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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™"), followed by B3LYP (0.69 kcal mol™!) and the HF
theories (0.81-1.0 kcal mol™!). As regards the force fields, the lowest errors were observed for the Allinger’s force fields
MM3-00 (1.28 kcal mol~!), MM3-96 (1.40 kcal mol~"!) and the Halgren’s MMFF94 force field (1.30 kcal mol~!) and then
for the MM2-91 clones MMX (1.77 kcal mol™!) and MM+ (2.01 kcal mol™") and MM4 (2.05 kcal mol™"). The DREIDING
(3.63 kcal mol™!) and UFF (3.77 kcal mol™") 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
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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 @B97X-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 PBEO + 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 34T 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
MM?2 force field and its clones, MM3-96, MMFF94,
MMFF9%4s [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 GMTKNSS5 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
PBEO-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
10% 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 Mgller—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.

@ Springer

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 ! Al
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~! degree 2. MMX,
MM3-96 [77-79] and MMFF94 [32] were implemented with
PCMODELY9/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™! Al
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 (Ip) 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:

CBS _ CBS CBS
Etotal,CCSD(T) - EHF Ecorr

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.
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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:

X (~aVY) _ W) (—~aVX)
EHFe « EHFe «
e=aVY) _ p(=av/X)

CBS _
EHF -

where X and Y represent the successive cardinal numbers of
the basis sets. ES(F) and Egg are the SCF energies obtained
with the two basis sets. The parameter o 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:

XﬂE(X) _ YﬂE(Y)

CBS _ corr corr

corr X —YP

Here X and Y are the cardinal numbers as above and the
optimal value for the parameter f 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

the elements H, C, N, O, F, S, CI, 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 1072 kcal mol~'. 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™, the result is indicated in boldface and bold
underlined when the deviation is larger than 3 kcal mol~".
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~! [113], 0.67 kcal mol™' [114],
0.71 kecal mol™! [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, 6 y; — 6% (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

@ Springer



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

612

[BIP3YIP D-D-D=D 01 SI9JaY,

AN "dws} mo[ ‘uonn[os ‘Hv,

aseyd se3 ‘Ovy,

UeWeY ‘UonNn[os ‘Hv,

oseyd se3 ‘gv,

€0 80 LT'T L1 121 or'l el 860 060 oIl €r'e 08°l 89C dSINd
SIIULIOJUOD

(4 € € € € (4 (4 € 4 € ¥ 14 S Suoam "oN

p06°1 L6'1 67T 60 9T0 820 €0 Il [4N! Il vl L60  L60 00— we— D8-D0L 3UEIO00[IKD)

Yo

p0S°¢ ¥S'S KNS 8¥°¢ 199 L99 989 LTL 869 L9°9 09°L 0I'9  LO9 0€'s  16°S Jivy-wog QUAXAYO[ILD)

208°S L6°S 879 €79 SL'9 €89 LO'L LT9 IL'S 9L'S €6’ 9¢°¢ (S3Y 0L'L 688 Yo-qmJ QUEXAYO[IAD)
QuazZudq
-1Kyuadosurn
ufsyp - -Gégé1-owolq

pP0'1 Pl LS'T 9T 8L°0 6L°0 80 (U (2! vTe yTT 051 SS1 80v T6Y  -udsomf SO
Quayy

- STy 86°¢ S0 L89 169 SO°L or'l ge0 181 9¢'C  TLT 1IST— 90T S90— ‘-5 -elkzusqenay,
Juey)

6T (4 66'0 — 980 8I'1 IT'1 680 S00 1€°0 70 800 I6C S60 I€C— 6¢1 — -8 -o[kuaydiq-z‘1
uexay

pcC0 100 — 100 000 000 100 — 00— S€0— 170 — €ro 8I'0 S00 SO0 Sro ¢1o 55 -[Apowrena],
ueylow

p6L’0 10°1 801 80 88°0 L8°0 980 610 0c0 10 S0 91'0 910 €C0 €00~ LLEL -[AyIoenaL,
aueinqk

2S00 91’0 Y10 Y00 SO0 — L00 — SI0— 1°0 8¢0 6€°0 €co— SI'o SI0 SI't— 050— -8 “JRwiq-¢T

qelV'0 10°0 — y1°0 LY0 £9°0 19°0 Y60 9°0 Lo 89°0 90 6¥0 6v0 0€C SCc— MIYS-SID auang-|

eL0~L9°0 09°0 £9°0 160 90°1 901 SOl 89°0 180 180 8L'0 980 980 LLo 111 -8 sueng-u

(Lasdd  z1ad-o  (dp)ore 71Ad ZaAd DONIA uon
wdxg  -ONd'1d /CdIN -9/dA1ed  S9D/dH -99/dH -99/dH 80-VININ 00-€EININ 96-€ININ OAAININ XININ - +INIA HIA Adn -duoseq punoduwo)

(;_[ouW [ed) SA[NOI[OW UOGIEIOIPAY MIJ JO SIITIOUS [EUONEULIOFUOD JALE[Y | dfqeL

pringer

Qs



613

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

[211] 509 — 10 09 + ~ SL.19YIO ) pue
o081 ~SI £-D PUB [ U99M)aq J[SUE UOISIO) dUO :§D ‘()9 + ~ AQ UOIIAIIP ISIMYIO[O B U 9IBIOI ST £-1) 10N [ U29m1aq d[3ue uolsio) ay) @, 8,8 *,081 ~SI £D-7D-1D-1D U99m13q d[Sue UOISIO) Y} v,

009 — 10 ;09 + ~ ST [FUE UOISIO) AANE[AI Y} :8 “,08] ~ ST X-D-D-X 10 D-D-D-X d[Sue U0IsI0} 3y uonodford unumap sm ut :o,

aseyd ses ‘gv,

€20 9¢°0 9t°0 L¥0 90°0 ¥9°0 0€°0 090 SET TLO  TLO 09T ¥L0 aAswy

wh@Ehc.w

-uod

0 I 4 I 4 0 I 0 4 € € S S Suoam oN

JHD

8L°0 06°0 $6°0 €9°0 0t'0 L¥0 690 wWo v1°0 6€°0 00 610 100— 6V0— €80— 8,880  THD'HD

JOHD

601 8S'I 0L'1 w1 LLO €6°0 o'l 98°0 1+°0 €l 080 0L0 €10 00T— 09T— . 38,8v0 “HDHOID

JOHD

SO'T LY'1 2! 89’1 ¥6'1 06’1 98’1 Se'l €01 vT'1 0€T 96T €91 oo 650 P8 THOID

AHO

295°0 — 8L°0 — LLO— 990—- 0v0-— ¥T0— €20 990— 6I0—  €90— €20— 0S0 +¥90-— 800 SO0 P8 ‘HO4

[OHD

600 — 00— ¥00 — 0Z°0 10 Se0 P10 €10— YI'0 100-— ¥I'0 $2T0 120 60 LLO @8 THO'HD

d°HD

€0 — 61°0— 970 — 01°0— 00 80°0 — I€0— TC0— 8I'0—  900-— 0T0 800 800 170 920 @8 “HO'HD
(1)asod ZaAd (dp)Drg-9 ZLAd ZaAad ONIA uon

dxg -ONdId -99/edIN dAI€d S9D/dH -00/dH -09/dH 80-VININ 00-SININ Y6dAININ 96-CEININ. XININL  +ININ HYd ddn -duoss@  punodwo)

(;louw [B3Y) SOUBN[EO[BY SWIOS JO SIISIOUD [RUONELLIONIOD SANBIY T 3|qel

pringer

a's



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

614

uexayopo

ba‘ba -KojAyjowr

2056 80°¢ 1€°¢ 919 €89 189 SL'9 66'% oL's 80°¢ s ves ves e99r 699 -Xexe Ip-¢°1-51D

QUEXAYO[D

ba‘ba -KojAyyowr

85T 6T 14X e 124° Iv'e (423 8I°C LST 08’1 LS'T VT &T (S £€6°1 -XexXe Ip-gI-supd],

JUBXAYO[D

205°0 0’0 70 860 crl 660 650 620 €e0 ge0— €Co  €¥0 T w0 6I'l bo-xe -Koor01y)

QUEXAYO[D

91°0 ¥1°0 800 1€0 620 91°0 ¥C0— [0 6¥0— LEO — ¢co 910  SI10 ¥€0  6€0 bo-xe -Kd010n14

sumydsoydiA

91 (4! 6¥'1 |44 WwT LET e 96'0 ev'l §9°0 vl U G900 TWO— LYO-— bo-xe -Xoyo[A)

