculate conformational energies and identify 
low energy conformers, use a molecular mechanics energy 
function, e.g., the MMFF94 force field [38] implemented 
in MOE [39], in OMEGA program [9, 29], in RDKit [40], 
the OPLS2001 force field [41] implemented in the CONF-
GEN [42], the reliability of classical force fields and other 
quantum mechanical methods needs to be validated [43]. 
Other studies explored conformational search algorithms 
to regenerate bioactive conformations from protein–ligand-
complexes. It was found that in 73% of the studied molecules 
in protein complexes from Protein Data Bank (PDB) struc-
tures the “bioactive” conformation was within 3kBT from 
the most-stable conformation in solution as determined by 
density functional theory (DFT) calculations [22].

Despite the enormous amount of energy values that can 
be produced with the current computing resources, system-
atic comparisons of force fields and QM methods provide 
always helpful results [44] for the calculation of the confor-
mational energies of organic molecules [36, 45].

A multitude of studies benchmarked the ability of differ-
ent force fields and QM methods in conformational analysis 
[46–59]. These studies evaluated the energies and confor-
mations of organic molecules, including standard organic 
molecules, carbohydrates, amino acids, small peptides etc. 
and compare the force field and QM methods results to ref-
erence values, either from experiment or ab initio calcula-
tions [46–59]. Examples are the evaluation, e.g., of Allinger 
MM2 force field and its clones, MM3-96, MMFF94, 
MMFF94s [48, 50], of Tripos and MMFF94 force fields  
[32], OPLS3, OPLS-2005, MMFFs and AMBER* force 
fields [34], MMFF94 (before and after reparameteriza-
tion of torsion angles with MP2/cc-pVTZ), OPLS3, MM2 
force fields [35], or force fields (e.g., OPLS-AA, MMFF, 
CHARMMm) and QM methods (i.e. B3LYP, M06-2X) 

[33] or the E/Z energetics for molecular modeling [60]. 
A review that described these efforts in some detail has 
been published [61]. The DFT single-point energies [58] 
or MMFF94 force field energies were tested in reproducing 
the domain-based local pair natural orbital coupled-cluster 
theory [DLPNO‐CCSD(T)] with cc‐pVTZ basis set con-
formational energies and spatial structures for 37 organic 
molecules representing pharmaceuticals, drugs, cata-
lysts, synthetic precursors, and industry‐related chemicals 
(37conf8 database) [36]. The DLPNO approximation has 
enabled the first CCSD(T) calculation of a protein contain-
ing 644 atoms [62], model systems of enzymatic reactions 
[63], conformational energies [64–66] and in benchmark-
ing of the GMTKN55 superset of molecules that contains 
1505 relative energies and 2462 single-point calculations 
[67]. Additionally, a benchmark study on the performance 
of force field, semiempirical, and DFT methods for the cal-
culation of relative conformer energies for 100 compounds 
of lead-like and drug-like was performed using the DFT 
PBE0-D3(BJ)//def2-TZVP energy values as reference [68]. 
A comparison of computational methods force fields, DFT 
functionals, and machine learning potentials have been per-
formed in a set of 700 molecules; 10 conformations of each 
molecule were chosen and optimized at B3LYP-D3BJ/def2-
SVP level of theory followed by single-point energy calcu-
lations at the “gold standard” DLPNO-CCSD(T)/cc-pVTZ 
level of theory [59]. Local minima geometries across ~ 700 
molecules drug-like molecules, have been repeatedly used 
to evaluate the quality of conformer generation [9, 69], each 
optimized by B3LYP‐D3(BJ) with single‐point DLPNO‐
CCSD(T) triple‐zeta energies. The 6500 single points gen-
erated were compared with results from the application of 
force fields, semiempirical hamiltonians, DFT functionals 
and machine learning (ML) methods for conformational 
energies ranking of minima [45].

Given that drug molecules consist of a few tens of atoms 
connected by covalent bonds and that the possible organic 
small molecules number hundreds of billions [70], hardware 
progress can lead to the accurate coupled cluster method 
with single-, double-, and perturbative triple excitations 
[CCSD(T)] chemical energies for 133,000 molecules with 
less than 10 carbons [71], or B3LYP/6-31G* optimized 
geometries for 2.6 million molecules [72].

Continued development of deep learning molecular 
potentials generated from QM data sets can provide high 
accuracy predictions of QM reference calculations, while 
maintaining a computational cost comparable to classical 
force field. ANI-2x potential provided chemically accurate 
energy predictions for molecules containing seven atomic 
elements (H, C, N, O, S, F, Cl) of interest to computational 
drug design (CADD) and showed similar accuracy to DFT 
methods, while outperformed MMFF94 and PM6 for con-
former scoring. The ANI-2x potential retained the same 
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computational scaling as classical force fields, providing a 
106 speedup over the DFT level it has been trained against 
[73]. It has been tested across a wide range of applications 
relevant to drug development on diverse test sets.

For drug design purposes the accurate description of the 
diverse local minima is needed for each drug-like molecule 
[74], and datasets have been developed towards that aim, 
e.g. the platinum dataset of 2912 protein-bound ligand con-
formations extracted from the PDB for which the chemical 
space was shown to be representative of the chemical space 
of approved drugs [75].

In the present work we seek to revisit results of cal-
culations for model organic molecules of standard con-
formational interest rather than drug-like compounds and 
focuses on assessing the accuracy of force fields, frequently 
used in conformer search applications, but also standard 
ab initio and DFT methods. Compared to previous works, 
e.g. in Refs. [48, 50] we increased the number of tested 
molecules and the number of methods applied, which 
include many force field methods but also Hartree–Fock 
(HF) theory, the post-HF second-order Møller–Plesset per-
turbation theory (MP2) and the standard DFT functional 
B3LYP. Accurate reference values for evaluating all these 
methods were obtained with the gold-standard basis-set 
extrapolated DLPNO-CCSD(T) method [76], in contrast 
to previous works which often used inconsistent experi-
mental values or low theory levels as reference values. 
The suitable energies for comparison with CC-calculated 
conformational energies are energies measured in the gas 
phase with spestroscopic methods. Compared to previous 
works, this manuscript also reports the gas phase experi-
mental and calculated with various theories conformational 
energies and describes the molecular basis of these con-
formational preferences for the organic molecules tested. 
These model organic molecules are often present as frag-
ments in drug-like molecules. The values calculated using 
DLPNO-CCSD(T) make up a valuable data set for further 
comparisons and for improved force field parameterization.

Computational methods

Test set

A data set consisting of 158 small molecules consisting 
solely of carbon, hydrogen, nitrogen, and oxygen (CHON) 
atoms, was the same as that used before for validation of 
the accuracy of MMFF94 force field and subset of these has 
been previously used [48, 50]. The three dimension (3D) 
structures of the compounds used are available following 
the link found in the Supporting Information.

Details for the calculations

Molecular mechanics calculations with the MM+ force field 
were performed using the Hyperchem program (Hypercube 
Inc.) which provided enthalpic values. For each molecule 
an initial structure was constructed and minimized first 
using a first derivative algorithm (conjugate gradient or 
steepest descents) and then Newton–Raphson algorithms 
and an energy gradient tolerance of 0.001 kcal mol−1 Å−1. 
HyperChem provides a variety of tools for the convenient 
manipulation of 3D structures like changing chirality, reflec-
tion through planes, easy insertion of a variety of torsional 
restraints etc. When a constraint was required the force con-
stant used was as high as 150 kcal mol−1 degree−2. MMX, 
MM3-96 [77–79] and MMFF94 [32] were implemented with 
PCMODEL9/Windows software (Serena Software) and cal-
culated enthalpies. 3D structures were minimized first using 
steepest descents and then Newton–Raphson algorithms 
and an energy gradient tolerance of 0.0001 kcal mol−1 Å−1. 
MM3-00 and MM4-08 [80–82] were performed using the 
commercial programs developed by Allinger and we calcu-
lated enthalpies [83, 84]. Calculations were carried out in the 
gas phase using a dielectric value of 1.5 and no cutoff for the 
nonbonded interactions. In the case of MM+ [85] available 
with Hyperchem program and MMX, which are clones of 
MM2-91 [86] force field, lone pair (lp) pseudo-atoms were 
added where needed for proper description of the molecular 
structure. Calculations of enthalpic values with UFF [87], 
Dreiding [88] force fields were carried out with Gaussian-03 
software [89]. MM+, UFF and Dreiding are universal force 
fields and can be used for the calculations of any structure 
since, in cases for which no parameters are available, empiri-
cal rules are applied. Structure manipulations, restraints, etc. 
were applied using the software tools. In a few cases, struc-
ture manipulation was performed using HyperChem because 
this software is user friendly. The structures were then saved 
in PDB format and opened with other software pieces. 
B3LYP/6-31G(d,p) and MP2/6-31G(d,p) electron energy 
calculations were performed using Gaussian-09 [89] and the 
energies were calculated in geometry-optimized structures. −

The B3LYP/6-31G(d,p) geometry-optimized structures 
were used for the DLPNO-CCSD(T) electronic energies cal-
culations. Reference values for the electronic energies of all 
species were obtained at the CCSD(T) level [76] with sepa-
rate extrapolation of the Hartree–Fock (HF) and electron 
correlation energies to their complete basis set (CBS) limits:

The domain-based local pair natural orbital (DLPNO) 
methodology enabled the use of large correlation-consistent 
basis sets of polarized triple-zeta quality in the coupled-
cluster calculations for all molecules included in this study. 

E
CBS

total,CCSD(T)
= E

CBS
HF

+ E
CBS

corr
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CBS extrapolation used correlation-consistent basis sets cc-
pVnZ with successive cardinal values n = 2 and 3 (cc-pVDZ 
and cc-pVTZ) [90–92]. DLPNO-CCSD(T) calculations with 
the cc-pVQZ basis sets were not possible for all compounds 
due to memory limitations; therefore, for consistency, only 
cc-pV[D/T]Z extrapolated results will be discussed. Using a 
two-point exponential extrapolation [93, 94], the HF energy 
has been suggested to converge as:

where X and Y represent the successive cardinal numbers of 
the basis sets. E(X)

HF
 and E(Y)

HF
 are the SCF energies obtained 

with the two basis sets. The parameter α takes the value of 
4.42 for the cc-pV[D/T]Z extrapolation [94]. On the other 
hand, the CBS limit for the CCSD(T) correlation energy 
was obtained as:

Here X and Y are the cardinal numbers as above and the 
optimal value for the parameter β for the cc-pV[D/T]Z com-
bination of basis sets was shown to be 2.46 [94, 95]. The 
SCF component of the calculations employed the RI-JK 
approach in conjunction with cc-pVTZ/JK basis sets, while 
the cc-pVDZ/C and cc-pVTZ/C basis sets were used in the 
correlation treatment [96]. The ORCA program package was 
used for all DLPNO-CCSD(T) calculations [97]. TightSCF 
and TightPNO settings as defined in ORCA were used for 
all calculations. PNO extrapolation using different TCutPNO 
values was also tested [98–101], but it made no difference 
compared to the standard TightPNO computed energies for 
the molecules in the test set, confirming that the DLPNO 
values are converged with respect to the PNO space.

Results and discussion

Methods used and tested compounds

Tables 1, 2, 3, 4, 5, 6, 7, and 8 shows the results for con-
formational energies in structures whose geometry was 
optimized with force fields. The B3LYP/6-31G(d,p) and 
MP2/6-31G(d,p) energies were calculated in the geome-
try-optimized structures at the same level of theory. The 
B3LYP/6-31G(d,p) geometry-optimized comformations 
were used for the DLPNO-CCSD(T)/cc-pV[D/T]Z cal-
culations procedure, which also provided the conforma-
tional energies for HF theory with different basis sets. 
DLPNO‐CCSD(T) performs exceedingly well in calculat-
ing the enthalpies of formation for molecules containing 

E
CBS
HF

=
E
(X)

HF
e
(−�

√

Y) − E
(Y)

HF
e
(−�

√

X)

e(−�
√

Y) − e(−�
√

X)

E
CBS
corr

=
X
�
E
(X)
corr − Y

�
E
(Y)
corr

X� − Y�

the elements H, C, N, O, F, S, Cl, Br [102]. It is noted that 
comparisons of DLPNO-CCSD(T) with cc-pVDZ and cc-
pVTZ values for several representative molecules of all 
sub-groups showed that the difference in relative energies 
is typically of the order of 10−2 kcal mol−1. Previous works 
used ambiguous reference conformational energy values, 
obtained either from experiments performed in various 
conditions (see notes in Tables 1, 2, 3, 4, 5, 6, 7, and 8) or 
by employing low theory levels (see, for example, the con-
formation for tetrabenzylethene, 1,2-dicyanoethane, vinyl 
alcohol, glycolic acid, methyl glycolate dimethoxymethane, 
methylethylamine, hexahydropyrimidine, 3-OH-hexahydro-
pyrimidine, ethyldimethyl ammonium, tropane, 3-OH-
hexahydro-pyrimidine, N-methylamide, N-acetylalanine, 
N-acetylphenylalaninyl-amide, methyformate, phosphine, 
methylethylsulfone, sulfolane, 2-methylpropenal, but-1-ene-
3-one, and the rotational barriers for methyl formate, dime-
thyl phosphine, and trimethyl-phosphate in Refs. [48, 50, 82, 
103–111]. Compared to previous works, in the present study 
we calculated the relative energies at the DLPNO-CCSD(T) 
level of theory [76] with cc-pV[D/T]Z CBS extrapolation 
and used them as reference conformational energy values. 
In the relevant tables we also included experimental values 
previously obtained and used for some of these molecules 
for comparative purposes. We note, however, that these are 
not always directly comparable because the computed ener-
gies reported here are electronic gas-phase values and do not 
incorporate thermodynamic or solvent contributions [48]. In 
the tables, when a method performs with an error larger than 
1.5 kcal mol−1, the result is indicated in boldface and bold 
underlined when the deviation is larger than 3 kcal mol−1. 
When a conformational energy difference with a tested the-
ory has opposite sign compared to the reference theory but 
the energy value differs by less than ~ 0.1 kcal mol−1, we 
considered this case as a correct prediction with the tested 
theory.       

Hydrocarbons

The results of the calculations and experimental data for 
the studied molecules appear in Table 1. For n-butane, the 
anti conformation is stabilized with respect to the gauche 
conformation by experimentally determined energies in the 
gas phase of 0.69 kcal mol−1 [113], 0.67 kcal mol−1 [114], 
0.71 kcal mol−1 [115]. The rotational barriers and conforma-
tional energies in the gas phase have been measured [116] 
and it has been proposed that in the lower-energy trans 
conformer the hyperconjugative orbital interaction between 
antiparallel C-H bonds, σC-H → σ*C-Η (Fig. 1) contributes to 
the stabilization of the anti conformer [117]. The hypercon-
jugative phenomenon simply suggests that the Lewis struc-
tures for organic molecule representation is an approxima-
tion. The importance of hyperconjugative interactions in the 
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conformational analysis of organic molecules was reported 
in 2001 [118], where it was suggested that the lower energy 
of staggered compared to the eclipsed ethane results, not 
from smaller steric repulsions, but from hyperconjugative 
stabilization (Fig. 2), which is equivalent to the formation 
of more bonds that lowers the energy. After some rebut-
tal [119, 120], it has been suggested that both steric effects 
and hyperconjugative interactions play important roles in 
stabilizing the staggered conformation in ethane. While 
steric effects make the dominant contribution [121–123], 
hyperconjugation interactions contribute about one third of 
the total torsional barrier in ethane. In butane, the calcu-
lated potential energy surfaces and the Natural Bond Orbital 
(NBO) analysis suggested that the gauche conformer is 
destabilized because of the steric repulsions between the 
gauche methyl groups while hyperconjugative interactions 
play an important, but not prelevant role for the relative 
conformational energies [121–123]. All the tested theories 
calculate the anti conformation as the global minimum in 
accordance to the DLPNO-CCSD(T) theory and experimen-
tal values in the gas phase (Table 1) [113–115]. Compared 
to the DLPNO-CCSD(T) value, the Dreiding, MMFF94, 
MM+, MMX, MM3-96, MM3-00 force fields have a devia-
tion of ~ + 0.2 kcal mol−1, UFF force field and HF theories 
perform with a deviation of ~ + 0.4 to 0.5 kcal mol−1 and 
B3LYP functional with a deviation of + 0.3 kcal mol−1. The 
MM4-08 force field (+ 0.08 kcal mol−1) and MP2 theory 
(+ 0.03 kcal mol−1) have the smallest deviation. 

According to 13C-NMR at very low temperatures in 
2,3-dimethylbutane the preference for anti conformation, 
like E (Fig. 3) is small compared to the n-butane, despite 
the common observation that the anti conformation has only 
two gauche interactions versus three in the gauche confor-
mation F [124, 125]. This is also confirmed by the DLPNO-
CCSD(T) calculations (Table 1). The increase in gauche 
conformation population can be stabilized because steric 
forces between vicinal methyl groups are reduced through 
opening up of the Me-C-Me bond angles and steric interac-
tions may be further eased by rotation about the central bond 
resulted in structure H [126]. In contrast, in anti conforma-
tion E there is no option for steric strain relief because open-
ing up of the Me-C-Me bond angles forces the vicinal methyl 
groups together, as shown in structure G [126]. Compared to 
DLPNO-CCSD(T) theory, the Dreiding, UFF and MMFF94 
force fields calculate erroneously the anti conformation as 
the global minimum with an energy deviation in the range 
of 0.28–1.20 kcal mol−1 while HF theories provide energy 
deviations in the range of 0.10–0.20 kcal mol−1. In contrast, 
the Allinger force fields, B3LYP and MP2 calculate accu-
rately this small conformational energy difference.

In 1-butene (Fig. 4), the skew conformation has lower 
energy than the cis conformation, in good accord with the 
experimental data [127] while DPLNO-CCSD(T) theory Ta
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calculates the cis with a slight lower energy (0.01 kcal mol−1) 
relative to the skew conformation (Table 1). Compared to the 
DPLNO-CCSD(T) calculations, all theories [128], except 
UFF, stabilize or overstabilize (> 2 kcal  mol−1 with the 
Dreiding force field) the skew conformation as the global 
energy minimum. In this case MP2 performed the best. 
The UFF force field overstabilizes the cis conformation 
by > 3 kcal mol−1.

Dispersion (attractive van der Waals) forces act at dis-
tances longer than the sum of van der Waals radii [129, 130]. 
We evaluated the ability of the tested methods to calculate 
the contribution of dispersion interactions in conformational 
preferences by studying a few relevant molecules, e.g., the 
1,2-diphenylethane, tetraethylmethane, tetramethylhexane, 
tri-neopentyl-benzene and tetra-benzyl-ethene (Fig. 5).

In 1,2-diphenylethane the gauche conformations is sta-
bilized by π–π interactions compared to the steric relief in 
the anti conformation. For several decades the results were 
non-conclusive [131–134] and an experimental energy dif-
ference of 1.19 kcal mol−1 [134] or 0.57 kcal mol−1 [132] 
in favor of the anti conformation was suggested. However, 
a recent computational chemistry and spectroscopic inves-
tigation showed that 1,2-diphenylethane exists as a mixture 
of gauche and anti conformations, with the gauche being 
the global minimum [135]. Our DPLNO-CCSD(T) cal-
culations suggest the stabilization of the gauche confor-
mation compared to the anti conformation albeit only by 
0.32 kcal mol−1. Compared to the DPLNO-CCSD(T) cal-
culations all the Allinger force fields, the HF theories and 
the conventional B3LYP functional stabilize or overstabi-
lize the anti conformation while low-order post-HF (MP2) 
approaches strongly favor the gauche conformation [135]. 

However, inclusion of semiempirical dispersion effects 
in density functionals or coupled cluster post-HF models 
agree in forecasting the simultaneous presence of both 
conformers in the gas phase with a slightly larger stability 
(0.32 kcal mol−1) of the gauche conformation. Surprisingly, 
Dreiding and UFF predict gauche conformer as the global 
minimum for 1,2-diphenylethane with Dreiding performing 
with an error > 2 kcal mol−1.

In tetraethylmethane [136] the T1 conformation is lower 
in energy than the T3 conformation, according to our 
DPLNO-CCSD(T) calculations, in good agreement with the 
dynamic NMR data [136]. In T1 conformation compared to 
T3 conformation the two methyl groups are in a syn position 
(as shown in the upper and right part of the T1 conforma-
tion) where dispersion forces act stabilizing more T1 com-
pared to the T3 conformation. Except for UFF, which calcu-
lates both T1 and T3 conformations with equal stability, all 
the other theories calculate the right global minimum (T1 
conformation) for tetraethylmethane. The DPLNO-CCSD(T) 
calculations show that in tetramethylhexane [137] the C2h 
conformation has almost equal energy-slightly lower—
compared to C2 conformation. In the C2h conformation the 
two ethyl groups are in a syn instead of an anti orientation, 
respectively, and attractive London dispersion (LD) forces 
antagonize Pauli repulsion (steric hindrance) forces leading 
to equal energies of C2h and C2 conformations according to 
the DPLNO-CCSD(T) calculations, in contrast to dynamic 
NMR in solution where C2h is prevailed in the ~ 60:40 
mixture with C2 (ΔG = 0.22 kcal mol−1). UFF, Dreiding, 
MMFF94, MM3-96 calculate clearly C2h as the global mini-
mum while MM3-00 and MM4-08 predicted clearly the C2 
as the global minimum for tetramethylhexane. MM+, MMX, 
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HF theorries, B3LYP and MP2 theories calculate correctly 
that C2h and C2 conformations are equal in energy.

In tetrabenzylethene [103] or 1,3,5-trineopentyl ben-
zene, the benzyl or t-butylmethyl substituents form π–π or 
alkyl–alkyl dispersive interactions when they are in a syn 
orientation.

In tetrabenzylethene, in the D2 conformation, which is 
also observed in the solid state for the benzene dimer, the 
phenyl groups, each linked through a methylene to the same 
unsaturated carbon, are in anti orientation while in C2h all 
benzene rings are in syn orientation. In C2h conformation the 
phenyl groups are in syn orientation and dispersion attrac-
tion antagonize Pauli repulsion. In tetrabenzylethene the D2 
conforation is clearly more stable by 4.5 kcal mol−1 than C2h 
conformation according to our DPLNO-CCSD(T) calcula-
tions suggesting that the repulsive interactions prevail. Com-
pared to the DPLNO-CCSD(T) calculation the MM+ and 
UFF calculate the wrong global minimum. Dreiding, MMX, 
MMFF94 and particularly the MM3-96, MM3-00, MM4-
08 force fields underestimate the energy difference, and 
the HF theories overestimate the energy difference, with 
Allinger force fields and HF theories performing with devia-
tion > 3 kcal mol−1. The B3LYP (− 1.20 kcal mol−1) and 

MP2 (− 0.67 kcal mol−1) perform the best with this model 
molecule with the latter having a smaller deviation.

In 2,4,6-tribromo-1,3,5-trineopentyl benzene the all-syn 
conformation is more stable than the two-syn, as shown 
by the DPLNO-CCSD(T) calculations (1.45 kcal  mol−1) 
and also as observed experimentally by dynamic NMR 
(1.05 kcal mol−1) [138]. This is due to the dispersive forces 
between the all-syn t-butyl groups which seem to prevail 
over the repulsive forces (Fig. 5). All theories calculate 
correctly the all-syn conformation as the global minimum. 
Compared to the DPLNO-CCSD(T) calculation, the UFF 
and Dreiding calculate too high conformational ener-
gies (> + 3 kcal mol−1) with B3LYP (+ 1.17 kcal mol−1) 
MMFF94 and MM3-96 force fields (~ + 0.8 kcal  mol−1) 
and HF theories (~ − 0.7 kcal mol−1) having the next larger 
errors. MM3-00 and MM4-08 force fields and MP2 theory 
perform with the smallest deviation (~ 0.1 kcal mol−1).

For cyclohexane or cyclohexene and cyclooctane it has 
been shown experimentally in the gas phase or with dynamic 
NMR in solution, respectively, that the chair cyclohexane 
is more stable over twist-boat [112] by 5.5  kcal  mol−1 
[139], the half-chair cyclohexene is more stable than the 
boat by 5.5 kcal mol−1 [140, 141], and for cyclooctane the 
boat–chair (BC) is more stable than twist-chair–chair (TCC) 
by 1.9 kcal mol−1 [142] (Fig. 6). Τhe DPLNO-CCSD(T) 
calculations calculate these conformational energies 
5.97 kcal mol−1, 5.54 kcal mol−1 and 1.97 kcal mol−1. All 
theories calculate the chair cyclohexane as more stable than 
twist-boat while UFF and Dreiding force fields overestimat-
ing the energy by 2.85 and 1.70 kcal mol−1, respectively. 
In the case of cyclohexene all theories calculate the half-
chair cyclohexene conformation as the global minimum but 
MMFF94 (2.06 kcal mol−1) and MM4-08 (1.73 kcal mol−1) 
deviate most from the DPLNO-CCSD(T) calculations. As 
regards cyclooctane, Dreiding and UFF force fields perform 
with the largest errors with the first force field calculating 
TCC and BC conformations with same energy and the sec-
ond force field calculating TCC as more stable than the BC 
conformation by 2.41 kcal mol−1. From the other theories, 
the HF and B3LYP theories perform with the largest error 
(> 1.5 kcal mol−1) but the MMFF94 and Allinger’s force 
field perform better. For all the three molecules MP2 per-
formed with the smallest deviation.

Haloalkanes

Τhe electronic effects of halogens, like electronegativity and 
hyperconjugation, impair force fields and other theories per-
formance and this is more evident when two halogens are 
placed in proximal positions. Many of these factors were 
considered in MM4 force field parameters [143] to fix the 
deficiencies. Ιn halopropanes the experimental findings and 
previous MP2/6-311G(d,p) calculations [144] suggested 
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that the conformer in which a methyl group is close to the 
halogen atom is favored due to attractive CH/n interactions 
[145]. The experimental measurements [146, 147] in the 
gas phase and previous calculations at the HF/6-31G+* 
level [148] and MP2/6-311G(d,p) level [144] showed that 
the gauche and anti conformations have equal energies in 
1-chloropropane [144, 147] (Table 2) and the gauche con-
former prevails as more decisive in 1-fluoropropane [144, 
146, 148]. The stabilization of gauche with respect to the 
anti conformation may due to: (a) the hyperconjugative 
donation σ(C2-H) → σ*(C1-F) according to the resonance 
structures in Fig. 7) or/and (b) the favourable electrostatic 
interaction between induced dipoles (Fig. 7) [144, 148]. The 
errors in parameterization of MM3-96 for 1-fluoropropane 
and 1-chloropropane were corrected in the last versions of 
MM3 force field, e.g. in MM3-2000 [79, 149], and further 
in MM4 [143]; in these two latter force fields the electro-
static interactions are calculated considering dipole-dipole 
interactions beyond point charges. Our DLPNO-CCSD(T) 
calculations confirmed these preferences. Regarding the dif-
ference in energy between gauche and anti conformation 
for 1-fluoropropane the UFF, Dreiding, MM3-96 calculate 
clearly the wrong global minimum while MM+, MMX cal-
culate almost equal energy (+ 0.08 kcal mol−1) for the two 
conformations as well as MMFF94 and HF/cc-pVTZ, HF/
CBS (− 0.06, − 0.08, 0 kcal mol−1); MM3-00, MM4-08, 
HF/cc-pVDZ, B3LYP, MP2 calulate the correct gauche con-
formation as the global minimum. As regards the 1-chloro-
propane only MMFF94 and MP2 gave the right result pro-
viding equal energies for the gauche and anti conformation 
while MM3-96, MM3-00, HF/cc-pVDZ (+ 0.14 kcal mol−1) 
and MM4-08 (− 0.11 kcal  mol−1) deviate less and UFF 
(+ 0.77 kcal mol−1), Dreiding (+ 0.52 kcal mol−1), HF/cc-
pVTZ (+ 0.35 kcal mol−1) and HF/CBS (+ 0.41 kcal mol−1) 
deviate most.

The gauche conformation is preferred over anti in 1,2-dif-
luoroethane as showed by experiments and DLPNO-CCSD 
calculations (Table 2) [150, 151]. This preference, which 
is also observed for other electronegative substituents, is 
known as the gauche effect. An explanation for this effect 
has been proposed on the basis of MP4/6-311++G(d,p) level 
calculations [152, 153] according to which: (a) the anti rota-
mer is destabilized [152] because in this position the trans 
electronegative substituents cause the C-C bond orbitals to 
bent in opposite directions resulting in bending geometry 
of the C-C bond (see left part of Fig. 7) and a weaker bond, 
whereas in the gauche rotamer the C-C bond orbitals bend 
in the same direction or/and (b) the gauche conformation is 
stabilized over competing electrostatic interactions between 
the fluorine atoms because of favouring hyperconjugative 
interactions σ(C-H) → σ*(C-F) [117] being possible due to 
the gauche position of fluorine substituents (see right part of 
Fig. 7). The opposite preference is observed experimentally 
in the gas phase in 1,2-dichloroethane [154] where gauche 
conformer is destabilized over anti due to the repulsion of 
bond C-Cl dipoles as showed by MP2/6-311++G** cal-
culations [153]. While the cause of gauche conformation 
stability was also suggested as due to 1,3 C···F electrostatic 
polarization interactions that stabilize nearby carbon atoms 
[155] or similarly to electrostatic and exchange–correlation 
interactions [156] using state-of-the-art DFT calculations 
at theory level ZORA-BP86-D3(BJ)/QZ4P the rotational 
isomerism of 1,2-dihaloethanes XCH2CH2X (X = F, Cl, Br, 
I) was investigated as the interplay of hyperconjugation with 
Pauli repulsion between lone-pair-type orbitals on the halo-
gen substituents that constitutes the causal mechanism for 
the gauche effect. Only in the case of the relatively small 
fluorine atoms, steric Pauli repulsion is too weak to overrule 
the gauche preference of the hyperconjugative orbital inter-
actions. For the larger halogens, X⋅⋅⋅X steric Pauli repulsion 
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becomes sufficiently destabilizing to shift the energetic 
preference from gauche to anti, despite the opposite prefer-
ence of hyperconjugation [157, 158]. UFF, Deiding, MMX 
and HF/cc-pVDZ did not calculate the right preference for 
1,2-difluoroethane while all other theories predict correctly 
the gauche conformation as more stable with MP2 show-
ing the smallest deviation (+ 0.01 kcal mol−1) following by 
B3LYP (+ 0.12 kcal mol−1), MM4-08 (+ 0.12 kcal mol−1), 
MMFF94 (+ 0.15 kcal mol−1), MM+ (+ 0.14 kcal mol−1). 
For 1,2-dichloroethane all theories calculate the stabili-
zation of anti over gauche conformation with UFF, Dei-
ding or MM3-06 showing deviation ~  −  1  kcal  mol−1 
or + 1  kcal  mol−1, respectively, following MM3-00 
(− 0.44 kcal  mol−1) or MMX (+ 0.49 kcal  mol−1) while 
MP2 shows the smallest deviation (− 0.03 kcal  mol−1). 
For 1,3-dichloropropane HF/6-31G(d) calculations [159] 
and B3LYP/6-31G(d) and MP2/aug-cc-pVDZ//B3LYP/6-
31G(d) [160] suggest that as regard stability g+g+ (or 
gg) > ag > aa > g+g− [112]. Ιn 1,3-dichloropropane [161] 
the g+g+ conformer is the global minimum stabilized with 
more favourable interactions between the two C-Cl dipoles 
compared to g+g− conformer (see footnotes in Table 2 
for definitions of these conformations). In a more recent 
study [162] using variable temperature infrared spectra 
of krypton solutions of 1,3-dichloropropane the enthalpy 
of the ag lies above the g+g+ by 0.78 kcal mol−1 which 
agree reasonable well with the the previously reported from 
the electron diffraction study [163] of 1.1 kcal mol−1 and 
1.12 kcal mol−1 from wide-angle X-ray scattering [164]. 
In Ref. [162] the energy difference between the aa and gg 
conformations was measured as 1.09 kcal mol−1, while the 
previously obtained experimental [163] was ~ 1.5 kcal mol−1 
and the calculated value using molecular mechanics [164] 
was 2.21 kcal mol−1, while it was shown also that B3LYP 
performed better than MP2 [162]. As shown in Table 2, 

UFF and DREIDING did not calculate g+g+, ag, aa with 
the correct ranking of minima whereas MM+ calculated 
all the minima having almost the same energy level. MP2 
shows the smallest deviation (+ 0.12 kcal mol−1, + 0.05 k
cal mol−1) followed by HF/cc-pVDZ (− 0.18 kcal mol−1, 
−  0.21  kcal  mol−1), B3LYP (−  0.36  kcal  mol−1, 
−  0.27  kcal  mol−1) and MMFF94 (−  0.45  kcal  mol−1, 
− 0.51 kcal  mol−1). The remaining theories are HF/cc-
pVTZ (− 0.65 kcal mol−1, − 0.43 kcal mol−1), HF/CBS 
(− 0.81 kcal mol−1, − 0.50 kcal mol−1) and the Allinger 
force fields MM3-96 (− 0.78 kcal mol−1, − 0.60 kcal mol−1), 
MM3-00 (− 1.17 kcal mol−1, − 0.76 kcal mol−1), MM4-
08 (−  0.72  kcal  mol−1, −  0.48  kcal  mol−1) and MMX 
(− 0.88 kcal mol−1, − 0.71 kcal mol−1).

