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2-Haloethanol and 2-haloethylamine (halogen = F, Cl) prefer gauche conformation. This preference is
significantly increased upon protonation. Commonly used explanations are based on intramolecular
hydrogen bonding and hyperconjugation. 1,2-Difluoroethane prefers gauche conformation, too, while
gaseous 1-chloro-2-fluoroethane is more stable as the anti conformer. The origin of these
conformational preferences has been investigated by a quantitative partitioning of the gauche/anti
energy difference into contributions from electrostatic, orbital, dispersion and Pauli interactions, and
structural changes accompanying the rotation. The results show that, with two exceptions, the most
important contributor to the gauche preference is electrostatic attraction, which is larger in gauche
forms relative to the anti ones. Next come orbital interactions, while dispersion forces provide the
smallest stabilizing energy. These energy components override destabilizing Pauli interactions and
energetically costly structural changes. All gauche preferences also benefit from stereoelectronic effects,
except in protonated 2-chloroethanol which, instead, shows a significant Cl lone pair — O-H antibond
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Introduction

Fluorine is the most electronegative atom in the periodic table
and thus the C-F bond is the most polar bond in
organic chemistry." Therefore, the observation that
1,2-difluoroethane (DFE) prefers gauche conformation over the
anti by 0.5-1 keal mol ™" (ref. 2 and 3) is surprising, taking into
account the expected strong repulsive interaction between the
two C-F bond dipoles in the gauche form. This gauche prefer-
ence, also termed as gauche effect,* has been rationalized by the
bent bond model of Wiberg et al.® according to which electro-
negative fluorine atoms cause C-C bond bending in both anti
and gauche forms, but leading to poorer orbital overlap in the
former. Another, more widely used explanation is based on
hyperconjugation. Thus, the two vicinal ¢y — o¢p hyper-
conjugative interactions are involved in the stabilization of the
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gauche conformer.*>*® Recently, we proposed that gauche-DFE
also benefits from more favourable electrostatic interactions,
that is, this type of interactions should be considered as an
all-charge phenomenon rather than partial interaction between
pairs of bonds.” This finding was in accord with an earlier
explanation of the gauche effect in various compounds as a
prevailing nucleus-electron attraction over nucleus-nucleus
and electron-electron repulsion.*

The fluorine gauche effect was found experimentally and/or
theoretically in various other compounds having an electro-
negative substituent in B-position to the fluorine atom, such as
O-B-fluoroethyl  esters,® N-B-fluoroethylamides,” 1-fluoro-
2-nitroethane,' 1-azido-2-fluoroethane, 1-fluoro-2-iso(thio)
cyanatoethane," 2-fluoroimines," 2-fluoroethanol™ and 2-flu-
oroethylamine.”*" Its origin is commonly ascribed to stereo-
electronic effects, that is, the stabilizing hyperconjugative
interactions wherein o¢_p and o¢_x orbitals (X = electronegative
atom in B-position to F) act as acceptors of electron density
donated from antiperiplanar 6y bonds in gauche forms.
Electrostatic attraction between fluorine and an electropositive
atom contained in a B-substituent may add additional stabili-
zation.' Although, the conformational behaviour of 2-fluo-
roethanol (FE) has been ascribed to intramolecular hydrogen
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bonding interactions'>* rather than stereoelectronic effects,?**
this explanation was questioned'® based on the facts that
organic fluorine is poor hydrogen bond acceptor.* In particular,
fluorine atom hardly accepts intramolecular five-membered
F---H-O hydrogen bond due to geometric restrictions, which
do not allow sufficiently close contact between F and H
atoms.?** Instead, the gauche prevalence in FE may stem from
an electrostatic attraction between antiparallel OH and CF bond
dipoles and stronger hyperconjugative interactions.’¥
Although, a repulsion between the lone pair electrons on oxygen
and fluorine atoms could also turn the hydroxyl hydrogen atom
toward the fluorine.” The larger stability of gauche forms in
2-fluoroethylamine (FEA) has also been attributed to the
formation of intramolecular hydrogen bonds,'>**** seen as an
electrostatic attractive interaction between the N-H and C-F
bond dipoles, rather than covalent bonding.***

Protonation of FEA increases gauche preference from
1.0 kcal mol™" in neutral amine to 5.8 kcal mol™" in 2-fluo-
roethylammonium ion (FEAH), while protonation of FE results
in gauche preference of 7.2 kcal mol " relative to 2.0 kcal mol "
for the alcohol.”” Both stereoelectronic effects and intra-
molecular hydrogen bonding interactions were invoked to
explain the calculated large stability of gauche conformers
relative to their anti counterparts.’* However, X-ray structure
analysis of 2-fluoroethylammonium chloride revealed no
intramolecular F---H-N hydrogen bonding interaction.'* Later
theoretical work showed that the strength of hyperconjugative
interactions is similar in gauche-FEA and its protonated struc-
ture, and the larger stabilization of gauche-FEAH vs. anti-FEAH
as compared to that of gauche-FEA vs. anti-FEA was attributed to
strong intramolecular F---H-N hydrogen bonding in the
protonated gauche form.'** An additional explanation is based
on electrostatic interactions.” The fluorine gauche effect
extends to the related (a)cyclic systems containing positively
charged nitrogen atom and is ascribed to the strong through
space charge-dipole or dipole-dipole ("N-H and C-F) attractive
interaction, the strength of which compares with that of a
reasonably strong hydrogen bond.*®