[ongoue

01T~ €01 860 89°1 16°1 6L°1 12! 89°0 6v'1 €10 U 0TI 80°1 §6'0  6¢'1 bo-xe -Xayo[2h)

Jre[Axoqred

-QUBXAYO[oKd

qcl’l 690 6¥0 LS'T £€9°1 o'l 890 ee'l 8¢'1 8¢0 — 'l (ST ee’l €T 691 bo-xe [AyeN

SUOJN Ao

qLT'1 650 170 'l 9¢°1 87’1 'l vl 09°1 120 — 96’1 6C'1 el 8I'C 097 bo-xe -1&xayorok)

QUEXAYO[IAD

LIL0 70°0 ro— SI'1 8¢'1 YTl 80  LO0-— 150 91°0 0S0 ST0 0T0 800-— 150 bo-xe -01sud

QUEBXIYO[IAD

JIETT 70— 890 — 87°0 010 00— 60 — 000 LSO 0€0 090 00 9C0 810  8¢0 bo-xe OIS

QUBXAYO[O

2SS0 S1'o 800 — 690 IL°0 S 60°0 170 9L°0 10 SLO  SS0  SS0 8C0 850 ba-xe -KaKxoyrN

2CS0 0 LTO0 88°0 8L°0 ¥9°0 0T0 90 L0 (4] L0 650 650 yc0 290 bo-xe  [ouexayoA)

urwre|

2071 L0 €60 9T'1 YTl 60°L 90 8€€ €Tl L9°0 'l or'L or'L 87’0 €80 bo-xe -Kxayoah)

QUEBXIYO[IAD

p0S'C | 444 6€°C 0T’e ¥9°¢ 65°¢ Sy'e 8T 06C 0T S6'c 88T 097 8I'6  €TS bo-xe -ISYN

QUEXAYO[D

oL8'C €LT 69°C 66'¢ S9v 09y vy 144 Y0y 85T L0y  9PE Iv'e €8T S99  gbo-xe -Ko1Auayq

que

067 (Y LTS 'S 6€9 09 79 €9°¢ 029 129 ¥1'9  00°S 1§°¢ 69  €6'8 bo-xe  -xeyojoko-ng-1

Jue

07’1 LE'T 8T'1 97T 1€°C 0sC vr'c ST 98°1 €S°1 98T TLT Tl ST 0I'T bo-xe  -xeyooo-1g-1

QUEXAYO[D

OL'T LT 9L'T 87T 8+'C L'z vH'e IS'T LL'Y LT 8LT 8LT 8LT  6C1  LST  boxe -KolAyW

?\Cooﬁ

[PASYSIY  (L)ASID ZaAd (d'p)ore-9 Z1Ad ZaAad ONIA uon

10dxg  -ONdTA  -99/¢dIN dA1ed S9D/dH -99/dH -09/dH 80-VININ 00-€ININ P6IININ 96-CININ XININ +IWIN -THIA 440 -dioseq punoduro)

(;_I0W [2Y]) SIATBALISP SUBXIYO[IAD SWIOS JO SAIFIAUS [RUOHBULIOJUOD SANR[YY € 3|qel

pringer

Qs



615

Puoq O-D 9y} PUNOIE UOHEIOI SPIBSAI SB UONERIUSLIO PIsdI[od ue aArY JoWIOJu0d [eLI0jEnba puE [eIxy,

puoq H-1D suexayo[d4o Sursdioe st puoq gD=1D Suul [Auayd Iourojuod [erxe Io [eriojenba AS10u0 mof o) uJy

K101} 193] 159y 1Y partodar SNOTAAI .,
«DTT1E-9/CdN/(dIPT)D+TT1€-9/ASIO0,
(dIPODTTE-9/cdIN/(1)ASDIs

aseyd ses ‘Ov,

AN dwd) mof ‘uonnjos oy,
MAN dway mog ‘uonnjos ‘HVq

aseyd se3 ‘gv,

PoUIULID)AP JOU P°U

bo‘ba
-Xe‘xe

ba‘ba
-Xe‘xe

bo‘ba
-xe‘xe

bo‘ba
-Xe‘xe

ba‘ba
-Xe‘xe

dsna
SIULIOJUOD
Suoam "oN
uexayo[d
-Ko0107Uyd
-t [-sup4f
QUEBXIYO[IAD
-0I0NYIp-H°]
-supif
QUEXYO[d
-Ko010[Uyd
Ip-CI-supd],
QUBXAYO[IAD
-0IoNQIp-T°[
-supif
QUEBXIYO[IAD
-ONIS
-SIQ-7 [ -sund]

[PASI YSIY  (L)ASID

96°0 S8°0 L0 L90 €Tl 90 60 850 ¥0T 6L
I I € ¢ S I I € L 9
S8°0 00 — 0€0 SI'0  T0T— TI0- 100- LVO #9T TIHT
690 — 09T— +T0— S9T— 65T— TH0— v60— vF0—  L90  8LO
€0 — W0I— 9§T—  TLO—  T0T— €0T— OTI— 880— 6I'T S9T
910 — 611 — LSO I0T—  TTO0- 80— LSO— T80 190 €LO
£8'T — 8LT— S60— 9I'T— €6F- STI— IST— L8T— 9¥8— STT—
ZLAd ZaAd DNIA

-99/dH -99/dH 80-VININ 00-¢ININ v6dAININ 96-€ININ. XININ  +ININ -THId 44N

uon

-diosaq

punodwo)

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

(ponunuoo) ¢ 3jqey

pringer

a's



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

616

(bag‘bay) QUBXOIP-¢“|
1260 0L°0 610 T 0Tl SO'T 090 780  8L0 IS0 6L0 650 190 +90  1L0 —(xvg*bay) -[AyrwIg-¢g
ueikdoip
S6°1 €6'1 80°C vST  S9T S9'T £9°C 9L'T €T 9T €T WT  PLT SLT ba-xv  -Ayena) [KyON-f
ueikdoip
08T SI'I 601 LT 6LT w1 IS°1 800 8T 10T LTT L80 Il LTT  9T1 ba-xv  -Ayend) [KYSIN-¢
ueikdoip
98°C 8LT S6'C See  65€ sse d) S9T 987 WT 88T 06T 66 €KFT 9T ba-xp  -Kyens) [AYRN-7
27000
P9 T —~ PST— €91 - SPT— €LT— TWI— 89T— 8YI— L¥1-— 10C— 0ST— T8T— LOT— 6£T1— I¥1— p-§  ‘opIsodk[3 1g-D
QUBXAYO[d
-KO9INIP-9°C
- vLO—  €L0— 8CT— T0CT— 96T— 1I8T— T€T— 9¢T— LLO  8€T  LSO— 08S—  #60 80 nup-192 -S1-QFN-
- LST ¥8'C 9T LSTT 69’1 80'C LTT  $0T 16T 18T 190— 690— 900 9L0 p+3-8-pvv  [OPpaUEH-T[
- ¥9°0 780 (44! SLO €L0 ¥9°0 65T SH0 960 0T €60 6T OVT  $S0  +8 ys-v92 [o-1-usdoid-g
- 40! 8¢'T or'1 S6°0 901 6¢'1 010  0v0 €I'T TOT  090— 80— I¥0  ¥I0 +3s - pys [o-1-usdoid-g
800 — LTO— €0~ TT0— LEO— 60— 900— OY0— L9O— LTO— $90— TH0— 080— €S0— T90— -3 Jouedoid-g
€0~ 010—  920- €00 ¥I0 900 60— 8I'0—  9€0 620  0£0 SI0 660 I€0  I€0 GPV-08 Jouedoid-|
helipie)
ST ¢l or'l €T 88T S8'T SL'T 1T 08T 0ST 81 6T LLT  SST  bLI -8 TApowr [Apg
6210 91°'0 90°0 LOO  0£0 vT0 S0°0 620  TH0 810  TH0 0S0  9¥0 0S0 090 -8 [oueyg
- (1% 4 $0's 18°¢ 8% S0 08'S 60r TP LEY ¥V TS ISS L8V 98Y 012¢-012y7
- 1T¢ LY'€ 60¢  9T¢ or'e €8¢ €re 6T e LST 60T ST1 8T 18T 012)€¢-012Y]  QUOULIIPOIAD)
Quouexay
2851 pLT P81 6T T LTT SL'T 60T  LOT €l 6I'T 9T0-— S€0-—  TET 1T ba-xv  O[AIKPSIN-T
- 020 1€°0 00— TI0 120 L¥0 SOT 19T T 60T LSO €L0 980 99 109-3s  Q1e[0JAIS [AUIIN
N4 10 610 (AN A LT0 €0 0T 181 080 0vT S0 890 060 9LT 12248 proe d1j0oA[D
hEliie)
oST'T ST L8T 66T  IST 91 S6'T ST €Le ST T S6S— €SL—  SOE LO'T §10-5 ‘8 TAuIA (KON
- 0¢'T 89'T 91 1 8S'T Iz STT  8ST ST LLT 96T— 8TT— 10T IS8T $10-8*SUDAI-S [oyoore JAuIA
0T vel Wl vel IST 99'T 01e 2 B €80 LT 090— SOT— 09T 6ST pasdyoo-mays suoueng-g
2560 Y0l ST'T 180 080 L60 Ly'1 8CTT 901 €60 8I'T  €0T— SST— S60 060 pasdyos-mays [euedoid
aS'8 LTL €S'L 0LL 908 LT'8 06'8 sTL  1¢8 LT8  08'L 9¢0  8ST SIS 86¢€ Z-4  91e100e [y
oSLY s 6€°S 9Ts  STS WS 96°S LLY  S9€ 8TS  ¥6¥ PFI— 9TE-  PLE  69€ Z-4  Qrewlioj [AYN
06°€ wy Sy LY €LY L6V 69°S 06¢ 9T 06 86¢ S8I'T— #rI— 9TT €6€ zZ-4 pIoR dTULIO]
sK1001))
Pas ysly  (L)Asdd zdad @poig9  s9d  zZLAd  zdad 80 00 96  DNIA
I0dxg  -ONd'TId -99/ZdIN dX1ed MH  -9H  -99dH vININ -SININ v6ddNIN SN -THIA 40 XINN +HIAIN uondroseq punodwo)