Cyclohexane derivatives

In monosubstituted cyclohexanes [112] (R = Me or i-Pr or 
t-Bu [165], Ph [166], Me3Si [167, 168], NH2 [169], OH or 
OMe [83], CO2Me or COMe [170], SH [171], PH2 [172], 
F [173, 174], Cl [175, 176], the equatorial orientation is 
lower in energy with citations included for the different sub-
stituents [177]. The stereoelectronic reasons for the higher 
stability of the equatorial over the axial (ax) conformations 
in monosubstituted cyclohexanes are still under investiga-
tion. The traditional model of 1,3-diaxial steric interactions 
between the axial substituent and the axial C3-H and C5-H 
bonds (steric gauche butane interaction between the axial 
substituent and carbons C3, C5) [165] provide a model ade-
quate for most cases. However, compared to the synaxial 
repulsive interactions [165] model which destabilized the 
axial conformation compared to the equatorial (eq) confor-
mation, it has been also proposed that the equatorial orienta-
tion is more stable than the axial orientation because of the 
stabilizing hyperconjugative σC-Hax → σ*C-Hax interactions 
[178]. These include in the equatorial conformation the axial 
C-H bond of the carbon bearing the equatorial group and 
the axial C-H bond of the adjacent carbon [178] (Fig. 8). 
For groups with heteroatoms, X = N, O, F, Cl, electrostatic 
interactions stabilizing the gauche conformation in 1-fluo-
ropropane or 1-propanol (Figs. 7, 12) are expected to stabi-
lize also the axial conformation over equatorial [179]. Since 
the experimental data show that the equatorial conformer 
is the most stable in these cases [143], the previous effects 
dominate. In a selected group of substituted cyclohexanes 
the ΔEax-eq, of monosubstituted cyclohexanes with OR 
(R = Me, Et,  i-Pr and  t-Bu) and R substituents (R = Me, 
Et, i-Pr and t-Bu) was calculated with HF, MP2 and QCISD 
theories with the 6-311G* and 6-311+G* basis sets [180]. 
The natural bond orbital method was applied to quantify 
the hyperconjugative contribution, ΔEhyp, to the relative sta-
bility of conformers. From the calculated values of ΔEax-eq 
and ΔEhyp an estimate of the differential steric effect, ΔEster, 

sofa cyclohexane
half-chair (C2)    boat (Cs)

cyclohexene

BC
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Fig. 6   Conformers of cyclohexane, cyclohexene and cyclooctane
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of substituents in cyclohexane was obtained. The values of 
ΔEhyp and ΔEster show that they have a similar magnitude 
for OR substituents, while for R substituents the values of 
ΔEster are greater. The shift in the conformational equilib-
rium towards the axial conformer, the so-called anomeric 
effect, takes place when, within a series of substituents, 
hyperconjugative interactions and steric interactions bal-
ance in favour of the stability of this conformer. After our 
suggestion that axial substituents in cyclohexanes exert not 
only Pauli repulsion but also attractive LD interactions [129, 
181, 182] and that DFT potential including the Grimme cor-
rection for LD interaction can be included for a more accu-
rate description of ΔEax-eq systematic study using DLPNO-
CCSD(T)/aug-cc-pVQ//B3LYP/def2-TZVP led to A-value 
scale that is can no longer be considered purely to arise 
from steric factors. Even for groups that do not participate 
in charge transfer or electrostatic interactions, the A-value 
includes Pauli repulsion and attractive LD interactions [183]. 
It has been observed with DNMR in solution an increase in 
population of axial conformer when passing from Me3SiO 
to the bulkier Ph3SiO group. An explanation was suggested 
for this effect, i.e. that is due to the increase in the attractive 
van der Waals interactions between SiR3 and axial CH bonds 
in the axial conformation; the number of these stabilizing 
interactions is larger in Ph3SiO-cyclohexane compared to 
the Me3SiO derivative [184]. Actually DLPNO-CCSD(T) 
calculations show that in the gas phase the axial conforma-
tion is more stable for Me3SiO while when this group is 
changed to Ph3SiO the axial and equatorial conformations 

become equal in energy which is the reversed from what is 
observed in solution [184].

MMFF94 fails in five compounds, Dreiding in three 
compounds, UFF, MM3-00, and strikinly also MP2 in two 
compounds, while MM+, MMX, MM3-93, MM4-08, HF/
cc-pDVZ, HF/CBS, B3LYP only in one case. All force fields 
failed to calculate the axial conformer as the most stable 
one for Me3SiO group. Interestingly, all force fields, except 
Dreiding, as well as MP2 calculate fairly the increase in 
population of axial conformer when passing from Me3SiO 
to the bulkier Ph3SiO group. UFF have the largest devia-
tions being > 1.5 kcal mol−1 in 3 cases and > 1 kcal mol−1 
in 1 case. Interestingly all HF theories have a devia-
tion > 1 kcal mol−1 for phenylcyclohexane. Compared to 
DLPNO-CCSD(T) reference energy values the experimental 
results disagree for the Me3SiO group.

In trans-1,2-dihalogen cyclohexanes, the di-equatorial is 
destabilized because of the repulsive interactions between 
the C-X dipoles compared to the di-axial conformation, 
while the di-axial conformation is destabilized because of 
the Pauli repulsion between axial C-X and axial C-H bonds 
which is particularly important in the trans-1,2-dichloro 
and trans-1,2-dibromo derivatives compared to the trans-
1,2-difluoro because of the bigger size of bromine and chlo-
rine over the not significant size of fluorine [185]. However, 
in the diaxial conformation also attractive interactions exist 
between axial C-X dipoles and between axial C-X dipoles 
and axial C-H bond (Fig. 9).

Fig. 7   A Shows the stabilization of the gauche conformation by 
rotation about C2-C3 bond in 1-fluoropropane through attractive 
electrostatic interactions (left) and/or via hyperconjugative interac-
tion (right). B Shows destabilisation of the anti conformer because 

of shaping bended bond C-C (left) and stabilisation of gauche con-
formation in 1,2-difluoroethane via hyperconjugative phenomenon 
(right). C Shows the conformarions of 1,3-dichloropropane
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The electrostatic repulsion between the C-F dipoles is 
larger in the di-equatorial trans-1,2-difluoro cyclohexane 
and the equilibrium is more shifted to the di-axial confor-
mation which has a 54% population as was shown by experi-
mental measurements in the gas phase with electron diffrac-
tion [186] and QCISD/6-311+G(2df,p) calculations while in 
solution the diequatorial predominates for the trans-1,2-di-
halogen cyclohexanes [187, 188]. Thus, the conformational 
preference is not the same as in trans-1,2-difluoroethane 
where the gauche conformer is preferred over the anti as 
previously discussed in haloalkanes [150, 151].

In the trans-1,2-dichloro the experimental measurements 
in the gas phase [186] and the CCSD/6-311+G(2df,p) cal-
culations [186] show that the diaxial has an 60% popula-
tion as the Pauli repulsion between axial C-X and axial X-H 
bonds cannot destabilize the diaxial over the diequatorial 
conformation.

The experimental data [189] from electron diffraction in 
the gas phase for 1,4-dichlorocyclohexane and high preci-
sion QCISD/6-311+G(2df,p)//MP2/6-311G(d) calcula-
tions in 1,4-dichlorocyclohexane (which are performed 
to reproduce reliably the gas phase behaviour) suggested 

that the two conformers have equal stability. The calcula-
tions with theories HF/6-31G*, MP2/6-311G*, QCISD/6-
311+G(2df,p), MPW1PW91/6-311G*, B3P86/6-311G*, 
B3P86/6-311+G(2df,p) were also tested showing that the 
results for ΔΕax-eq with HF/6-31G* are poorest. The experi-
mental composition is most accurately predicted by the 
MP2/6-311G* and QCISD/6-311+G(2df,p) calculations 
from the conformational energy differences. According to 
the QCISD/6-311+G(2df,p)//MP2/6-311G(d) calculations in 
the trans-1,4-dihalocyclohexanes [187], the small conforma-
tional preference for the dichloro and dibromo compounds 
probably results from a competition between the normal 
equatorial preference (+ 0.1 kcal mol−1), and the Coulombic 
attraction between C-X dipoles in the diaxial form. Fluorine 
has a smaller equatorial preference than Cl or Br, and the 
larger C-F bond dipole will lead to a larger attraction in the 
diaxial form with an − 1.1 kcal mol−1 [187]. The combina-
tion of these two factors results in a strong calculated diaxial 
preference for trans-1,4-difluorocyclohexane.

Our DLPNO-CCSD(T) reveal than in all four the diaxial 
is lower in energy compared to diequatorial. For the trans-
1,2-difluoro-cyclohexane or trans-1,2-dichloro-cyclohex-
ane the corresponding percentages from our calculations 
are 50.1 or 54% compared to 54% (− 0.1 kcal mol−1) or 
60% (− 0.3 kcal mol−1), respectively, from experiments and 
QCISD calculations [187].

The diequatorial substitution is also observed in 
1,2-dimethylcyclohexane [190], albeit less pronounced 
because of the steric repulsion between the gauche methyl 
groups. In 1,3-dimethylcyclohexane [191] the preference for 
the diequatorial conformer equilibrium returns to the com-
mon value since the two methyl groups are now apart enough 
to interact seriously. In the trans-1,2-bis(trimethylsilyl)
cyclohexane the diaxial conformer is more stable than the 
diequatorial conformer because of the severe steric repulsion 

Fig. 8   Top: equilibrium 
between low energy conformers 
in methylcyclohexane and the 
C-H bonds which participated 
(in bold) in the most important 
hyperconjugative interactions. 
Bottom: C-H bond participates 
in two hyperconjugative interac-
tions in axial methylcyclohex-
ane and in four hyperconjuga-
tive interactions in equatorial 
conformer
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in the last and also due to the LD attractive interaction of 
axial SiMe3 groups [192]. For the trans-1,2-dimethylcy-
clohexane and cis-1,3-dimethylcyclohexane all theories 
calculated the right global minimum, i.e. the diequatorial 
over diaxial conformation with UFF and HF theories show-
ing deviation > 1.5 kcal mol−1. Dreiding and MMFF94 per-
formed with deviation > 3 kcal mol−1 and HF theories with 
a deviation > 1.5 kcal mol−1. As regards the four trans-dih-
alogen cyclohexanes, Dreiding and UFF calculate the wrong 
global minimum in all four molecules examined with strong 
deviation for three out of the four cases, MM+, MM4-08, 
HF/CBS failed to predict the right global minimum in two 
cases while MM3-00, HF/cc-pVTZ, and B3LYP in just one 
case.

Oxygen‑containing compounds

We performed calculations in important categories of oxy-
gen-containing compounds, i.e., carboxylic acids, esters, 
aldehydes, ketones, alcohols, ethers, acetals (Table 4). In 
formic acid [193–195], carboxyl group adopts two dis-
tinct planar geometries in rare gas matrices at low tem-
perature and prefers a Z- or syn-conformation in which 
the C=O and O-H or O-CH3 bonds are in eclipsed ori-
entation. In the formic acid the O-H group is oriented at 
∼ 60° with respect to the C═O in the gas phase and in 
the E- or anti-conformation the O-H is antiparallel to the 
C═O. The Z(syn) is more stable by 3.90 kcal  mol−1 in 
formic acid [196] according to microwave spectroscopy. 
The Z conformation of methyl formate has been found to 
be 4.8 kcal mol−1 more stable than the E form, and with 
methyl acetate the energy difference was found to increase 
to 8.5 ± 1 kcal mol−1 [197]. Methyl formate has been also 
studied with IR and by DNMR and the free energy dif-
ference with the latter method has been determined to be 
2.15 kcal mol−1 in an apolar solvent [198, 199]. Using 
femtosecond 2D-IR spectroscopy [200] it was demon-
strated that formic acid adopts the two distinct, long-living 
conformations syn and anti in deuterated acetonitrile and 
heavy water solutions, The fractions of the anti-conforma-
tion and the syn-conformation are 20–30% and 80–70%, 
respectively, both in deuterated acetonitrile and in heavy 
water solutions. The distinct conformers of the carboxylic 
acid and their slow exchange at room temperature shows 
that these conformers are separated by high energy bar-
riers. As a result, the presence of these conformers can 
have a large effect on the structure and dynamics of (bio)
molecular systems. Similar conformational behaviour exist 
for methyl formate [201] or methyl acetate studied also in 
the gas phase [197, 202]. In solution formate species have 
been studied by DNMR [203]. The considerably higher 
energy content of 8.5 kcal mol−1 [197] in E(anti) confor-
mation in methyl acetate is due to proximity of methyl 

groups. In ethyl acetate in the E(anti) conformation around 
(O=)Csp2‒OCH2CH3 rotor the eclipsed and skew con for-
mations depending if the methyl or C-H groups of ethyl 
groups are eclipsed as regards the C=O bond.

The experimental results for propanal [204] or 2-butanone 
[205] show that the global minimum corresponds to an 
eclipsed orientation of carbonyl bond and 3- or 4-methyl 
groups, respectively, to avoid steric repulsion between 
methyl groups in the skew conformation with relative 
conformational energies 0.95 or 2.0 kcal mol−1. MP2/6-
311G(d,p) calculations [206] suggest that for 2-butanone or 
propanal, the Pauli repulsive and the bond dipole interac-
tions are primarily responsible for the conformational prefer-
ence of the skew (gauche in Ref. [205]) by 1.81 kcal mol−1 
or 1.22 kcal mol−1, respectively, over the eclipsed in good 
agreement with experimental [205] and other computational 
results [207, 208].

Similarly, based on electron diffraction data [209–211, 
212] and calculations [211, 213–215] glycolic acid prefers 
a global minimum in which C=O bond is eclipsed to O-H 
bond corresponding to the skew conformation in which a 
hydrogen bond is formed between the hydroxyl proton 
and carbonyl rather than having C=O bond eclipsed to the 
C-O bond in the eclipsed conformation with a hydrogen 
bond between the alcohol hydrogen and a lone pair of the 
carboxylic acid hydroxyl group. The electron diffraction 
data overestimate the energy difference to 4.2 kcal mol−1 
[209–211] compared to the 2.51 kcal mol−1 from MP2/6-
311++G(2d,2p)//MP2/6-31G(d,p) or 2.71 kcal mol−1 from 
MP2/cc-pVQZ//MP2/cc-pVTZ and CCSD(T)/6-31G(d,p)//
MP2/cc-pVTZ calculations (Fig. 10) [211, 213]. Α similar 
conformation global minimun is adopted by glycolic methyl 
ester. 69,197–201 Propenol adopts the skew,g+ conformation 
as the global mimimum according to the gas phase electron 
diffraction [216], microwave [217] and infrared data in com-
bination and HF calculations [216] (Fig. 10).

The vinyl alcohol [218] and methyl vinyl ether [219–224] 
were investigated experimentally and by calculations 
[225–227]. For methyl vinyl ether the s‐cis conformer was 
more stable than the gauche conformer (torsional angle 
114°) by approximately 1.15 kcal mol−1 [219] as measured 
experimentally in the gas phase. The MP2/6-31G*//MP2/3-
21G calculations of vinyl alchohol produced a relative 
energy of 2.08 kcal mol−1; the experimental estimate [219] 
agrees better with B3LYP/6-311++G(2d,2p)-optimized 
value (1.19 kcal mol−1) [227].

UFF, Dreiding force fields failed to predict the right 
global minimum in all cases and B3LYP6-31G(d,p) in 
one case. MM+ force field deviate in two cases by more 
than 3 kcal mol−1 while MMX force field deviate in one 
case by more than 3 kcal mol−1 and one case more than 
1.5 kcal mol−1 while HF/cc-pVDZ theory deviate in one 
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case by more than 1.5 kcal mol−1 and MP2 theory perform 
best.

In cyclohexanone the chair conformation is the global 
minimum and in the 2-methylcyclohexanone methyl 
group prefers the equatorial over the axial position by 
1.58 kcal mol−1 according to dynamic NMR in solution 
[228]. In cyclodecanone the carbonyl group defines three 
different conformations, the 1-keto, 2-keto and 3-keto 
conformations (Fig. 11). According to the dynamic NMR 
data and X-ray crystallography studies [229, 230], cyclo-
decanone adopts the 3-keto conformation (Fig. 11). The 
1-keto and 2-keto conformations are higher in energy 
because of the higher number of neighbouring C-H···H-
C repulsive interactions as has been suggested using 
MM3-96 force field calculations [231]. We calculated 
the conformational energies ax-eq and 1keto-3keto, 
2keto-3keto for the 2-methylcyclohexanone and cyclode-
canone, respectively. UFF and Dreiding force fields cal-
culate the equatorial methyl conformation of 2-methylcy-
clohexanone with higher energy than axial conformation 

and UFF deviate in 1keto-3keto energy difference with 
a deviation > 1.5  kcal  mol−1. MP2 theory performed 
with the smaller deviations (+ 0.10 or + 0.26 kcal mol−1 
and + 0.65  kcal  mol−1, respectively) compared to the 
DLPNO-CCSD(T) values following B3LYP (+ 0.18 or 
− 0.12 kcal mol−1 and − 0.58 kcal mol−1, respectively) 
and then MM4-08 (+ 0.35 or −  0.08  kcal  mol−1 and 
− 0.30 kcal mol−1, respectively) and MMFF94 (− 0.42 or 
− 0.10 kcal mol−1 and − 0.02 kcal mol−1, respectively).

Ethanol [232, 233] and ethyl methyl ether [234] have 
been studied in the gas phase as mixture of anti and 
gauche conformations. For ethanol, calculations have 
been performed at the MP2/aug-cc-pVTZ, CCSD(T)/
aug-cc-pVTZ or aug-cc-pVQZ theories  [235] along with 
various other theories; the anti conformation was calcu-
lated theory to be 0.13 kcal mol−1 more stable compared 
to the gauche conformation using CCSD(T)/aug-cc-pVQZ 
theory [235] in excellent agreement with the experimen-
tal value of 0.129 kcal mol−1 [232] which is close to our 
0.16  kcal  mol−1  using DLPNO-CCSD(T) calculations. 
For ethyl methyl ether also various levels of theory have 
been applied, e.g. MP2 [236, 237] or CCSD, QCISD or 
CCSDT, QCISDT [237] with various basis sets which 
prodided energy values 1.38 or 1.36, 1.34 kcal  mol−1 or 
1.30, 1.30 kcal mol−1 using 6-31G(d) basis set [237] which 
are also very close to our calculated 1.30 kcal mol−1 with 
DLPNO-CCSD(T) theory.

2-Propanol has three minima, i.e., (+/−)-gauche and anti, 
that are defined by its hydroxyl orientation [238, 239]. Previ-
ous MP2/aVTZ//MP2/VDZ [239] and more recent CCSD(T)/
aVTZ//MP2/aV5Z [240] calculations predicted that the 

Fig. 10   Low energy conformers 
of 2-butanone, vinyl alcohol, 
vinyl methyl ether, glycolic acid 
and propenol
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(+/−)-gauche to be 0.257 kcal·mol−1  [240] more stable than 
the anti conformation, that lie in the middle of the experi-
mental range of 0.025–0.450 kcal·mol−1 [238, 241].

The experimental information regarding the relative sta-
bility of 1-propanol’s minima, by rotation of C2-C3 bond, is 
unclear because of vague identifications and contradictions 
within the literature [242–244]. However, MP2/aVTZ//MP2/
VDZ [239] calculations clearly predicted that the pair of the 
two gauche enantiomeric conformations correspond to the 
global minima [239]. According to these calculations [239] 
and recent CCSD(T) calculations [240] the anti conforma-
tion has slightly increased energy by 0.11–0.13 kcal mol−1 
and our DLPNO-CCSD(T) calculations provide a value of 
0.10 kcal mol−1.

According to HF/6-31+G(d) calculations the stabilization 
(by 0.3 kcal mol−1) [143, 245] of the gauche conformation 
over anti can be attributed to the attractive electrostatical 
interaction, shown in the first line in the left-hand part of 
Fig. 12, since the Cδ+-Οδ− dipole induces an excess positive 
charge at the hydrogen atoms of methyl C-H bonds resulting 
in attractive interactions. This attractive interaction counter-
balances the steric repulsion between OH and CH3 groups in 
the gauche conformer. Additionally, in the gauche conforma-
tion the hyperconjugative interaction σ(C2-H) → σ*(C1-O) 
with a second-order perturbation energy 4.42 kcal mol−1 
contribute to the stabilization of gauche conformation 
(Fig. 10, first line, right hand part).

All theories predict correctly the correct global minimum 
for ethanol, methyl ethyl ether, 2-propanol, i.e. the anti con-
formation, is more stable than the gauche conformation. The 
MP2 and B3LYP theories have the smallest deviation from 
DLPNO-CCSD(T) following by HF/cc-pVTZ, HF/CBS, 
MM4-08, MMFF94. The biggest deviation was observed 
for UFF and then MM3-96, MM3-00 and the MM2 analogs 
MM+ and MMX.

As regards 1-propanol, all the force fields fail to predict 
the correct global minimum, i.e. the gauche conformation. 
Ηowever, using the MM4 force field the correct conforma-
tional preference in 1-propanol is calculated since MM4 
includes terms to account for the induced dipoles [80] com-
pared to MM3 [246]. More accurate parameters relative to 
the C-C-O angle bending and the barrier of the C-O bond 
rotation were included in MM4 compared to MM3 [246]. 
Additionally, HF/cc-pVDZ and MP2 calculate correcty the 
gauche conformation as global minimum while B3LYP and 
HF/cc-pVDZ predict gauche and anti conformations with 
equal energy.

According to experimental 3J (1H-1H) values the same 
conformational preference of gauche relative to anti con-
formation, as regards the O-C1-Cexo-C dihedral angle, is 
observed in the C- and O-glycosides (see second and third 
lines in Fig. 12). The calculations in Table 4 for the O-Et 
glycoside, as regards the comdormations that generate as 

regards torsion O-C1-Cexo-C, show that all theories tested 
calculate the correct conformation, with UFF and MMFF94 
deviating the most, followed by HF (Table 4).

2-Propen-1-ol (allyl alcohol) has been investigated in the 
gas phase [216, 247], with MP2/cc-pVTZ or B3LYP calcula-
tions [247] and MP4/TZP//MP2/6-31G* [38]. Conformation 
sk,g+ is the global minimum following by ecl,a and sk,a con-
formations (Fig. 10). All force fields, except MMFF94 which 
was parameterized using very accurate ab initio calculations 
[38], failed to calculate correcty the energy ranking accord-
ing to the reference DLPNO-CCSD(T) calculations and HF 
calculations deviate the least, following the MP2, MMFF94 
and then B3LYP. The MP4/TZP//MP2/6-31G* reported in 
the literature are close to the DLPNO-CCSD(T) values.

The buttressing effect of the two equatorial methyl 
groups in the cis-2,6-dimethyl-1-methoxycyclohexane 
favors an eclipsed conformation by rotation around C-O 
bond (Fig.  13) placing hydrogen and methyl groups in 
eclipsed position [248]. The MM+, MMX, MM3-96, 
MMFF94 calculate the anti compared to the eclipsed 
conformation as the global minimum. Big deviations are 
calculated with UFF (−  5.06  kcal  mol−1), HF theories 
have > 1 kcal mol−1 deviation and the smallest deviation was 
observed in MP2 (+ 0.01 kcal mol−1) following by Dreding 
(+ 0.17 kcal mol−1), B3LYP (− 0.54 kcal mol−1) and then 
MM3-00 (− 0.62 kcal mol−1), MM4-08 (− 0.58 kcal mol−1).

Dimethoxymethane, which is the dimethyl acetal of for-
maldehyde, prefers the gauche conformation around central 
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C-O bonds, i.e. the anomeric g−g− conformation compared 
to the anti conformation (Fig. 14, R1 = H, R2 = R3 = Me). 
The steric repulsive gauche interaction is compensated by 
the two anomeric interactions. The anomeric interaction 
is defined as the increased stabilization resulting if a non-
bonding electrons pair of heteroatom has an antiparallel ori-
entation with respect to a polarized C-O bond. In dimeth-
oxymethane, there are two such anomeric interactions, each 
including a non-bonding electrons pair in one oxygen with 
an antiparallel orientation with a polarized C-Ο bond. It has 
been explained that this preference is observed as the result 
of minimization of the repulsive interactions between C-Ο 
dipoles and electron pairs.

The anomeric g−g− conformation is known to be the 
global energy minimum form of dimethoxymethane, accord-
ing to a number of experiments employing electron diffrac-
tion [249, 250], nuclear magnetic resonance [251], X-ray 
diffraction [252], infrared spectroscopy in argon matrices 
[253], or rotational spectroscopy [254, 255] and ab initio 
or DFT calculations [253, 256, 257] with the more recent 
at CCSD(T)/aug-cc-pVDZ//B3LYP/aug-cc-pVTZ level 
[257]. This conformational preference is due to the hyper-
conjugative interaction n(O) → σ*(C-Ο). In terms of reso-
nance structures this lone pair electrons donation can be 
described with the structures C-Ο-C-Ο-C ↔ C-Ο+=C−Ο-C 
[244, 258]. Additional experiments and ab-initio calcu-
lations suggested that the preference for the anomeric 
g−g− conformation is due to attractive C-H⋯O interactions 
[129, 182, 259–261], e.g. in g−g− conformation there are 
two gauche attractive interactions between oxygen lone 
pairs and C-H bond but in ga and aa conformations there 
is only one [259]. The anomeric conformation is the global 
minimum also for acetaldehyde dimethylacetal according 

to Cambridge Crystallographic Database and of molecu-
lar mechanics calculations, and by NMR measurements of 
simple model acetals [262, 263]. Results based on coupling 
constants 1JC-H, 3JC-H showed that for acetals R1CH(OMe)2 
the common anomeric conformation is quickly destabilised 
as R1 increases in size [263]. The steric gauche interaction 
between groups R1 and OR2 forces group OR2 to eclipse C-H 
bond (Fig. 12) through rotation by ~ 180° since in the new 
g,eclipsed conformation the two anomeric (hyperconjuga-
tive) interactions are maintained. Thus, while the formal-
dehyde dimethylacetal, i.e. the dimethoxyethane (R1 = H, 
R2 = R3 = Me), adopts the standard anomeric conformation 
g−g−, the g,eclipsed conformation is considerably populated 
in acetaldehyde dimethylacetal (R1 = R2 = R3 = Me) and is 
the global minimum for bigger alkyl groups, e.g. when 
R1 = i-Pr, t-Bu.

For formaldehyde and acetaldehyde dimethyl acetal UFF 
and Dreiding force fields failed to calculate correctly the 
anomeric effect and both calculate as global minimum the 
aa conformation for the former compounds and UFF the g 
eclipsed for the latter. MM+, MMX force fields perform 
with significant deviations. Most accurate are B3LYP and 
MP2 theories with next the HF/cc-pVDZ theory then the 
MM4-08 force field following by the other theories.

Because of the anometic effect [264], the axial conforma-
tion of 2-methoxytetrahydropyran and 2-fluorotetrahydro-
pyran is favoured by 1.27 and 2.45 kcal mol−1, respectively, 
over the equatorial according to the accurate CCSD(T)/
aug-cc-pVDZ//MP2/6-311G(2df,2pd) calculations [265]. 
The conformational preferences of 2-methoxytetrahydro-
pyran have been investigated using Dynamic NMR [266] 
and calculations [267–269] and for 2-fluorotetrahydropyran 
experimental and calculated 1JC-F values and conformational 

Fig. 13   The buttressing effect of 
methyl groups forces the O-Me 
group in cis-2,6-dimethyl-
1-methoxycyclohexane eclips-
ing tertiary C-H bond
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energy calculations have been used [270–272] and calcu-
lations. Our DLPNO-CCSD(T) calculations show this dif-
ference to be 1.21 and 2.43 kcal mol−1, respectively. All 
the force fields, except UFF and Dreiding, predict the sta-
bilization of axial conformer for MeO-THP and F-THP 
but Allinger force fields, their clones (MM+, MMX) and 
MMFF94 performed with deviations > 1.5 kcal mol−1 in 
the case of 2-fluorotetrahydropyran. In the case of 2-meth-
oxytetrahydropyran the MM4-08 performed accurately 
(− 1.26 kcal mol−1). For both 2-methoxytetrahydropyran and 
2-fluorotetrahydropyran, MP2 show the smallest deviations 
(− 1.40 kcal mol−1, − 2.44 kcal mol−1) following HF/cc-
pVDZ (− 1.28 kcal mol−1, − 2.73 kcal mol−1) and B3LYP 
(− 0.78 kcal mol−1, − 2.93 kcal mol−1). The anomeric effect 
favours the axial conformation in O-glycosides [258]. Addi-
tionally, it is noted that the gauche conformation is adopted 
as regards the dihedral angle O-C-Oexo-C in O-glycosides 
(Fig. 12). This preference is characterized as exo-anomeric 
effect and is also observed in C-glycosides [273]. All theo-
ries calculate the correct minimum but most of them over-
estimate conformational energy.