Hence, introduction of fluorine atom f to an electronegative
substituent has important consequences on conformational
behaviour and has emerged as a powerful tool in synthetic
organic chemistry."

The replacement of fluorine with chlorine atom in DFE
results in a loss of gauche preference in 1-chloro-2-fluoroethane
(CFE) in the gas phase.***2%!® The same replacement in FE and
FEA retains the gauche preference in 2-chloroethanol (CE)'>4/&*°
and 2-chloroethylamine (CEA),*® but decreases the energy
differences between gauche and anti forms relative to those for
fluorine compounds. In both CE and CEA, the dominance of
gauche conformers has been attributed to stabilizing intra-
molecular hydrogen bonding interactions** usually described
as an electrostatic attraction between antiparallel C-Cl and
O(N)-H bond dipoles.”*?#9»2* The operation of hyper-
conjugative interactions was invoked, too.'¥ The enhanced
stability of the anti-CFE relative to the gauche-CFE was ratio-
nalized as a combination of electrostatic repulsion between the
C-F and C-Cl bond dipoles and a weaker hyperconjugative
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preference for gauche form.>* A smaller tendency of chlorinated
compounds for gauche conformation compared with fluoro
derivatives could be anticipated on the basis of chlorine's larger
size (van der Waals radii of F and Cl atoms are 1.47 A and 1.75 A,
respectively),”® thus introducing larger steric repulsion in
gauche forms. The electrostatic repulsion between bond dipoles
in gauche forms is expected to be smaller. Though, other factors,
such as hyperconjugation, should play a role, as well. Unlike
fluoro derivatives, chlorine-containing molecules have been less
studied with respect to the origin of their conformational
preferences.

Understanding the governing conformational
behaviour is crucial to address various questions in organic
chemistry and biochemistry, since molecular properties, reac-
tivity and interactions with other molecules are influenced by
their conformation. The purpose of this study is to quantita-
tively decompose the energy difference between gauche and anti
conformers of FE, CE, FEA, CEA and their protonated forms into
contributions from electrostatic, orbital and dispersion inter-
actions, Pauli repulsion and energy required for structural
changes and thus to get a further insight into the origin of
gauche effect in these molecules. One aim is also to explain the
weaker tendency for gauche conformations in the chloro deriv-
atives. For the latter to be done, CFE and DFE were also
included in the study. The results would deepen our knowledge
about the origin of conformational behaviour of the mentioned
and related molecules, the importance of which is also reflected
in the increasing application of fluorine compounds in organic
and medicinal chemistry.'***'” To the best of our knowledge,
no such an attempt has been made, though quantifications of
some of the interactions considered to be involved have been
done. These include hyperconjugative interactions and intra-
molecular hydrogen bonding/antiparallel dipoles attraction,
often estimated on the basis of the natural bond orbital (NBO)
analysis'®*24fm13¢ or from the relative energies of corresponding
conformers.*?»#1%

factors

Computational details

Various conformers of studied compounds were fully optimized
at the MP2/6-311++G** level® using the Gaussian 09 program
package.”® They were characterized as energy minima by the
absence of imaginary frequencies. In the following conforma-
tional energy analysis, done at the same level of theory, overall
molecules have been built from the two radicals XH,C" (X=F, Cl)
and ‘CH,Y (Y = F, OH, 'OH,, NH,, 'NH;), taken with opposite
spins (o and B superscripts in Scheme 1) so that they can form a
bond.

Total binding energy AE between them consists of two major

parts (eqn (1)):

AE = AEvprep + AE‘im (1)

XH,C*+ PCH,Y — XH,C—CH,Y

Scheme 1
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In the equation, the preparation energy AE,., represents the
amount of energy required to deform two isolated radicals
(XH,C" and "CH,Y) from their equilibrium geometry to the
geometry they adopt in the final molecules. The interaction
energy AEj, is the energy change occurring when prepared
(deformed) fragments XH,C" and "CH,Y combine to form the
molecule. The latter energy term can be further decomposed
into five components (eqn (2)) by using the localized molecular
orbital energy decomposition analysis (LMOEDA),>* imple-
mented in the Gamess program package.*

AEint = AEelstat + AEex + AE‘rep + AEpol + AE‘disp (2)