(;_Touw [edy) spunodwod SUIUIEIUOD USTAXO SWOS JO SAITIAUS [EUONEULIOJUOD JALR[Y  dfqeL

pringer

Qs



617

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

SUOTIBULIOJUO J[qe)s s& 08 [0S [IS103) pue 0809 [ XITX13 9JE[No[ed JOuU PIP SP[ay 2210J +IAIA Pue CINIA,

[£01] @18ue TeIpayIp H-ZO-7D-H 10J JOULIOJUOD SUBI) B S9JEdIPUL X PUE ) 0) dANE[a1 dyones pue G-O
03 aanear uonisod suen ur st dnois AxorpAy Arewtsd oy YOIy Ul ISULIOJUOD € 0) Spuodsarrods A[eandadsar ‘08 pue ,091 o1 ,[D-10-1D-SO PUE [O-1D-SO-SD SO[SUE [BIPAYIP 10809 XISXIT,

pasdio9 1 O pue ) [eUIdIA
uaM)9q 9[SU. UOISIO) 9UO :pasdI[29‘S (09 — IO ()9 + D ST IOYIO Y} puUB O8] "D SI O PUB D) [BUIDIA UM)Aq 9[SUE UOISIO) QUO :Se ‘()9 — 8O £q UOTIORIIP SSIMIDO[OIAIUNOD © UT PAJEIOI ST 7O pue
€D ULaMIdG PUE () PUE [ UAMIOQ J[SUE UOISIO} AY) :-3-3 (8] 8D AIB O PUE GO PUE () PUE [ USIMIOQ SI[SUE UOISIO) 0M] L) (kR JUSWSS ¢O-H0-€D-CO- 1D Ui Aq papnjoul SISWLIOFUO)

JS[3uy [eIPAYIP H-O-D-H PUnoIe Uoneloy,

puoq O-D punoie uondLdSIP JOULIOJUOD 0} PUOIIS 3y} ‘PUoq £~ PUNOIE UONALIISIP JSULIOJUOD 0 SIFaI JYIS] ISIY SYL,

(K109) [aA9] 389y31y pajtodar snoraaid) [8¢] 3oy woy (pAZIPTION1€-9/CdIN/ZAA-20-1/(L)ASDDs

uonn[os ‘g,

AN “dway mo] ‘uonnos ‘Hvy,
[H,-H,]r, syueisuod Surgdnod YN ‘uonnios ‘oy,
AIAN “dure) mof ‘uonnjos ‘,Hv,

aseyd ses ‘. HV
oseyd se3 ‘ nv,

PAUTIAAP J0U Pu

¥T0 oro 790 950 L0 8T'I €0l 91T VL0 65¢ €6V 0T 8¢ asmy

SIULIOJUOd

I € T T I I T € 14 91 LT 14 ¥ Suoam oN

8GLI -08091x/3x13
- ¥0°0 ¥0°0 900— 820-— 0OF0— 9L0— #bLY— ¥I'T— Tl — -  8¢'8- - SLg- = -0909x18x18 9SO[RYAIL-D D

-08091X18x13
- 96'9 79 LLS 608 LEL 148 STT  8I't 86°0 ~ L80— LET— 00— — 081081481231 9SO[eYII 0D
(L)Asod ueikd
ST — ST— T — 16T— 6L1— T0T— €LT— 60— 1S0- 6£C — pu 990 €01 SLO— 1S0- ba-xv  -o1pAyensi-4-g
ueikdoipAyer
oLTT — ITI— OoF1— 8L0— SF0— S90— 8TI— 9TI— 9L0- IST— 780-— LTO  I¥T $10— 801 ~— ba-xp  -10) AXOURN-T
8.3 [e1008 [AyjowIp
- LT'T ST1 680 80 650 €60 61'C 920 6TT 90 790 LTE—- LTO  SHO -pasdiyoa § apAyapreleoy

5 8-

- 1253 98¢ vLE 19°¢ €Le It SOy 10°€ 8TYy  LI'E LST  S80 L9T 9TT pasdi)ra §
- ILs 66'S 98¢ Wt 9y 6S°S €0S  9I'¥ 8SHy 8 90— OvI— 160 06¢ _8_8-vp S—
- 8T €LT €T 18T L6'T £r'C we €It II'c  STT 910— 180— 9%¥0 06T _8_8-3p Axoygeuq

sK1001])
PASIYSY  (LAsSDD  zZdAd @ppig9  sdd  ZLAd  zadad 80 00 96  OHNIA

Joydxg -ONdIAd -99/2dIN dX1ed MH -9/ H -9MH -vININ -SININ P6dIININ -SININ -THId 440 XINW AN uonduosaq punodwo)

(ponunuoo) ¢ sjqey

pringer

A's



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

618

(xv‘ba
-XDAD) Qurprradid
0TT L0 ¥9°0 0S0 950 0S°0 I€0 T6T— 800 80°0 — 600 OI'T— ¥TI— €90 960 PI-NPYD  -OW-N-(PV-0)-C
(xv‘ba
-ba‘ha) qurprradrd
0P T €T LTT €T 80T ] 4 8T 99T — 1A (4! 0¢'l €8y T9C LT ITT SNNPY-D  -OW-N-(PYV-D-C
(xv‘ba
-ba‘ba) surprrod
08T  08T—  68T1— §T— 197T— 09C— 9ST— 6V 1— €ELT— LET ILT 6CT— €8T— ILT €T OSW-DOW-N  -Idi&ypouwnp-yy
(xv‘ba
-ba‘bha) qurprrad
09T 9I'T— 101 — €8T— 88T— O08T— PST— TET— 91— 901 SF1T 680— TTI— 791 65T PIW-DON-N  -diAypewip-¢N
(xv‘ba
-ba‘ha) qurprrad
081  80CT—  6IT— 80C— T6I— #T— I9T— 9S0— T9T— LS'T 9¢'1 SE0 €0CT- 0TI S9T  OW-DON-N  -MKpewip-g'N
(boH aurp
p06T 06T 0T 1ST  L97T 99T 79T ! SL'T 8¢l vLT el T LT -N) ba-xp -Ladid[AyIeIN-1
(boH auIp
09T €T 011 6LT 061 €81 651 70T A 601 81 €60 LTT  S9T €91 -N) ba-xv -tadidiAyieN-¢
08T 9T 16'C €TE  LEE (433 LT'E Ly 6€C 8€'T S€T 9¢'T vIe  s61 It (bdH-N) ba-xv  surpuedidiAyN-7
aurp
SIE SPe 19°¢ ve'e It 80t 86°¢ (45" 8€T 8C'¢ €T 691 €Le  0IT  €ST ba-xp  -LedidiAylow-y
€50 8L0 80 9,0 660 L60 1670 090 €0 06'0 620 860 LLO 600  1€0 ba-xp ourprradig
(opua‘ba‘xp
-0X2‘XD‘XD)
H-O'H ourpruriAd
- LT LE'T L60 620 6€°0 69°0 81 (44 00 0S¢ TSO0— +¥80— SOT— I+'0-— “N'H-N  -0IpAyexay-HO-¢
(xvxp
-ba‘xp) QuIp
- S00- €00 €00 920 ST0 o 0sT— TUI- 661 06T vF0— 0L0- ILT OI'l HN'HN -rwtkdoipAyexayq
(04
aIT0  S00 €10 IT0  €L0 L0 790 09°0 €0 68°0 6£°0 L0 LTO—  LOO  0£0 ‘(Pa-xv)H-N QuIproLAd
49870
W0 970 6£°0 ¥€0 90 6£°0 91°0 €0 920 S¥0 70 v1°0 SE0 €00 Y10 -8 surweifdoid-g
- 800 80°0 — 9¢’0  TH0 €€0 900 6£°0 870 6£°0 870 120 0S0 690 L90 LD ourmeffdoid-1
- 9Tl 8L°0 960  89'I 99'T 6S'T €0'1 LT'T 191 91l L6'0 Wl 0T $0'T 3I-1D
- €Lo ¢l T 0Tl 0Tl 0Tl 870 91l 98’1 14N (AN 9T 660  LI'T $3-8D  ourueKe[Amo
0T°0
‘900 600 — 000 LOO 9T0— 1I0-— 800 IT0— €10-— PP0— 00— €/0— S90— TO0—- €I0-— -8 ourwre[Ayg
o,ﬁ_@ooﬁ
[Pas[ysy  (DAsdd zaad dpoig-9  sdd  zLAd  zaad 80 00 96 ONIA
Todxg  -ONATd  -99/¢dIN dX1€d  MAH  -9MH  -99MH PN SN PLINING -€EININ -THId . 44N XIWN +IWIN - uondimsaq punoduro)