The conformational energy of 2-methyltetrahydropyran is 
higher than that of methylcyclohexane because the smaller 
length of C-O bond forces the axial methyl to be in closer 
distance with the axial C-6 hydrogen. In 4-methyltetrahy-
dropyran the conformational energy value is similar to that 
of methylcyclohexane since the smaller in length C-O bond 
does not affect the distance between axial Me and axial H in 
1,3-positions. In 3-methyltetrahydropyran the destabilization 
of the axial conformer is smaller compared to the 4-methyl 
analogue, since the synaxial 1,3-Me⋯H is replaced by the 
synaxial Me⋯Lp [178] for which Pauli repulsion is less. All 
theories calculate these preferences. Between all theories 
tested MP2 shows values closer to the DLPNO-CCSD(T) 
calculations, followed by MM3-96, MM3-00, MM+, MMX.

Among the tested compounds having two functional 
groups (Table 4) ethanediol has two vicinal hydroxyl groups 
(Fig. 15). A large number of ab initio studies have been car-
ried out in the gas-phase for ethanediol, ranging from HF 
calculations and partially optimized geometries to G2(MP2) 
calculations with fully optimized MP2/6-31+G* geometries 
[274–276]. All of these investigations found that the relative 
energies of all 10 rotamers lie within 3.49 kcal mol−1, with 
the g−g+a isomer being the lowest in energy (Fig. 15). These 
theoretical results are in good agreement with experimen-
tal results [277, 278]. According to οur reference DLPNO-
CCSD(T) calculations the g−g+a conformation is the global 
minimum stabilized by the formation of a hydrogen bond 
between the hydroxyl groups. UFF and Dreiding are the 
only theories that calculate the aaa isomer instead of the 
g−g+a conformation while MMX calculate g−g+a and aaa 
conformations with equal energy. MM + is the next worst 
with deviation − 1.81 kcal mol−1 then HF/cc-pVTZ and HF/

CBS with deviation − 0.88 kcal mol−1 and − 1 kcal mol−1, 
MM3-00 and HF/cc-pVTZ with deviations −  0.53 and 
− 0.49 kcal mol−1, respectively. MM4-08, B3LYP and MP2 
have the best performance with deviation − 0.3, + 0.07 
and + 0.27 kcal mol−1, respectively.

We also performed calculations on the disaccharide a,a-
trehalose (α-d-glycopyranozyl-1,1-α-d-glycopyranoside) to 
study conformations of trehalose by rotation around dihe-
dral angles φ and φ′ (Fig. 15). The connection of the two 
monosaccharides in the disaccharide in Fig. 15 is 1 → 1 
glycosidic bond, with two axial anomeric bonds. The sym-
metry of the disaccharide around glycosidic oxygen drasti-
cally limits the conformational space. The conformational 
preferences of this molecule are valuable for the confor-
mational analysis of polysaccharides. According to previ-
ous B3LYP/6-31G(d) calculations, which are reliable for 
reproducing gas phase conformational energies of disac-
charides [107], three conformations are conformational 
minima arising from different combination of φ and φ′ 
dihedral angles, i.e. The gtxgtx16080 (φ = 160, φ′ = 80), 
the gtxgtx6060 (φ = 60, φ′ = 60) and the tgctgr180180 
(φ = 180, φ′ = 180) conformations with gtxgtx16080 being 
the global minimum [107]. The dihedral angles values for 
gtxgtx16080, gtxgtx6060 and tgctgr180180 conformations 
after our energy minimization with B3LYP/6-31G(d,p) are 
(φ = 157, φ' = 83), (φ = 65, φ' = 65), and (φ = 177, φ' = 176), 
respectively, in agreement with the literature data [107]. 
Previous calculations with the MM3 force field [279], also 
show that gtxgtx6060 (φ = 60, φ' = 60) conformation is the 
global minimum. Our reference CCSD(T)-DPLNO calcula-
tions confirmed that gtxgtx16080 conformation (φ = 160, 
φ′ = 80) is almost equal in energy with gtxgtx6060 which 
is observed in the solid state; gtxgtx16080 is the global 
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minimum with slightly higher energy by 0.04 kcal mol−1 
compared to gtxgtx6060. Only MP2 and B3LYP calculate 
correctly the conformational preferences, i.e. tgctgr180180 
has much higher energy (6.96 kcal mol−1) than gtxgtx6060 
and gtxgtx16080. Thus, MM+, MMX, MM3-96, MMFF95 
calculate tgctgr180180 only 0.4–1 kcal mol−1 higher than 
gtxgtx16080 while UFF, Dreiding suggest that tgctgr180180 
has lower energy compared to gtxgtx16080. Then all theo-
ries calculate that gtxgtx6060 is clearly the global mini-
mum having by ~ 1.2 (MMFF94) − 7.4 kcal mol−1 (MM+) 
lower energy than gtxgtx16080 and only HF theories by 
only 0.3–0.76 kcal  mol−1. MM3 and MM+ force fields 
did not calculate gtxgtx16080 and tgctgr180180 as stable 
conformations.

Nitrogen‑containing compounds

The preferred conformation of the lp-N-C-C moiety for the 
aliphatic amines is varied. Several experimental studies has 
been performed for ethylamine in the gas phase combined 
with ab initio calculations [280, 281] while calculations at 
G3MP2B3 and G3B3 levels of theory suggested that the anti 
and gauche conformations differ only by ~ 0.063 kcal mol−1 
[282]. Indeed our DLPNO-CCSD(T) calculations show 
almost equal in energy conformations with a difference in 
energy of 0.09 kcal mol−1. The experiments in the gas phase 
showed that for 1-propylamine [283, 284] both the Tt and 
Gt conformations have been detected and for 2-propylamine 
the anti and gauche conformations have been detected [284, 
285]. The CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ cal-
culations revealed that in propylamine the Tt conformation 
is the most stable one, followed by Tg (0.048 kcal mol−1) 
conformation while in 2-propylamine the anti conformation 
is preferred over gauche conformation by 0.430 kcal mol−1 
[284]. Also experimental data in the gas phase detected as 
global minimum for methylethylamine the Tg conformation 
following by Gt and Gg supported by B3LYP/6-311+G(d,p) 
[286]. In piperidine [287–289] or pyrrolidine [290, 291] a 
double gauche conformation is preferred, corresponding to 
an axial lp and equatorial N-H group in pyrrolidine. The 
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ calculations 
[290] suggest a 0.0486 kcal mol−1 preference for the equa-
torial N-H group in pyrrolidine. Obviously, Dreiding, UFF, 

MMFF94 deviate significantly (~ − 0.4 to − 0.6 kcal mol−1) 
from the equal in energy conformations result for ethylamine 
following the MM4-08 (− 0.12 kcal mol−1). The deviations 
of MM+ (− 0.04 kcal mol−1), MMX (+ 0.07 kcal mol−1), 
MM3-96 (− 0.01 kcal mol−1), MM3-00 (− 0.04 kcal mol−1), 
HF (− 0.07 to + 0.17 kcal mol−1), B3LYP (+ 0.16 kcal mol−1) 
and MP2 (− 0.09 kcal mol−1) are small and all the theo-
ries provide values close to the DLPNO-CCSD(T) value. 
For 1-propylamine the Gt and Tt conformations, for pyr-
rolidine the E(2)N-H ax and eq conformations and for 
hexahydropyrimidine the NH,NH ax,eq and ax,ax con-
formations are similar in energy. In all three cases MP2 
with a deviation + 0.16  kcal  mol−1, + 0.08  kcal  mol−1 
and + 0.08 kcal mol−1, respectively, performed accurately 
while for pyrrolidine the MMX has a very small devia-
tion (+ 0.02  kcal  mol−1) and for hexahydropyrimidine 
the B3LYP (+ 0.08 kcal mol−1). For piperidine the MP2 
(+ 0.07 kcal mol−1), B3LYP (− 0.02 kcal mol−1), HF/cc-
pVDZ (+ 0.13 kcal mol−1), MMFF94 (+ 0.12 kcal mol−1) 
and UFF (− 0.01 kcal  mol−1) performed accurately. For 
methylethylamine strikingly the MP2 (+ 0.59 kcal mol−1) 
does not perform well while MMX (+ 0.16 kcal  mol−1) 
and MM4-08 (−  0.12  kcal  mol−1) performed better. 
For 2-propylamine MP2 (−  0.07  kcal  mol−1), B3LYP 
(− 0.12 kcal mol−1), HF/cc-pVTZ (− 0.07 kcal mol−1), HF/
CBS (0 kcal mol−1), MM4-08 (− 0.14 kcal mol−1), MMFF94 
(− 0.01 kcal mol−1) performed accurately.

The conformations of hexahydropyrimidine and of 
the 3-OH analogue differ in the orientation of the N-H 
group (Fig. 16); in 3-OH hexahydropyrimidine a hydro-
gen bond can stabilize N-Hax,N-Heq,O-Hendo over the 
Hax,N-Hax,O-Hexo conformation [104]. Since, the energy 
changes between the two conformations from electrostatic 
and electronic effects are marginal, 3-OH hexahydropy-
rimidine is a good model for testing the performance of 
different theories in the calculation of the conformational 
energy. Compared to our reference DLPNO-CCSD(T) cal-
culations, as regards the 3-OH hexahydropyrimidine, from 
the force fields used, only MM3-96 (+ 2.33 kcal mol−1), 
MM3-00 (+ 0.95 kcal mol−1), MM4-08 (+ 3.01 kcal mol−1) 
and MMFF94 (+ 2.83 kcal mol−1) calculate the N-Hax,N-
Heq,O-Hendo as more stable conformation compared to 
the Hax,N-Hax,O-Hexo conformation but with MM3-96 

Fig. 16   Conformations of 
hexahydropyrimidine and of its 
3-OH analogue
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or MM3-00 and MMFF94 performing with big devia-
tions, > 1.5 kcal mol−1 or > 3 kcal mol−1, respectively as 
noted inside the perenthesis. MP2 (+ 0.2 kcal mol−1) and 
B3LYP (− 0.2 kcal mol−1) are accurate in calculations fol-
lowing by HF/cc-pVDZ (− 0.48 kcal mol−1).

N-methylpiperidine and 2-, 3-, 4-methylpiperidine [292] 
adopt a chair conformation with equatorial substitution. 
N,2- and N,3-dimethylpiperidines prefer the diequatorial 
conformation [292]; the interpretation of the relative sta-
bility is similar and has been given previously for methyl-
tetrahydropyrans. The second more stable conformation in 
dimethylpiperidines is the combination C-Me(ax), N-Me(eq) 
against C-Me(eq), N-Me(ax). In these molecules C-Me(ax) 
orientation is preferred over N-Me(ax), because the repul-
sive 1,3-diaxal interactions are bigger in the last orientation 
due to the smaller length of C-N bond compared to the C-C 
bond.

An interesting case arises when the substituent at 2-posi-
tion of N-methylpiperidine is a bulky secondary or tertiary 
alkyl group, like 2- or 1-adamantyl [293]. In both two 
molecules the chair conformation N-Me(ax), C-Ad(eq) is 
by far more stable than the other minima. The interaction 
between adamantyl and methyl is much more important than 
the axial preference over equatorial just for the N-methyl 
group that determines the conformational preferences 
for the 2-alkyl-N-methylpiperidines where alkyl is small. 
Furthermore, in 2-(1-adamantyl)-N-methylpiperidine and 
2-(2-adamantyl)-N-methylpiperidine while the chair con-
formation N-Me(ax), C-Ad(eq) is the global minimum the 
second more stable conformation is different between the 
two molecules. In 2-(1-adamantyl)-N-methylpiperidine the 
N-Me(eq), C-Ad(eq) conformation is the second more stable 
conformation but in 2-(2-adamantyl)-N-methylpiperidine the 
diaxial conformation is the second more stable! In 2-SnBu3-
N-Me-piperidine the conformations N-Me(eq), C-SnBu3(eq) 

and N-Me(eq), C-SnBu3(ax) are almost isoenergetic. The 
major reason appears to be a distortion of the conformation 
in which the C-2-Sn bond is synclinal to the nitrogen lone 
pair [294].

The largest errors in the conformational energies of 
the se molecules, in which steric interactions contributed 
significantly, are observed in the calculations performed 
using Dreiding, UFF force fields. MM3-96 and MMFF94. 
These force fields calculate erroneously eq,eq instead of the 
eq,ax as the global minimum (with more then 3 kcal mol−1 
energy difference) in N,2-dimethylpiperidine, N,3-dimeth-
ylpiperidine, N,4-dimethylpiperidine. For 2-(2-Ad)-N-Me-
piperidine the following methods predict the global mini-
mum with small deviations: MM+ (+ 0.22 kcal  mol−1), 
MMX (− 0.11 kcal mol−1), MM3-96 (− 0.65 kcal mol−1), 
MMFF94 (+ 0.82 kcal mol−1), MM4-08 and HF theories 
(− 0.43 to − 0.22 kcal mol−1), B3LYP (− 0.24 kcal mol−1) 
and MP2 (− 0.10 kcal  mol−1). In the case of 2-(1-Ad)-
N-Me-piperidine all theories, except MM4-08, perdict 
the global minimum, the biggest errors are made by HF 
theories (+ 0.85 to + 1.25 kcal  mol−1), then from MMX 
(+ 0.51 kcal mol−1) while MM+ (− 0.12 kcal mol−1), MM3-
96 (+ 0.07  kcal  mol−1), MMFF94 (+ 0.09  kcal  mol−1), 
MM3-00 (+ 0.01 kcal mol−1), B3LYP (+ 0.10 kcal mol−1) 
and MP2 (+ 0.04 kcal mol−1) performed with similar accu-
racy as regards the reference DLPNO-CCSD(T) value.

Polyamines are interesting molecules because they stim-
ulate ligand binding to the NMDA receptor [295]. Ethan-
ediamine, propanediamine, butanediamine [105] (Fig. 17) 
and the most stable conformations of β-aminotropane 
[106] (Fig. 18) are examined. Ιn ethanediamine, propanedi-
amine and butanediamine the conformations gGg′, gGGg′, 
gGGGg′ have hydrogen bonding interaction between N-H 
groups (Fig. 17) [296, 297]. This stabilizing interaction 
compensates steric repulsion in the case of ethanediamine, 

Fig. 17   Conformations of 
diamines H2N(CH2)xNH2 
(x = 2–4) around N-C-C-N (G 
or T) and lp-N-C-C (g or g+ and 
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propanediamine with gGg′, gGGg′ more stable over tTt, 
tTTTt, respectively. This is not the case for butanediamine 
which has tTTTt and gGGGg′ equal in energy. For ethan-
ediamine all the force fields, except UFF and Dreiding, 
calculate correctly that conformation gGg′, which is sta-
bilized with a hydrogen bonding between N-H groups, 
is lower in energy than the tTt conformation (Fig. 17); 
MM+ (0 kcal mol−1), MM3-96 (+ 0.04 kcal mol−1), MM3-
00 (− 0.11 kcal mol−1), MM4-08 (− 0.28 kcal mol−1) are 
fairly accurate and performed better that HF theories (− 0.94 
to − 0.78 kcal mol−1) which also predicted correctly the gGg′ 
as the global minimum. For propanediamine all the quan-
tum chemistry theories calculate the correct global minimum 
and from the force fields only MM3-96 predict the global 
minimum. In the case of butanediamine, only MMFF94 
(− 0.11 kcal  mol−1) showed that tTTTt and gGGGg′ are 
equal in energy, in agreement with our DLPNO-CCSD(T) 
calculations. Although MP2 (− 0.02, − 0.23 kcal mol−1) 
and B3LYP (− 0.27, + 0.49 kcal  mol−1) are accurate as 
regards ethanediamine and propanediamine, respectively, 
they performed with a deviation of + 0.24 kcal mol−1 and 
− 0.30 kcal mol−1 in the case of propanediamine.

In β-aminotropane there is a six-membered ring and 
a five-membered ring in the same molecule (Fig.  18). 
Thus, the conformational preferences [298] of this mol-
ecule are determined by the steric interactions between 
coaxial N-Me group and C-Hax bonds in the six-mem-
bered ring (Fig.  18, structure 1c) or in the five-mem-
bered ring (Fig. 18, structure 1a). Our DLPNO-CCSD(T) 
calculations show that 1a is the global minimum by 
0.39  kcal  mol−1. UFF shows the highest deviation 
(+ 7.10 kcal mol−1), Dreiding (+ 0.86 kcal mol−1), MM3-96 
(+ 0.65 kcal mol−1) and MM3-00 (+ 0.76 kcal mol−1), MMX 
(+ 0.10 kcal mol−1), MM+ (− 0.01 kcal mol−1), MMFF94 
(− 0.07 kcal mol−1), MM4-08 (− 0.01 kcal mol−1), HF/cc-
pVDZ (+ 0.03 kcal mol−1), MP2 (+ 0.14 kcal mol−1) cal-
culate accurately this conformational preference while HF/
CBS and B3LYP calculate conformations 1a and 1c having 
equal energy.

For various ammonium derivatives MP2/6-311G(d,p) 
and MM3 calculations have been performed [106, 299]. For 
ethyldimethylamine or [299] N-methylpiperidine [292] or 
the dication of β-aminotropane (relative stability of confor-
mations 3c, 3a) the MMX or MM4-08 or MM+ fail to calcu-
late the correct global minima. MP2 (+ 0.02 kcal mol−1, + 0
.05 kcal mol−1, + 0.07 kcal mol−1), B3LYP (+ 0.13 kcal mo
l−1, + 0.36 kcal mol−1, − 0.28 kcal mol−1), HF/cc-pVDZ (+ 
0.15 kcal mol−1, + 0.55 kcal mol−1, + 0.03 kcal mol−1), HF/
cc-pVTZ (+ 0.23 kcal mol−1, + 0.65 kcal mol−1, + 0.03 kca
l mol−1), HF/CBS (+ 0.33 kcal mol−1, + 0.69 kcal mol−1, + 
0.03 kcal mol−1) and MM3-00 (− 0.24 kcal mol−1, − 0.50 
kcal mol−1, + 0.38 kcal mol−1) performed with the smaller 
devations following by MMFF94 (−  0.08  kcal  mol−1, 

−  0.15  kcal  mol−1, −  4.33  kcal  mol−1) and MM3-00 
(− 0.24 kcal mol−1, − 0.50 kcal mol−1, − 1.23 kcal mol−1).

For the monocations of β-aminotropane and ethanedi-
amine, the conformational preferences are determined as 
a compromise between hydrogen bonding interactions and 
steric repulsions. The MM+, MMX, UFF, Dreiding, MM4-
08 and MM+, UFF, Dreiding fail to calculate the correct 
global energy minima. MP2 (+ 0.89 kcal mol−1, + 0.21 kca
l mol−1) and B3LYP (+ 0.54 kcal mol−1, − 0.27 kcal mol−1) 
theories performed with the smallest devations follow-
ing by HF/cc-pVDZ with deviation − 2.28 kcal  mol−1, 
− 2.97 kcal  mol−1, respectively, while all other theories 
deviate more.

Some amides and dipeptides were examined as models 
to test the accuracy of the tested methods when calculating 
the relative energies for conformers generated by rotation 
around the amide CO-N bond [300]. The simpler compounds 
tested are N-methylformamide, N-methylacetamide, forma-
midine [301] and N-methylformamidine. There are experi-
mental studies in the gas phase [302–304] and ab initio 
calculations [305, 285, 288–291] for N-methyformamide 
and experimental studies [285, 286, 290, 292–294, 306] 
in the gas phase and ab initio calculations [307–309] for 
N-methylacetamide and formamidine [301]. For N-methy-
lacetamide other studies show that the enthalpy difference 
at 298 K is in the 2.1–2.5 kcal mol−1 range according to 
experimental results in the gas phase and in solution [310, 
311] or ab initio results in the gas phase [305, 312, 313] 
or ensemble simulations in solution [314]. The difference 
diminishes to 1.0–1.3 kcal mol−1 for N-methylformamide 
according to DNMR [203] or ab initio calculations [312] 
due to reduced steric crowding in the E form. Our DLPNO-
CCSD(T) results calculate these energy differences to be 
2.11 kcal mol−1 for N-methylformamide and 1.08 kcal mol−1 
for N-methylacetamide while for formamidine and N-meth-
ylformamidine the conformational energies are 1.72 and 
1.22 kcal  mol−1, respectively. All the force fields calcu-
late Z-conformation as the global minimum with Dei-
ding (− 1.37 kcal mol−1), UFF (− 1.66 kcal mol−1) and 
MMX (− 1.44 kcal mol−1) showing the highest deviation 
from the DLPNO-CCSD(T) reference value while MP2 
(− 0.04 kcal mol−1), MM+ (+ 0.07 kcal mol−1), MM3-96 
(+ 0.07 kcal mol−1) and B3LYP (− 0.10 kcal mol−1) per-
formed best. For N-methyformamide, MMX, UFF and 
Dreiding inaccurately calculate the E-conformation as the 
global minimum, MM3-00 (+ 0.83  kcal  mol−1), MM4-
08 (+ 0.58 kcal mol−1) deviate from the 1.08 kcal mol−1 
reference value while MP2 (+ 0.04 kcal mol−1), HF/CBS 
(− 0.10 kcal mol−1), HF/cc-pVTZ (− 0.11 kcal mol−1), HF/
cc-pVDZ (− 0.14 kcal mol−1), B3LYP (− 0.22 kcal mol−1) 
and MM+ (− 0.25 kcal mol−1) performed accurately. For 
formamidine and N-methylformamidine MM+, MMX, 
MM3-00 and MM4-08 calculate erroneously the cis as 
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global minimum and for N-methylformamidine the MM3-
00 (+ 2.58 kcal mol−1) has the largest deviation. For these 
two molecules MP2 (− 0.01 kcal mol−1, + 0.12 kcal mol−1) 
performed the best, while B3LYP performed modestly (+ 0
.40 kcal mol−1, + 0.49 kcal mol−1).

Double resonance IR/UV and Raman spectroscopy in the 
gas phase has emerged as a powerful tool for studying con-
formational preferences of small model peptides containing 
UV chromophores [315], e.g. measurements of the popula-
tions of the three major backbone conformations in 19 amino 
acid dipeptides using IR and Raman spectroscopy in the gas 
phase [316, 317]. UV spectroscopy, being sensitive to the 
chromophore environment, helps identify conformational 
isomers present in a given sample, while the combination 
of IR spectroscopy and DFT or ab initio calculations [111, 
318–322] allow σ determination of their geometries. The 
folding processes in peptides are thought to be governed 
mainly by hydrogen bonding, whose signature in the fin-
gerprint region of the vibrational spectrum enables iden-
tification of a specific conformer. The terminal acetyl and 
amide groups increase the length of the peptide chain by one 
unit while the series of the aliphatic residues allow one to 
follow the changes in the conformational preferences [323] 
of the peptide with increasing size and hydrogen bonding 
capabilities between N-H and C=O of the residues. Here, 
we examined the conformations in three model aminoacids 
with terminal acetyl and amide groups, e.g., N-acetylgly-
cine-N-methylamide [324, 325], N-acetylalanine-N-meth-
ylamide [320, 326], N-acetylphenylalaninylamide (NAPA) 
[111, 318–321] (Fig. 19). The angles φ and ψ of the HF/6-
31+G* geometry-optimized conformers [111] C7eq, C5 
and C7ax are C7eq (− 86, 78), C5 (− 204, 200), C7ax (75, 
− 54) and for the B3LYP/6-31+G* optimized structure are 
C7eq (− 83, 73), C5 (− 158, 163), C7ax (73, − 56). These 
conformations correspond to interactions between the car-
bonyl and amide groups of the same residue resulting in a 
formation of a five-membered ring (C5) and leading to the 
extended β-strand or to interactions between the carbonyl 

and amide groups of adjacent residues resulting in a seven-
membered ring structure C7 or γ-turn [323]. The energies 
of NAPA conformers have been previously calculated at the 
CASSCF/MS-CASPT2//B3LYP/6-31+G** level of theory 
and are also shown in Table 5 [322].

For N-acetylglycine-N-methylamide, N-acetylalanine-
N-methylamide and NAPA the HF theories inaccurately 
calculate the relative ranking of the conformations. All 
force fields calculate correctly the local minima rank-
ing for the two first peptides but MM+, UFF, MM3-96, 
MM4-08 show the bigger deviations, i.e. > 1.5 kcal mol−1 
or even 3 kcal mol−1. The best performance was observed 
for MP2 (+ 0.13 kcal  mol−1, + 0.14 kcal  mol−1), B3LYP 
(−  0.66  kcal  mol−1, −  0.08  kcal  mol−1) and MMFF94 
(− 0.24 kcal mol−1, − 0.46 kcal mol−1).

For NAPA UFF, Dreiding, MM+, MMX, MM3-00, 
MM4-08 force fields and HF theories provide an incor-
rect ranking of the minima with deviation from DLPNO-
CCSD(T) reference values > 1.5 kcal mol−1 for HF theo-
ries and MM+, MMX, Dreiding and > 3 kcal  mol−1 for 
UFF force field. MP2 has the best performance following 
MMFF94 and B3LYP.

Sulfur‑ and phosphorus‑containing compounds

For ethanethiol the gauche conformation by rotation 
around the C-S bond has lower energy than the anti con-
formation, while in 2-propanethiol the anti conforma-
tion has been suggested that is stabilized slightly over 
the gauche conformation as has been shown by B3LYP 
6-311++G(2df, 2pd) calculations for ethanethiol [327] 
and 2-propanethiol [327] (Fig.  20). These results are 
confirmed by our DLPNO-CCSD(T) calculations. It was 
suggested that the Pauli repulsive (steric interactions and 
hyperconjugative interactions, i.e. σ(H-C) → σ*(C-H) or 
σ(H-C) → σ*(C-Me) contribute to the conformational ener-
gies. Thus, in the higher in energy anti conformation of 
ethanethiol the destabilization effect of the two gauche 
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lone pair-methyl interactions is higher than the stabili-
zation effect of the two σ(H-C) → σ*(C-H) hyperconju-
gative interactions. Also in the gauche conformation of 
ethanethiol there is one destabilizing gauche lone pair-
methyl interaction and two stabilizing electronic interac-
tions, i.e. the σ(H-C) → σ*(C-H) and σ(H-C) → σ*(C-Me) 
hyperconjugative interactions. In methyl ethyl sulfide the 
presence of one more gauche methyl–methyl interaction in 

gauche conformation does not change the conformational 
energies.

In 2-propanethiol, three lone pair-gauche repulsive inter-
actions exist in gauche conformation compared to two inter-
actions in the anti conformation. For the methyl ethyl sulfone 
[328, 329], the anti conformer with the two methyl groups 
in anti position is more stable than gauche conformer with 
the two methyl groups are crowded in the gauche position.
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The UFF and Dreiding force fields failed to calculate the 
gauche conformation as the global minimum for ethanethiol. 
HF/cc-pVDZ (− 0.03 kcal mol−1), MP2 (− 0.09 kcal mol−1), 
MM4-08 (− 0.11 kcal mol−1) have the smallest deviations 
following by B3LYP (−  0.19  kcal  mol−1) while MMX 
(−  0.19  kcal  mol−1) shows the biggest deviation. The 
gauche and anti conformations are of equal energy in 2-pro-
panethiol according to our reference DLPNO-CCSD(T) 
calculations and MP2, HF/CBS, HF/cc-pVTZ, MMX agree 
with this result differing by less than ~ 0.1 kcal mol−1 cal-
culations. The MMFF94 (+ 0.64 kcal  mol−1), MM3-00 
(+ 0.49 kcal mol−1) show the biggest deviation following by 
MM3-96 (+ 0.33 kcal mol−1), MM4-08 (+ 0.30 kcal mol−1) 
and MM+ (+ 0.32  kcal  mol−1). For methylethylsulfone 
MMX, UFF provide erroneously the gauche instead 
of the anti conformation as the global minimum. MP2 
(− 0.01 kcal  mol−1), Dreiding (− 0.07 kcal  mol−1) fol-
lowing by MM4-08 (−  0.11  kcal  mol−1) and B3LYP 
(− 0.13 kcal mol−1) while the biggest deviations are per-
formed with MMFF94 (+ 1.20 kcal mol−1) following by 
MM+ (+ 0.57 kcal mol−1), HF/CBS (+ 0.31 kcal mol−1), 
HF/cc-pVTZ (+ 0.30  kcal  mol−1), HF/cc-pVDZ 
(+ 0.26 kcal mol−1), MM3-00 (+ 0.21 kcal mol−1), MM3-
96 (+ 0.21 kcal mol−1).

The equatorial position is favoured when thiane ring is 
substituted with methyl resulting in 2-methyl, 3-methyl 
or 4-methylthiane [178, 330, 331]. The smaller difference 
between the axial and equatorial conformers in S-methylth-
iane cation [331–333] and 2-methylthiane [330] compared 
to that of methylcyclohexane or N-methylpiperidine can be 
attributed to the smaller 1,3-repulsive interactions because 
of the longer C-S bonds and the opening of S-C-C bond 
angles. The conformational energies for 4-methylthiane 
and the twist boat–chair equilibrium for thiacylohexane 
are similar to that of methylcyclohexane and cyclohexane, 
respectively. For sulfolane, the five-membered ring prefers 
the half chair C2 conformation compared to the envelope 
conformation Cs [334–337]. MP2 (+ 0.01, − 0.05, + 0.06, + 0
.01 kcal mol−1, + 0.32, + 0.22 kcal mol−1) shows the smallest 
deviation for all six molecules 2-methyl, 3-methyl or 4-meth-
ylthiane, S-methylthianium, thiacyclohexane and sulfolane 
the tested conformational energies compared to our refer-
ence DLPNO-CCSD(T) calculations. The next higher accu-
racy is achieved by MM+, MMX, MM3-96, MM3-00 force 

fields for the methylthiane series (+ 0.11 ± 0.28 kcal mol−1), 
by B3LYP for S-methylthianium (+ 0.01  kcal  mol−1), 
B3LYP (+ 0.32 kcal mol−1) and MM3-96, MM3-00 force 
fields (+ 0.38 kcal  mol−1) for thiacyclohexane, and for 
sulfolane by HF/cc-PVTZ (+ 0.23 kcal  mol−1), HF/CBS 
(+ 0.17 kcal mol−1) and MMX (+ 0.34 kcal mol−1).