The electrostatic energy AEqg,: corresponds to nucleus—
nucleus and electron-electron repulsion, and nucleus-electron
attraction between the two prepared radical fragments that
adopt their positions in the final molecule, and is usually
stabilizing (attractive). The exchange energy AE., refers to the
quantum mechanical exchange between the same-spin elec-
trons and is simultaneously counteracted by the repulsion
energy AE..,. Taken together, they form the exchange repul-
sion*® or Pauli repulsion” of other EDA schemes, which is a
destabilizing interaction, also referred to, herein, as the steric
repulsion. This type of repulsion is caused by the fact that two
electrons with the same spin cannot occupy the same region in
space. The polarization energy AE, is an orbital relaxation
energy which comes from a change in orbital shapes upon
binding and also includes empty-occupied orbital mixing
within one fragment due to the presence of another (polariza-
tion) and between two fragments (charge transfer). The
dispersion energy term AEgis, at the MP2 level comes from
electron correlation correction to the Hartree-Fock interaction
energy. The energy change that follows anti — gauche rotation
is calculated as a difference between total binding energies of
gauche and anti conformers, where the change in the AE,.,
reflects gain or loss in energy due to the structural changes that
accompany the conformational isomerization, whereas the
change in the AE;j, is associated with the change in the nature
of chemical bonding. Such an analysis of the interaction energy
between two or more fragments constituting a molecule has
been applied before to study the rotational barrier in ethane®***
and in group 13-elements (E = B - T1),* distortion to the trans-
bent geometry in heavier ethylene homologues,*® the isomeri-
zation energy of heterocyclic*' and polycyclic*” compounds, the
strength of conjugation and hyperconjugation,® and the nature
of covalent bonds.**

Energies of hyperconjugative interactions were calculated by
using the natural bond orbital (NBO) analysis (NBO version
6.0 (ref. 35) linked to G09 was employed).

Results and discussion

1,2-Difluoroethane and 1-chloro-2-fluoroethane

The MP2/6-311++G** optimized bond lengths, bond angles and
torsional angles for anti and gauche conformers of 1,2-difluoro-
ethane (DFE) and 1-chloro-2-fluoroethane (CFE) are given in
Tables S1 and S2 in the ESL{ They are very close to
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the experimental values obtained from infrared*® and micro-
wave®” spectroscopy, and electron diffraction.” In the case of
DFE, gauche conformer is more stable than anti by AE = —0.77
kcal mol™" (&-DFE — g-DFE in Fig. 1 and Table 1). This is in
accord with previous experimental and theoretical results.* By
contrast, CFE prefers anti conformation by AE = 0.52 kcal mol "
(a-CFE — g-CFE in Fig. 1 and Table 1), which also compares with
previous estimates in the gas phase.***>**® Table 1 lists the energy
decomposition results for anti and gauche conformers of DFE and
CFE (a-DFE, g-DFE, a-CFE and g-CFE) and for the anti — gauche
rotation of both molecules (&-DFE — g-DFE and a-CFE — g-CFE).

Our MP2 results for DFE agree with previously reported
B3LYP/6-311+G** results’ that the conformational preference in
DFE comes from the more favourable interaction energy term
AE;n: = —0.95 keal mol ™', while the preparation energy slightly
disfavours the gauche conformation. Somewhat unexpectedly,
data in Table 1, like those in the previous publication,” show
that g-DFE is stabilized not only by more favourable orbital
interactions (AE,, = —4.53 kecal mol™"), but also by more
attractive electrostatic interactions (AEgjse; = —3.38 keal mol’l).
This finding points to the conclusion that electrostatic interac-
tions should be considered as an all-charge phenomenon, rather
than partial interactions between pairs of bonds. Dispersion
energy AEg;s, = —0.61 keal mol *, too, slightly favours gauche
conformation and the only destabilizing interaction in the
AE;, energy part is steric repulsion coming from Pauli
interactions.

In CFE, gauche conformer is disfavoured by both AE;,, =
0.34 keal mol " and AEpe, = 0.18 keal mol . It is of interest to
analyze the origin of destabilizing AE;,, compared to the
stabilizing AE;,. in DFE. An intuitive explanation for the reversal
of conformational preferences in DFE and CFE would be a
stronger steric repulsion between the more voluminous chlo-
rine and the gauche oriented fluorine atom in g-CFE than
between the two fluorine atoms in g-DFE. As Table 1 shows, the
steric repulsion indeed increases when a-CFE rotates to g-CFE
(AEexirep = 3.66 keal mol ™), but this energy rise is smaller than
that for DFE (AEexirep = 7.57 keal mol ). It should be noted that
this steric repulsion reflects the all-electron repulsive interac-
tions, not just those between halogen atoms which are by 0.06 A
closer to each other in DFE than their van der Waals radii would
allow, and by 0.10 A in CFE. Thus, the steric repulsion cannot
account for the reversal of conformational preference in CFE
compared to that in DFE. The data in Table 1 show that the
nature of stabilizing interactions is practically the same in two
conformers of both DFE and CFE: AE,, is the largest attractive
component contributing about 47% of all attractive forces, next
comes AEjg, (about 45%), while AEg;s, contributes the small-
est stabilization (about 8%). However, their magnitude differ.
Upon a — g rotation, these three interactions provide much
more stabilization in the case of DFE, which overcomes the
destabilizing steric repulsion and leads to the overall negative
interaction energy (stabilization of gauche conformer). In the
case of CFE, the change in the magnitude of stabilizing inter-
actions upon a — g isomerization is not large enough to over-
come the increase in the steric repulsion. Thus, it is a drop in
electrostatic, orbital and dispersion interactions, following the