(;_Touw [edy) spunodwod SUIUTEIUOD USTONIU SWOS JO SIITIAUS [EUONEULIOFUOD JANB[Y § d|qeL

pringer

Qs



619

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

SI9

-ULIOJU0d
¥ ¥ 9 9 9 L 4 L ¥ I 1 4! [1  Suoim-oN
yH8baLD
490 660 8T'I 0ov'0 €80— 0L0— 6C0-— 01°0 pLT 10°1 L6'T 9I'T— I8T— LLO— LIO ‘b3 VdVN
yH8baLD
oSO 850 101 ST0 S80— S90— $00— S8€T— ¥0°0 8L°0 60 WC— 9I'c— TST— T80— -_8‘bosD VAVN
950  L00 €0 00 96T— I9T— ¢€S0- SPT 970 — 840 Pr0  0TT— 9TE- I1'0—  6S€ y+3Dard-¢D VdAVN
(boLD-xeLD)
- S€7T a4 IST 887 S6'CT 1483 ¥8'1 80'T SH'T 9’1 681 €Iy €T SLT _8,8-,8.3
4(b3LD-6D)  eprweAyiow-y
- 6LT €6'1 ILT 080— 8S0-— 01°0 08¥ €0'C €SI LTE 9°0 Y00  S6'T  SEt _3,8-vp  -ouIue[e[A)o0B-N
$(LD-6D 10)  oprurefyow-y
- sST 89'1 680 L60— T80— 6£0— vSe 16°C €1 €0¥ 68°C veY 0TI 66'¢ _8,8-vp  -ouDA[Z[A1008-N
(O-N=DN) auIp
- wl ve'l | rar A 4 6€T 0€T 9L'T 08¢ 454 pu 080 99T  S€0 SO SUDL—S1>  -IWBWIO SN-N
(N-D=N-H)
- Wl [7A 1 (AN AT | 08’1 €Tl $0— 680 LTT pu 1S°0 €T 110 100— SUDLI—S12 QUIPIWEBULIO]
prur
0T 80T 48! 980 860 L60 ¥6°0 18 &4 $81 8T'1 ST TS0— L60— 00— €80 Z-d  -ewIoy[Kypuw-y
oprur
p£CT  ITT L0T 16T LT 8T | 1554 69T ¥6'C 8I'T 09T vL'0 SP0 L90  8IT VACH ~ejooR[AyIowW-N
GOE&UOEOE
- $I0I— €601 - 0l — 9¥9— 089— 98L— 650I- 9I'II— 9T¥I— LI'S— 91°0 I+¥'0 06— 820 AL-8D surwerpaueyyg
uoned0uOwW
- 16%¢ 08+ Sy 600 750 €8T 61°SI— 506 690 96'S 7801 — S9CI— §8¢— I1TL— @ceg  duedonouruy-ge
uoneorp
- VI 17 98T  ¥TT A a4 901 65T €1 §TT 00'C LL'T Y20 110- @g-o¢  -uedonounuy-g¢
wnt
1) A 4 4 9I'T Ve 8T 18°C LT ¥v6'C— 99'1 10°C S6'1 L0T €8T  +vL0 vTT (baxw)oN-N  -urpuadid-oN-N
wniuowwe
- 180 980 L60  1I'1 60'1 101 Lo 79°0 8L°0 060 150 wo LT0O— 790 -3 [KyrewrpiAyig
- 6£0 €50 00 600 LTO It°0 8€°0 SI'1 €0 Y0'1 STl 6v’'L  8€0  6¥0 ®]-01 ouedonounuy-gd¢
LLL}
- 00 970 — Y90 98T 85T pLT we 95T LO0 - LT ST'€ 60 10¥  TIE +3D0D3 surwerpsuelng
- 6ST-— 8T — OI'T— 2I'0— 920— 890-— S¥0 000 €Tl 90— 850 6L0 TST 90 (LIS 8DHS  oumuerpouedord
A o 61’1 — Prl— 6£0— SE€0— €T0— SPI— 90— 6I'l— €I'1— 81°0 650 TO0— LI'T— 4L+ 808 sunwerpaueyig
u,n_@oo%
PASIYSIY  (L)AsSDD  zdAad @poig9  sgad  zZLAd  zaad 80 00 96 ONIA
Jodxg -ONd1d  -99/¢dIN dAIEd  /MH  -9MH  -99dH  PININ SININ P6ddININ -EININ -T3dd 44N XWIN +IWIN  uonduossq punodwo)

(ponunuoo) g sjqey

pringer

A's



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

conformational analysis of organic molecules was reported

= e
; E Qg in 2001 [118], where it was suggested that the lower energy
528 of staggered compared to the eclipsed ethane results, not
L~ from smaller steric repulsions, but from hyperconjugative
% E’ stabilization (Fig. 2), which is equivalent to the formation
g g of more bonds that lowers the energy. After some rebut-
tal [119, 120], it has been suggested that both steric effects
g N and hyperconjugative interactions play important roles in
% % ﬁ stabilizing the staggered conformation in ethane. While
steric effects make the dominant contribution [121-123],
_g hyperconjugation interactions contribute about one third of
% § - the total torsional barrier in ethane. In butane, the calcu-
N = lated potential energy surfaces and the Natural Bond Orbital
(NBO) analysis suggested that the gauche conformer is
2 o destabilized because of the steric repulsions between the
O - gauche methyl groups while hyperconjugative interactions
SN play an important, but not prelevant role for the relative
E % lé’ conformational energies [121-123]. All the tested theories
calculate the anti conformation as the global minimum in
i3 N _ accordance to the DLPNO-CCSD(T) theory and experimen-
£ = 2 tal values in the gas phase (Table 1) [113-115]. Compared
to the DLPNO-CCSD(T) value, the Dreiding, MMFF94,
%'f © MM+, MMX, MM3-96, MM3-00 force fields have a devia-
=8 - tion of ~ + 0.2 kcal mol~!, UFF force field and HF theories
. perform with a deviation of ~+0.4 to 0.5 kcal mol™! and
S S _ B3LYP functional with a deviation of +0.3 kcal mol™". The
=2 |- E MM4-08 force field (+0.08 keal mol™') and MP2 theory
X = (+0.03 kcal mol™!) have the smallest deviation.
E o 8 According to 3C-NMR at very low temperatures in
S = Z 2,3-dimethylbutane the preference for anti conformation,
. & like E (Fig. 3) is small compared to the n-butane, despite
S 2 ‘g the common observation that the anti conformation has only
=K — < two gauche interactions versus three in the gauche confor-
. g mation F [124, 125]. This is also confirmed by the DLPNO-
2 Z ] 8 CCSD(T) calculations (Table 1). The increase in gauche
/A « "§ conformation population can be stabilized because steric
. - % forces between vicinal methyl groups are reduced through
B = E opening up of the Me-C-Me bond angles and steric interac-
s £ tions may be further eased by rotation about the central bond
E @ § % resulted in structure H [126]. In contrast, in anti conforma-
= o N % %’ £ tion E there is no option for steric strain relief because open-
-EF © 2 (3_ L Q E ing up of the Me-C-Me bond angles forces the vicinal methyl
= i 3 = 8 :LZ) S groups together, as shown in structure G [126]. Compared to
%‘) a% = - DLPNO-CCSD(T) theory, the Dreiding, UFF and MMFF94
,§ Q ~ lﬁ g E- force fields calculate erroneously the anti conformation as
-% 2 E @ z 8 % f o the global minimum with an energy deviation in the range
g § N » 5 w7 5 o of 0.28-1.20 kcal mol~!' while HF theories provide energy
S 2 S5 &5 3% ° deviations in the range of 0.10-0.20 kcal mol™'. In contrast
3 3 5 223z 2L ) & :
g E A 0 A 2 §8 & ; - the Allinger force fields, B3LYP and MP2 calculate accu-
§ - g E § E_i § = = = £ 8 ;D rately this small conformational energy difference.
- § g g E g é é 2 2 (:‘5 = i In 1-butene (Fig. 4), the skew conformation has lower
2 ) S 8539 E % 2§ ;)3 energy than the cis conformation, in good accord with the
13 39 33Jr2EDE experimental data [127] while DPLNO-CCSD(T) theory
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Fig. 1 Hyperconjugative interactions in trans and gauche n-butane. There are four hyperconjugative 6 ;— 0¥y interactions in frans conforma-