Ethylphosphine prefers for the C-C-P-lp moiety the anti 
conformation [338] in which the lone pair-methyl steric 
repulsion is minimized, while the gauche conformation 
is the global minimum in ethyldimethylphosphine [339]. 
In ethyldimethylphosphine, C-Me prefers the position 
between the lone pair and P-methyl in gauche conformation 
(Fig. 21) compared to the anti conformation having a posi-
tion between two P-Me groups. Additionally, the hypercon-
jugative interaction n(P) → σ*(C-H) can be important for 
the stabilization of the gauche conformation [339]. Com-
pared with the DLPNO-CCSD(T) calculated conformational 
energy of 0.49 kcal  mol−1 for ethylphosphine, the MP2 
(+ 0.06 kcal mol−1), B3LYP (+ 0.06 kcal mol−1), MM3-00 
(+ 0.06 kcal mol−1), MM3-96 (+ 0.08 kcal mol−1), MM4-
08 (+ 0.13 kcal  mol−1), MM+ (+ 0.10 kcal  mol−1), per-
formed accurately while HF theories deviate from 0.12 to 
0.24 kcal mol−1 and UFF, Dreiding and MMFF94 calculate 
gauche and anti conformations with equal energy. In the 
case of ethyldimethylphosphine all theories calculate cor-
rectly that gauche conformation is the global minimum with 
MP2 (− 0.05 kcal mol−1) and MM+ (− 0.06 kcal mol−1) 
showing the smallest deviation following by MMX 
(− 0.13 kcal mol−1), B3LYP (− 0.19 kcal mol−1) and MM4-
08 (+ 0.13 kcal mol−1); more than 1.5 kcal mol−1 deviation 
is shown with MMFF94 and UFF and the largest deviation 
with Dreiding (− 4.56 kcal mol−1).

For the trimethyphosphate the global minimum corre-
sponds to a ggg orientation of P=O with the three OMe 
groups by rotation around the P-O single bond [340–342], as 
shown by matrix isolation IR and DFT computations, which 
have been expanded to the higher analogues like tri-n-butyl 
phosphate [343].

Six-membered N-alkylphosphiranes prefer the equato-
rial position from the axial position [344, 345]. However, 
the conformational energy is much smaller compared to 
the C-alkyl analogues, i.e. the alkylcyclohexanes or the 
N-alkyl analogues, i.e., the N-alkylpiperidines, because 
the 1,3-diaxal repulsive interactions are smaller due to 

Fig. 21   Conformations of 
ethyldimethylphosphine and 
trimethoxyphosphate
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the longer C-P bonds and the wider P-C-C bond angles, 
as described also for the thio- or oxa-analogues. MM3-
00 [346] and MM4-08 provide incorrect global minimum 
(i.e., the axial conformation), UFF or Dreiding the largest 
deviation, greater that 1.5 or 3 kcal mol−1, respectively, 
followed by MM+ (− 0.40 kcal mol−1) and HF/cc-pVTZ 
(+ 0.36 kcal mol−1), HF/CBS (+ 0.45 kcal mol−1). The most 
accurate results are observed with MP2 (+ 0.06 kcal mol−1), 
following by HF/cc-pVDZ (+ 0.11 kcal mol−1) and B3LYP 
or MMX (+ 0.21 kcal mol−1).

Conjugated compounds

For 1,3-butadiene the energy difference between the 
gauche (cis) form and ground state trans form was deter-
mined in the gas phase using Raman [347] or microwave 
[348] or UV [349] spectroscopy to be 2.94 kcal  mol−1 
which agrees well with the ~ 3.01 kcal mol−1 from MP2/
aug-cc-pVTZ [350] or very accurate CCSD(T)(FC)/
CBS + CCSD(T)(CV)/cc-pwCVQZ + scalar relativistic 
effects correction + CCSDT(Q)(FC)/cc-pVDZ correction 
[351] (Table 7). The first microwave spectrum of “cis” 
butadiene unambiguously shows that it possesses a non-
planar gauche structure [348]. Acrolein has been studied 
experimentally in the gas phase [352] and with ab initio 
calculations at the CCSD(T)/CBS level of theory [353] 
providing energies 2.20 kcal mol−1 and 2.06 kcal mol−1, 
respectively. Methacrolein has been studied experimentally 
in the gas phase [354] and with ab initio calculations at the 
CCSD(T)/CBS [355] providing energies 3.02 kcal mol−1 
and 3.47 kcal mol−1, respectively. Methyl vinyl ketone has 
been studied experimentally in the gas phase [356] and with 
ab initio calculations at the CCSD(T)/CBS [355] providing 
energies 0.80 kcal mol−1 and 0.61 kcal mol−1, respectively. 
Our results are in good agreement with values provided by 
CCSD(T)/CBS.

In the case of methyl vinyl ketone, UFF, Dreiding and 
HF/cc-pVDZ failed to calculate the trans conformation as 
the ground state. In all other cases the theories tested calcu-
lated the correct global minimum. MP2 is the most accurate 
following B3LYP for 1,3-butadiene, B3LYP and MMFF94 
for acrolein, MMFF94 for methyl vinyl ketone. Among force 
fields, MMFF94 is the best performer while from Allinger’s 
force fields it is MM4-08, which is better parameterized for 
conjugated compounds [357].

Energy barriers

The results of the calculations and the experimental data 
for some conformational energy barriers including C-C, 
C-O, C-N, C-S, C-P and CO-N are shown in Table 8. The 
transition state for the rotation around a C-C bond cor-
responds to the conformer (a) with eclipsed C-H bonds 

in ethane [358], (b) with eclipsed C-C and C-H bonds in 
propane [359], and (c) with eclipsed the two C-C bonds 
in butane [360]. The energy demanded C-C bond rota-
tion was also calculated for (1-adamantyl)-1-methyl-eth-
ylchloride, 1-(tert-butyl)-1-methyl-ethylchloride and in 
1-(bicyclooctyl)-1-methyl-ethylchloride [361]. Similarly, 
for the C-C bond rotation in ethanol [362], ethylamine 
[363], and ethanethiol [364], the transition state involves 
eclipsing of the C-H and C-X(sp3) bonds (X = OH, NH2 
or SH respectively). Among the molecules of Table 8, 
rotation around C(sp3)-C(sp2) bonds was examined for 
propene [365] and acetone [366]. In the transition state, 
C-H and C = X (X = O or CH2) bonds have a gauche ori-
entation. The C-X bond rotation was calculated for some 
model molecules including methylamine, methanol [367], 
dimethylether [368], methyl formate [109], methanethiol 
[369], dimethylsulfide [370–372], dimethylsulfone [373], 
dimethylphosphine [110], and trimethylphosphate [346]. 
For the CO-X bond rotation (X = O, N) we examined 
methyl formate and methylacetamide. In the transition 
state of methyl formate [81] the O=C-O-C dihedral angle 
is 90° while in methylacetamide between the two likely 
transition states shown in Fig. 22 the anti conformer is 
preferred [374, 375].

The transition states for ring and nitrogen inversion 
were investigated for some systems. The structure of the 
transition state for the ring inversion in cyclohexane [77, 
376], cyclohexene [141], and N-methylpiperidine [377] 
are shown in Fig. 23. For N-methylpiperidine, N-methyl-
pyrrolidine and 3,3-dimethyl-N-pyrrolidine [378] nitrogen 
inversion transition has a planar nitrogen configuration.

MP2 best performed with calculated values close to the 
reference with exception of C-P bond rotation in dime-
thyl phosphine. It has been reported that semilocal DFT 
potentials including the DFT-HF hydrid methods such as 
B3LYP can perform well for rotational of conformational 
barriers [379]. B3LYP performed fairly but in many cases 
other theories performed more accurately, e.g., MMX, 
MM+, MM3-96 [79–81], MM3-00 or HF/cc-pVDZ; even 
Dreiding and UFF performed well in a few cases. Among 
the force fields, the MM3-00 and MM4-08 deviate the 
least from the reference values.
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Fig. 22   Possible structures for the transition state by rotation around 
CO-N bond
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Conclusions

In the present work we revisited previous works assessing 
the accuracy of force fields as regards the conformational 
preferences and energies of reference organic molecules. 
We calculated 158 conformational energies and barriers 
from 145 organic molecules, including hydrocarbons, 
haloalkanes, conjugated compounds, and oxygen-, nitro-
gen-, phosphorus- and sulphur-containing compounds. 
We reviewed in detail the conformational aspects of these 
model organic molecules providing the current under-
standing of the steric and electronic factors that deter-
mine the stability of low energy conformers and the lit-
erature including previous experimental observations and 
calculated findings. The suitable energies for comparison 
with CC-calculated conformational energies are energies 
measured in the gas phase with spestroscopic methods. 
Compared to previous work [48, 50], we increased the 

number of tested molecules and the number of methods 
applied. We used the UFF and DREIDING force fields, 
the Allinger’s force fields MM3-96, MM3-00, MM4-80, 
the MM2-91 clones MMX and MM+, the MMFF94 force 
field, ab initio theories, e.g. HF, the low-order post-HF 
MP2 method and the standard DFT model B3LYP. As 
reference conformational energy values to test the accu-
racy of these theories we performed basis-set extrapolated 
DLPNO-CCSD(T) calculations. This enabled us to have 
a common high-level reference for all compounds and all 
energetic quantities used in this work, compared to previ-
ous studies which often used inconsistent experimental 
values or low theory levels as reference values.

As shown in Fig.  24, the lowest mean error value 
was calculated for MP2 (0.35  kcal  mol−1), followed 
by B3LYP (0.69  kcal  mol−1) and the HF theories 
(0.81–1.0 kcal mol−1). As regards the force fields the low-
est errors were observed for the Allinger's force fields 
MM3-00 (1.28 kcal mol−1), ΜΜ3-96 (1.40 kcal mol−1) and 

Fig. 23   Ring inversion transi-
tion states for cyclohexane, 
cyclohexene and N-methylpi-
peridine
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the Halgren’s MMFF94 force field (1.30 kcal mol−1) and 
then for the MM2-91 clones MMX (1.77 kcal mol−1) and 
MM + (2.01 kcal mol−1) and MM4-08 (2.05 kcal mol−1). 
The MM4-08 force field’s lower performance is of some 
interest but is likely consistent with the effort of Allinger 
and colleagues to build a set of parameters that might 
be more useful for vibrational data. The DREIDING 
(3.63 kcal mol−1) and UFF (3.77 kcal mol−1) force fields 
have the lowest performance.

At this point, it is necessary to point out the dramatically 
different computational cost of the methods compared in 
this study. The present work considers three distinct catego-
ries of computational methods: force-field based molecular 
mechanics approaches, self-consistent-field QM methods 
(HF and DFT), and correlated wave-function methods (MP2 
and DLPNO-CCSD(T)). Although the results and the errors 
are presented and discussed in common, it is important to 
keep in mind that the computational cost of each class of 
method differs by approximately an order of magnitude 
or more. Thus, molecular mechanics calculations for even 
the largest molecules in the present work are completed in 
time scale of seconds, HF and DFT calculations within sev-
eral minutes, while the most expensive DLPNO-CCSD(T) 
calculations may require tens of minutes to a few hours to 
complete for the largest compounds. The heightened sensi-
tivity of the ab initio quantum chemical methods and their 
non-linear scaling with respect to the basis set size is an 
additional consideration that does not apply to molecular 
mechanics methods. Moreover, in addition to increased time 
requirements, the correlated wave function methods have 
much steeper scaling memory/storage requirements with 
increasing size of the molecule or basis set. These consid-
erations make it impossible to establish cost/error relation-
ships for the whole variety of methods examined herein. 
Although the abovementioned order-of-magnitude cost com-
parison should always be considered, each class of method 
has its own scope, and often a combination of methods with 
different accuracy/cost profile can be beneficial in prac-
tice. Therefore, the choice of method in actual applications 
should consider not simply the average error and expected 
accuracy of any given method, but also the substantially dif-
ferent time and memory requirements, the total number of 
calculations required (e.g., a small set of compounds or a 
library of thousands of compounds), and the purpose of the 
study (e.g., rapid screening or benchmark-quality results).

Overall, the current study reviewed and commented on 
the current state of the art as regards the conformational 
energies of model organic molecules often present in drug-
like molecules and provides a new data set with DLPNO-
CCSD(T) calculated values that can be used in future 
evaluation of approximate computationally efficient meth-
odologies, or even in the training and parameterization of 
refined force fields.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10822-​023-​00513-5.

Acknowledgements  We are grateful to Chiesi Hellas for supporting 
this research. We thank Professor T. Mavromoustakos for his careful 
reading and comments.

Author contributions  AK conceived the project. AK and DAP super-
vised this research. IS, NZ, DAP, AK performed calculations. AK, 
IS and DAP analyzed the results. AK wrote the manuscript and DAP 
edited it.

Funding  Open access funding provided by HEAL-Link Greece.

Data availability  Files with structures and data produced with the 
different calculations methods can be found in following the link: 
https://​github.​com/​ankol​ocour​is/​dlpno_​extra​polat​ed_​dt. And there is 
also available the sdf file with all tested organic molecules structure 
outputs.”

Declarations 

Competing interests  The authors declare no competing financial inter-
est.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Kitchen DB, Decornez H, Furr JR, Bajorath J (2004) Docking 
and scoring in virtual screening for drug discovery: methods 
and applications. Nat Rev Drug Discov 3:935–949. https://​doi.​
org/​10.​1038/​nrd15​49

	 2.	 Mohamadi F, Richards NGJ, Guida WC et al (1990) Macro-
model? An integrated software system for modeling organic 
and bioorganic molecules using molecular mechanics. J Com-
put Chem 11(4):440–467. https://​doi.​org/​10.​1002/​jcc.​54011​
0405

	 3.	 Taylor RD, Jewsbury PJ, Essex JW (2002) A review of protein-
small molecule docking methods. J Comput Aided Mol Des 
16:151–166. https://​doi.​org/​10.​1023/A:​10201​55510​718

	 4.	 Song CM, Lim SJ, Tong JC (2009) Recent advances in computer-
aided drug design. Brief Bioinform 10:579–591. https://​doi.​org/​
10.​1093/​bib/​bbp023

	 5.	 Ferreira LG, Dos Santos RN, Oliva G, Andricopulo AD (2015) 
Molecular docking and structure-based drug design strategies. 
Molecules 20:13384–13421. https://​doi.​org/​10.​3390/​molec​ules2​
00713​384

	 6.	 Hartshorn MJ, Verdonk ML, Chessari G et al (2007) Diverse, 
high-quality test set for the validation of protein-ligand docking 
performance. J Med Chem 50:726–741. https://​doi.​org/​10.​1021/​
jm061​277y

https://doi.org/10.1007/s10822-023-00513-5
https://github.com/ankolocouris/dlpno_extrapolated_dt
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrd1549
https://doi.org/10.1038/nrd1549
https://doi.org/10.1002/jcc.540110405
https://doi.org/10.1002/jcc.540110405
https://doi.org/10.1023/A:1020155510718
https://doi.org/10.1093/bib/bbp023
https://doi.org/10.1093/bib/bbp023
https://doi.org/10.3390/molecules200713384
https://doi.org/10.3390/molecules200713384
https://doi.org/10.1021/jm061277y
https://doi.org/10.1021/jm061277y


645Journal of Computer-Aided Molecular Design (2023) 37:607–656	

1 3

	 7.	 O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch 
T, Hutchison GR (2011) Open Babel: an open chemical toolbox. 
J Cheminform. https://​doi.​org/​10.​1186/​1758-​2946-3-​33

	 8.	 Kaminský J, Jensen F (2016) Conformational interconversions 
of amino acid derivatives. J Chem Theory Comput 12:694–705. 
https://​doi.​org/​10.​1021/​acs.​jctc.​5b009​11

	 9.	 Hawkins PCD, Skillman AG, Warren GL, Ellingson BA, Stahl 
MT (2010) Conformer generation with OMEGA: algorithm and 
validation using high quality structures from the protein data-
bank and Cambridge structural database. J Chem Inf Model 
50(4):572–584. https://​doi.​org/​10.​1021/​ci100​031x

	 10.	 Shim J, MacKerell AD (2011) Computational ligand-based 
rational design: role of conformational sampling and force fields 
in model development. Med Chem Commun 2:356–370. https://​
doi.​org/​10.​1039/​c1md0​0044f

	 11.	 Jones G, Willett P, Glen RC, Leach AR, Taylor R (1997) Devel-
opment and validation of a genetic algorithm for flexible dock-
ing. J Mol Biol 267(3):727–748. https://​doi.​org/​10.​1006/​jmbi.​
1996.​0897

	 12.	 Hwang SB, Lee CJ, Lee S et al (2020) PMFF: development of 
a physics-based molecular force field for protein simulation and 
ligand docking. J Phys Chem B 124(6):974–989. https://​doi.​org/​
10.​1021/​acs.​jpcb.​9b103​39

	 13.	 Schultes S, Engelhardt H, Roumen L et al (2013) Combining 
quantum mechanical ligand conformation analysis and protein 
modeling to elucidate GPCR-ligand binding modes. ChemMed-
Chem 8:49–53. https://​doi.​org/​10.​1002/​cmdc.​20120​0412

	 14.	 Pecina A, Eyrilmez SM, Köprülüoğlu C et al (2020) SQM/
COSMO scoring function: reliable quantum-mechanical tool for 
sampling and ranking in structure-based drug design. ChemPlu-
sChem 85:2362. https://​doi.​org/​10.​1002/​cplu.​20200​0120

	 15.	 Huanga D, Caflischa A (2010) Library screening by fragment-
based docking. J Mol Recognit 23(2):183–193. https://​doi.​org/​
10.​1002/​jmr.​981

	 16.	 Andrews SP, Brown GA, Christopher JA (2014) Structure-based 
and fragment-based GPCR drug discovery. ChemMedChem 
9(2):256–275. https://​doi.​org/​10.​1002/​cmdc.​20130​0382

	 17.	 Isert C, Atz K, Jiménez-Luna J, Schneider G (2021) QMugs: 
quantum mechanical properties of drug-like molecules. Sci Data. 
https://​doi.​org/​10.​1038/​s41597-​022-​01390-7

	 18.	 Isert C, Atz K, Jiménez-Luna J, Schneider G (2022) QMugs, 
quantum mechanical properties of drug-like molecules. Sci Data 
9:273. https://​doi.​org/​10.​1038/​s41597-​022-​01390-7

	 19.	 Hoja J, Medrano Sandonas L, Ernst BG, Vazquez-Mayagoitia A, 
DiStasio RA, Tkatchenko A (2021) QM7-X, a comprehensive 
dataset of quantum-mechanical properties spanning the chemical 
space of small organic molecules. Sci Data 8(1):1–11. https://​doi.​
org/​10.​1038/​s41597-​021-​00812-2

	 20.	 Ekins S, Mestres J, Testa B (2007) In silico pharmacology for 
drug discovery: methods for virtual ligand screening and profil-
ing. Br J Pharmacol 152(1):9–20. https://​doi.​org/​10.​1038/​sj.​bjp.​
07073​05

	 21.	 Leach AR, Gillet VJ, Lewis RA, Taylor R (2010) Three-dimen-
sional pharmacophore methods in drug discovery. J Med Chem 
53(2):539–558. https://​doi.​org/​10.​1021/​jm900​817u

	 22.	 Zivanovic S, Colizzi F, Moreno D, Hospital A, Soliva R, Orozco 
M (2020) Exploring the conformational landscape of bioactive 
small molecules. J Chem Theory Comput 16(10):6575–6585. 
https://​doi.​org/​10.​1021/​acs.​jctc.​0c003​04

	 23.	 O’Boyle N, Vandermeersch T, Hutchison G (2011) Confab—gen-
eration of diverse low energy conformers. J Cheminform. https://​
doi.​org/​10.​1186/​1758-​2946-3-​s1-​p32

	 24.	 Brameld KA, Kuhn B, Reuter DC, Stahl M (2008) Small mol-
ecule conformational preferences derived from crystal structure 
data. A medicinal chemistry focused analysis. J Chem Inf Model 
48(1):1–24. https://​doi.​org/​10.​1021/​ci700​2494

	 25.	 Kothiwale S, Mendenhall JL, Meiler J (2015) BCL::Conf: small 
molecule conformational sampling using a knowledge based 
rotamer library. J Cheminform 7(1):47. https://​doi.​org/​10.​1186/​
s13321-​015-​0095-1

	 26.	 Allen FH (2002) The Cambridge Structural Database: a quarter 
of a million crystal structures and rising. Acta Crystallogr B 
B58:380–388. https://​doi.​org/​10.​1107/​s0108​76810​20038​90

	 27.	 Berman HM, Westbrook J, Feng Z et al (2000) The Protein Data 
Bank Helen. Nucleic Acids Res 28(1):235–242. https://​doi.​org/​
10.​1093/​nar/​28.1.​235

	 28.	 Smith JS, Isayev O, Roitberg AE (2017) Data descriptor: ANI-1, 
a data set of 20 million calculated off-equilibrium conforma-
tions for organic molecules. Sci Data 4:170193. https://​doi.​org/​
10.​1038/​sdata.​2017.​193

	 29.	 Hawkins PCD, Nicholls A (2012) Unknown_conformer genera-
tion with OMEGA learning from the data set and the analysis of 
failures(3). J Chem Inf Model 52(11):2919–2936. https://​doi.​org/​
10.​1021/​ci300​314k

	 30.	 Gaulton A, Bellis LJ, Bento AP et al (2012) ChEMBL: a large-
scale bioactivity database for drug discovery. Nucleic Acids Res 
40(D1):D1100–D1107. https://​doi.​org/​10.​1093/​nar/​gkr777

	 31.	 Rai BK, Sresht V, Yang Q et al (2019) Comprehensive assess-
ment of torsional strain in crystal structures of small molecules 
and protein-ligand complexes using ab  initio calculations. J 
Chem Inf Model 59(10):4195–4208. https://​doi.​org/​10.​1021/​
acs.​jcim.​9b003​73

	 32.	 Bai F, Liu X, Li J et al (2010) Bioactive conformational genera-
tion of small molecules: a comparative analysis between force-
field and multiple empirical criteria based methods. BMC Bio-
inform 11:545. https://​doi.​org/​10.​1186/​1471-​2105-​11-​545

	 33.	 Avgy-David HH, Senderowitz H (2015) Toward focusing con-
formational ensembles on bioactive conformations: a molecu-
lar mechanics/quantum mechanics study. J Chem Inf Model 
55(10):2154–2167. https://​doi.​org/​10.​1021/​acs.​jcim.​5b002​59

	 34.	 Gürsoy O, Smieško M (2017) Searching for bioactive con-
formations of drug-like ligands with current force fields: how 
good are we? J Cheminform 9(1):29. https://​doi.​org/​10.​1186/​
s13321-​017-​0216-0

	 35.	 Wahl J, Freyss J, von Korff M, Sander T (2019) Accuracy 
evaluation and addition of improved dihedral parameters for 
the MMFF94s. J Cheminform 11:53. https://​doi.​org/​10.​1186/​
s13321-​019-​0371-6

	 36.	 Chan L, Hutchison GR, Morris GM (2019) Bayesian optimiza-
tion for conformer generation. J Cheminform 11(1):32. https://​
doi.​org/​10.​1186/​s13321-​019-​0354-7

	 37.	 Mansimov E, Mahmood O, Kang S, Cho K (2019) Molecu-
lar geometry prediction using a deep generative graph neu-
ral network. Sci Rep 9(1):20381. https://​doi.​org/​10.​1038/​
s41598-​019-​56773-5

	 38.	 Halgren TTA (1996) Merck molecular force field. I. Basis, form, 
scope, parameterization, and performance of MMFF94. J Com-
put Chem 17(5–6):490–519. https://​doi.​org/​10.​1002/​(SICI)​1096-​
987X(199604)​17:5/​6%​3c490::​AID-​JCC1%​3e3.0.​CO;2-P

	 39.	 Chen IJ, Foloppe N (2008) Conformational sampling of drug-
like molecules with MOE and catalyst: implications for phar-
macophore modeling and virtual screening. J Chem Inf Model 
48(9):1773–1791. https://​doi.​org/​10.​1021/​ci800​130k

	 40.	 Tosco P, Stiefl N, Landrum G (2014) Bringing the MMFF force 
field to the RDKit: implementation and validation. J Cheminform 
6:37. https://​doi.​org/​10.​1186/​s13321-​014-​0037-3

	 41.	 Kaminski GA, Friesner RA, Tirado-Rives J, Jorgensen WL 
(2001) Evaluation and reparametrization of the OPLS-AA force 
field for proteins via comparison with accurate quantum chemical 
calculations on peptides. J Phys Chem B 105(28):6474–6487. 
https://​doi.​org/​10.​1021/​jp003​919d

https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1021/acs.jctc.5b00911
https://doi.org/10.1021/ci100031x
https://doi.org/10.1039/c1md00044f
https://doi.org/10.1039/c1md00044f
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1021/acs.jpcb.9b10339
https://doi.org/10.1021/acs.jpcb.9b10339
https://doi.org/10.1002/cmdc.201200412
https://doi.org/10.1002/cplu.202000120
https://doi.org/10.1002/jmr.981
https://doi.org/10.1002/jmr.981
https://doi.org/10.1002/cmdc.201300382
https://doi.org/10.1038/s41597-022-01390-7
https://doi.org/10.1038/s41597-022-01390-7
https://doi.org/10.1038/s41597-021-00812-2
https://doi.org/10.1038/s41597-021-00812-2
https://doi.org/10.1038/sj.bjp.0707305
https://doi.org/10.1038/sj.bjp.0707305
https://doi.org/10.1021/jm900817u
https://doi.org/10.1021/acs.jctc.0c00304
https://doi.org/10.1186/1758-2946-3-s1-p32
https://doi.org/10.1186/1758-2946-3-s1-p32
https://doi.org/10.1021/ci7002494
https://doi.org/10.1186/s13321-015-0095-1
https://doi.org/10.1186/s13321-015-0095-1
https://doi.org/10.1107/s0108768102003890
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1038/sdata.2017.193
https://doi.org/10.1038/sdata.2017.193
https://doi.org/10.1021/ci300314k
https://doi.org/10.1021/ci300314k
https://doi.org/10.1093/nar/gkr777
https://doi.org/10.1021/acs.jcim.9b00373
https://doi.org/10.1021/acs.jcim.9b00373
https://doi.org/10.1186/1471-2105-11-545
https://doi.org/10.1021/acs.jcim.5b00259
https://doi.org/10.1186/s13321-017-0216-0
https://doi.org/10.1186/s13321-017-0216-0
https://doi.org/10.1186/s13321-019-0371-6
https://doi.org/10.1186/s13321-019-0371-6
https://doi.org/10.1186/s13321-019-0354-7
https://doi.org/10.1186/s13321-019-0354-7
https://doi.org/10.1038/s41598-019-56773-5
https://doi.org/10.1038/s41598-019-56773-5
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c490::AID-JCC1%3e3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c490::AID-JCC1%3e3.0.CO;2-P
https://doi.org/10.1021/ci800130k
https://doi.org/10.1186/s13321-014-0037-3
https://doi.org/10.1021/jp003919d


646	 Journal of Computer-Aided Molecular Design (2023) 37:607–656

1 3

	 42.	 Watts KS, Dalal P, Murphy RB, Sherman W, Friesner RA, Shel-
ley JC (2010) ConfGen: a conformational search method for 
efficient generation of bioactive conformers. J Chem Inf Model 
50(4):534–546. https://​doi.​org/​10.​1021/​ci100​015j

	 43.	 Riniker S, Landrum GA (2015) Better informed distance geom-
etry: using what we know to improve conformation generation. 
J Chem Inf Model 55(12):2562–2574. https://​doi.​org/​10.​1021/​
acs.​jcim.​5b006​54

	 44.	 Forti F, Cavasotto CN, Orozco M, Barril X, Luque FJ (2012) 
A multilevel strategy for the exploration of the conforma-
tional flexibility of small molecules. J Chem Theory Comput 
8(5):1808–1819. https://​doi.​org/​10.​1021/​ct300​097s

	 45.	 Folmsbee D, Hutchison G (2021) Assessing conformer ener-
gies using electronic structure and machine learning methods. 
Int J Quantum Chem 121(1):e26381. https://​doi.​org/​10.​1002/​
qua.​26381

	 46.	 Gundertofte K, Palm J, Pettersson I, Stamvik A (1991) A com-
parison of conformational energies calculated by molecular 
mechanics (MM2(85), Sybyl 5.1, Sybyl 5.21, and ChemX) 
and semiempirical (AM1 and PM3) methods. J Comput Chem 
12(2):200–208. https://​doi.​org/​10.​1002/​jcc.​54012​0209

	 47.	 Hwang MJ, Stockfisch TP, Hagler AT (1994) Derivation of 
class II force fields. 2. Derivation and characterization of a 
class II force field, CFF93, for the alkyl functional group and 
alkane molecules. J Am Chem Soc 116(6):2515–2525. https://​
doi.​org/​10.​1021/​ja000​85a036

	 48.	 Gundertofte K, Liljefors T, Norrby PO, Pettersson I (1996) A 
comparison of conformational energies calculated by several 
molecular mechanics methods. J Comput Chem 17(4):429–
449. https://​doi.​org/​10.​1002/​(SICI)​1096-​987X(199603)​17:4%​
3c429::​AID-​JCC5%​3e3.0.​CO;2-W

	 49.	 Halgren TA (1996) Merck molecular force field. III. Molecular 
geometries and vibrational frequencies for MMFF94. J Comput 
Chem 17(5–6):553–586. https://​doi.​org/​10.​1002/​(SICI)​1096-​
987X(199604)​17:5/​6%​3c553::​AID-​JCC3%​3e3.0.​CO;2-T

	 50.	 Halgren TA (1999) MMFF VII. Characterization of MMFF94, 
MMFF94s, and other widely available force fields for confor-
mational energies and for intermolecular-interaction energies 
and geometries. J Comput Chem 20(7):730–748. https://​doi.​
org/​10.​1002/​(SICI)​1096-​987X(199905)​20:7%​3C730::​AID-​
JCC8%​3E3.0.​CO;2-T

	 51.	 Pérez S, Imberty A, Engelsen SB et al (1998) A comparison 
and chemometric analysis of several molecular mechanics 
force fields and parameter sets applied to carbohydrates. Car-
bohydr Res 314(3–4):141–155. https://​doi.​org/​10.​1016/​S0008-​
6215(98)​00305-X

	 52.	 Hemmingsen L, Madsen DE, Esbensen AL, Olsen L, Engelsen 
SB (2004) Evaluation of carbohydrate molecular mechanical 
force fields by quantum mechanical calculations. Carbohydr 
Res 339(5):937–948. https://​doi.​org/​10.​1016/j.​carres.​2003.​11.​
024

	 53.	 Arnason I, Thorarinsson GK, Matern E (1998) Conformations 
of silicon-containing rings. J Mol Struct Thoechem 454(1):91–
102. https://​doi.​org/​10.​1016/​S0166-​1280(98)​00234-6

	 54.	 Rasmussen TD, Ren P, Ponder JW, Jensen F (2007) Force field 
modeling of conformational energies: importance of multipole 
moments and intramolecular polarization. Int J Quantum Chem 
107(6):1390–1395. https://​doi.​org/​10.​1002/​qua.​21278

	 55.	 Kaminský J, Jensen F (2007) Force field modeling of amino 
acid conformational energies. J Chem Theory Comput 
3(5):1774–1788. https://​doi.​org/​10.​1021/​ct700​082f

	 56.	 Kaminský J, Jensen F (2016) Conformational interconversions 
of amino acid derivatives. J Chem Theory Comput 12(2):694–
705. https://​doi.​org/​10.​1021/​acs.​jctc.​5b009​11

	 57.	 Stortz CA, Johnson GP, French AD, Csonka GI (2009) Com-
parison of different force fields for the study of disaccharides. 