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Energy minimum conformations of 1,2-difluoroethane (DFE) and 2-chloro-1-fluoroethane (CFE), their relative electronic energies
(kcal mol™Y) and energy changes occurring upon anti — gauche rotation.

isomerization, which is responsible for the anti preference in
isolated CFE. The energy gain due to structural changes
occurring upon isomerization is the same in both molecules
(AEpep in Table 1).

Since the LMOEDA does not allow separation of charge
transfer interactions from other orbital interactions, vicinal
hyperconjugative interactions, often invoked to explain gauche
preferences,*»***° were estimated by using the NBO analysis, at
the HF/6-311++G** level. Within the NBO framework, the
stabilizing energy gained from delocalization of electron
density from filled orbitals to empty antibonding orbitals can be
calculated by a second-order perturbation approach (referred to
as E(2) energies) or by deletion of the corresponding off-
diagonal elements of the Fock matrix in the NBO basis and
recalculating the energy (referred to as E(del) energies).*® We
used both approaches for the calculation of all vicinal hyper-
conjugative interactions (synclinal and anti) between XCH, and
CH,Y fragments. For E(2) energies, this corresponds to the sum
of all vicinal interactions. For E(del) energies, we set to zero all
Fock matrix elements corresponding to delocalizing interac-
tions from C-H and C-X orbitals on one fragment into the
antibonding C-H and C-Y orbitals on another fragment, and
vice versa (deletion type 3 in NBO Manual, p. B-17).** The
calculated values correlate well with each other for all molecules
considered, as has also been shown for other systems.*??%3°
Data for DFE and CFE are given in Table 2 as E(2)synclinal/anti and
E(del)synciinai/ant, respectively, and for other compounds in
tables that will be discussed later. A change in hyperconjugative
interaction energy occurring upon anti — gauche isomerization
is denoted as E(Z)synclinallanti a—g and E(del)synclinal/anti a—g
in all tables considering these interactions. The more positive
value means stronger interaction.

The results from the second-order perturbation approach
(individual E(2) values) showed that anti hyperconjugative
interactions account for the majority of these charge transfer

interactions and they are the most affected by rotation. The
synclinal interactions change little upon rotation for all studied
molecules (less than 0.5 kcal mol™"), whereas changes in anti
interactions can reach values of 6.4 kcal mol '. For these
reasons, only individual anti hyperconjugative interactions
obtained from the second-order perturbation approach are
shown in tables, where total E(2),, values represent the sum of
the six interactions for corresponding conformers, and total
E(2)anti @ — g values show their change upon the rotation.
The results in Table 2 show that gauche conformers of both
DFE and CFE are more stabilized by hyperconjugation than
their anti counterparts, so that stereoelectronic effects favour
gauche forms. The most important contributions come from
C-H — C-F* and C-H — C-CI* delocalizations. The latter one
is more stabilizing, which is in accord with the stronger
electron-accepting ability of the C-Cl* antibond vs. C-F* anti-
bond, due to its lower energy.®” There is an increase in the
hyperconjugative stabilization in g-CFE relative to g-DFE. This
increase originates mainly from the larger C-H — C-CI* and
C-Cl — C-H* delocalizations (E(2)c_u — c_c1* = 6.82 keal mol ™
vs. E(2)c-u — ¢+ = 5.81 keal mol ™, E(2)c_c1 — ¢+ = 1.91 keal
mol " vs. E(2)c_r - c_r+ = 0.85 kcal mol '), showing that the
C-Cl bond is also a better electron-donor due to its higher
energy relative to energy of the C-F bond orbital. The anti
conformer of CFE is also better stabilized by hyperconjugation
than is anti conformer of DFE, mostly because of an increased
C-Cl — C-F* interaction (3.76 kcal mol ") in a-CFE compared
to the C-F — C-F* one in a-DFE (1.80 kcal mol '), though other
interactions contribute, as well. The increase in hyper-
conjugative stabilization in a-CFE vs. a-DFE exceeds the
increase in hyperconjugative stabilization in g-CFE vs. g-DFE. As
a result, the anti — gauche conformational change benefits less
from hyperconjugation, both total and anti, in CFE compared to
DFE (Table 2). Overall, both hyperconjugative and all orbital
interactions (AE,, in Table 1) contribute less stabilizing energy