tion but two ¢y — 6% and two 6y — 6% ¢ in gauche conformation

Fig.2 The stabilisation of stag-
gered configuration with respect
to eclipsed in ethane comes
from the hyperconjugative
orbital interactions 6y — ¥ g o

calculates the cis with a slight lower energy (0.01 kcal mol™")
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~! 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~".

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 z— 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™" [134] or 0.57 keal mol™" [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™. 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].

H
staggered

eclipsed

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™!) 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~".

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 tetracthylmethane. The DPLNO-CCSD(T)
calculations show that in tetramethylhexane [137] the C,,
conformation has almost equal energy-slightly lower—
compared to C, conformation. In the C,, 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 C,;, and C, conformations according to
the DPLNO-CCSD(T) calculations, in contrast to dynamic
NMR in solution where C,, is prevailed in the ~60:40
mixture with C, (AG=0.22 kcal mol‘l). UFF, Dreiding,
MMFF94, MM3-96 calculate clearly C,,, as the global mini-
mum while MM3-00 and MM4-08 predicted clearly the C,
as the global minimum for tetramethylhexane. MM+, MMX,

@ Springer
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HF theorries, B3LYP and MP2 theories calculate correctly
that C,;, and C, conformations are equal in energy.

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

In tetrabenzylethene, in the D, 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 C,; all
benzene rings are in syn orientation. In C,;, conformation the
phenyl groups are in syn orientation and dispersion attrac-
tion antagonize Pauli repulsion. In tetrabenzylethene the D,
conforation is clearly more stable by 4.5 kcal mol™ than C,,
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™". The B3LYP (— 1.20 kcal mol™") and

H
H
R R R H
R R R R
H R
E F
H RH
R R H
R
R R
H R
G H

Fig.3 1,1,2,2-Tetrasubstituted ethane conformations. The opening
up of bond angles R-C-R caused by steric crowding of methyl groups
does not lead to additional unfavourable interactions in gauche con-
formation (F— H) but it causes stereochemical tension in anti confor-
mation (E— G)

cC C
@ @c
H H H H
cis skew
1-butene

Fig.4 Conformations of 1-butene

@ Springer

MP2 (- 0.67 kcal mol~") 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™")
and also as observed experimentally by dynamic NMR
(1.05 kcal mol™!) [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™!) with B3LYP (+1.17 kcal mol™})
MMFF94 and MM3-96 force fields (~+ 0.8 kcal mol™")
and HF theories (~ — 0.7 kcal mol™!) having the next larger
errors. MM3-00 and MM4-08 force fields and MP2 theory
perform with the smallest deviation (~0.1 kcal mol ™).

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 ™!
[139], the half-chair cyclohexene is more stable than the
boat by 5.5 kcal mol~! [140, 141], and for cyclooctane the
boat—chair (BC) is more stable than twist-chair—chair (TCC)
by 1.9 kcal mol~! [142] (Fig. 6). The DPLNO-CCSD(T)
calculations calculate these conformational energies
5.97 keal mol™!, 5.54 kcal mol™ and 1.97 kcal mol™". 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™!, respectively.
In the case of cyclohexene all theories calculate the half-
chair cyclohexene conformation as the global minimum but
MMFF94 (2.06 kcal mol™") and MM4-08 (1.73 kcal mol™")
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~!. From the other theories,
the HF and B3LYP theories perform with the largest error
(> 1.5 kcal mol™") but the MMFF94 and Allinger’s force
field perform better. For all the three molecules MP2 per-
formed with the smallest deviation.

Haloalkanes

The 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. In halopropanes the experimental findings and
previous MP2/6-311G(d,p) calculations [144] suggested
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Fig.5 Low energy conformations for tetracthylmethane, tetramethylhexane, tetrabenzylethene and tri-(neopentyl)benzene

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 ¢(C2-H) — 6*(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™") for the two
conformations as well as MMFF94 and HF/cc-pVTZ, HF/
CBS (- 0.06, — 0.08, 0 kcal mol~!); 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_l)
and MM4-08 (— 0.11 kcal mol~!) deviate less and UFF
(+0.77 kcal mol™"), Dreiding (+0.52 kcal mol~!), HF/cc-
pVTZ (40.35 kcal mol™") and HF/CBS (4 0.41 kcal mol™")
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 6(C-H) — o*(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)/QZA4P the rotational
isomerism of 1,2-dihaloethanes XCH,CH,X (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

@ Springer



628

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

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™") following by
B3LYP (+0.12 kcal mol™"), MM4-08 (+0.12 kcal mol™"),
MMFF94 (+0.15 kcal mol™!), MM+ (+0.14 kcal mol™").
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™!
or+ 1 kcal mol~!, respectively, following MM3-00
(- 0.44 kcal mol™") or MMX (+0.49 kcal mol™") while
MP2 shows the smallest deviation (— 0.03 kcal mol™!).
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]. In 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~! which
agree reasonable well with the the previously reported from
the electron diffraction study [163] of 1.1 kcal mol~! and
1.12 kcal mol~! 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~!, while the
previously obtained experimental [163] was ~ 1.5 kcal mol ™!
and the calculated value using molecular mechanics [164]
was 2.21 kcal mol™!, while it was shown also that B3LYP
performed better than MP2 [162]. As shown in Table 2,
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Fig.6 Conformers of cyclohexane, cyclohexene and cyclooctane
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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~!, +0.05 k
cal mol™!) followed by HF/cc-pVDZ (- 0.18 kcal mol ™!,
— 0.21 kcal mol™"), B3LYP (- 0.36 kcal mol™},
— 0.27 kcal mol™!) and MMFF94 (- 0.45 kcal mol™,
— 0.51 kcal mol™!). The remaining theories are HF/cc-
pVTZ (- 0.65 kcal mol™', — 0.43 kcal mol™"), HF/CBS
(= 0.81 kcal mol~!, — 0.50 kcal mol~!) and the Allinger
force fields MM3-96 (= 0.78 kcal mol™!, — 0.60 kcal mol™"),
MM3-00 (- 1.17 kcal mol™!, — 0.76 kcal mol™"), MM4-
08 (= 0.72 kcal mol™', — 0.48 kcal mol™") and MMX
(- 0.88 kcal mol™!, — 0.71 kcal mol™").