Carbohydr Res 344(16):2217–2228. https://​doi.​org/​10.​1016/j.​
carres.​2009.​08.​019

	 58.	 Kanal IY, Keith JA, Hutchison GR (2018) A sobering assess-
ment of small-molecule force field methods for low energy 
conformer predictions. Int J Quantum Chem. https://​doi.​org/​
10.​1002/​qua.​25512

	 59.	 Folmsbee D, Hutchison G (2021) Assessing conformer ener-
gies using electronic structure and machine learning methods. 
Int J Quantum Chem. https://​doi.​org/​10.​1002/​qua.​26381

	 60.	 Terhorst JP, Jorgensen WL (2010) E/Z energetics for molecular 
modeling and design. J Chem Theory Comput 6(9):2762–2769. 
https://​doi.​org/​10.​1021/​ct100​4017

	 61.	 Lewis-Atwell T, Townsend PA, Grayson MN (2021) Compari-
sons of different force fields in conformational analysis and 
searching of organic molecules: a review. Tetrahedron. https://​
doi.​org/​10.​1016/j.​tet.​2020.​131865

	 62.	 Riplinger C, Sandhoefer B, Hansen A, Neese F (2013) Natural 
triple excitations in local coupled cluster calculations with pair 
natural orbitals. J Chem Phys 139:134101. https://​doi.​org/​10.​
1063/1.​48218​34

	 63.	 Wappett DA, Goerigk L (2019) Toward a quantum-chemical 
benchmark set for enzymatically catalyzed reactions: important 
steps and insights. J Phys Chem A 123(32):7057–7074. https://​
doi.​org/​10.​1021/​acs.​jpca.​9b050​88

	 64.	 Marianski M, Supady A, Ingram T, Schneider M, Baldauf C 
(2016) Assessing the accuracy of across-the-scale methods 
for predicting carbohydrate conformational energies for the 
examples of glucose and α-maltose. J Chem Theory Comput 
12(12):6157–6168. https://​doi.​org/​10.​1021/​acs.​jctc.​6b008​76

	 65.	 Řezáč J, Bím D, Gutten O, Rulíšek L (2018) Toward accurate 
conformational energies of smaller peptides and medium-sized 
macrocycles: MPCONF196 benchmark energy data set. J Chem 
Theory Comput 14(3):1254–1266. https://​doi.​org/​10.​1021/​acs.​
jctc.​7b010​74

	 66.	 Sameera WMC, Pantazis DA (2012) A hierarchy of methods for 
the energetically accurate modeling of isomerism in monosac-
charides. J Chem Theory Comput 8(8):2630–2645. https://​doi.​
org/​10.​1021/​ct300​2305

	 67.	 Liakos DG, Guo Y, Neese F (2020) Comprehensive benchmark 
results for the domain based local pair natural orbital coupled 
cluster method (DLPNO-CCSD(T)) for closed- and open-shell 
systems. J Phys Chem A 124(1):90–100. https://​doi.​org/​10.​1021/​
acs.​jpca.​9b057​34

	 68.	 Cavasin AT, Hillisch A, Uellendahl F, Schneckener S, Göller 
AH (2018) Reliable and performant identification of low-energy 
conformers in the gas phase and water. J Chem Inf Model 
58(5):1005–1020. https://​doi.​org/​10.​1021/​acs.​jcim.​8b001​51

	 69.	 Ebejer JP, Morris GM, Deane CM (2012) Freely available con-
former generation methods: how good are they? J Chem Inf 
Model 52(5):1146–1158. https://​doi.​org/​10.​1021/​ci200​4658

	 70.	 Ruddigkeit L, van Deursen R, Blum LC, Reymond JL (2012) 
Enumeration of 166 billion organic small molecules in the chem-
ical universe database GDB-17. J Chem Inf Model 52(11):2864–
2875. https://​doi.​org/​10.​1021/​ci300​415d

	 71.	 Narayanan B, Redfern PC, Assary RS, Curtiss LA (2019) Accu-
rate quantum chemical energies for 133 000 organic molecules. 
Chem Sci 10(31):7449–7455. https://​doi.​org/​10.​1039/​C9SC0​
2834J

	 72.	 Nakata M, Shimazaki T, Hashimoto M, Maeda T (2020) 
PubChemQC PM6: data sets of 221 million molecules with opti-
mized molecular geometries and electronic properties. J Chem 
Inf Model 60(12):5891–5899. https://​doi.​org/​10.​1021/​acs.​jcim.​
0c007​40

	 73.	 Devereux C, Smith JS, Huddleston KK et al (2020) Extending 
the applicability of the ANI deep learning molecular potential to 

https://doi.org/10.1021/ci100015j
https://doi.org/10.1021/acs.jcim.5b00654
https://doi.org/10.1021/acs.jcim.5b00654
https://doi.org/10.1021/ct300097s
https://doi.org/10.1002/qua.26381
https://doi.org/10.1002/qua.26381
https://doi.org/10.1002/jcc.540120209
https://doi.org/10.1021/ja00085a036
https://doi.org/10.1021/ja00085a036
https://doi.org/10.1002/(SICI)1096-987X(199603)17:4%3c429::AID-JCC5%3e3.0.CO;2-W
https://doi.org/10.1002/(SICI)1096-987X(199603)17:4%3c429::AID-JCC5%3e3.0.CO;2-W
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c553::AID-JCC3%3e3.0.CO;2-T
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c553::AID-JCC3%3e3.0.CO;2-T
https://doi.org/10.1002/(SICI)1096-987X(199905)20:7%3C730::AID-JCC8%3E3.0.CO;2-T
https://doi.org/10.1002/(SICI)1096-987X(199905)20:7%3C730::AID-JCC8%3E3.0.CO;2-T
https://doi.org/10.1002/(SICI)1096-987X(199905)20:7%3C730::AID-JCC8%3E3.0.CO;2-T
https://doi.org/10.1016/S0008-6215(98)00305-X
https://doi.org/10.1016/S0008-6215(98)00305-X
https://doi.org/10.1016/j.carres.2003.11.024
https://doi.org/10.1016/j.carres.2003.11.024
https://doi.org/10.1016/S0166-1280(98)00234-6
https://doi.org/10.1002/qua.21278
https://doi.org/10.1021/ct700082f
https://doi.org/10.1021/acs.jctc.5b00911
https://doi.org/10.1016/j.carres.2009.08.019
https://doi.org/10.1016/j.carres.2009.08.019
https://doi.org/10.1002/qua.25512
https://doi.org/10.1002/qua.25512
https://doi.org/10.1002/qua.26381
https://doi.org/10.1021/ct1004017
https://doi.org/10.1016/j.tet.2020.131865
https://doi.org/10.1016/j.tet.2020.131865
https://doi.org/10.1063/1.4821834
https://doi.org/10.1063/1.4821834
https://doi.org/10.1021/acs.jpca.9b05088
https://doi.org/10.1021/acs.jpca.9b05088
https://doi.org/10.1021/acs.jctc.6b00876
https://doi.org/10.1021/acs.jctc.7b01074
https://doi.org/10.1021/acs.jctc.7b01074
https://doi.org/10.1021/ct3002305
https://doi.org/10.1021/ct3002305
https://doi.org/10.1021/acs.jpca.9b05734
https://doi.org/10.1021/acs.jpca.9b05734
https://doi.org/10.1021/acs.jcim.8b00151
https://doi.org/10.1021/ci2004658
https://doi.org/10.1021/ci300415d
https://doi.org/10.1039/C9SC02834J
https://doi.org/10.1039/C9SC02834J
https://doi.org/10.1021/acs.jcim.0c00740
https://doi.org/10.1021/acs.jcim.0c00740


647Journal of Computer-Aided Molecular Design (2023) 37:607–656	

1 3

sulfur and halogens. J Chem Theory Comput 16(7):4192–4202. 
https://​doi.​org/​10.​1021/​acs.​jctc.​0c001​21

	 74.	 Hawkins PCD (2017) Conformation generation: the state of the 
art. J Chem Inf Model 57(8):1747–1756. https://​doi.​org/​10.​1021/​
acs.​jcim.​7b002​21

	 75.	 Friedrich NO, Meyder A, De Bruyn KC et al (2017) High-quality 
dataset of protein-bound ligand conformations and its application 
to benchmarking conformer ensemble generators. J Chem Inf 
Model 57(3):529–539. https://​doi.​org/​10.​1021/​acs.​jcim.​6b006​13

	 76.	 Riplinger C, Neese F (2013) An efficient and near linear scaling 
pair natural orbital based local coupled cluster method. J Chem 
Phys 138(3):034106. https://​doi.​org/​10.​1063/1.​47735​81

	 77.	 Allinger NL, Yuh YH, Lii JH (1989) Molecular mechanics. 
The MM3 force field for hydrocarbons. 1. J Am Chem Soc 
111(23):8551–8566

	 78.	 Lii JH, Allinger NL (1998) Directional hydrogen bonding in the 
MM3 force field: II. J Comput Chem 19:1001–1016. https://​doi.​
org/​10.​1002/​(SICI)​1096-​987X(19980​715)​19:9%​3c100​1::​AID-​
JCC2%​3e3.0.​CO;2-U

	 79.	 Shim JY, Allinger NL, Bowen JP (1996) Molecular mechanics 
(MM3) conformational studies of cyclic and acyclic monochloro-
alkanes. J Org Chem 61(26):9245–9252. https://​doi.​org/​10.​1021/​
jo960​623o

	 80.	 Allinger NL, Chen KH, Lii JH, Durkin KA (2003) Alcohols, 
ethers, carbohydrates, and related compounds. I. The MM4 force 
field for simple compounds. J Comput Chem 24(12):1447–1472. 
https://​doi.​org/​10.​1002/​jcc.​10268

	 81.	 Lii JH (2002) Molecular mechanics (MM4) studies of carboxylic 
acids, esters, and lactones. J Phys Chem A 106(37):8667–8679. 
https://​doi.​org/​10.​1021/​jp014​2029

	 82.	 Chen K, Lii J, Fan Y, Allinger NL (2007) Molecular mechanics 
(MM4) study of amines. J Comput Chem 28(15):2391–2412. 
https://​doi.​org/​10.​1002/​jcc.​20737

	 83.	 Allinger NL, Chung DY (1976) Conformational analysis. 118. 
Application of the molecular-mechanics method to alcohols and 
ethers. J Am Chem Soc 98(22):6798–6803. https://​doi.​org/​10.​
1021/​ja004​38a004

	 84.	 Schaefer HF, Jorgensen WL (2021) A reflection on Norman 
Louis Allinger. J Chem Theory Comput. https://​doi.​org/​10.​1021/​
acs.​jctc.​1c002​52

	 85.	 Hocquet A, Langgård M (1998) An evaluation of the MM+ force 
field. J Mol Model 4(3):94–112. https://​doi.​org/​10.​1007/​s0089​
40050​128

	 86.	 Allinger NL (1977) Conformational analysis. 130. MM2. A 
hydrocarbon force field utilizing V1 and V2 torsional terms. J 
Am Chem Soc 99(25):8127–8134. https://​doi.​org/​10.​1021/​ja004​
67a001

	 87.	 Rappe AK, Casewit CJ, Colwell KS, Goddard WA, Skiff WM 
(1992) UFF, a full periodic table force field for molecular 
mechanics and molecular dynamics simulations. J Am Chem 
Soc 114(25):10024–10035. https://​doi.​org/​10.​1021/​ja000​51a040

	 88.	 Mayo SL, Olafson BD, Goddard WA (1990) DREIDING: 
a generic force field for molecular simulations. J Phys Chem 
94(26):8897–8909. https://​doi.​org/​10.​1021/​j1003​89a010

	 89.	 Risch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, 
Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin KN, Burant 
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B, 
Cossi M, Scalmani G, Re JA (2007) Gaussian 03. Gaussian, Inc., 
Wallingford

	 90.	 Dunning TH (1989) Gaussian basis sets for use in correlated 
molecular calculations. I. The atoms boron through neon and 
hydrogen. J Chem Phys 90(2):1007–1023. https://​doi.​org/​10.​
1063/1.​456153

	 91.	 Woon DE, Dunning TH (1993) Gaussian basis sets for use in cor-
related molecular calculations. III. The atoms aluminum through 

argon. J Chem Phys 98(2):1358–1371. https://​doi.​org/​10.​1063/1.​
464303

	 92.	 Wilson AK, Woon DE, Peterson KA, Dunning TH (1999) Gauss-
ian basis sets for use in correlated molecular calculations. IX. 
The atoms gallium through krypton. J Chem Phys 110:7667–
7676. https://​doi.​org/​10.​1063/1.​478678

	 93.	 Zhong S, Barnes EC, Petersson GA (2008) Uniformly convergent 
n-tuple-augmented polarized (nZaP) basis sets for complete basis 
set extrapolations. I. Self-consistent field energies. J Chem Phys 
129:184116. https://​doi.​org/​10.​1063/1.​30096​51

	 94.	 Neese F, Valeev EF (2011) Revisiting the atomic natural orbital 
approach for basis sets: robust systematic basis sets for explic-
itly correlated and conventional correlated ab initio methods? 
J Chem Theory Comput 7(1):33–43. https://​doi.​org/​10.​1021/​
ct100​396y

	 95.	 Truhlar DG (1998) Basis-set extrapolation. Chem Phys Lett 
294(1–3):45–48. https://​doi.​org/​10.​1016/​S0009-​2614(98)​
00866-5

	 96.	 Weigend F, Köhn A, Hättig C (2002) Efficient use of the cor-
relation consistent basis sets in resolution of the identity MP2 
calculations. J Chem Phys 116(8):3175–3183. https://​doi.​org/​10.​
1063/1.​14451​15

	 97.	 Neese F (2018) Software update: the ORCA program system, 
version 4.0. WIREs Comput Mol Sci 8(1):e1327. https://​doi.​org/​
10.​1002/​wcms.​1327

	 98.	 Altun A, Neese F, Bistoni G (2020) Extrapolation to the limit 
of a complete pair natural orbital space in local coupled-cluster 
calculations. J Chem Theory Comput 16:6142–6149. https://​doi.​
org/​10.​1021/​acs.​jctc.​0c003​44

	 99.	 Drosou M, Mitsopoulou CA, Pantazis DA (2022) Reconcil-
ing local coupled cluster with multireference approaches for 
transition metal spin-state energetics. J Chem Theory Comput 
18:3538–3548. https://​doi.​org/​10.​1021/​acs.​jctc.​2c002​65

	100.	 Drosou M, Mitsopoulou CA, Pantazis DA (2021) Spin-state ener-
getics of manganese spin crossover complexes: comparison of 
single-reference and multi-reference ab initio approaches. Poly-
hedron 208:115399. https://​doi.​org/​10.​1016/j.​poly.​2021.​115399

	101.	 Drosou M, Pantazis DA (2021) Redox isomerism in the S3 state 
of the oxygen-evolving complex resolved by coupled cluster 
theory. Chem Eur J 27:12815–12825. https://​doi.​org/​10.​1002/​
chem.​20210​1567

	102.	 Mielczarek DC, Nait Saidi C, Paricaud P, Catoire L (2019) Gen-
eralized prediction of enthalpies of formation using DLPNO-
CCSD(T) ab initio calculations for molecules containing the 
elements H, C, N, O, F, S, Cl. Br J Comput Chem 40:768–793. 
https://​doi.​org/​10.​1002/​jcc.​25763

	103.	 Andersen L, Berg U, Pettersson I (1985) Static and dynamic 
stereochemistry of tetra(primary alkyl)ethylenes. J Org Chem 
50(4):493–499. https://​doi.​org/​10.​1021/​jo002​04a014

	104.	 Locke JM, Crumbie RL, Griffith R, Bailey TD, Boyd S, Roberts 
JD (2007) Probing molecular shape. 1. Conformational studies 
of 5-hydroxyhexahydropyrimidine and related compounds. J Org 
Chem 72(11):4156–4162. https://​doi.​org/​10.​1021/​jo070​486

	105.	 Bryantsev VS, Diallo MS, Goddard WA (2007) pKa calcula-
tions of aliphatic amines, diamines, and aminoamides via density 
functional theory with a Poisson–Boltzmann continuum solvent 
model. J Phys Chem A 111(20):4422–4430. https://​doi.​org/​10.​
1021/​jp071​040t

	106.	 Sorensen JB, Anita H, Lewin AH, Bowen JP (2001) Ab initio and 
molecular mechanics (MM3) calculations of protonated–neutral 
diamine hydrogen bonds. J Org Chem 66(12):4105–4114. https://​
doi.​org/​10.​1021/​jo000​610h

	107.	 French AD, Johnson GP, Kelterer A-M, Dowd MK, Cramer CJ 
(2002) Quantum mechanics studies of the intrinsic conformation 
of trehalose. J Phys Chem A 106(19):4988–4997. https://​doi.​org/​
10.​1021/​jp020​126d

https://doi.org/10.1021/acs.jctc.0c00121
https://doi.org/10.1021/acs.jcim.7b00221
https://doi.org/10.1021/acs.jcim.7b00221
https://doi.org/10.1021/acs.jcim.6b00613
https://doi.org/10.1063/1.4773581
https://doi.org/10.1002/(SICI)1096-987X(19980715)19:9%3c1001::AID-JCC2%3e3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-987X(19980715)19:9%3c1001::AID-JCC2%3e3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-987X(19980715)19:9%3c1001::AID-JCC2%3e3.0.CO;2-U
https://doi.org/10.1021/jo960623o
https://doi.org/10.1021/jo960623o
https://doi.org/10.1002/jcc.10268
https://doi.org/10.1021/jp0142029
https://doi.org/10.1002/jcc.20737
https://doi.org/10.1021/ja00438a004
https://doi.org/10.1021/ja00438a004
https://doi.org/10.1021/acs.jctc.1c00252
https://doi.org/10.1021/acs.jctc.1c00252
https://doi.org/10.1007/s008940050128
https://doi.org/10.1007/s008940050128
https://doi.org/10.1021/ja00467a001
https://doi.org/10.1021/ja00467a001
https://doi.org/10.1021/ja00051a040
https://doi.org/10.1021/j100389a010
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.478678
https://doi.org/10.1063/1.3009651
https://doi.org/10.1021/ct100396y
https://doi.org/10.1021/ct100396y
https://doi.org/10.1016/S0009-2614(98)00866-5
https://doi.org/10.1016/S0009-2614(98)00866-5
https://doi.org/10.1063/1.1445115
https://doi.org/10.1063/1.1445115
https://doi.org/10.1002/wcms.1327
https://doi.org/10.1002/wcms.1327
https://doi.org/10.1021/acs.jctc.0c00344
https://doi.org/10.1021/acs.jctc.0c00344
https://doi.org/10.1021/acs.jctc.2c00265
https://doi.org/10.1016/j.poly.2021.115399
https://doi.org/10.1002/chem.202101567
https://doi.org/10.1002/chem.202101567
https://doi.org/10.1002/jcc.25763
https://doi.org/10.1021/jo00204a014
https://doi.org/10.1021/jo070486
https://doi.org/10.1021/jp071040t
https://doi.org/10.1021/jp071040t
https://doi.org/10.1021/jo000610h
https://doi.org/10.1021/jo000610h
https://doi.org/10.1021/jp020126d
https://doi.org/10.1021/jp020126d


648	 Journal of Computer-Aided Molecular Design (2023) 37:607–656

1 3

	108.	 Allinger NL, Fan Y (1993) Molecular mechanics calculations 
(MM3) on sulfones. J Comput Chem 14(6):655–666. https://​doi.​
org/​10.​1002/​jcc.​54014​0605

	109.	 Curl RF Jr (1959) Microwave spectrum, barrier to internal rota-
tion, and structure of methyl formate. J Chem Phys 30(6):1529–
1536. https://​doi.​org/​10.​1063/1.​17302​32

	110.	 Todebush PM, Liang G, Bowen JP (2002) Molecular mechan-
ics (MM4) force field development for phosphine and its alkyl 
derivatives. Chirality 14(2–3):220–231. https://​doi.​org/​10.​1002/​
chir.​10066

	111.	 Tobias DJ, Brooks CL III (1992) Conformational equilibrium in 
the alanine dipeptide in the gas phase and aqueous solution: a 
comparison of theoretical results. J Phys Chem 96(9):3864–3870. 
https://​doi.​org/​10.​1021/​j1001​88a054

	112.	 Dragojlovic V (2015) Conformational analysis of cycloalkanes. 
ChemTexts 1:14. https://​doi.​org/​10.​1007/​s40828-​015-​0014-0

	113.	 Murphy WF, Fernández-Sánchez JM, Raghavachari K (1991) 
Harmonic force field and Raman scattering intensity parameters 
of n-butane. J Phys Chem 95(3):1124–1139. https://​doi.​org/​10.​
1021/​j1001​56a020

	114.	 Herrebout WA, Van Der Veken BJ, Wang A, Durig JR (1995) 
Enthalpy difference between conformers of n-butane and the 
potential function governing conformational interchange. J Phys 
Chem 99(2):578–585. https://​doi.​org/​10.​1021/​j1000​02a020

	115.	 Hüttner W, Majer W, Kästle H (1989) Ground-state rotational 
spectrum and spectroscopic parameters of the gauche butane con-
former. Mol Phys 67(1):131–140. https://​doi.​org/​10.​1080/​00268​
97890​01009​61

	116.	 Verma AL, Murphy WF, Bernstein HJ (1974) Rotational isom-
erism. XI. Raman spectra of n-butane, 2-methylbutane, and 
2,3-dimethylbutane. J Chem Phys 60(4):1540–1544. https://​doi.​
org/​10.​1063/1.​16812​28

	117.	 Freitas MP, Rittner R (2007) Is there a general rule for the gauche 
effect in the conformational isomerism of 1,2-disubstituted 
ethanes? J Phys Chem A 111(30):7233–7236. https://​doi.​org/​
10.​1021/​jp072​8196

	118.	 Pophristic V, Goodman L (2001) Hyperconjugation not steric 
repulsion leads to the staggered structure of ethane. Nature 
411:565–568. https://​doi.​org/​10.​1038/​35079​036

	119.	 Bickelhaupt FM, Baerend EJ (2003) The case for steric repulsion 
causing the staggered conformation of ethane. Angew Chem Int 
Ed 42:4183–4188. https://​doi.​org/​10.​1002/​anie.​20035​0947

	120.	 Weinhold F (2003) Rebuttal to the Bickelhaupt-Baerends case for 
steric repulsion causing the staggered conformation of ethane. 
Angew Chem Int Ed 42:4188–4194. https://​doi.​org/​10.​1002/​anie.​
20035​1777

	121.	 Mo Y, Wu W, Song L, Lin M, Zhang Q, Gao J (2004) The mag-
nitude of hyperconjugation in ethane: a perspective from ab initio 
valence bond theory. Angew Chem Int Ed 43:1986–1990. https://​
doi.​org/​10.​1002/​anie.​20035​2931

	122.	 Mo Y (2010) A critical analysis on the rotation barriers in butane. 
J Org Chem 75(8):2733–2736. https://​doi.​org/​10.​1021/​jo100​
1164

	123.	 Cormanich RA, Freitas MP (2009) A theoretical view on the con-
former stabilization of butane. J Org Chem 74(21):8384–8387. 
https://​doi.​org/​10.​1021/​jo901​705p

	124.	 Lunazzi L, Macciantelli D, Bernardi F, Ingold KU (1977) 
Conformational studies by dynamic NMR. 7.1 Stereochemical 
processes in 2,3-dimethylbutane. J Am Chem Soc 99(14):4573–
4576. https://​doi.​org/​10.​1021/​ja004​56a006

	125.	 Ritter W, Hull W, Cantow HJ (1978) Determination of the most 
stable conformers of branched alkanes by 13C-NMR spectros-
copy at very low temperatures. Tetrahedron Lett 19(34):3093–
3096. https://​doi.​org/​10.​1016/​S0040-​4039(01)​94951-2

	126.	 Anderson JE (2006) Conformational analysis of acyclic and ali-
cyclic saturated hydrocarbons. In: Patai S, Rappoport Z (eds) 

The chemistry of alkanes and cycloalkanes. Wiley, Chichester. 
https://​doi.​org/​10.​1002/​04700​34378.​ch3

	127.	 Wu F, Chen X, Shan X, Tian SX, Li Z, Xu K (2008) Conforma-
tional stability of 1-butene: an electron momentum spectroscopy 
investigation. J Phys Chem A 112(18):4360–4366. https://​doi.​
org/​10.​1021/​jp710​757y

	128.	 Nevins N, Chen K, Allinger NL (1996) Molecular mechanics 
(MM4) calculations on alkenes. J Comput Chem 17(5–6):669–
694. https://​doi.​org/​10.​1002/​(SICI)​1096-​987X(199604)​17:5/​6%​
3c669::​AID-​JCC7%​3e3.0.​CO;2-S

	129.	 Silva Lopez C, Nieto Faza O, De Proft F, Kolocouris A (2016) 
Assessing the attractive/repulsive force balance in axial 
cyclohexane C-Hax···Yax contacts: a combined computational 
analysis in monosubstituted cyclohexanes. J Comput Chem 
37:2647–2658. https://​doi.​org/​10.​1002/​jcc.​24496

	130.	 Grimme S, Antony J, Ehrlich S, Krieg H (2010) A consistent 
and accurate ab initio parametrization of density functional 
dispersion correction (DFT-D) for the 94 elements H-Pu. J 
Chem Phys 132(15):154104. https://​doi.​org/​10.​1063/1.​33823​
44

	131.	 North AM, Pethrick RA, Wilson AD (1974) Infrared and 
Raman studies of phenyl substituted ethanes. Spectrochim Acta 
A 30(6):1317–1327. https://​doi.​org/​10.​1016/​0584-​8539(74)​
80117-0

	132.	 Horn A, Klaeboe P, Jordanov B, Nielsen CJ, Aleksa V (2004) 
Vibrational spectra, conformational equilibrium and ab initio cal-
culations of 1,2-diphenylethane. J Mol Struct 695–696:77–94. 
https://​doi.​org/​10.​1016/j.​molst​ruc.​2003.​11.​042

	133.	 Martin-Drumel MA, Pirali O, Falvo C et al (2014) Low-energy 
vibrational spectra of flexible diphenyl molecules: biphenyl, 
diphenylmethane, bibenzyl and 2-, 3- and 4-phenyltoluene. Phys 
Chem Chem Phys 16:22062–22072. https://​doi.​org/​10.​1039/​
c4cp0​3278k

	134.	 Shen Q (1998) The molecular structure of 1,2-diphenylethane 
as determined by gas-phase electron diffraction. J Mol Struct 
471(1–3):57–61. https://​doi.​org/​10.​1016/​S0022-​2860(98)​
00392-5

	135.	 Latouche C, Barone V (2014) Computational chemistry meets 
experiments for explaining the behavior of bibenzyl: a thermo-
chemical and spectroscopic (infrared, Raman, and NMR) inves-
tigation. J Chem Theory Comput 10(12):5586–5592. https://​doi.​
org/​10.​1021/​ct500​930b

	136.	 Grilli S, Lunazzi L, Mazzanti A, Pinamonti M, Anderson JE, 
Ramana CV, Koranne PS, Gurjar MK (2002) Conformational 
studies by dynamic NMR. 91.1 Conformational stereodynamics 
of tetraethylmethane and analogous C(CH2X)4 compounds. J Org 
Chem 67(18):6387–6394. https://​doi.​org/​10.​1021/​jo025​984k

	137.	 Bushweller CH, Anderson WG, Goldberg MJ, Gabriel MW, Gil-
liom LR, Mislow K (1980) Alkane stereodynamics: nuclear mag-
netic resonance and empirical force field studies of 2,2,3,3-tetra-
methylpentane and 3,3,4,4-tetramethylhexane. J Org Chem 
45(19):3880–3884. https://​doi.​org/​10.​1021/​jo013​07a029

	138.	 Carter RE, Nilsson B, Olsson K (1975) Barriers to internal rota-
tion in 1,3,5-trineopentylbenzenes. VII. Evidence for attractive 
steric effects. J Am Chem Soc 97(21):6155–6159. https://​doi.​org/​
10.​1021/​ja008​54a033

	139.	 Squillacote M, Sheridan RS, Chapman OL, Anet FAL (1975) 
Spectroscopic detection of the twist-boat conformation of 
cyclohexane. Direct measurement of the free energy differ-
ence between the chair and the twist-boat. J Am Chem Soc 
97(11):3244–3246. https://​doi.​org/​10.​1021/​ja008​44a068

	140.	 Anet FAL, Haq MZ (1965) Ring inversion in cyclohexene. J 
Am Chem Soc 87(14):3147–3150. https://​doi.​org/​10.​1021/​ja010​
92a025