Table1l Contribution of various energy terms to the total binding interactions between two FH,C" and "CH,Y radicals and to the anti — gauche
energy change in 1,2-difluoroethane (DFE, Y = F) and 1-chloro-2-fluoroethane (CFE, Y = Cl). Values are in kcal mol™*

Conformation AFEcjgtat AFeyirep AEp01 AEqisp AE;, AEpcep AE

a-DFE —148.82 221.67 —155.48 —25.50 —108.13 10.31 —97.82
g-DFE —152.20 229.24 —160.01 —26.11 —109.08 10.50 —98.58
a-DFE — g-DFE —3.38 7.57 —4.53 —0.61 —0.95 0.18 —-0.77
a-CFE —149.20 225.17 —156.91 —29.12 —110.06 12.05 —98.01
g-CFE —150.02 228.83 —159.04 —29.49 —109.72 12.24 —97.48
a-CFE — g-CFE —0.82 3.66 —2.13 —-0.37 0.34 0.18 0.52

% AEe1sac = €lectrostatic energy, AEcxirep = exchange repulsion energy, AE,, = polarization energy, AEg;s, = dispersion energy, AE;,, = interaction

energy, AEp., = preparation energy, AE = total binding energy.

This journal is © The Royal Society of Chemistry 2015
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Table 2 Energies (in kcal mol™) of vicinal hyperconjugative interac-
tions in 1,2-difluoroethane (DFE, Y = F) and 1,2-dichoroethane (CFE,
Y = Cl) estimated from the second-order perturbative approach, E(2)
values, and deletion of the corresponding Fock matrix elements in the
NBO basis, E(del). Calculated at the HF/6-311++G** level

a-DFE g-DFE a-CFE g-CFE
Vicinal hyperconjugation
B(2)synclinalianti 18.48 23.96 21.32 25.11
E(Z)synclina]/anti a—g 5.48 3.79
E(delgynetinaljanti 17.38 21.98 20.17 22.96
E(del)synclinal/anti a—>g 4.60 2.78
Anti hyperconjugation
C-H — C-H* 2.59 (x4) 2.81(x2) 3.08(x2)  3.15

2.73 (x2)  2.95

C-F — C-Y* 1.80 2.22
C-Y — C-F* 1.80 3.76
C-H — C-F* 5.81 5.46
C-H — C-Y* 5.81 6.82
C-F —» C-H* 0.85 1.06
C-Y — C-H* 0.85 1.91
Total E(2)ang 13.96 18.94 17.60 21.35
Total E(2)ang @ — g 4.98 3.75

to the anti — gauche conformational isomerization in CFE with
respect to that in DFE.

Thus, it is a drop in electrostatic and orbital stabilizing
interactions which is responsible for the anti preference of
isolated CFE. Despite the expected electrostatic repulsion
between the two C-F bond dipoles in DFE and the C-F and C-Cl
bond dipoles in CFE in their gauche conformers, they are
actually more stabilized by electrostatic interactions than the
anti forms. Somewhat counterintuitively, this stabilization is
larger in DFE (AE¢jgec = —3.38 keal mol ™, Table 1) than in CFE
(AEcistae = —0.82 keal mol™", Table 1). These findings lead to
conclusion that small electronegative atom, such as fluorine,
contributes more electrostatic stabilization to the anti — gauche
isomerization than does the less electronegative and bulkier
atom, such as chlorine. The above conclusion also supports an
earlier explanation of the gauche effect in terms of electrostatic
interactions.* Though, orbital interactions are important, too.

2-Fluoroethanol, 2-chloroethanol and their protonated forms

The MP2/6-311++G** geometry optimizations of 2-fluo-
roethanol (FE) and 2-chloroethanol (CE) led to the five ener-
getically distinguishable minima, shown in Fig. 2 along with
their relative electronic energies. They are denoted as aa, ag, ga,
gg and g¢’, where the first letter refers to the heavy atom
F(Cl)-C-C-O conformation, the second to the C-C-O-H
conformation. The ag and ag’ conformers are mirror images and
energetically indistinguishable. They are both included in
discussion to be compared with the corresponding gg and gg’
forms. Optimized geometrical parameters for all conformers of
FE and CE are given in Tables S3 and S4 in the ESIL.} They
compare well with the available experimental data from elec-
tron diffraction studies.’***** The most stable forms for both FE
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and CE are gg’ having a hydroxyl hydrogen atom pointing
toward the halogen atom in the heavy atom gauche arrange-
ment. The anti conformers of FE are by 2.3 and 2.5 kcal mol "
higher in energy and this is consistent with previous experi-
mental and theoretical studies.'> The energy difference between
g¢' form of CE and anti conformers is smaller and amounts
~1.7 kecal mol ™", at the employed theory level. This is also in
accord with previous experimental and theoretical data.'?4/&®