Cyclohexane derivatives

In monosubstituted cyclohexanes [112] (R =Me or i-Pr or
t-Bu [165], Ph [166], Me;Si [167, 168], NH, [169], OH or
OMe [83], CO,Me or COMe [170], SH [171], PH, [172],
F [173, 174], C1 [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 6 y,, — 6™ _py,, 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, CI, 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 AE,, .., of monosubstituted cyclohexanes with OR
(R=Me, Et, i-Pr and #-Bu) and R substituents (R =Me,
Et, i-Pr and -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, AEy,, to the relative sta-
bility of conformers. From the calculated values of AE,

and AE,, an estimate of the differential steric effect, AE,,
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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 substituents in cyclohexane was obtained. The values of
AE,, and AE . show that they have a similar magnitude
for OR substituents, while for R substituents the values of
AE. 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 AE, ., 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 Me,;SiO
to the bulkier Ph;SiO group. An explanation was suggested
for this effect, i.e. that is due to the increase in the attractive
van der Waals interactions between SiR; and axial CH bonds
in the axial conformation; the number of these stabilizing
interactions is larger in Ph;SiO-cyclohexane compared to
the Me;SiO derivative [184]. Actually DLPNO-CCSD(T)
calculations show that in the gas phase the axial conforma-
tion is more stable for Me;SiO while when this group is
changed to Ph;SiO the axial and equatorial conformations
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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

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 Me;SiO group. Interestingly, all force fields, except
Dreiding, as well as MP2 calculate fairly the increase in
population of axial conformer when passing from Me,;SiO
to the bulkier Ph;SiO group. UFF have the largest devia-
tions being > 1.5 kcal mol™" in 3 cases and > 1 kcal mol™!
in 1 case. Interestingly all HF theories have a devia-
tion > 1 kcal mol™' for phenylcyclohexane. Compared to
DLPNO-CCSD(T) reference energy values the experimental
results disagree for the Me;SiO 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).
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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

6+

5 +
X o X&

Fig.9 Diaxial conformations of 1,4-dihalo cyclohexane (left) and di-
equatorial conformation in 1,2-dihalo cyclohexane (right)

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
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that the two conformers have equal stability. The calcula-
tions with theories HF/6-31G*, MP2/6-311G*, QCISD/6-
3114+G(2df,p), MPW1PW91/6-311G*, B3P86/6-311G*,
B3P86/6-3114+G(2df,p) were also tested showing that the
results for AE,, ., 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™"), 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~! [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™) or
60% (— 0.3 kcal mol™), 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
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in the last and also due to the LD attractive interaction of
axial SiMe; 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~!. Dreiding and MMFF94 per-
formed with deviation > 3 kcal mol~! and HF theories with
a deviation > 1.5 kcal mol™'. 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=0 and O-H or O-CH; bonds are in eclipsed ori-
entation. In the formic acid the O-H group is oriented at
~ 60° with respect to the C=0 in the gas phase and in
the E- or anti-conformation the O-H is antiparallel to the
C=0. The Z(syn) is more stable by 3.90 kcal mol~! in
formic acid [196] according to microwave spectroscopy.
The Z conformation of methyl formate has been found to
be 4.8 kcal mol~! more stable than the E form, and with
methyl acetate the energy difference was found to increase
to 8.5+ 1 kecal mol™! [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~! 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 methy] 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~! [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=)Csp?>—OCH,CH,j 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=0 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™'. 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™!
or 1.22 kcal mol~!, 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=0 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=0 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~!
[209-211] compared to the 2.51 kcal mol~! from MP2/6-
311++G(2d,2p)//MP2/6-31G(d,p) or 2.71 kcal mol~! from
MP2/cc-pVQZ//MP2/cc-pVTZ and CCSD(T)/6-31G(d,p)//
MP2/cc-pVTZ calculations (Fig. 10) [211, 213]. A similar
conformation global minimun is adopted by glycolic methyl
ester. 2197201 pPropenol 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~! [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™'; the experimental estimate [219]
agrees better with B3LYP/6-311++G(2d,2p)-optimized
value (1.19 kcal mol™!) [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~! while MMX force field deviate in one
case by more than 3 kcal mol~! and one case more than
1.5 kcal mol~! while HF/cc-pVDZ theory deviate in one
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Fig. 10 Low energy conformers (o) (0)
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Fig. 11 Conformations of cyclodecanone

case by more than 1.5 kcal mol~' 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~! according to dynamic NMR in solution
[228]. In cyclodecanone the carbonyl group defines three
different conformations, the I-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-kefo 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 [lketo-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
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and UFF deviate in /keto-3keto energy difference with
a deviation > 1.5 kcal mol~!. MP2 theory performed
with the smaller deviations (+0.10 or +0.26 kcal mol™!
and 4+ 0.65 kcal mol~!, respectively) compared to the
DLPNO-CCSD(T) values following B3LYP (+0.18 or
— 0.12 kcal mol™" and — 0.58 kcal mol~!, respectively)
and then MM4-08 (+0.35 or — 0.08 kcal mol™! and
— 0.30 kcal mol ™!, respectively) and MMFF94 (— 0.42 or
— 0.10 kcal mol~" and — 0.02 kcal mol~!, 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™' 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™' [232] which is close to our
0.16 kcal mol™! 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™! or
1.30, 1.30 kcal mol~! using 6-31G(d) basis set [237] which
are also very close to our calculated 1.30 kcal mol™! with
DLPNO-CCSD(T) theory.

2-Propanol has three minima, i.e., (4+/—)-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
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(4+/—)-gauche to be 0.257 keal-mol™! [240] more stable than
the anti conformation, that lie in the middle of the experi-
mental range of 0.025-0.450 keal-mol~! [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 ™
and our DLPNO-CCSD(T) calculations provide a value of
0.10 kcal mol ™.

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 C°*-O°~ 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 CH; groups in
the gauche conformer. Additionally, in the gauche conforma-
tion the hyperconjugative interaction o(C2-H) — ¢*(C,-0O)
with a second-order perturbation energy 4.42 kcal mol~!
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.
However, 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 *J ("H-'H) values the same
conformational preference of gauche relative to anti con-
formation, as regards the O-C1-C,,-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

OH OH
o o
HO HO
HO 1 H HO 1 H
OH oo OH
O o}
OD Me O \Q
. Me
gauche anti

Fig. 12 Top: stabilization of gauche conformation of 1-propanol
over anti conformation by rotation of C2-C3 bond is likely due to
electrostatical interactions (left) and hyperconjugative interactions
(right). Middle and bottom: the same conformational preferences are
observed for the O-C1-C,, -C dihedral in C- and O-glycosides

regards torsion O-C,-C,,,-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+1is 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™!), HF theories
have > 1 kcal mol ™! deviation and the smallest deviation was
observed in MP2 (+0.01 kcal mol™") following by Dreding
(+0.17 kcal mol™!), B3LYP (- 0.54 kcal mol™") and then
MM3-00 (- 0.62 kcal mol™'), MM4-08 (— 0.58 kcal mol™).
Dimethoxymethane, which is the dimethyl acetal of for-
maldehyde, prefers the gauche conformation around central
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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

axial, eclipsed

Fig. 14 Conformations around Ro
central C-O bonds in acetals Q ‘ g
R,CH(OR,)(OR;) <70\o\ . 7 ORs Ry 8 o R,
1 A9 R / ()
R1\C/0 < \C// 1\0// R1\C/0\
| | R | R | R,
b H H H
gg ga aa g eclipsed
(anomeric) (eclipsed anomeric)

C-O bonds, i.e. the anomeric g"g~ conformation compared
to the anti conformation (Fig. 14, R1 =H, R,=R;=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-O bond. It has
been explained that this preference is observed as the result
of minimization of the repulsive interactions between C-O
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(0) — ¢*(C-0). In terms of reso-
nance structures this lone pair electrons donation can be
described with the structures C-O-C-O-C <> C-0"=C~0-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
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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 'J y;, >J}; showed that for acetals R,CH(OMe),
the common anomeric conformation is quickly destabilised
as R, increases in size [263]. The steric gauche interaction
between groups R, and OR, forces group OR, 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 (R;=H,
R, =R;=Me), adopts the standard anomeric conformation
g7 g7, the g,eclipsed conformation is considerably populated
in acetaldehyde dimethylacetal (R, =R, =R;=Me) and is
the global minimum for bigger alkyl groups, e.g. when
R,=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 ™!, 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 'J  values and conformational
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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~!, 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™! in
the case of 2-fluorotetrahydropyran. In the case of 2-meth-
oxytetrahydropyran the MM4-08 performed accurately
(= 1.26 kcal mol™"). For both 2-methoxytetrahydropyran and
2-fluorotetrahydropyran, MP2 show the smallest deviations
(= 1.40 kcal mol~!, — 2.44 kcal mol~") following HF/cc-
pVDZ (- 1.28 kcal mol~!, — 2.73 kcal mol™!) and B3LYP
(—0.78 kcal mol™!, — 2.93 kcal mol_l). 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-O,,-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~!, 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 our 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~! then HF/cc-pVTZ and HF/