	141.	 Anet FAL, Freedberg DI, Storer JW, Houk KN (1992) On the 
potential energy surface for ring inversion in cyclohexene and 

https://doi.org/10.1002/jcc.540140605
https://doi.org/10.1002/jcc.540140605
https://doi.org/10.1063/1.1730232
https://doi.org/10.1002/chir.10066
https://doi.org/10.1002/chir.10066
https://doi.org/10.1021/j100188a054
https://doi.org/10.1007/s40828-015-0014-0
https://doi.org/10.1021/j100156a020
https://doi.org/10.1021/j100156a020
https://doi.org/10.1021/j100002a020
https://doi.org/10.1080/00268978900100961
https://doi.org/10.1080/00268978900100961
https://doi.org/10.1063/1.1681228
https://doi.org/10.1063/1.1681228
https://doi.org/10.1021/jp0728196
https://doi.org/10.1021/jp0728196
https://doi.org/10.1038/35079036
https://doi.org/10.1002/anie.200350947
https://doi.org/10.1002/anie.200351777
https://doi.org/10.1002/anie.200351777
https://doi.org/10.1002/anie.200352931
https://doi.org/10.1002/anie.200352931
https://doi.org/10.1021/jo1001164
https://doi.org/10.1021/jo1001164
https://doi.org/10.1021/jo901705p
https://doi.org/10.1021/ja00456a006
https://doi.org/10.1016/S0040-4039(01)94951-2
https://doi.org/10.1002/0470034378.ch3
https://doi.org/10.1021/jp710757y
https://doi.org/10.1021/jp710757y
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c669::AID-JCC7%3e3.0.CO;2-S
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c669::AID-JCC7%3e3.0.CO;2-S
https://doi.org/10.1002/jcc.24496
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1016/0584-8539(74)80117-0
https://doi.org/10.1016/0584-8539(74)80117-0
https://doi.org/10.1016/j.molstruc.2003.11.042
https://doi.org/10.1039/c4cp03278k
https://doi.org/10.1039/c4cp03278k
https://doi.org/10.1016/S0022-2860(98)00392-5
https://doi.org/10.1016/S0022-2860(98)00392-5
https://doi.org/10.1021/ct500930b
https://doi.org/10.1021/ct500930b
https://doi.org/10.1021/jo025984k
https://doi.org/10.1021/jo01307a029
https://doi.org/10.1021/ja00854a033
https://doi.org/10.1021/ja00854a033
https://doi.org/10.1021/ja00844a068
https://doi.org/10.1021/ja01092a025
https://doi.org/10.1021/ja01092a025


649Journal of Computer-Aided Molecular Design (2023) 37:607–656	

1 3

related molecules. J Am Chem Soc 114(27):10969–10971. 
https://​doi.​org/​10.​1021/​ja000​53a048

	142.	 Anet FAL, Basus VJ (1973) Detection of a crown family confor-
mation in cyclooctane by proton and carbon-13 nuclear magnetic 
resonance. J Am Chem Soc 95(13):4424–4426. https://​doi.​org/​
10.​1021/​ja007​94a051

	143.	 Chen K-H, Lii J-H, Walker GA, Xie Y, Schaefer HF, Allinger 
NL (2006) Molecular mechanics (MM4) study of fluorinated 
hydrocarbons. Phys Chem A 110(22):7202–7227. https://​doi.​org/​
10.​1021/​jp060​430x

	144.	 Takahashi O, Yamasaki K, Kohno Y, Ueda K, Suezawa H, 
Nishio M (2007) Origin of the gauche preference of n-propyl 
halides and related molecules investigated by ab initio MO cal-
culations: importance of the CH/n hydrogen bond. Chem Phys 
Lett 440(1–3):64–69. https://​doi.​org/​10.​1016/j.​cplett.​2007.​04.​
013

	145.	 Takahashi O, Kohno Y, Nishio M (2010) Relevance of weak 
hydrogen bonds in the conformation of organic compounds 
and bioconjugates: evidence from recent experimental data and 
high-level ab initio MO calculations. Chem Rev 110(10):6049–
6076. https://​doi.​org/​10.​1021/​cr100​072x

	146.	 Durig JR, Godbey SE, Sullivan JF (1984) Far infrared and low 
frequency gas phase Raman spectra and conformational stability 
of the 1-halopropanes. J Chem Phys 80:5984. https://​doi.​org/​10.​
1063/1.​446679

	147.	 Herrebout WA, van der Veken BJ (1996) Solute−solvent inter-
actions in liquid noble gases as probed by the conformational 
equilibrium of some 1,2-disubstituted ethanes. J Phys Chem A 
100(23):9671–9677. https://​doi.​org/​10.​1021/​jp953​713q

	148.	 Goodman L, Sauers RR (2005) 1-Fluoropropane. Torsional 
potential surface. J Chem Theory Comput 1(6):1185–1192. 
https://​doi.​org/​10.​1021/​ct050​204b

	149.	 Chen K-H, Walker GA, Allinger NL (1999) A molecular mechan-
ics (MM3) study of fluorinated hydrocarbons. J Mol Struct Thoe-
chem 490(1–3):87–107. https://​doi.​org/​10.​1016/​S0166-​1280(99)​
00079-2

	150.	 Hirano T, Nonoyama S, Miyajima T, Kurita Y, Kawamura T, 
Sato H (1986) Gas-phase 19F and 1H high-resolution n.m.r. spec-
troscopy: application to the study of unperturbed conformational 
energies of 1,2-difluoroethane. J Chem Soc Chem Commun. 
https://​doi.​org/​10.​1039/​C3986​00006​06

	151.	 Borden WT (1998) Effects of electron donation into C-F σ* orbit-
als: explanations, predictions and experimental tests. Chem Com-
mun 18:1919–1925. https://​doi.​org/​10.​1039/​a8037​50g

	152.	 Wiberg KB, Murcko MA, Laidig KE, MacDougall PJ (1990) 
Origin of the gauche effect in substituted ethanes and ethenes. 
J Phys Chem 94(18):6956–6959. https://​doi.​org/​10.​1021/​j1003​
81a008

	153.	 Rablen PR, Hoffmann RW, Hrovat DA, Borden WT (1999) Is 
hyperconjugation responsible for the “gauche effect” in 1-fluo-
ropropane and other 2-substituted-1-fluoroethanes? J Chem Soc 
Perkin Trans 2. https://​doi.​org/​10.​1039/​A9019​74J

	154.	 Kveseth K (1975) Conformational analysis. 1. The temperature 
effect on the structure and composition of the rotational conform-
ers of 1,2-dichloroethane as studied by gas electron diffraction. 
Additional remarks. Acta Chem Scand A(29):307–311

	155.	 Thacker JCR, Popelier PLA (2018) Fluorine gauche effect 
explained by electrostatic polarization instead of hyperconjuga-
tion: an interacting quantum atoms (IQA) and relative energy 
gradient (REG) study. J Phys Chem A 122(5):1439–1450. https://​
doi.​org/​10.​1021/​acs.​jpca.​7b118​81

	156.	 Díaz N, Jiménez-Grávalos F, Suárez D, Francisco E, Martín-
Pendás Á (2019) Fluorine conformational effects character-
ized by energy decomposition analysis. Phys Chem Chem Phys 
21:25258–25275. https://​doi.​org/​10.​1039/​c9cp0​5009d

	157.	 Rodrigues SD, de Azevedo Santos L, Hamlin TA, Fonseca 
GC, Freitas MP, Bickelhaupt FM (2021) The gauche effect in 
XCH2CH2X revisited. ChemPhysChem 22:641–648. https://​doi.​
org/​10.​1002/​cphc.​20210​0090

	158.	 Thiehoff C, Rey YP, Gilmour R (2017) The fluorine gauche 
effect: a brief history. Isr J Chem 57:92. https://​doi.​org/​10.​1002/​
ijch.​20160​0038

	159.	 Holder AJ, Wertz DL (1988) Conformational energetics of 
1,3-dichloropropane as predicted by several calculations meth-
ods. J Comput Chem 9:684–688. https://​doi.​org/​10.​1002/​jcc.​
54009​0614

	160.	 Yan Z, Liu A, Huang M et al (2018) Design, synthesis, DFT 
study and antifungal activity of the derivatives of pyrazolecar-
boxamide containing thiazole or oxazole ring. Eur J Med Chem 
149:170–181. https://​doi.​org/​10.​1016/j.​ejmech.​2018.​02.​036

	161.	 Rydland T, Stølevik R (1983) Molecular mechanics calcula-
tions of conformational structures, energies and barrier heights 
in chloro-and bromoalkanes. J Mol Struct Thoechem 105(1–
2):157–168. https://​doi.​org/​10.​1016/​0166-​1280(83)​80042-6

	162.	 Durig JR, Zheng C, Qtaitat MA, Deng S, Guirgis GA (2003) 
Conformational stability from variable temperature infrared 
spectra of krypton solutions of 1,3-dichloropropane. J Mol 
Struct 657(1–3):357–373. https://​doi.​org/​10.​1016/​S0022-​
2860(03)​00454-X

	163.	 Grindheim S, Stølevik R, Nygaard L, Sørensen K (1976) Con-
formational analysis. XII. The structure of gaseous 1,3-dichlo-
ropropane, (CH2Cl)2CH2, as determined by electron diffrac-
tion and compared with molecular mechanics calculations. 
Acta Chem Scand. https://​doi.​org/​10.​3891/​acta.​chem.​scand.​
30a-​0625

	164.	 Wertz DL, Holder AJ (1987) Conformational study of liquid-
state 1,3-dichloropropane at 253 K using wide-angle X-ray 
scattering. J Phys Chem 91(13):3479–3482. https://​doi.​org/​10.​
1021/​j1002​97a005

	165.	 Wiberg KB, Hammer JD, Castejon H, Bailey WF, DeLeon EL, 
Jarret RM (1999) Conformational studies in the cyclohexane 
series. 1. Experimental and computational investigation of 
methyl, ethyl, isopropyl, and tert-butylcyclohexanes. J Org 
Chem 64(6):2085–2095. https://​doi.​org/​10.​1021/​jo990​056f

	166.	 Eliel EL, Manoharan M (1981) Conformational analysis. 40. 
Conformation of 1-methyl-1-phenylcyclohexane and confor-
mational energies of the phenyl and vinyl groups. J Org Chem 
46(9):1959–1962. https://​doi.​org/​10.​1021/​jo003​22a056

	167.	 Manoharan M, Eliel EL (1984) Conformation, in solution, of 
c-4-t-butyl-1-phenyl-r-1-(N-piperidyl)cyclohexane hydrochlo-
ride. The conformational energy of t-butyl. Tetrahedron Lett 
25(31):3267–3268. https://​doi.​org/​10.​1016/​S0040-​4039(01)​
81359-9

	168.	 Zheng C, Subramaniam S, Kalasinsky VF, Durig JR (2006) 
Raman and infrared studies supported by ab initio calculations 
for the determination of conformational stability, silyl rota-
tional barrier and structural parameters of cyclohexyl silane. J 
Mol Struct 785(1–3):143–159. https://​doi.​org/​10.​1016/j.​molst​
ruc.​2005.​09.​039

	169.	 Booth H, Jozefowicz ML (1976) The application of low tem-
perature 13C nuclear magnetic resonance spectroscopy to the 
determination of the A values of amino-, methylamino-, and 
dimethylamino-substituents in cyclohexane. J Chem Soc Perkin 
Trans 2 8:895–901. https://​doi.​org/​10.​1039/​P2976​00008​95

	170.	 Eliel EL, Reese MC (1968) Conformational analysis. XV. Con-
formational enthalpy, entropy, and free energy of the carboxyl, 
carboxylate, carbomethoxy, carbonyl chloride, and methyl 
ketone groups. J Am Chem Soc 90(6):1560–1566. https://​doi.​
org/​10.​1021/​ja010​08a029

	171.	 Scott DW (1967) Cyclohexanethiol and 2,4-dimethyl−3-
thiapentane:  molecular  vibrat ions,  conformational 

https://doi.org/10.1021/ja00053a048
https://doi.org/10.1021/ja00794a051
https://doi.org/10.1021/ja00794a051
https://doi.org/10.1021/jp060430x
https://doi.org/10.1021/jp060430x
https://doi.org/10.1016/j.cplett.2007.04.013
https://doi.org/10.1016/j.cplett.2007.04.013
https://doi.org/10.1021/cr100072x
https://doi.org/10.1063/1.446679
https://doi.org/10.1063/1.446679
https://doi.org/10.1021/jp953713q
https://doi.org/10.1021/ct050204b
https://doi.org/10.1016/S0166-1280(99)00079-2
https://doi.org/10.1016/S0166-1280(99)00079-2
https://doi.org/10.1039/C39860000606
https://doi.org/10.1039/a803750g
https://doi.org/10.1021/j100381a008
https://doi.org/10.1021/j100381a008
https://doi.org/10.1039/A901974J
https://doi.org/10.1021/acs.jpca.7b11881
https://doi.org/10.1021/acs.jpca.7b11881
https://doi.org/10.1039/c9cp05009d
https://doi.org/10.1002/cphc.202100090
https://doi.org/10.1002/cphc.202100090
https://doi.org/10.1002/ijch.201600038
https://doi.org/10.1002/ijch.201600038
https://doi.org/10.1002/jcc.540090614
https://doi.org/10.1002/jcc.540090614
https://doi.org/10.1016/j.ejmech.2018.02.036
https://doi.org/10.1016/0166-1280(83)80042-6
https://doi.org/10.1016/S0022-2860(03)00454-X
https://doi.org/10.1016/S0022-2860(03)00454-X
https://doi.org/10.3891/acta.chem.scand.30a-0625
https://doi.org/10.3891/acta.chem.scand.30a-0625
https://doi.org/10.1021/j100297a005
https://doi.org/10.1021/j100297a005
https://doi.org/10.1021/jo990056f
https://doi.org/10.1021/jo00322a056
https://doi.org/10.1016/S0040-4039(01)81359-9
https://doi.org/10.1016/S0040-4039(01)81359-9
https://doi.org/10.1016/j.molstruc.2005.09.039
https://doi.org/10.1016/j.molstruc.2005.09.039
https://doi.org/10.1039/P29760000895
https://doi.org/10.1021/ja01008a029
https://doi.org/10.1021/ja01008a029


650	 Journal of Computer-Aided Molecular Design (2023) 37:607–656

1 3

analyses, and chemical thermodynamic properties. J Chem 
Phys 46(3):1054–1062. https://​doi.​org/​10.​1063/1.​18407​68

	172.	 Gordon MD, Quin LD (1976) Phosphorus-31 nuclear magnetic 
resonance spectroscopy in the determination of conformational 
free energies of phosphorus groups on the cyclohexane ring. 
J Am Chem Soc 98(1):15–23. https://​doi.​org/​10.​1021/​ja004​
17a004

	173.	 Sin Chu P, True NS (1985) Gas-phase fluorine-19 NMR stud-
ies of ring inversion in cyclohexyl fluoride. J Phys Chem 
89(26):5613–5616. https://​doi.​org/​10.​1021/​j1002​72a010

	174.	 Scharpen LH (1972) Axial-equatorial energy difference in 
cyclohexyl fluoride from rotational transition intensity measure-
ments. J Am Chem Soc 94(11):3737–3739. https://​doi.​org/​10.​
1021/​ja007​66a011

	175.	 Durig JR, El Defrawy AM, Ward RM, Guirgis GA, Gounev 
TK (2008) Conformational stability of chlorocyclohexane from 
temperature-dependent FT-IR spectra of xenon solutions, r0 
structural parameters, and vibrational assignment. Struct Chem 
19(4):579–594. https://​doi.​org/​10.​1007/​s11224-​008-​9328-5

	176.	 Bugay DE, Hackett Bushweller C, Danehey CT Jr, Hoogasian 
S, Blersch JA, Leenstra WR (1989) Complementary IR/NMR 
approach for the determination of IR extinction coefficients and 
thermodynamic parameters for conformers in rapid equilib-
rium. The halocyclohexanes. J Phys Chem® 93(10):3908–3911. 
https://​doi.​org/​10.​1021/​j1003​47a010

	177.	 Eliel EL (1965) Conformational analysis in mobile cyclohexane 
systems. Angew Chem Int Ed Engl 4(9):761–774. https://​doi.​org/​
10.​1002/​anie.​19650​7611

	178.	 Ribeiro DS, Rittner R (2003) The role of hyperconjugation in the 
conformational analysis of methylcyclohexane and methylhetero-
cyclohexanes. J Org Chem 68(17):6780–6787. https://​doi.​org/​10.​
1021/​jo034​421l

	179.	 Belyakov AV, Baskakov AA, Ivanov AD, Garabadzhiu AV, Arna-
son I (2013) Conformational preferences of fluorocyclohexane 
and 1-fluoro-1-silacyclohexane molecules: ab initio study and 
NBO analysis. Struct Chem 24:763–768. https://​doi.​org/​10.​1007/​
s11224-​013-​0202-8

	180.	 Taddei F, Kleinpeter E (2004) The anomeric effect in substituted 
cyclohexanes. I. The role of hyperconjugative interactions and 
steric effect in monosubstituted cyclohexanes. J Mol Struct Theo-
chem 683(1–3):29–41. https://​doi.​org/​10.​1016/j.​theoc​hem.​2004.​
06.​010

	181.	 Kolocouris A (2009) C-Hax⋯Yax contacts in cyclohexane deriva-
tives revisited-identification of improper hydrogen-bonded con-
tacts. J Org Chem 74(5):1842–1849. https://​doi.​org/​10.​1021/​
jo801​835a

	182.	 Zervos N, Kolocouris A (2010) Improper hydrogen-bonded 
cyclohexane C-Hax⋯Yax contacts: experimental evidence from 
1H NMR spectroscopy of suitable axial cyclohexane models. 
Tetrahedron Lett 51(18):2453–2456. https://​doi.​org/​10.​1016/j.​
tetlet.​2010.​02.​170

	183.	 Solel E, Ruth M, Schreiner PR (2021) London dispersion helps 
refine steric A-values: dispersion energy donor scales. J Am 
Chem Soc 143(49):20837–20848. https://​doi.​org/​10.​1021/​jacs.​
1c092​22

	184.	 Marzabadi CH, Anderson JE, Gonzalez-Outeirino J, Gaffney 
PRJ, White CGH, Tocher DA, Todaro LJ (2003) Why are silyl 
ethers conformationally different from alkyl ethers? Chair–chair 
conformational equilibria in silyloxycyclohexanes and their 
dependence on the substituents on silicon. The wider roles of 
eclipsing, of 1,3-repulsive steric interactions. J Am Chem Soc 
125(49):15163–15173. https://​doi.​org/​10.​1021/​ja035​936x

	185.	 Souza FR, Freitas MP, Rittner R (2008) On the stereoelectronic 
effects governing the rotational isomerism of 1,2-di-haloethanes. 
J Mol Struct Thoechem 863(1–3):137–140. https://​doi.​org/​10.​
1016/j.​theoc​hem.​2008.​06.​003

	186.	 Richardson AD, Hedberg K, Karissa Utzat R, Bohn K, Duan JX, 
Dolbier WR (2006) Molecular structures and compositions of 
trans-1,2-dichlorocyclohexane and trans-1,2-difluorocyclohexane 
in the gas phase: an electron-diffraction investigation. J Phys 
Chem A 110(5):2053–2059. https://​doi.​org/​10.​1021/​jp055​476p

	187.	 Wiberg KB, Hinz W, Jarret RM, Aubrecht KB, Wiberg KB, Hinz 
W, Jarret RM, Aubrecht KB (2005) Conformational preferences 
for 1,2- and 1,4-difluorocyclohexane. J Org Chem 70(21):8381–
8384. https://​doi.​org/​10.​1021/​jo051​049w

	188.	 Finegold H (1964) NMR studies of asymmetric ethanic rota-
tors: 1,2-disubstituted propanes. J Chem Phys 41:1808. https://​
doi.​org/​10.​1063/1.​17261​61

	189.	 Hedberg K (1999) Conformational composition of gaseous 
trans-1,4-dichlorocyclohexane. Molecular structures and 
energy differences of the Aa and Ee components from gas-
phase electron diffraction and ab initio calculations. J Phys 
Chem A 103(38):7709–7714. https://​doi.​org/​10.​1021/​jp991​
4572

	190.	 Booth H, Grindley TB (1983) A direct determination of the 
position of equilibrium in trans-1,2-dimethylcyclohexane. J 
Chem Soc Chem Commun 18:1013–1014. https://​doi.​org/​10.​
1039/​c3983​00010​13

	191.	 Allinger NL, Miller MA (1961) Conformational analysis. XVII. 
The 1,3-diaxial methyl–methyl interaction. J Am Chem Soc 
83(9):2145–2146. https://​doi.​org/​10.​1021/​ja014​70a024

	192.	 Núñez R, Unwalla RJ, Cartledge FK, Cho SG, Riches BH, 
Glenn MP, Hungerford NL, Lambert LK, Brecknell DJ, Kitch-
ing W (1997) Conformational analysis of the cis- and trans-1,2-
bis(trimethylsilyl)cyclohexanes (BTMSC): molecular mechan-
ics calculations and nuclear magnetic resonance spectroscopy. 
A preferred diaxial conformation for the trans-isomer. J Chem 
Soc Perkin Trans 2. https://​doi.​org/​10.​1039/​A6075​63K

	193.	 Pettersson M, Lundell J, Khriachtchev L, Rasanen M (1997) IR 
spectrum of the other rotamer of formic acid, cis-HCOOH. J Am 
Chem Soc 119(48):11715–11716. https://​doi.​org/​10.​1021/​ja972​
362l

	194.	 Vanommeslaeghe K, Hatcher E, Acharya C et  al (2010) 
CHARMM general force field: a force field for drug-like mol-
ecules compatible with the CHARMM all-atom additive biologi-
cal force fields. J Comput Chem 31:671–690. https://​doi.​org/​10.​
1002/​jcc.​21367

	195.	 Marushkevich K, Khriachtchev L, Lundell J, Domanskaya AV, 
Räsänen M (2010) Vibrational spectroscopy of trans and cis 
deuterated formic acid (HCOOD): anharmonic calculations 
and experiments in argon and neon matrices. J Mol Spectrosc 
259(2):105–110. https://​doi.​org/​10.​1016/j.​jms.​2009.​12.​001

	196.	 Hocking WH (1976) The other rotamer of formic acid, cis-
HCOOH. Z Naturforsch Sect A J Phys Sci 31(9):1113–1121. 
https://​doi.​org/​10.​1515/​zna-​1976-​0919

	197.	 Blom CE, Günthard HH (1981) Rotational isomerism in methyl 
formate and methyl acetate; a low-temperature matrix infra-
red study using thermal molecular beams. Chem Phys Lett 
84(2):267–271. https://​doi.​org/​10.​1016/​0009-​2614(81)​80342-9

	198.	 Grindley TB (1982) Conformational populations and rotational 
barriers in esters. Tetrahedron Lett 23(17):1757–1760. https://​
doi.​org/​10.​1016/​S0040-​4039(00)​86733-7

	199.	 Wiberg KB, Wong MW (1993) Solvent effects. 4. Effect of sol-
vent on the E/Z energy difference for methyl formate and methyl 
acetate. J Am Chem Soc 115(3):1078–1084. https://​doi.​org/​10.​
1021/​ja000​56a036

	200.	 Giubertoni G, Sofronov OO, Bakker HJ (2019) Observation of 
distinct carboxylic acid conformers in aqueous solution. J Phys 
Chem Lett 10(12):3217–3222. https://​doi.​org/​10.​1021/​acs.​jpcle​
tt.​9b009​15

	201.	 Linden MM, Wagner JP, Bernhardt B, Bartlett MA, Allen WD, 
Schreiner PR (2018) Intricate conformational tunneling in 

https://doi.org/10.1063/1.1840768
https://doi.org/10.1021/ja00417a004
https://doi.org/10.1021/ja00417a004
https://doi.org/10.1021/j100272a010
https://doi.org/10.1021/ja00766a011
https://doi.org/10.1021/ja00766a011
https://doi.org/10.1007/s11224-008-9328-5
https://doi.org/10.1021/j100347a010
https://doi.org/10.1002/anie.196507611
https://doi.org/10.1002/anie.196507611
https://doi.org/10.1021/jo034421l
https://doi.org/10.1021/jo034421l
https://doi.org/10.1007/s11224-013-0202-8
https://doi.org/10.1007/s11224-013-0202-8
https://doi.org/10.1016/j.theochem.2004.06.010
https://doi.org/10.1016/j.theochem.2004.06.010
https://doi.org/10.1021/jo801835a
https://doi.org/10.1021/jo801835a
https://doi.org/10.1016/j.tetlet.2010.02.170
https://doi.org/10.1016/j.tetlet.2010.02.170
https://doi.org/10.1021/jacs.1c09222
https://doi.org/10.1021/jacs.1c09222
https://doi.org/10.1021/ja035936x
https://doi.org/10.1016/j.theochem.2008.06.003
https://doi.org/10.1016/j.theochem.2008.06.003
https://doi.org/10.1021/jp055476p
https://doi.org/10.1021/jo051049w
https://doi.org/10.1063/1.1726161
https://doi.org/10.1063/1.1726161
https://doi.org/10.1021/jp9914572
https://doi.org/10.1021/jp9914572
https://doi.org/10.1039/c39830001013
https://doi.org/10.1039/c39830001013
https://doi.org/10.1021/ja01470a024
https://doi.org/10.1039/A607563K
https://doi.org/10.1021/ja972362l
https://doi.org/10.1021/ja972362l
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1016/j.jms.2009.12.001
https://doi.org/10.1515/zna-1976-0919
https://doi.org/10.1016/0009-2614(81)80342-9
https://doi.org/10.1016/S0040-4039(00)86733-7
https://doi.org/10.1016/S0040-4039(00)86733-7
https://doi.org/10.1021/ja00056a036
https://doi.org/10.1021/ja00056a036
https://doi.org/10.1021/acs.jpclett.9b00915
https://doi.org/10.1021/acs.jpclett.9b00915


651Journal of Computer-Aided Molecular Design (2023) 37:607–656	

1 3

carbonic acid monomethyl ester. J Phys Chem Lett 9(7):1663–
1667. https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​8b002​95

	202.	 Stogiannidis G, Tsigoias S, Kalampounias AG (2020) Confor-
mational energy barriers in methyl acetate–ethanol solutions: a 
temperature-dependent ultrasonic relaxation study and molecular 
orbital calculations. J Mol Liq 302:112519. https://​doi.​org/​10.​
1016/j.​molliq.​2020.​112519

	203.	 Pawar DM, Khalil AA, Hooks DR et al (1998) E and Z con-
formations of esters, thiol esters, and amides. J Am Chem Soc 
120(9):2108–2112. https://​doi.​org/​10.​1021/​ja972​3848

	204.	 Shand NC, Ning CL, Pfab J (1997) Conformational analysis of 
propionaldehyde (propanal) by two-photon spectroscopy of the 
3s ← n rydberg transition. Chem Phys Lett 274(4):354–360. 
https://​doi.​org/​10.​1016/​S0009-​2614(97)​00685-4

	205.	 Abe M, Kuchitsu K, Shimanouchi T (1969) Electron-diffraction 
study of rotational isomerism of methyl ethyl ketone. J Mol 
Struct 4(2–4):245–253. https://​doi.​org/​10.​1016/​0022-​2860(69)​
80059-1

	206.	 Zhong H, Stewart EL, Kontoyianni M, Bowen JP (2005) Ab ini-
tio and DFT conformational studies of propanal, 2-butanone, 
and analogous imines and enamines. J Chem Theory Comput 
1(2):230–238. https://​doi.​org/​10.​1021/​ct049​890p

	207.	 Durig JR, Feng FS, Wang A, Phan HV (1991) Conformational 
stability, barriers to internal rotation, ab initio calculations, and 
vibrational assignment of 2-butanone. Can J Chem 69(11):1827–
1844. https://​doi.​org/​10.​1139/​v91-​267

	208.	 Wiberg KB, Martin E (1985) Barriers to rotation adjacent to 
double bonds. J Am Chem Soc 107(18):5035–5041. https://​doi.​
org/​10.​1021/​ja003​04a002

	209.	 Newton MD, Jeffrey GA (2002) Stereochemistry of the .alpha.-
hydroxycarboxylic acids and related systems. J Am Chem Soc 
99(8):2413–2421. https://​doi.​org/​10.​1021/​ja004​50a003

	210.	 Blom CE, Bauder A (1982) Structure of glycolic acid determined 
by microwave spectroscopy. J Am Chem Soc 104(11):2993–
2996. https://​doi.​org/​10.​1021/​ja003​75a009

	211.	 Ceselin G, Salta Z, Bloino J, Tasinato N, Barone V (2022) Accu-
rate quantum chemical spectroscopic characterization of glycolic 
acid: a route toward its astrophysical detection. J Phys Chem A 
126(15):2373–2387. https://​doi.​org/​10.​1021/​acs.​jpca.​2c014​19

	212.	 Havey DK, Feierabend KJ, Vaida V (2004) Vapor-phase vibra-
tional spectrum of glycolic acid, CH2OHCOOH, in the region 
2000–8500 cm−1. J Phys Chem A 108(42):9069–9073. https://​
doi.​org/​10.​1021/​jp047​4881

	213.	 Ganesan M, Vedamanickam N, Paranthaman S (2018) Studies 
of intramolecular H-bond interactions and solvent effects in the 
conformers of glycolic acid—a quantum chemical study. J Theor 
Comput Chem 17(01):1850009. https://​doi.​org/​10.​1142/​S0219​
63361​85000​98

	214.	 Flock M, Ramek M (1992) Ab-initioSCF investigation of glycolic 
acid. Int J Quantum Chem 44:505–515. https://​doi.​org/​10.​1002/​
qua.​56044​0846

	215.	 Jensen F (1997) Conformations of glycolic acid. Acta Chem 
Scand 51:439–441. https://​doi.​org/​10.​3891/​acta.​chem.​scand.​
51-​0439

	216.	 Vanhouteghem F, Pyckhout W, Van Alsenoy C, Van Den Enden 
L, Geise HJ (1986) The molecular structure of gaseous allyl alco-
hol determined from electron diffraction, microwave, infrared 
and geometry-relaxed ab-initio data. J Mol Struct 140(1–2):33–
48. https://​doi.​org/​10.​1016/​0022-​2860(86)​80144-2

	217.	 Murty AN, Curl RF (1967) Microwave spectrum of allyl alcohol. 
J Chem Phys 46:4176–4180. https://​doi.​org/​10.​1063/1.​18405​20

	218.	 Saito S (1976) Microwave spectroscopic detection of vinyl alco-
hol, CH2CHOH. Chem Phys Lett 42(3):399–402. https://​doi.​org/​
10.​1016/​0009-​2614(76)​80638-0

	219.	 Durig JR, Compton DAC (1978) Low frequency vibrational spec-
tra, methyl torsional potential functions, and internal rotational 

potential of methyl vinyl ether and methyl-d3 vinyl ether. J Chem 
Phys 69:2028–2035. https://​doi.​org/​10.​1063/1.​436800

	220.	 Gallinella E, Cadioli B (1981) The conformation of the high-
energy isomer of methyl vinyl ether from the infrared spectra of 
the liquid and gaseous phases. Chem Phys Lett 77(3):533–535. 
https://​doi.​org/​10.​1016/​0009-​2614(81)​85202-5