In the following, the energy change accompanying anti —
gauche rotation is analyzed as the energy difference between
gauche conformers and their corresponding anti conformers,
having the same conformational arrangement around the C-O
bonds (anti, + gauche or — gauche, Fig. 2). Decomposition of the
total binding energy between two radical fragments into its
components is given in Table 3, along with the decomposition
of energy change upon anti — gauche rotation. Stabilization
energies due to the vicinal total (synclinal and anti) and anti
hyperconjugative interactions between the two XCH, and
CH,OH units, evaluated by the NBO analysis, are listed in Table
4, including also energy changes following the anti — gauche
conformational isomerization.

The rotation of aa-FE into the corresponding gauche form,
that is aa-FE — ga-FE (Fig. 2 and Table 3), results in a very small
gauche preference of AE = —0.15 kcal mol ™', whereas the ag-FE
— g¢-FE rotation slightly increases the energy of the system by
AE = 0.09 kcal mol . The true gauche stabilization occurs only
upon ag’-FE — gg'-FE rotation, AE = —2.54 kcal mol . These
findings compare with the results of Briggs et al.,"”” which led
authors to conclude that gauche effect in FE does not have its
origin in stereoelectronic effects, but comes from intramolecular
hydrogen bonding stabilization. An inspection of data in Tables
3 and 4, however, show that anti hyperconjugative interactions
(total E(2)ani @ — g in Table 4), all vicinal hyperconjugative
interactions (E(2)synciinayant @ — & and E(del)gynciinaland @ — £ in
Table 4) and all orbital interactions (AE,, in Table 3) become
stronger during the all three rotations. Thus, there exists ster-
eoelectronic gauche effect in FE. The most important anti
hyperconjugative interactions in gauche structures are C-H —
C-F* and C-H — C-O%* the former being more pronounced
(Table 4). This arises from a combination of two factors: lower
energy of the C-F* orbital and its larger polarization toward the
neighbouring carbon atom, due to the larger electronegativity of
fluorine atom. The latter allows a stronger orbital overlap.®” The
electrostatic energy term AE,q, becomes more stabilizing for all
three conformational changes, which is also the case for
dispersion interactions AEg;sp, though with smaller magnitude
(Table 3). For the aa-FE — ga-FE rotation, these stabilizing
interactions are not large enough to override a destabilization
coming from the increase in the steric repulsion (which is
the strongest in this case), thus making the AE;,, positive
(0.33 keal mol ™). The slight gauche preference for this rotation
actually comes from an energy loss due to the accompanying
structural changes, AEe, = —0.48 kcal mol . In the case of ag-
FE — gg-FE conformational change, the interaction energy
becomes more stabilizing, AE;,, = —0.66 kcal mol™', but not
enough to overcome the increase in the AEy,., = 0.75 kcal mol !
and there is almost no conformational preference for this

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Energy minimum conformations of 2-fluoroethanol (FE) and 2-chloroethanol (CE), their relative electronic energies (kcal mol™?) and
energy changes occurring upon anti — gauche rotation of the heavy atom chain.

rotation. The pronounced gauche stabilization for ag’-FE — gg'-
FE rotation of AE = —2.54 kcal mol " results from a favourable
interaction energy, AEj,. = —3.11 kcal mol ™", while AEyp.p, Tises
by 0.57 kcal mol™". The interaction energy stabilization owes
mainly to the electrostatic energy AEqga = —5.34 keal mol™?,
followed by the orbital interaction energy AE,, = -3.03
keal mol . The dispersion energy contribution is significantly
smaller, AEgis, = —0.51 keal mol ' (Table 3). Hence, even in the
neutral FE, the most important contributor to the gauche effect is
electrostatic energy. A part of electrostatic stabilization should
be ascribed to the attraction between the two antiparallel C-F
and O-H bond dipoles, with fxcon = 4.3°. However, other elec-
trostatic stabilizing interactions must be involved, too, since
AE.star becomes more stabilizing even for the remaining two
rotations which bring fluorine atom near the oxygen lone pair. In
these cases, an electrostatic repulsion between the C-F and C-O

bond dipoles and between fluorine and oxygen lone pairs is
anticipated. Our results, however, once again point out that
partial interaction between bond pairs and lone pairs is not
always enough to account for the overall change in electrostatic
interactions.