HO
a,a-trehalose

Fig. 15 Conformations of 1,2-ethanediol and description of the con-
formarional space of trehalose by rotation around dihedral angles ¢
and ¢’

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

We also performed calculations on the disaccharide a,a-
trehalose (a-D-glycopyranozyl-1,1-a-p-glycopyranoside) to
study conformations of trehalose by rotation around dihe-
dral angles ¢ and ¢' (Fig. 15). The connection of the two
monosaccharides in the disaccharide in Fig. 15is 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 ¢ and ¢’
dihedral angles, i.e. The gtxgtx16080 (¢ =160, ¢'=280),
the gtxgtx6060 (¢ =60, ¢'=60) and the tgctgr180180
(p=180, ¢'=180) conformations with gtxgtx16080 being
the global minimum [107]. The dihedral angles values for
gtxgtx 16080, gtxgtx6060 and tgctgr1 80180 conformations
after our energy minimization with B3LYP/6-31G(d,p) are
(p=157, p'=83), (p =065, p'=65), and (p =177, ¢p'=176),
respectively, in agreement with the literature data [107].
Previous calculations with the MM3 force field [279], also
show that gtxgtx6060 (¢ =60, ¢'=60) conformation is the
global minimum. Our reference CCSD(T)-DPLNO calcula-
tions confirmed that gtxgtx16080 conformation (¢ =160,
¢@'=280) is almost equal in energy with gtxgtx6060 which
is observed in the solid state; gtxgtx16080 is the global
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Fig. 16 Conformations of
hexahydropyrimidine and of its
3-OH analogue

N'Hast'Hax

minimum with slightly higher energy by 0.04 kcal mol™"
compared to gtxgtx6060. Only MP2 and B3LYP calculate
correctly the conformational preferences, i.e. tgctgr180180
has much higher energy (6.96 kcal mol™") than gtxgtx6060
and gtxgtx16080. Thus, MM+, MMX, MM3-96, MMFF95
calculate tgctgr180180 only 0.4—1 kcal mol~! higher than
gtxgtx 16080 while UFF, Dreiding suggest that tgctgr1 80180
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~! (MM+)
lower energy than gtxgtx16080 and only HF theories by
only 0.3-0.76 kcal mol~!. MM3 and MM+ force fields
did not calculate gtxgtx16080 and tgctgr180180 as stable
conformations.

Nitrogen-containing compounds

The preferred conformation of the Ip-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~!
[282]. Indeed our DLPNO-CCSD(T) calculations show
almost equal in energy conformations with a difference in
energy of 0.09 kcal mol~!. 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 7t conformation
is the most stable one, followed by Tg (0.048 kcal mol™})
conformation while in 2-propylamine the anti conformation
is preferred over gauche conformation by 0.430 kcal mol™!
[284]. Also experimental data in the gas phase detected as
global minimum for methylethylamine the 7g 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 Ip 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~! preference for the equa-
torial N-H group in pyrrolidine. Obviously, Dreiding, UFF,
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MMFF94 deviate significantly (~ — 0.4 to — 0.6 kcal mol™!)
from the equal in energy conformations result for ethylamine
following the MM4-08 (— 0.12 kcal mol~!). The deviations
of MM+ (= 0.04 kcal mol™"), MMX (+0.07 kcal mol™),
MM3-96 (- 0.01 kcal mol™'), MM3-00 (— 0.04 kcal mol™),
HF (- 0.07 to+0.17 kcal mol ™), B3LYP (+0.16 kcal mol ")
and MP2 (- 0.09 kcal mol™!) 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™", +0.08 kcal mol~!
and 4+ 0.08 kcal mol™!, respectively, performed accurately
while for pyrrolidine the MMX has a very small devia-
tion (+0.02 kcal mol™!) and for hexahydropyrimidine
the B3LYP (+0.08 kcal mol™"). For piperidine the MP2
(+0.07 kcal mol™"), B3LYP (- 0.02 kcal mol™!), HF/cc-
pVDZ (40.13 kcal mol~!), MMFF94 (+0.12 kcal mol™")
and UFF (= 0.01 kcal mol™}) performed accurately. For
methylethylamine strikingly the MP2 (4 0.59 kcal mol™)
does not perform well while MMX (+0.16 kcal mol™})
and MM4-08 (= 0.12 kcal mol™") performed better.
For 2-propylamine MP2 (- 0.07 kcal mol™!), B3LYP
(= 0.12 kcal mol™!), HF/cc-pVTZ (— 0.07 kecal mol™"), HF/
CBS (0 kcal mol™!), MM4-08 (— 0.14 kcal mol~!), MMFF94
(= 0.01 kcal mol™") 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-H,,,N-H,,O-H,,4, over the
H,,.N-H,,,O-H,,, 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_l),
MM3-00 (+0.95 kcal mol™!), MM4-08 (+3.01 kcal mol™)
and MMFF94 (+2.83 kcal mol™!) calculate the N-H,,,N-
H.,,O-H as more stable conformation compared to

eq’ endo
the H, ,N-H, ,O-H_  conformation but with MM3-96

ax? ax? exo
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Fig. 17 Conformations of H H
diamines H,N(CH,),NH, H . O H = O
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or MM3-00 and MMFF94 performing with big devia-
tions, > 1.5 kcal mol™! or >3 kcal mol™!, respectively as
noted inside the perenthesis. MP2 (+0.2 kcal mol~!) and
B3LYP (- 0.2 kcal mol™") are accurate in calculations fol-
lowing by HF/cc-pVDZ (- 0.48 kcal mol™!).

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-SnBus;-
N-Me-piperidine the conformations N-Me(eq), C-SnBu;(eq)

and N-Me(eq), C-SnBu,(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 eg,eq instead of the
eq,ax as the global minimum (with more then 3 kcal mol™!
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™!),
MMX (= 0.11 keal mol™!), MM3-96 (— 0.65 kcal mol™}),
MMFF94 (+0.82 kcal mol™'), MM4-08 and HF theories
(= 0.43 to — 0.22 kcal mol™!), B3LYP (- 0.24 kcal mol™")
and MP2 (= 0.10 kcal mol™!). 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™!), then from MMX
(+0.51 kcal mol™") while MM+ (— 0.12 kcal mol ™), MM3-
96 (+0.07 kcal mol™"), MMFF94 (+0.09 kcal mol™"),
MM3-00 (+0.01 kcal mol™"), B3LYP (+0.10 kcal mol™")
and MP2 (+0.04 kcal mol™") 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 B-aminotropane
[106] (Fig. 18) are examined. In 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,
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propanediamine with gGg', gGGg' more stable over ¢71,
tTTTt, respectively. This is not the case for butanediamine
which has (TTTt 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 keal mol™!), MM3-96 (+0.04 kcal mol™"), MM3-
00 (= 0.11 kcal mol~!), MM4-08 (— 0.28 kcal mol™') are
fairly accurate and performed better that HF theories (— 0.94
to — 0.78 kcal mol™") 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™!) showed that TTTt and gGGGg' are
equal in energy, in agreement with our DLPNO-CCSD(T)
calculations. Although MP2 (= 0.02, — 0.23 kcal mol™})
and B3LYP (- 0.27,+40.49 kcal mol~!) are accurate as
regards ethanediamine and propanediamine, respectively,
they performed with a deviation of +0.24 kcal mol~! and
— 0.30 kcal mol~! in the case of propanediamine.

In B-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-H,, 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 la is the global minimum by
0.39 kcal mol™'. UFF shows the highest deviation
(47.10 kcal mol™"), Dreiding (4 0.86 kcal mol~"), MM3-96
(+0.65 kcal mol™") and MM3-00 (+0.76 kcal mol~!), MMX
(4+0.10 kcal mol™"), MM+ (- 0.01 kcal mol™"), MMFF94
(= 0.07 kcal mol™!), MM4-08 (= 0.01 kcal mol™!), HF/cc-
pVDZ (+0.03 kcal mol™"), MP2 (+0.14 kcal mol™!) cal-
culate accurately this conformational preference while HF/
CBS and B3LYP calculate conformations la and 1¢ 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 f-aminotropane (relative stability of confor-
mations 3¢, 3a) the MMX or MM4-08 or MM+ fail to calcu-
late the correct global minima. MP2 (40.02 kcal mol™!, +0
.05 kcal mol™!, +0.07 kcal mol™!), B3LYP (+0.13 kcal mo
17!, 4 0.36 kcal mol~!, — 0.28 kcal mol~!), HF/cc-pVDZ (+
0.15 kecal mol ™', +0.55 kcal mol ™', +0.03 kcal mol™"), HF/
cc-pVTZ (+0.23 keal mol™!, +0.65 kcal mol~!,4+0.03 kca
1 mol™"), HF/CBS (+0.33 kcal mol ™", +0.69 kcal mol™", +
0.03 kcal mol™") and MM3-00 (- 0.24 kcal mol™', — 0.50
kcal mol™!, +0.38 kcal mol_l) performed with the smaller
devations following by MMFF94 (— 0.08 kcal mol~!,
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— 0.15 kcal mol™', — 4.33 kcal mol™') and MM3-00
(= 0.24 kcal mol™', — 0.50 kcal mol™', — 1.23 kcal mol™}).