	221.	 Cadioli B, Gallinella E, Pincelli U (1982) Molecular structures 
of the rotational isomers of methyl vinyl ether from infrared and 
raman spectra and non-empirical calculations. J Mol Struct 78(3–
4):215–228. https://​doi.​org/​10.​1016/​0022-​2860(82)​80008-2

	222.	 Pyckhout W, Van Nuffel P, Van Alsenoy C, Van Den Enden L, 
Geise HJ (1983) The molecular structure of gaseous methyl 
vinyl ether at room temperature, studied by molecular orbital 
constrained electron diffraction and microwave spectroscopy. 
J Mol Struct 102(3–4):333–345. https://​doi.​org/​10.​1016/​0022-​
2860(83)​85071-6

	223.	 Sullivan JF, Dickson TJ, Durig JR (1986) Raman spectra of gas-
eous and solid methyl-d3-vinyl ether, a re-investigation of the 
far infrared spectra, and the conformational stability in the gas 
phase. Spectrochim Acta A 42(2–3):113–122. https://​doi.​org/​10.​
1016/​0584-​8539(86)​80170-2

	224.	 Cahill P, Peter Gold L, Owen NL (1968) Microwave spectrum, 
conformation, dipole moment, and barrier to internal rotation in 
methyl vinyl ether. J Chem Phys 48:1620–1626. https://​doi.​org/​
10.​1063/1.​16688​86

	225.	 Ignatyev IS, Montejo M, Sundius T, Partal Ureña F, López 
González JJ (2007) Structure and vibrational spectra of vinyl 
ether conformers. The comparison of B3LYP and MP2 predic-
tions. Chem Phys 333(2–3):148–156. https://​doi.​org/​10.​1016/j.​
chemp​hys.​2007.​01.​013

	226.	 Vila A, Mosquera RA (2005) Quantum theory of atoms in mole-
cules analysis on the conformational preferences of vinyl alcohol 
and related ethers. J Phys Chem A 109(31):6985–6989. https://​
doi.​org/​10.​1021/​jp052​673f

	227.	 Chandra AK, Zeegers-Huyskens T (2003) Theoretical study of 
the symmetry of the (OH⋯O)- hydrogen bonds in vinyl alcohol-
vinyl alcoholate systems. J Org Chem 68(9):3618–3625. https://​
doi.​org/​10.​1021/​jo020​735h

	228.	 Abraham RJ, Ribeiro DS (2001) Conformational analysis. Part 
36.1 A variable temperature, 13C NMR study of conformational 
equilibria in methyl substituted cycloalkanes. J Chem Soc Perkin 
Trans 2 3:302–307. https://​doi.​org/​10.​1039/​b0087​12m

	229.	 Pawar DM, Smith SV, Mark HL, Odom RM, Noe EA (1998) 
Conformational study of cyclodecane and substituted cyclode-
canes by dynamic NMR spectroscopy and computational meth-
ods. J Am Chem Soc 120(41):10715–10720. https://​doi.​org/​10.​
1021/​ja973​116c

	230.	 Pawar DM, Cain D, Gill G, Bain AD, Sullivan RH, Noe EA 
(2007) Interconversion of carbon sites in boat-chair-boat cyclo-
decane; conformations of chlorocyclodecane and cyclodecyl 
acetate. J Org Chem 72(1):25–29. https://​doi.​org/​10.​1021/​jo061​
245i

	231.	 Allinger NL, Chen K, Rahman M, Pathiaseril A (1991) Molecu-
lar mechanics (MM3) calculations on aldehydes and ketones. 
J Am Chem Soc 113(12):4505–4517. https://​doi.​org/​10.​1021/​
ja000​12a020

	232.	 Durig JR, Larsen RA (1990) Torsional vibrations and barriers 
to internal rotation for ethanol and 2,2,2-trifluoroethanol. J Mol 
Struct 238:195–222. https://​doi.​org/​10.​1016/​0022-​2860(90)​
85015-B

	233.	 Fang HL, Swofford RL (1984) Molecular conformers in gas-
phase ethanol: a temperature study of vibrational overtones. 
Chem Phys Lett 105(1):5–11. https://​doi.​org/​10.​1016/​0009-​
2614(84)​80404-2

	234.	 Oyanagi K, Kuchitsu K (1978) Molecular structure and con-
formation of ethyl methyl ether as studied by gas electron 

https://doi.org/10.1021/acs.jpclett.8b00295
https://doi.org/10.1016/j.molliq.2020.112519
https://doi.org/10.1016/j.molliq.2020.112519
https://doi.org/10.1021/ja9723848
https://doi.org/10.1016/S0009-2614(97)00685-4
https://doi.org/10.1016/0022-2860(69)80059-1
https://doi.org/10.1016/0022-2860(69)80059-1
https://doi.org/10.1021/ct049890p
https://doi.org/10.1139/v91-267
https://doi.org/10.1021/ja00304a002
https://doi.org/10.1021/ja00304a002
https://doi.org/10.1021/ja00450a003
https://doi.org/10.1021/ja00375a009
https://doi.org/10.1021/acs.jpca.2c01419
https://doi.org/10.1021/jp0474881
https://doi.org/10.1021/jp0474881
https://doi.org/10.1142/S0219633618500098
https://doi.org/10.1142/S0219633618500098
https://doi.org/10.1002/qua.560440846
https://doi.org/10.1002/qua.560440846
https://doi.org/10.3891/acta.chem.scand.51-0439
https://doi.org/10.3891/acta.chem.scand.51-0439
https://doi.org/10.1016/0022-2860(86)80144-2
https://doi.org/10.1063/1.1840520
https://doi.org/10.1016/0009-2614(76)80638-0
https://doi.org/10.1016/0009-2614(76)80638-0
https://doi.org/10.1063/1.436800
https://doi.org/10.1016/0009-2614(81)85202-5
https://doi.org/10.1016/0022-2860(82)80008-2
https://doi.org/10.1016/0022-2860(83)85071-6
https://doi.org/10.1016/0022-2860(83)85071-6
https://doi.org/10.1016/0584-8539(86)80170-2
https://doi.org/10.1016/0584-8539(86)80170-2
https://doi.org/10.1063/1.1668886
https://doi.org/10.1063/1.1668886
https://doi.org/10.1016/j.chemphys.2007.01.013
https://doi.org/10.1016/j.chemphys.2007.01.013
https://doi.org/10.1021/jp052673f
https://doi.org/10.1021/jp052673f
https://doi.org/10.1021/jo020735h
https://doi.org/10.1021/jo020735h
https://doi.org/10.1039/b008712m
https://doi.org/10.1021/ja973116c
https://doi.org/10.1021/ja973116c
https://doi.org/10.1021/jo061245i
https://doi.org/10.1021/jo061245i
https://doi.org/10.1021/ja00012a020
https://doi.org/10.1021/ja00012a020
https://doi.org/10.1016/0022-2860(90)85015-B
https://doi.org/10.1016/0022-2860(90)85015-B
https://doi.org/10.1016/0009-2614(84)80404-2
https://doi.org/10.1016/0009-2614(84)80404-2


652	 Journal of Computer-Aided Molecular Design (2023) 37:607–656

1 3

diffraction. Bull Chem Soc Jpn 51(8):2237–2242. https://​doi.​
org/​10.​1246/​bcsj.​51.​2237

	235.	 Agrawal SK, Pal D, Chakraborty A, Chakraborty S (2020) Etha-
nol monomer revisited: thermal isomerisation between anti and 
gauche conformers in Ar and N2 matrix. Chem Phys 537:110851. 
https://​doi.​org/​10.​1016/j.​chemp​hys.​2020.​110851

	236.	 Tsuzuki S, Tanabe K (1991) Ab initio molecular orbital calcu-
lations of conformational energies of ethyl methyl ether: basis 
set and electron correlation effects. J Chem Soc Faraday Trans 
87(19):3207. https://​doi.​org/​10.​1039/​ft991​87032​07

	237.	 Tsuzuki S, Uchimaru T, Tanabe K (1996) Conformational 
energy profiles of n-butane, ethyl methyl ether and ethyl methyl 
sulfide comparison of electron correlation correction proce-
dures. J Mol Struct Thoechem 366(1–2):89–96. https://​doi.​org/​
10.​1016/​0166-​1280(96)​04522-8

	238.	 Hirota E (1979) Internal rotation in isopropyl alcohol studied 
by microwave spectroscopy. J Phys Chem 83(11):1457–1465. 
https://​doi.​org/​10.​1021/​j1004​74a020

	239.	 Kahn K, Bruice TC (2005) Focal-point conformational analy-
sis of ethanol, propanol, and isopropanol. ChemPhysChem 
6:487–495. https://​doi.​org/​10.​1002/​cphc.​20040​0412

	240.	 Kirschner KN, Heiden W, Reith D (2018) Small alcohols revis-
ited: CCSD(T) relative potential energies for the minima, first- 
and second-order saddle points, and torsion-coupled surfaces. 
ACS Omega 3(1):419–432. https://​doi.​org/​10.​1021/​acsom​ega.​
7b013​67

	241.	 Inagaki F, Harada I, Shimanouchi T (1973) Far-infrared spectra 
and barriers to internal rotation of isopropyl alcohol and alkyl 
mercaptans. J Mol Spectrosc 46(3):381–396. https://​doi.​org/​
10.​1016/​0022-​2852(73)​90051-9

	242.	 Abdurakhmanov AA, Veliyulin EI, Ragimova RA, Imanov LM 
(1981) The microwave spectrum of n-propanol. The gauche–
gauche conformer. J Struct Chem 22:28–33. https://​doi.​org/​10.​
1007/​BF007​45975

	243.	 Lotta T, Murto J, Räsänen M, Aspiala A (1984) IR-induced 
rotamerization of 1-propanol in low-temperature matrices, and 
ab initio calculations. Chem Phys 86(1–2):105–114. https://​
doi.​org/​10.​1016/​0301-​0104(84)​85159-9

	244.	 Sahoo A, Sarkar S, Krishna PSR, Bhagat V, Joarder RN (2008) 
Molecular conformation and structural correlations of liquid 
D-1-propanol through neutron diffraction. Pramana 71:133–
141. https://​doi.​org/​10.​1007/​s12043-​008-​0146-5

	245.	 Houk KN, Eksterowicz JE, Wu YD, Fuglesang CD, Mitchell 
D-B (1993) Conformational preferences of the O-C-C-C unit 
in acyclic and cyclic systems. The exo-deoxoanomeric effect 
and related phenomena. J Am Chem Soc 115(10):4170–4177

	246.	 Allinger NL, Rahman M, Lii JH (1990) A molecular mechan-
ics force field (MM3) for alcohols and ethers. J Am Chem Soc 
112(23):8293–8307

	247.	 Strand TG, Gundersen S, Priebe H, Samdal S, Seip R (2009) 
Molecular structures, conformations, force fields and large 
amplitude motion of cis-3-chloro-2-propen-1-ol as studied by 
quantum chemical calculations and gas electron diffraction 
augmented with quantum chemical calculations on 2-propen-
1-ol. J Mol Struct 921(1–3):72–79. https://​doi.​org/​10.​1016/j.​
molst​ruc.​2008.​12.​036

	248.	 Anderson JE (2010) ChemInform abstract: conformational analy-
sis of acyclic and alicyclic saturated hydrocarbons. ChemInform. 
https://​doi.​org/​10.​1002/​chin.​19925​0332

	249.	 Astrup EE, Lehmann MS, Søtofte I, Beronius P, Engebretsen JE, 
Ehrenberg L (1971) The molecular structure of dimethoxymeth-
ane, CH3–-O–-CH2–-O–-CH3. Acta Chem Scand 25:1494–1495. 
https://​doi.​org/​10.​3891/​acta.​chem.​scand.​25-​1494

	250.	 Astrup EE, Støgård J, Dale J, Daasvatn K, Kristiansen PO, Swahn 
CG (1973) The molecular structure of dimethoxymethane, 

CH3-O-CH2-O-CH3, in the gas phase. Acta Chem Scand 
27:3271–3276. https://​doi.​org/​10.​3891/​acta.​chem.​scand.​27-​3271

	251.	 Abe A, Inomata K, Tanisawa E, Ando I (1990) Conformation and 
conformational energies of dimethoxymethane and 1,1-dimeth-
oxyethane. J Mol Struct 238:315–323. https://​doi.​org/​10.​1016/​
0022-​2860(90)​85023-C

	252.	 Vokoyama Y, Ohashi Y (1999) Crystal and molecular structures 
of methoxy and methylthio compounds. Bull Chem Soc Jpn 
72(10):2183–2191. https://​doi.​org/​10.​1246/​bcsj.​72.​2183

	253.	 Venkatesan V, Sundararajan K, Sankaran K, Viswanathan KS 
(2002) Conformations of dimethoxymethane: matrix isolation 
infrared and ab initio studies. Spectrochim Acta A 58(3):467–
478. https://​doi.​org/​10.​1016/​S1386-​1425(01)​00555-8

	254.	 Favero LB, Caminati W, Velino B (2003) Conformation of 
dimethoxymethane: roles of anomeric effects and weak hydro-
gen bonds. A free jet microwave study. Phys Chem Chem Phys 
5:4776–4779. https://​doi.​org/​10.​1039/​b3081​97d

	255.	 Kavitha V, Sundararajan K, Viswanathan KS (2005) Conforma-
tions of trimethoxymethylsilane: matrix isolation infrared and 
ab initio studies. J Phys Chem A 109(41):9259–9264. https://​
doi.​org/​10.​1021/​jp052​0594

	256.	 Smith GD, Jaffe RL, Yoon DY (1994) Conformational charac-
teristics of dimethoxymethane based upon ab initio electronic 
structure calculations. J Phys Chem 98(36):9072–9077. https://​
doi.​org/​10.​1021/​j1000​87a040

	257.	 Huang YR, Knippenberg S, Hajgató B, François JP, Deng JK, 
Deleuze MS (2007) Imaging momentum orbital densities of 
conformationally versatile molecules: a benchmark theoretical 
study of the molecular and electronic structures of dimethoxym-
ethane. J Phys Chem A 111(26):5879–5897. https://​doi.​org/​10.​
1021/​jp071​9964

	258.	 Juaristi E, Cuevas G (1992) Recent studies of the anomeric effect. 
Tetrahedron 48(24):5019–5087. https://​doi.​org/​10.​1016/​S0040-​
4020(01)​90118-8

	259.	 Wiberg KB, Bailey WF, Lambert KM, Stempel ZD (2018) The 
anomeric effect: it’s complicated. J Org Chem 83(9):5242–5255. 
https://​doi.​org/​10.​1021/​acs.​joc.​8b007​07

	260.	 Kolocouris A, Zervos N, De Proft F, Koch A (2011) Improper 
hydrogen bonded cyclohexane C-Hax···Yax contacts: theoretical 
predictions and experimental evidence from 1H NMR spec-
troscopy of suitable axial cyclohexane models. J Org Chem 
76(11):4432–4443. https://​doi.​org/​10.​1021/​jo102​353f

	261.	 Kolocouris A (2009) C-Hax⋯Yax contacts in cyclohexane deriva-
tives revisited-identification of improper hydrogen-bonded con-
tacts hyperconjugative interactions between substituent Yax. J 
Org Chem 74(5):1842–1849. https://​doi.​org/​10.​1021/​jo801​835a

	262.	 Anderson JE, Heki K, Hirota M, Jørgensen FS (1987) Setting the 
anomeric effect against steric effects in simple acyclic acetals. 
Non-anomeric non-classical conformations. An n.m.r. and 
molecular mechanics investigation. J Chem Soc Chem Commun 
8:554–555. https://​doi.​org/​10.​1039/​C3987​00005​54

	263.	 Anderson JE (2000) Why do so few simple acyclic acetals adopt 
the classic anomeric conformation? The eclipsed anomeric con-
formation for acetals. An analysis of crystal structures, molecular 
mechanics calculations, and NMR measurements. J Org Chem 
65(3):748–754. https://​doi.​org/​10.​1021/​jo991​553z

	264.	 Filloux CM (2015) The problem of origins and origins of the 
problem: influence of language on studies concerning the ano-
meric effect. Angew Chem Int Ed 54:8880–8894. https://​doi.​org/​
10.​1002/​anie.​20141​1185

	265.	 Weldon AJ, Vickrey TL, Tschumper GS (2005) Intrinsic con-
formational preferences of substituted cyclohexanes and tet-
rahydropyrans evaluated at the CCSD(T) complete basis set 
limit: implications for the anomeric effect. J Phys Chem A 
109(48):11073–11079. https://​doi.​org/​10.​1021/​jp055​0311

https://doi.org/10.1246/bcsj.51.2237
https://doi.org/10.1246/bcsj.51.2237
https://doi.org/10.1016/j.chemphys.2020.110851
https://doi.org/10.1039/ft9918703207
https://doi.org/10.1016/0166-1280(96)04522-8
https://doi.org/10.1016/0166-1280(96)04522-8
https://doi.org/10.1021/j100474a020
https://doi.org/10.1002/cphc.200400412
https://doi.org/10.1021/acsomega.7b01367
https://doi.org/10.1021/acsomega.7b01367
https://doi.org/10.1016/0022-2852(73)90051-9
https://doi.org/10.1016/0022-2852(73)90051-9
https://doi.org/10.1007/BF00745975
https://doi.org/10.1007/BF00745975
https://doi.org/10.1016/0301-0104(84)85159-9
https://doi.org/10.1016/0301-0104(84)85159-9
https://doi.org/10.1007/s12043-008-0146-5
https://doi.org/10.1016/j.molstruc.2008.12.036
https://doi.org/10.1016/j.molstruc.2008.12.036
https://doi.org/10.1002/chin.199250332
https://doi.org/10.3891/acta.chem.scand.25-1494
https://doi.org/10.3891/acta.chem.scand.27-3271
https://doi.org/10.1016/0022-2860(90)85023-C
https://doi.org/10.1016/0022-2860(90)85023-C
https://doi.org/10.1246/bcsj.72.2183
https://doi.org/10.1016/S1386-1425(01)00555-8
https://doi.org/10.1039/b308197d
https://doi.org/10.1021/jp0520594
https://doi.org/10.1021/jp0520594
https://doi.org/10.1021/j100087a040
https://doi.org/10.1021/j100087a040
https://doi.org/10.1021/jp0719964
https://doi.org/10.1021/jp0719964
https://doi.org/10.1016/S0040-4020(01)90118-8
https://doi.org/10.1016/S0040-4020(01)90118-8
https://doi.org/10.1021/acs.joc.8b00707
https://doi.org/10.1021/jo102353f
https://doi.org/10.1021/jo801835a
https://doi.org/10.1039/C39870000554
https://doi.org/10.1021/jo991553z
https://doi.org/10.1002/anie.201411185
https://doi.org/10.1002/anie.201411185
https://doi.org/10.1021/jp0550311


653Journal of Computer-Aided Molecular Design (2023) 37:607–656	

1 3

	266.	 Booth H, Grindley TB, Khedhair KA (1982) The anomeric and 
exo-anomeric effects in 2-methoxytetrahydropyran. J Chem Soc 
Chem Commun 18:1047–1048. https://​doi.​org/​10.​1039/​C3982​
00010​47

	267.	 Sladek V, Holka F, Tvaroška I (2015) Ab initio modelling of the 
anomeric and exo anomeric effects in 2-methoxytetrahydropyran 
and 2-methoxythiane corrected for intramolecular BSSE. Phys 
Chem Chem Phys 17(28):18501–18513. https://​doi.​org/​10.​1039/​
c5cp0​2191j

	268.	 Bitzer RS, Barbosa AGH, Da Silva CO, Nascimento MAC (2005) 
On the generalized valence bond description of the anomeric 
and exo-anomeric effects: an ab initio conformational study of 
2-methoxytetrahydropyran. Carbohydr Res 340(13):2171–2184. 
https://​doi.​org/​10.​1016/j.​carres.​2005.​07.​001

	269.	 Kasaei GA, Nori-Shargh D, Yahyaei H, Mousavi SN, Pourda-
voodi E (2012) Complete basis set, hybrid-DFT study and NBO 
interpretation of conformational analysis of 2-methoxytetrahy-
dropyran and its thiopyran and selenopyran analogues in relation 
to the anomeric effect. Mol Simul 38(12):1022–1031. https://​doi.​
org/​10.​1080/​08927​022.​2012.​683527

	270.	 Silla JM, Freitas MP, Cormanich RA, Rittner R (2014) The 
reverse fluorine perlin-like effect and related stereoelectronic 
interactions. J Org Chem 79(13):6385–6388. https://​doi.​org/​10.​
1021/​jo501​025a

	271.	 Tsipis AC, Tsipis CA (2021) Anomeric and perlin effect lad-
ders for 2-substituted 2-fluorotetrahydro-2 H-pyrans using sen-
sitive structural, energetic, and NMR probes. J Phys Chem A 
125(34):7457–7472. https://​doi.​org/​10.​1021/​acs.​jpca.​1c057​06

	272.	 Silla JM, Andrade LAF, Freitas MP (2019) Influence of stereo-
electronic effects on the 1JC─F spin–spin coupling constant 
in fluorinated heterocyclic compounds. Magn Reson Chem 
57(7):373–379. https://​doi.​org/​10.​1002/​mrc.​4854

	273.	 Javier Cañada F, Poveda A, Jiménez-Barbero J, Espinosa JF, 
Asensio JL (2000) The conformation of C-glycosyl compounds. 
Adv Carbohydr Chem Biochem 56:235–284. https://​doi.​org/​10.​
1016/​S0065-​2318(01)​56006-0

	274.	 Das P, Das PK, Arunan E (2015) Conformational stability 
and intramolecular hydrogen bonding in 1,2-ethanediol and 
1,4-butanediol. J Phys Chem A 119(16):3710–3720. https://​doi.​
org/​10.​1021/​jp512​686s

	275.	 Crittenden DL, Thompson KC, Jordan MJT (2005) On the extent 
of intramolecular hydrogen bonding in gas-phase and hydrated 
1,2-ethanediol. J Phys Chem A 109(12):2971–2977. https://​doi.​
org/​10.​1021/​jp045​233h

	276.	 Trindle C, Crum P, Douglass K (2003) G2(MP2) charac-
terization of conformational preferences in 2-substituted 
ethanols (XCH2CH2OH) and related systems. J Phys Chem A 
107(32):6236–6242. https://​doi.​org/​10.​1021/​jp034​598j

	277.	 Fortes AD, Suard E (2011) Crystal structures of ethylene glycol 
and ethylene glycol monohydrate. J Chem Phys 135:234501. 
https://​doi.​org/​10.​1063/1.​36683​11

	278.	 Krest’yaninov MA, Titova AG, Zaichikov AM (2014) Intra- and 
intermolecular hydrogen bonds in ethylene glycol, monoethan-
olamine, and ethylenediamine. Russ J Phys Chem A 88:2114–
2120. https://​doi.​org/​10.​1134/​S0036​02441​41201​64

	279.	 Dowd MK, Reilly PJ, French AD (1992) Conformational analysis 
of trehalose disaccharides and analogues using MM3. J Comput 
Chem 13(1):102–114. https://​doi.​org/​10.​1002/​jcc.​54013​0113

	280.	 Zeroka D, Jensen JO, Samuels AC (1998) Rotation/inver-
sion study of the amino group in ethylamine. J Phys Chem A 
102(32):6571–6579. https://​doi.​org/​10.​1021/​jp982​031a

	281.	 Yan M, Shan X, Wu F et al (2009) Electron momentum spectros-
copy study on valence electronic structures of ethylamine. J Phys 
Chem A 113(2):507–512. https://​doi.​org/​10.​1021/​jp808​281w

	282.	 Almatarneh MH, Altarawneh M, Poirier RA, Saraireh IA (2014) 
High level ab  initio, DFT, and RRKM calculations for the 

unimolecular decomposition reaction of ethylamine. J Comput 
Sci 5(4):568–575. https://​doi.​org/​10.​1016/j.​jocs.​2014.​02.​003

	283.	 Durig JR, Darkhalil ID, Klaassen JJ, Herrebout WA, Dom JJJ, 
van der Veken BJ (2012) Conformational and structural studies 
of n-propylamine from temperature dependent Raman and far 
infrared spectra of xenon solutions and ab initio calculations. 
J Raman Spectrosc 43(9):1329–1336. https://​doi.​org/​10.​1002/​
jrs.​3163

	284.	 Melosso M, Melli A, Spada L et al (2020) Rich collection of 
n-propylamine and isopropylamine conformers: rotational fin-
gerprints and state-of-the-art quantum chemical investigation. J 
Phys Chem A 124(7):1372–1381. https://​doi.​org/​10.​1021/​acs.​
jpca.​9b117​67

	285.	 Durig JR, Guirgis GA, Compton DAC (1979) Analysis of tor-
sional spectra of molecules with two internal C3v rotors. 13. 
Vibrational assignments, torsional potential functions, and gas 
phase thermodynamic functions of isopropylamine-d0 and -d2. 
J Phys Chem 83(10):1313–1323. https://​doi.​org/​10.​1021/​j1004​
73a016

	286.	 Takeuchi H, Ito M, Egawa T (2007) Molecular structure and 
conformation of diethylmethylamine determined by gas elec-
tron diffraction and vibrational spectroscopy combined with 
theoretical calculations. J Mol Struct 840(1–3):107–113. 
https://​doi.​org/​10.​1016/j.​molst​ruc.​2006.​11.​027

	287.	 Gundersen G, Rankin DWH (1983) The gas-phase molecular 
structure of piperidine studied by electron diffraction. Acta 
Chem Scand 37a:865–874. https://​doi.​org/​10.​3891/​acta.​chem.​
scand.​37a-​0865

	288.	 Parkin JE, Buckley PJ, Costain CC (1981) The microwave 
spectrum of piperidine: equatorial and axial ground states. J 
Mol Spectrosc 89(2):465–483. https://​doi.​org/​10.​1016/​0022-​
2852(81)​90040-0

	289.	 Vayner E, Ball DW (2000) Ab initio and density functional 
optimized structures, proton affinities, and heats of formation 
for aziridine, azetidine, pyrrolidine, and piperidine. J Mol 
Struct Thoechem 496(1–3):175–183. https://​doi.​org/​10.​1016/​
S0166-​1280(99)​00184-0

	290.	 Hesse S, Wassermann TN, Suhm MA (2010) Brightening and 
locking a weak and floppy N-H chromophore: the case of pyr-
rolidine. J Phys Chem A 114(39):10492–10499. https://​doi.​org/​
10.​1021/​jp105​517b

	291.	 Kunitski M, Riehn C, Matylitsky VV, Tarakeshwar P, Brutschy B 
(2010) Pseudorotation in pyrrolidine: rotational coherence spec-
troscopy and ab initio calculations of a large amplitude intramo-
lecular motion. Phys Chem Chem Phys 12(1):72–81. https://​doi.​
org/​10.​1039/​b9173​62e

	292.	 Eliel EL, Kandasamy D, Yen C-Y, Hargrave KD (1980) Con-
formational analysis. 39. Carbon-13 NMR spectra of saturated 
heterocycles. 9. Piperidine and N-methylpiperidine. J Am Chem 
Soc 102(11):3698–3707. https://​doi.​org/​10.​1021/​ja005​31a006

	293.	 Kolocouris A, Outeiriño JG, Anderson JE, Fytas G, Foscolos GB, 
Kolocouris N (2001) The effect of neighboring 1- and 2-adaman-
tyl group substitution on the conformations and stereodynamics 
of N-methylpiperidine. Dynamic NMR spectroscopy and molec-
ular mechanics calculations. J Org Chem 66(15):4989–4997. 
https://​doi.​org/​10.​1021/​jo001​6677

	294.	 Gawley RE, Low E, Chambournier G (1999) Unusual conforma-
tional effect in α-aminoorganostannanes. Org Lett 1(4):653–656. 
https://​doi.​org/​10.​1021/​ol990​737x

	295.	 Berger ML, Seifriz I, Letschnig M, Schödl C, Noe CR (1992) 
Interaction of long chain n-alkyl diamines with the NMDA 
receptor complex. Neurosci Lett 142(1):85–88. https://​doi.​org/​
10.​1016/​0304-​3940(92)​90626-I

	296.	 Aue DH, Webb HM, Bowers MT (1973) Quantitative evaluation 
of intramolecular strong hydrogen bonding in the gas phase. J 

https://doi.org/10.1039/C39820001047
https://doi.org/10.1039/C39820001047
https://doi.org/10.1039/c5cp02191j
https://doi.org/10.1039/c5cp02191j
https://doi.org/10.1016/j.carres.2005.07.001
https://doi.org/10.1080/08927022.2012.683527
https://doi.org/10.1080/08927022.2012.683527
https://doi.org/10.1021/jo501025a
https://doi.org/10.1021/jo501025a
https://doi.org/10.1021/acs.jpca.1c05706
https://doi.org/10.1002/mrc.4854
https://doi.org/10.1016/S0065-2318(01)56006-0
https://doi.org/10.1016/S0065-2318(01)56006-0
https://doi.org/10.1021/jp512686s
https://doi.org/10.1021/jp512686s
https://doi.org/10.1021/jp045233h
https://doi.org/10.1021/jp045233h
https://doi.org/10.1021/jp034598j
https://doi.org/10.1063/1.3668311
https://doi.org/10.1134/S0036024414120164
https://doi.org/10.1002/jcc.540130113
https://doi.org/10.1021/jp982031a
https://doi.org/10.1021/jp808281w
https://doi.org/10.1016/j.jocs.2014.02.003
https://doi.org/10.1002/jrs.3163
https://doi.org/10.1002/jrs.3163
https://doi.org/10.1021/acs.jpca.9b11767
https://doi.org/10.1021/acs.jpca.9b11767
https://doi.org/10.1021/j100473a016
https://doi.org/10.1021/j100473a016
https://doi.org/10.1016/j.molstruc.2006.11.027
https://doi.org/10.3891/acta.chem.scand.37a-0865
https://doi.org/10.3891/acta.chem.scand.37a-0865
https://doi.org/10.1016/0022-2852(81)90040-0
https://doi.org/10.1016/0022-2852(81)90040-0
https://doi.org/10.1016/S0166-1280(99)00184-0
https://doi.org/10.1016/S0166-1280(99)00184-0
https://doi.org/10.1021/jp105517b
https://doi.org/10.1021/jp105517b
https://doi.org/10.1039/b917362e
https://doi.org/10.1039/b917362e
https://doi.org/10.1021/ja00531a006
https://doi.org/10.1021/jo0016677
https://doi.org/10.1021/ol990737x
https://doi.org/10.1016/0304-3940(92)90626-I
https://doi.org/10.1016/0304-3940(92)90626-I