Now, let us examine what happens when fluorine atom is
replaced with the less electronegative and larger chlorine atom.
Both aa-CE — ga-CE and ag-CE — gg-CE rotations are followed
by an increase in energy by AE = 0.52 and AE = 0.96 kcal mol ™/,
respectively, which is due to the AE;,. = 1.14 kecal mol " in the
first case, AEin = 0.20 keal mol " and AEp,e, = 0.76 keal mol ' in
the second case. The favourable preparation energy for the
former isomerization reduces the interaction energy rise by
AE,ep = —0.62 keal mol ' (Table 3). The ag’-CE — gg¢'-CE rota-
tion still leads to gauche preference, though smaller than in FE
(AE = —1.69 kecal mol " for CE and AE = —2.54 keal mol " for FE,

Table 3 Contribution of various energy terms to the total binding interactions between two XH,C" and ‘CH,OH radicals and to the anti —
gauche energy change in 2-fluoroethanol (FE, X = F) and 2-chloroethanol (CE, X = Cl).% Values are in kcal mol™*

Conformation AFEeistat AEeyirep AEpq AEgisp AE; AEprep AE

aa-FE —150.80 221.88 —154.60 —27.69 —111.21 17.22 —93.99
ag-FE —155.52 233.81 —157.32 —25.64 —104.67 10.91 —93.76
ga-FE —153.53 229.18 —158.42 —28.11 —110.88 16.74 —94.14
29-FE —156.80 237.67 —159.87 —26.33 —105.33 11.66 —93.67
gg’-FEb —160.86 239.58 —160.35 —26.15 —107.78 11.48 —96.30
aa-FE — ga-FE —2.73 7.30 —3.82 —0.42 0.33 —0.48 —0.15
ag-FE — gg-FE —1.28 3.86 —2.55 —0.69 —0.66 0.75 0.09
ag'—FE — gg’—FE —5.34 5.77 —3.03 —0.51 —3.11 0.57 —2.54
aa-CE —150.42 224.13 —155.33 —31.35 —112.97 19.14 —93.83
ag-CE —155.07 235.40 —157.47 —29.33 —106.47 12.61 —93.86
ga-CE —151.71 229.20 —157.58 —31.74 —111.83 18.52 —93.31
29-CE —154.48 236.57 —158.39 —29.97 —106.27 13.37 —92.90
gg’—CEb —158.52 239.37 —159.48 —29.99 —108.62 13.08 —95.54
aa-CE — ga-CE —1.29 5.07 —2.25 —0.39 1.14 —0.62 0.52
ag-CE — gg-CE 0.59 1.17 —0.92 —0.64 0.20 0.76 0.96
ag’—CE — gg’—CE —3.45 3.97 —2.01 —0.66 —2.15 0.46 —1.69

“ Labeling of various energy terms is the same as in Table 1. ? Structure having the OH hydrogen atom oriented toward a halogen atom.
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Table 4 Energies (in kcal mol™) of vicinal hyperconjugative interactions in 2-fluoroethanol (FE, X = F) and 2-chloroethanol (CE, X = Cl) esti-
mated from the second-order perturbative approach, E(2) values, and deletion of the corresponding Fock matrix elements in the NBO basis,

E(del). Calculated at the HF/6-311++G** level

FE CE
aa ag ga L4 L4 aa ag ga Fii4 4
Vicinal hyperconjugation
E(2)synclinal/anti 19.33 19.20 23.06 23.79 23.14 21.84 21.59 24.67 25.28 24.98
E(2)synclinatianti @ = & 3.73 4.59 3.94 2.83 3.69 3.39
E(de)synctinalianti 18.13 18.05 21.23 21.94 21.34 20.56 20.46 22.56 23.16 22.84
E(del)synctinalianti @ = & 3.10 3.88 3.28 2.00 2.70 2.38
Anti hyperconjugation
C-H — C-H* 2.81 2.85 2.92 2.97 3.01 2.95 2.96 3.14 3.02 3.03
2.78 2.74 2.85 3.27 3.10 2.95 2.82 3.17 3.65 3.42
2.74 2.73 3.18 3.15
2.73 2.97 3.18 3.47
C—X — C-O* 1.57 1.70 3.15 3.44
C-0 — C-X* 2.29 2.06 2.91 2.56
C-H — C-X* 5.79 6.15 5.95 7.01 7.29 7.26
C-H — C-O* 4.63 5.51 4.89 4.36 5.28 4.85
C-X — C-H* 0.94 0.92 1.07 2.01 1.93 2.13
C-O — C-H* 1.02 0.85 0.98 1.28 1.00 1.12
Total E(2)anei 14.92 15.05 18.15 19.67 19.00 18.32 18.40 20.97 22.17 21.81
Total E(2)ans @ — & 3.23 4.62 3.95 2.65 3.77 3.41

Fig. 2 and Table 3). This is due to the AE;, = —2.15 kcal mol ™,
while AE,., increases the energy by 0.46 kcal mol ' (and is
smaller compared to the corresponding rotation of FE, with
AEpep = 0.57 keal mol ).