For the monocations of f-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™!,+0.21 kca
1 mol™") and B3LYP (+0.54 kcal mol™!, — 0.27 kcal mol™")
theories performed with the smallest devations follow-
ing by HF/cc-pVDZ with deviation — 2.28 kcal mol™!,
— 2.97 kcal mol™!, 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™' 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™! 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™! for N-methylformamide and 1.08 kcal mol ™!
for N-methylacetamide while for formamidine and N-meth-
ylformamidine the conformational energies are 1.72 and
1.22 kcal mol~!, respectively. All the force fields calcu-
late Z-conformation as the global minimum with Dei-
ding (= 1.37 kcal mol™!), UFF (= 1.66 kcal mol~!) and
MMX (- 1.44 kcal mol™!) showing the highest deviation
from the DLPNO-CCSD(T) reference value while MP2
(- 0.04 kcal mol™!), MM+ (+0.07 kcal mol™!), MM3-96
(+0.07 kcal mol™!) and B3LYP (= 0.10 kcal mol™") 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~!), MM4-
08 (+0.58 kcal mol™!) deviate from the 1.08 kcal mol™!
reference value while MP2 (+0.04 kcal mol™'), HF/CBS
(= 0.10 kcal mol™"), HF/cc-pVTZ (— 0.11 kcal mol™"), HF/
cc-pVDZ (- 0.14 kcal mol™"), B3LYP (- 0.22 kcal mol™)
and MM+ (= 0.25 kcal mol™!) performed accurately. For
formamidine and N-methylformamidine MM+, MMX,
MM3-00 and MM4-08 calculate erroneously the cis as
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Fig. 18 Low energy conformers of f-aminotropane and its cations

global minimum and for N-methylformamidine the MM3-
00 (+2.58 kcal mol™") has the largest deviation. For these
two molecules MP2 (— 0.01 kcal mol™!,+0.12 kcal mol™})
performed the best, while B3LYP performed modestly (+ 0
.40 kcal mol™', +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 o 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=O0 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 ¢ and y 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/6-314+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 B-strand or to interactions between the carbonyl
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and amide groups of adjacent residues resulting in a seven-
membered ring structure C7 or y-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™!
or even 3 kcal mol™'. The best performance was observed
for MP2 (+0.13 kcal mol™!, +0.14 kcal mol™!), B3LYP
(— 0.66 kcal mol™!, — 0.08 kcal mol™') and MMFF94
(- 0.24 kcal mol™!, — 0.46 kcal mol™").

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™! for HF theo-
ries and MM+, MMX, Dreiding and > 3 kcal mol~! 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. 6(H-C) — ¢*(C-H) or
o(H-C) — 0*(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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Fig. 19 Low energy conformers of N-acetylalanine-N-methylamide and of N-acetylphenylalaninyl-amide (NAPA) by rotation around ¢ (OC-N-
C-CO), y (N-C-CO-N) and y (N-C-C-Cipso) dihedral angles; Ramachandran and IUPAC definitions are used

Fig.20 Low energy conformers
of EtSH, MeSEt, i-PrSH and
of the sulfones MeSO,Et and
cyclopentanesulfone (sulfolane)
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lone pair-methyl interactions is higher than the stabili-
zation effect of the two 6(H-C) — ¢*(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 6(H-C) — ¢*(C-H) and 6(H-C) — ¢*(C-Me)
hyperconjugative interactions. In methyl ethyl sulfide the
presence of one more gauche methyl-methyl interaction in
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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™"), MP2 (— 0.09 kcal mol ™),
MM4-08 (- 0.11 kcal mol™!) have the smallest deviations
following by B3LYP (- 0.19 kcal mol™') while MMX
(= 0.19 kcal mol™!) 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~! cal-
culations. The MMFF94 (+0.64 kcal mol™!), MM3-00
(+0.49 kcal mol~!) show the biggest deviation following by
MM3-96 (+0.33 kcal mol ™), MM4-08 (+0.30 kcal mol™")
and MM+ (+0.32 kcal mol™!). For methylethylsulfone
MMX, UFF provide erroneously the gauche instead
of the anti conformation as the global minimum. MP2
(- 0.01 kcal mol™!), Dreiding (— 0.07 kcal mol~') fol-
lowing by MM4-08 (— 0.11 kcal mol~!) and B3LYP
(= 0.13 kcal mol™") while the biggest deviations are per-
formed with MMFF94 (+ 1.20 kcal mol™') following by
MM+ (+0.57 kcal mol™!), HF/CBS (+0.31 kcal mol™}),
HF/cc-pVTZ (+0.30 kcal mol~!), HF/cc-pVDZ
(+0.26 kcal mol™!), MM3-00 (+0.21 kcal mol~!), MM3-
96 (+0.21 kcal mol™).

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 C, conformation compared to the envelope
conformation C, [334-337]. MP2 (+0.01, — 0.05,40.06,+0
.01 kcal mol™!, +0.32,+0.22 kcal mol_l) 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™?),
by B3LYP for S-methylthianium (+0.01 kcal mol™!),
B3LYP (40.32 kcal mol™") and MM3-96, MM3-00 force
fields (4 0.38 kcal mol™!) for thiacyclohexane, and for
sulfolane by HF/cc-PVTZ (+0.23 kcal mol™!), HF/CBS
(+0.17 keal mol™!) and MMX (+0.34 kcal mol™).

Ethylphosphine prefers for the C-C-P-1p 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) — ¢*(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™! for ethylphosphine, the MP2
(40.06 kcal mol™"), B3LYP (+0.06 kcal mol™"), MM3-00
(+0.06 kcal mol™"), MM3-96 (+0.08 kcal mol™"), MM4-
08 (+0.13 kcal mol™"), MM+ (+0.10 kcal mol™}), per-
formed accurately while HF theories deviate from 0.12 to
0.24 kcal mol~! 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~!) and MM+ (- 0.06 kcal mol™")
showing the smallest deviation following by MMX
(= 0.13 kcal mol™"), B3LYP (- 0.19 kcal mol~!) and MM4-
08 (+0.13 kcal mol™!); more than 1.5 kcal mol~! deviation
is shown with MMFF94 and UFF and the largest deviation
with Dreiding (— 4.56 kcal mol™}).

For the trimethyphosphate the global minimum corre-
sponds to a ggg orientation of P=0O 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
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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 ™!, respectively,
followed by MM+ (— 0.40 kcal mol™") and HF/cc-pVTZ
(+0.36 kcal mol™"), HF/CBS (+0.45 kcal mol™"). The most
accurate results are observed with MP2 (+0.06 kcal mol™"),
following by HF/cc-pVDZ (+0.11 kcal mol™") and B3LYP
or MMX (+0.21 kcal mol™}).

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™!
which agrees well with the ~3.01 kcal mol~! 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~! and 2.06 kcal mol~!,
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~!
and 3.47 kcal mol ™!, 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~! and 0.61 kcal mol™!, 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-0, C-N, C-8S, 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
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Fig. 22 Possible structures for the transition state by rotation around
CO-N bond

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(sp?) bonds (X = OH, NH,
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=0 or CH,) 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 =0, 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. 24 Comparative performance (mean error in kcal mol™") of different theories using 158 conformational energies and barriers from 145
standard organic molecules compared to the DLPNO-CCSD(T)/cc-pVTZ calculated values

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™"), followed
by B3LYP (0.69 kcal mol~') and the HF theories
(0.81-1.0 kcal mol™"). As regards the force fields the low-
est errors were observed for the Allinger's force fields
MM3-00 (1.28 kcal mol™!), MM3-96 (1.40 kcal mol~") and
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the Halgren’s MMFF94 force field (1.30 kcal mol™!) and
then for the MM2-91 clones MMX (1.77 kcal mol™!) and
MM + (2.01 kcal mol™!) and MM4-08 (2.05 kcal mol™}).
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™") and UFF (3.77 kcal mol™") 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.
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