654	 Journal of Computer-Aided Molecular Design (2023) 37:607–656

1 3

Am Chem Soc 95(8):2699–2701. https://​doi.​org/​10.​1021/​ja007​
89a056

	297.	 Yamdagni R, Kebarle P (1973) Gas-phase basicities of amines, 
hydrogen bonding in proton-bound amine dimers and proton-
induced cyclization of alpha, omega-diamines. J Am Chem Soc 
95(11):3504–3510. https://​doi.​org/​10.​1002/​chin.​19733​1121

	298.	 Lewin AH, Sorensen JB, Dustman JA, Bowen JP (1999) Compu-
tational methods for conformational analysis of unsymmetrical 
1,3-diamines: 3-aminotropanes. J Comput Chem 20(13):1371–
1378. https://​doi.​org/​10.​1002/​(SICI)​1096-​987X(199910)​20:​13%​
3c137​1::​AID-​JCC4%​3e3.0.​CO;2-R

	299.	 Sorensen JB, Lewin AH, Bowen JP (2003) An ab initio study 
of the electrostatics of protonated amines: application to the 
molecular mechanics (MM3) force field. J Mol Struct Thoechem 
623(1–3):145–158. https://​doi.​org/​10.​1016/​S0166-​1280(02)​
00691-7

	300.	 Avalos M, Babiano R, Barneto JL et al (2001) Can we predict the 
conformational preference of amides? J Org Chem 66(22):7275–
7282. https://​doi.​org/​10.​1021/​jo010​2361

	301.	 Díaz DD, Finn MG, Mishima M (2006) Substituent effects on 
the gas-phase basicity of formamidine ureas. Eur J Org Chem 
1:235–240. https://​doi.​org/​10.​1002/​ejoc.​20050​0516

	302.	 Nandini G, Sathyanarayana DN (2002) Ab  initio studies on 
geometry and vibrational spectra of N-methyl formamide and 
N-methylacetamide. J Mol Struct Thoechem 579(1–3):1–9. 
https://​doi.​org/​10.​1016/​S0166-​1280(01)​00711-4

	303.	 Albrecht M, Rice CA, Suhm MA (2008) Elementary peptide 
motifs in the gas phase: FTIR aggregation study of formamide, 
acetamide, N-methylformamide, and N-methylacetamide. J Phys 
Chem A 112(33):7530–7542. https://​doi.​org/​10.​1021/​jp803​9912

	304.	 Gao ZG, Duong HT, Sonina T et al (2006) Orthogonal activation 
of the reengineered A3 adenosine receptor (neoceptor) using tai-
lored nucleoside agonists. J Med Chem 49(9):2689–2702. https://​
doi.​org/​10.​1021/​jm050​968b

	305.	 Da Silva JBP, Srivastava RM (2004) Conformational preferences 
of N-ethyl,N-methylformamide and N-ethyl,N-methylacetamide 
and their correlations with the NMR chemical shifts: a theoreti-
cal study. J Mol Struct Thoechem 682(1–3):145–151. https://​doi.​
org/​10.​1016/j.​theoc​hem.​2004.​04.​026

	306.	 Shin S, Kurawaki A, Hamada Y et al (2006) Conformational 
behavior of N-methylformamide in the gas, matrix, and solution 
states as revealed by IR and NMR spectroscopic measurements 
and by theoretical calculations. J Mol Struct 791(1–3):30–40. 
https://​doi.​org/​10.​1016/j.​molst​ruc.​2006.​01.​005

	307.	 Cuevas G, Renugopalakrishnan V, Madrid G, Hagler AT (2002) 
Density function studies of peptides: part I. Vibrational fre-
quencies including isotopic effects and NMR chemical shifts 
of N-methylacetamide, a peptide model, from density function 
and MP2 calculations. Phys Chem Chem Phys 4(8):1490–1499. 
https://​doi.​org/​10.​1039/​b1107​77c

	308.	 Tukachev NV, Bataev VA, Godunov IA (2017) Conforma-
tional analysis of N-methylacetamide molecule in the ground 
and excited electronic states. Comput Theor Chem 1113:82–93. 
https://​doi.​org/​10.​1016/j.​comptc.​2017.​05.​002

	309.	 Di Gioacchino M, Bruni F, Ricci MA (2019) N-methylacetamide 
aqueous solutions: a neutron diffraction study. J Phys Chem B 
123(8):1808–1814. https://​doi.​org/​10.​1021/​acs.​jpcb.​9b002​46

	310.	 Liler M (1972) Nuclear magnetic resonance study of cis-trans-
isomerism in some N-alkylformamides and N-alkylacetamides 
and their O-protonated cations in anhydrous acids. J Chem Soc 
Perkin Trans 2 6:720–725. https://​doi.​org/​10.​1039/​p2972​00007​
20

	311.	 Jorgensen WL, Gao J (1988) Cis-trans energy difference for the 
peptide bond in the gas phase and in aqueous solution. J Am 
Chem Soc 110(13):4212–4216. https://​doi.​org/​10.​1021/​ja002​
21a020

	312.	 Murphy RB, Pollard WT, Friesner RA (1997) Pseudospectral 
localized generalized Moøller-Plesset methods with a generalized 
valence bond reference wave function: theory and calculation of 
conformational energies. J Chem Phys 106:5073–5084. https://​
doi.​org/​10.​1063/1.​473553

	313.	 Kang YK (2001) Ab initio MO and density functional studies 
on trans and cis conformers of N-methylacetamide. J Mol Struct 
Thoechem 546(1–3):183–193. https://​doi.​org/​10.​1016/​S0166-​
1280(01)​00445-6

	314.	 Mantz YA, Branduardi D, Bussi G, Parrinello M (2009) Ensem-
ble of transition state structures for the cis-trans isomerization 
of N-methylacetamide. J Phys Chem B 113(37):12521–12529. 
https://​doi.​org/​10.​1021/​jp810​6556

	315.	 Gloaguen E, Mons M, Schwing K, Gerhards M (2020) Neutral 
peptides in the gas phase: conformation and aggregation issues. 
Chem Rev 120(22):12490–12562. https://​doi.​org/​10.​1021/​acs.​
chemr​ev.​0c001​68

	316.	 Grdadolnik J, Mohacek-Grosev V, Baldwin RL, Avbelj F (2011) 
Populations of the three major backbone conformations in 19 
amino acid dipeptides. Proc Natl Acad Sci USA 108(5):1794–
1798. https://​doi.​org/​10.​1073/​pnas.​10173​17108

	317.	 Grdadolnik J, Grdadolnik SG, Avbelj F (2008) Determination of 
conformational preferences of dipeptides using vibrational spec-
troscopy. J Phys Chem B 112(9):2712–2718. https://​doi.​org/​10.​
1021/​jp709​6313

	318.	 Cruz VL, Ramos J, Martinez-Salazar J (2012) Assessment of the 
intrinsic conformational preferences of dipeptide amino acids in 
aqueous solution by combined umbrella sampling/MBAR sta-
tistics. A comparison with experimental results. J Phys Chem B 
116(1):469–475. https://​doi.​org/​10.​1021/​jp206​757j

	319.	 Li S, Andrews CT, Frembgen-Kesner T et al (2015) Molecular 
dynamics simulations of 441 two-residue peptides in aqueous solu-
tion: conformational preferences and neighboring residue effects 
with the amber ff99SB-ILDN-NMR force field. J Chem Theory 
Comput 11(3):1315–1329. https://​doi.​org/​10.​1021/​ct501​0966

	320.	 Tzanov AT, Cuendet MA, Tuckerman ME (2014) How accurately 
do current force fields predict experimental peptide conforma-
tions? An adiabatic free energy dynamics study. J Phys Chem B 
118(24):6539–6552. https://​doi.​org/​10.​1021/​jp500​193w

	321.	 Arić A, Hrenar T, Mali M, Dolić N (2010) Quantum mechanical 
study of secondary structure formation in protected dipeptides. 
Phys Chem Chem Phys 12(18):4678–4685. https://​doi.​org/​10.​
1039/​b9230​41f

	322.	 Dǒslić N, Kovǎcević G, Ljubić I (2007) Signature of the con-
formational preferences of small peptides: a theoretical investi-
gation. J Phys Chem A 111(35):8650–8658. https://​doi.​org/​10.​
1021/​jp072​565o

	323.	 Toniolo C, Benedetti E (1980) Intramolecularly hydrogen-bonded 
peptide conformation. Crit Rev Biochem 9(1):1–44. https://​doi.​
org/​10.​3109/​10409​23800​91054​71

	324.	 Campini JC, Aguilar MA, Martín ME (2022) An MP2/molecular 
dynamics study of the solvent effects on the conformational equi-
librium of the glycine dipeptide. J Mol Liq 351:118557. https://​
doi.​org/​10.​1016/j.​molliq.​2022.​118557

	325.	 Cormanich RA, Rittner R, Bühl M (2015) Conformational pref-
erences of Ac-Gly-NHMe in solution. RSC Adv 5(17):13052–
13060. https://​doi.​org/​10.​1039/​c4ra1​6472e

	326.	 Cormanich RA, Bühl M, Rittner R (2015) Understanding the 
conformational behaviour of Ac-Ala-NHMe in different media. 
A joint NMR and DFT study. Org Biomol Chem 13(35):9206–
9213. https://​doi.​org/​10.​1039/​c5ob0​1296a

	327.	 Gorai P, Das A, Das A, Sivaraman B, Etim EE, Chakrabarti SK 
(2017) A search for interstellar monohydric thiols. Astrophys J 
836(1):70. https://​doi.​org/​10.​3847/​1538-​4357/​836/1/​70

	328.	 Busfield WK, Mackle H, O’Hare PAG (1961) Studies in the 
thermochemistry of sulphones. Part 2.—the standard heats of 

https://doi.org/10.1021/ja00789a056
https://doi.org/10.1021/ja00789a056
https://doi.org/10.1002/chin.197331121
https://doi.org/10.1002/(SICI)1096-987X(199910)20:13%3c1371::AID-JCC4%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1096-987X(199910)20:13%3c1371::AID-JCC4%3e3.0.CO;2-R
https://doi.org/10.1016/S0166-1280(02)00691-7
https://doi.org/10.1016/S0166-1280(02)00691-7
https://doi.org/10.1021/jo0102361
https://doi.org/10.1002/ejoc.200500516
https://doi.org/10.1016/S0166-1280(01)00711-4
https://doi.org/10.1021/jp8039912
https://doi.org/10.1021/jm050968b
https://doi.org/10.1021/jm050968b
https://doi.org/10.1016/j.theochem.2004.04.026
https://doi.org/10.1016/j.theochem.2004.04.026
https://doi.org/10.1016/j.molstruc.2006.01.005
https://doi.org/10.1039/b110777c
https://doi.org/10.1016/j.comptc.2017.05.002
https://doi.org/10.1021/acs.jpcb.9b00246
https://doi.org/10.1039/p29720000720
https://doi.org/10.1039/p29720000720
https://doi.org/10.1021/ja00221a020
https://doi.org/10.1021/ja00221a020
https://doi.org/10.1063/1.473553
https://doi.org/10.1063/1.473553
https://doi.org/10.1016/S0166-1280(01)00445-6
https://doi.org/10.1016/S0166-1280(01)00445-6
https://doi.org/10.1021/jp8106556
https://doi.org/10.1021/acs.chemrev.0c00168
https://doi.org/10.1021/acs.chemrev.0c00168
https://doi.org/10.1073/pnas.1017317108
https://doi.org/10.1021/jp7096313
https://doi.org/10.1021/jp7096313
https://doi.org/10.1021/jp206757j
https://doi.org/10.1021/ct5010966
https://doi.org/10.1021/jp500193w
https://doi.org/10.1039/b923041f
https://doi.org/10.1039/b923041f
https://doi.org/10.1021/jp072565o
https://doi.org/10.1021/jp072565o
https://doi.org/10.3109/10409238009105471
https://doi.org/10.3109/10409238009105471
https://doi.org/10.1016/j.molliq.2022.118557
https://doi.org/10.1016/j.molliq.2022.118557
https://doi.org/10.1039/c4ra16472e
https://doi.org/10.1039/c5ob01296a
https://doi.org/10.3847/1538-4357/836/1/70


655Journal of Computer-Aided Molecular Design (2023) 37:607–656	

1 3

formation of sulphones of the type RSO2CH3. Trans Faraday Soc 
57:1054–1057. https://​doi.​org/​10.​1039/​TF961​57010​54

	329.	 Naumov VA, Ziatdinova RN (1983) The molecular structure of 
sulfones in the gas phase. α-Bromovinyl methyl sulfone and bro-
momethyl methyl sulfone. J Struct Chem 24:370–374. https://​doi.​
org/​10.​1007/​BF007​47796

	330.	 Willer RL, Eliel EL (1977) Conformational analysis. 34. Car-
bon-13 nuclear magnetic resonance spectra of saturated heterocy-
cles. 6. Methylthianes. J Am Chem Soc 99(6):1925–1936. https://​
doi.​org/​10.​1021/​ja004​48a039

	331.	 Barbarella G, Dembech P (1981) 13C chemical shifts and con-
formational analysis of S-methylthiolanium cations. Org Magn 
Reson 15(1):72–77. https://​doi.​org/​10.​1002/​mrc.​12701​50115

	332.	 Eliel EL, Willer RL (1977) Conformational analysis. 35. 
S-alkylthianium salts. J Am Chem Soc 99(6):1936–1942. 
https://​doi.​org/​10.​1021/​ja004​48a040

	333.	 Caserio MC, Kim JJ (1985) Stereoelectronic effects in sulfur 
heterocycles. Thiosulfonium ions. Phosphorus Sulfur Relat 
Elem 23(1–3):169–195. https://​doi.​org/​10.​1080/​03086​64850​
80733​85

	334.	 Vaughn JW, Hawkins CF (1964) Physical properties of tetrahy-
drothiophene-1,1-dioxide and 3-methyltetrahydrothiophene-
1,1-dioxide. J Chem Eng Data 9(1):140–142. https://​doi.​org/​
10.​1021/​je600​20a047

	335.	 Katon JE, Feairheller WR (1965) The vibrational spectra 
and molecular configuration of sulfolane. Spectrochim Acta 
21(1):199–201. https://​doi.​org/​10.​1016/​0371-​1951(65)​80117-5

	336.	 Gutiérrez A, Atilhan M, Aparicio S (2017) Microscopic char-
acterization of CO2 and H2S removal by sulfolane. Energy 
Fuels 31(9):9800–9813. https://​doi.​org/​10.​1021/​acs.​energ​
yfuels.​7b015​77

	337.	 Mukherji S, Avula NVS, Balasubramanian S (2020) Refined 
force field for liquid sulfolane with particular emphasis to its 
transport characteristics. ACS Omega 5(43):28285–28295. 
https://​doi.​org/​10.​1021/​acsom​ega.​0c042​43

	338.	 Durig JR, Craven SM, Bragin J (1970) Low-frequency modes 
in molecular crystals. IX. Methyl torsions and barriers to 
internal rotation of some three-top molecules. J Chem Phys 
53(1):38–50. https://​doi.​org/​10.​1063/1.​16737​92

	339.	 Durig JR, Sullivan JF, Cradock S (1986) An electron diffraction 
investigation of the molecular structure of ethyldimethylphos-
phine in the gas phase. J Mol Struct 145(1–2):127–134. https://​
doi.​org/​10.​1016/​0022-​2860(86)​87036-3

	340.	 George L, Viswanathan KS, Singh S (1997) Ab initio study of 
trimethyl phosphate: conformational analysis, dipole moments, 
vibrational frequencies, and barriers for conformer interconver-
sion. J Phys Chem A 101(13):2459–2464. https://​doi.​org/​10.​
1021/​jp962​5570

	341.	 Reva I, Simão A, Fausto R (2005) Conformational properties of 
trimethyl phosphate monomer. Chem Phys Lett 406(1–3):126–
136. https://​doi.​org/​10.​1016/j.​cplett.​2005.​02.​067

	342.	 Sankaran K, Venkatesan V, Sundararajan K, Viswanathan KS 
(2005) Conformations of triethylphosphate: a reanalysis of the 
matrix isolation spectra. J Indian Inst Sci 85(6):403–418

	343.	 Ramanathan N, Sundararajan K, Viswanathan KS (2017) Con-
formational landscape of tri-n-butyl phosphate: matrix isolation 
infrared spectroscopy and systematic computational analysis. J 
Phys Chem A 121(32):6108–6121. https://​doi.​org/​10.​1021/​acs.​
jpca.​7b050​06

	344.	 Lambert JB, Featherman SI (1975) Conformational analysis of 
pentamethylene heterocycles. Chem Rev 75(5):611–626. https://​
doi.​org/​10.​1021/​cr602​97a005

	345.	 Maryanoff BE, Hutchins RO, Maryanoff CA (2007) Stereochemi-
cal aspects of phosphorus-containing cyclohexanes. In: Allinger 
NL, Eliel EL (eds) Topics in stereochemistry. Hoboken, Wiley, 
pp 187–326. https://​doi.​org/​10.​1002/​97804​70147​207.​ch4

	346.	 Stewart EL, Nevins N, Allinger NL, Bowen JP (1999) Molecular 
mechanics (MM3) calculations on oxygen-containing phospho-
rus (coordination IV) compounds. J Org Chem 64(15):5350–
5360. https://​doi.​org/​10.​1021/​jo980​8425

	347.	 Boopalachandran P, Craig N, Groner P, Laane J (2011) Gas-
phase Raman spectra and the potential energy function for the 
internal rotation of 1,3-butadiene and its isotopologues. J Phys 
Chem A 115(32):8920–8927. https://​doi.​org/​10.​1021/​jp205​1596

	348.	 Baraban JH, Martin-Drumel M-A, Changala PB, Eibenberger 
S, Nava M, Patterson D, Stanton JF, Ellison GB, McCarthy 
MC (2018) The molecular structure of gauche-1,3-butadiene: 
experimental establishment of non-planarity. Angew Chem Int 
Ed 57(7):1821–1825. https://​doi.​org/​10.​1002/​anie.​20170​9966

	349.	 Saltiel J, Sears DF, Turek AM (2001) UV spectrum of the high 
energy conformer of 1,3-butadiene in the gas phase. J Phys Chem 
A 105(32):7569–7578. https://​doi.​org/​10.​1021/​jp011​493c

	350.	 Wiberg KB, Rablen PR, Baraban JH (2018) Butadiene and het-
erodienes revisited. J Org Chem 83(15):8473–8482. https://​doi.​
org/​10.​1021/​acs.​joc.​8b010​85

	351.	 Feller D, Craig NC (2009) High level ab initio energies and 
structures for the rotamers of 1,3-butadiene. J Phys Chem A 
113(8):1601–1607. https://​doi.​org/​10.​1021/​jp809​5709

	352.	 Alves ACP, Christoffersen J, Hollas JM (1971) Near ultra-violet 
spectra of the s-trans and a second rotamer of acrolein vapour. Mol 
Phys 20(4):625–644. https://​doi.​org/​10.​1080/​00268​97710​01006​01

	353.	 Puzzarini C, Penocchio E, Biczysko M, Barone V (2014) Molec-
ular structure and spectroscopic signatures of acrolein: theory 
meets experiment. J Phys Chem A 118(33):6648–6656. https://​
doi.​org/​10.​1021/​jp503​672g

	354.	 Durig JR, Qiu J, Dehoff B, Little TS (1986) Conformational 
stability and barriers to internal rotation of methacrolein (CHO 
and CDO) from far infrared spectral data, ab initio calculations 
and the microwave spectrum of methacrolein-d1. Spectrochim 
Acta A 42(2–3):89–103. https://​doi.​org/​10.​1016/​0584-​8539(86)​
80168-4

	355.	 Bokareva OS, Bataev VA, Godunov IA (2009) Structures and 
conformational dynamics of monomethylated derivatives of 
acrolein: a quantum-chemical study. J Mol Struct Thoechem 
913(1–3):254–264. https://​doi.​org/​10.​1016/j.​theoc​hem.​2009.​
08.​004

	356.	 Durig JR, Little TS (1981) Conformational barriers to internal 
rotation and vibrational assignment of methyl vinyl ketone. J 
Chem Phys 75(8):3660–3668. https://​doi.​org/​10.​1063/1.​442530

	357.	 Nevins N, Lii JH, Allinger NL (1996) Molecular mechanics 
(MM4) calculations on conjugated hydrocarbons. J Comput 
Chem 17(5–6):695–729. https://​doi.​org/​10.​1002/​(SICI)​1096-​
987X(199604)​17:5/​6%​3c695::​AID-​JCC8%​3e3.0.​CO;2-P

	358.	 Hirota E, Endo Y, Saito S, Duncan JL (1981) Microwave spectra 
of deuterated ethanes: internal rotation potential function and rz 
structure. J Mol Spectrosc 89:285–295. https://​doi.​org/​10.​1016/​
0022-​2852(81)​90024-2

	359.	 Pitzer KS (1944) The molecular structure and thermodynamics 
of propane the vibration frequencies, barrier to internal rotation, 
entropy, and heat capacity. J Chem Phys 12(7):310–314. https://​
doi.​org/​10.​1063/1.​17239​44

	360.	 Compton DAC, Montero S, Murphy WF (1980) Low-frequency 
Raman spectrum and asymmetric potential function for internal 
rotation of gaseous n-butane. J Phys Chem 84(26):3587–3591. 
https://​doi.​org/​10.​1021/​j1004​63a018

	361.	 Anderson JE, Pearson H, Rawson DI (1985) Dynamic NMR and 
molecular mechanics study of the rotation of a 1-adamantyl, a 
1-bicyclooctyl, a 1-norbornyl, and a tert-butyl group. The relative 
size of an adamantyl group. The dilemma of calculated barriers 
to rotation. J Am Chem Soc 107(5):1446–1447. https://​doi.​org/​
10.​1021/​ja002​91a075

https://doi.org/10.1039/TF9615701054
https://doi.org/10.1007/BF00747796
https://doi.org/10.1007/BF00747796
https://doi.org/10.1021/ja00448a039
https://doi.org/10.1021/ja00448a039
https://doi.org/10.1002/mrc.1270150115
https://doi.org/10.1021/ja00448a040
https://doi.org/10.1080/03086648508073385
https://doi.org/10.1080/03086648508073385
https://doi.org/10.1021/je60020a047
https://doi.org/10.1021/je60020a047
https://doi.org/10.1016/0371-1951(65)80117-5
https://doi.org/10.1021/acs.energyfuels.7b01577
https://doi.org/10.1021/acs.energyfuels.7b01577
https://doi.org/10.1021/acsomega.0c04243
https://doi.org/10.1063/1.1673792
https://doi.org/10.1016/0022-2860(86)87036-3
https://doi.org/10.1016/0022-2860(86)87036-3
https://doi.org/10.1021/jp9625570
https://doi.org/10.1021/jp9625570
https://doi.org/10.1016/j.cplett.2005.02.067
https://doi.org/10.1021/acs.jpca.7b05006
https://doi.org/10.1021/acs.jpca.7b05006
https://doi.org/10.1021/cr60297a005
https://doi.org/10.1021/cr60297a005
https://doi.org/10.1002/9780470147207.ch4
https://doi.org/10.1021/jo9808425
https://doi.org/10.1021/jp2051596
https://doi.org/10.1002/anie.201709966
https://doi.org/10.1021/jp011493c
https://doi.org/10.1021/acs.joc.8b01085
https://doi.org/10.1021/acs.joc.8b01085
https://doi.org/10.1021/jp8095709
https://doi.org/10.1080/00268977100100601
https://doi.org/10.1021/jp503672g
https://doi.org/10.1021/jp503672g
https://doi.org/10.1016/0584-8539(86)80168-4
https://doi.org/10.1016/0584-8539(86)80168-4
https://doi.org/10.1016/j.theochem.2009.08.004
https://doi.org/10.1016/j.theochem.2009.08.004
https://doi.org/10.1063/1.442530
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c695::AID-JCC8%3e3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3c695::AID-JCC8%3e3.0.CO;2-P
https://doi.org/10.1016/0022-2852(81)90024-2
https://doi.org/10.1016/0022-2852(81)90024-2
https://doi.org/10.1063/1.1723944
https://doi.org/10.1063/1.1723944
https://doi.org/10.1021/j100463a018
https://doi.org/10.1021/ja00291a075
https://doi.org/10.1021/ja00291a075


656	 Journal of Computer-Aided Molecular Design (2023) 37:607–656

1 3

	362.	 Sasada Y (1988) Excited states of trans ethyl alcohol by micro-
wave spectroscopy. J Mol Struct 190:93–97. https://​doi.​org/​10.​
1016/​0022-​2860(88)​80274-6

	363.	 Tsuboi M, Tamagake K, Hirakawa AY, Yamaguchi J, Nakagawa 
H (1975) Internal rotation in ethylamine: a treatment as a two-
top problem. J Chem Phys 63(12):5177–5189. https://​doi.​org/​10.​
1063/1.​431300

	364.	 Durig JR, Bucy WE, Wurrey CJ, Carreira LA (1975) Raman 
spectra of gases. XVI. Torsional transitions in ethanol and 
ethanethiol. J Phys Chem 79(10):988–993. https://​doi.​org/​10.​
1021/​j1005​77a009

	365.	 Hirota E (1966) Microwave spectrum of propylene. II. Potential 
function for the internal rotation of the methyl group. J Chem 
Phys 45(6):1984–1990. https://​doi.​org/​10.​1063/1.​17278​82

	366.	 Swalen JD, Costain CC (1959) Internal rotation in molecules 
with two internal rotors: microwave spectrum of acetone. J Chem 
Phys 31(6):1562–1574. https://​doi.​org/​10.​1063/1.​17306​53

	367.	 Lees RM, Baker JG (1968) Torsion–vibration–rotation interac-
tions in methanol. I. Millimeter wave spectrum. J Chem Phys 
48(12):5299–5318. https://​doi.​org/​10.​1063/1.​16682​21

	368.	 Fateley WG, Miller AF (1962) Torsional frequencies in the far 
infrared—II: molecules with two or three methyl rotors. Spec-
trochim Acta 18(7):977–993. https://​doi.​org/​10.​1016/​0371-​
1951(62)​80104-0

	369.	 Kojima T (1960) Microwave spectrum of methyl mercaptan. Jpn 
J Phys Soc 15:1284–1291. https://​doi.​org/​10.​1143/​JPSJ.​15.​1284

	370.	 Pierce L, Hayashi M (1961) Microwave spectrum, dipole 
moment, structure, and internal rotation of dimethyl sulfide. J 
Chem Phys 35(2):479–485. https://​doi.​org/​10.​1063/1.​17319​56

	371.	 Franczuk B, Danikiewicz W (2018) Gas-phase reactions of dime-
thyl disulfide with aliphatic carbanions—a mass spectrometry 
and computational study. J Am Soc Mass Spectrom 29(3):588–
599. https://​doi.​org/​10.​1007/​s13361-​017-​1858-x

	372.	 Allinger NL, Fan Y (1997) Molecular mechanics studies (MM4) 
of sulfides and mercaptans. J Comput Chem 18(15):1827–1847. 

https://​doi.​org/​10.​1002/​(SICI)​1096-​987X(19971​130)​18:​15%​
3c182​7::​AID-​JCC1%​3e3.0.​CO;2-Q

	373.	 Shuji S, Fumio M (1972) The microwave spectrum of dimethyl 
sulfone. Bull Chem Soc Jpn 45(1):92–94. https://​doi.​org/​10.​
1246/​bcsj.​45.​92

	374.	 Scherer G, Kramer ML, Schutkowski M, Reimer U, Fischer G 
(1998) Barriers to rotation of secondary amide peptide bonds. 
J Am Chem Soc 120(22):5568–5574. https://​doi.​org/​10.​1021/​
ja980​181t

	375.	 Fischer G (2000) Chemical aspects of peptide bond isomerisa-
tion. Chem Soc Rev 29(2):119–127. https://​doi.​org/​10.​1039/​
A8037​42F

	376.	 Ross BD, True NS (1983) NMR spectroscopy of cyclohex-
ane. Gas-phase conformational kinetics. J Am Chem Soc 
105(15):4871–4875. https://​doi.​org/​10.​1021/​ja003​53a005

	377.	 Tafazzoli M, Suarez C, True NS, LeMaster CB, LeMaster CL 
(1992) Pressure- and temperature-dependent proton NMR stud-
ies of N-methylpiperidine ring inversion in the gas phase. J 
Phys Chem 96(25):10201–10205. https://​doi.​org/​10.​1021/​j1002​
04a021

	378.	 Belostotskii AM, Aped P, Hassner A (1998) Intramolecular 
dynamics in 4- to 6-membered saturated azacycles: a MM3 study. 
J Mol Struct Thoechem 429:265–273. https://​doi.​org/​10.​1016/​
S0166-​1280(97)​00368-0

	379.	 Nam S, Cho E, Sim E, Burke K (2021) Explaining and fix-
ing DFT failures for torsional barriers. J Phys Chem Lett 
12(11):2796–2804. https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​1c004​26

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/0022-2860(88)80274-6
https://doi.org/10.1016/0022-2860(88)80274-6
https://doi.org/10.1063/1.431300
https://doi.org/10.1063/1.431300
https://doi.org/10.1021/j100577a009
https://doi.org/10.1021/j100577a009
https://doi.org/10.1063/1.1727882
https://doi.org/10.1063/1.1730653
https://doi.org/10.1063/1.1668221
https://doi.org/10.1016/0371-1951(62)80104-0
https://doi.org/10.1016/0371-1951(62)80104-0
https://doi.org/10.1143/JPSJ.15.1284
https://doi.org/10.1063/1.1731956
https://doi.org/10.1007/s13361-017-1858-x
https://doi.org/10.1002/(SICI)1096-987X(19971130)18:15%3c1827::AID-JCC1%3e3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1096-987X(19971130)18:15%3c1827::AID-JCC1%3e3.0.CO;2-Q
https://doi.org/10.1246/bcsj.45.92
https://doi.org/10.1246/bcsj.45.92
https://doi.org/10.1021/ja980181t
https://doi.org/10.1021/ja980181t
https://doi.org/10.1039/A803742F
https://doi.org/10.1039/A803742F
https://doi.org/10.1021/ja00353a005
https://doi.org/10.1021/j100204a021
https://doi.org/10.1021/j100204a021
https://doi.org/10.1016/S0166-1280(97)00368-0
https://doi.org/10.1016/S0166-1280(97)00368-0
https://doi.org/10.1021/acs.jpclett.1c00426

	Conformational energies of reference organic molecules: benchmarking of common efficient computational methods against coupled cluster theory
	Abstract
	Graphical abstract

	Introduction
	Computational methods
	Test set
	Details for the calculations

	Results and discussion
	Methods used and tested compounds
	Hydrocarbons
	Haloalkanes
	Cyclohexane derivatives
	Oxygen-containing compounds
	Nitrogen-containing compounds
	Sulfur- and phosphorus-containing compounds
	Conjugated compounds
	Energy barriers

	Conclusions
	Anchor 19
	Acknowledgements 
	References