An examination of data in Table 3 enables us to explain the
observed changes in AE;,,, during the three rotations of CE and
its smaller gauche effect (ag-CE — gg’-CE isomerization)
compared to that in FE. Similarly as in the case of CFE, the
interaction energy rise (positive AE;,, for the first two rotations)
and its smaller negative change for the third rotation do not
have their origin in the steric effect. The increase in the AEcxirep
is smaller for CE than for FE for all three rotations. Again,
electrostatic and orbital stabilizing interactions are smaller for
the anti — gauche rotation in CE compared to FE (change in
AEq5eat iS even destabilizing (positive) for the ag-CE — gg-CE
rotation). This decrease in the AFEjsc and AE,, makes the AEjy
energy term positive for the aa-CE — ga-CE and ag-CE — gg-CE
conformational changes, and less negative (by ~1 keal mol ")
for the ag’-CE — gg’-CE isomerization relative to the ag’-FE —
g¢’-FE one. For all three rotations, dispersion energies are
favourable, though their stabilizing effect does not exceed
0.7 keal mol™'. Thus, as in the case of CFE, the less electro-
negative and larger chlorine atom provides smaller electrostatic
and orbital stabilization to the anti — gauche conformational
change, compared to fluoroalcohol.

A part of a decrease in the orbital interaction energy can be
analyzed by examination of the NBO results shown in Table 4.
Total and anti vicinal hyperconjugative stabilization associated
with the anti — gauche isomerization is smaller in CE than in
FE. This should be ascribed to larger increase in hyper-
conjugation in anti forms of CE than in gauche forms relative to
FE. The increase in the hyperconjugative stabilization in anti

22986 | RSC Adv., 2015, 5, 22980-22995

conformers of CE mainly stems from the more favourable C-Cl
— C-O* interaction (3.2-3.4 kcal mol ') vs. C-F — C-O*
interaction (1.6-1.7 kcal mol ) in FE, consistent with the better
electron-donating ability of the C-Cl bond, as already
mentioned above. There are also contributions from other
interactions, but smaller in magnitude. In the case of gauche
conformers, main contribution to larger hyperconjugative
stabilization comes from an increase in the C-H — C-Cl*
(7-7.3 keal mol ") and C-Cl — C-H* interactions (1.9-2.1 kcal
mol ') in CE vs. C-H — C-F* (5.8-6.2 kcal mol ') and C-F —
C-H* (0.9-1.1 keal mol™ ") in FE, and this compares with the
results for CFE vs. DFE (Tables 2 and 4). Thus, the anti — gauche
isomerization benefits less from hyperconjugation in the case of
CE compared to FE.

Overall, the gauche effect in CE, observed for the ag’-CE —
g¢'-CE isomerization, has to be ascribed to electrostatic energy
as the main stabilizing factor (AEejsac = —3.45 keal mol ™),
orbital interaction energy (AEp, = —2.01 kcal mol™') and
dispersion energy (AEg;s, = —0.66 kcal mol ). In this case, too,
a part of electrostatic stabilization should be attributed to the
attraction between the nearly parallel, but oppositely oriented
C-Cl and O-H bond dipoles, with cicon = 3°.

The protonated FE and CE, abbreviated herein as FEH and
CEH, respectively, can exist as five energetically distinguishable
conformers denoted as aa, ag, ga, gg and gg’, where the first
letter refers to the heavy atom F(Cl)-C-C-O conformation, the
second to the C-C-O-: conformation They are shown in Fig. 3,
along with their relative energies. The ag’ conformer is enan-
tiomeric with the ag one, and is included in the discussion for
comparison with the corresponding gg’ conformer. As with the
neutral alcohols, energies of gauche conformers are analyzed
with respect to their corresponding anti forms (Fig. 3). The

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Energy minimum conformations of protonated 2-fluoroethanol (FEH) and protonated 2-chloroethanol (CEH), their relative electronic
energies (kcal mol™?!) and energy changes occurring upon anti — gauche rotation of the heavy atom chain.

optimized structural parameters for FEH and CEH are given in
Tables S5 and S6 in the ESL{

The protonated FE shows very large gauche preference for
all three rotations (aa-FEH — ga-FEH, ag-FEH — gg-FEH, ag’-
FEH — gg’-FEH), particularly pronounced when gauche forms
have a hydroxyl hydrogen atom oriented toward the fluorine
atom (the first two rotations in Fig. 3). These findings are
consistent with previous study on protonated FE,"* which led
authors to conclude that in this case the gauche effect origi-
nates from both intramolecular hydrogen bonding stabiliza-
tion and stereoelectronic effects. The latter was seen as the
only stabilization in the ag-FEH — gg’-FEH rotation, since
there is no hydrogen bond in the gg’ conformation.” Our
energy decomposition and NBO data reveal that all orbital
stabilization (AE; in Table 5), as well as anti and total vicinal

hyperconjugation (Table 6) are indeed larger in gauche
conformations by 5.3-5.8 keal mol™", 3.3-6.4 kcal mol™" and
3.7-6.7 kcal mol ', respectively. Among the anti hyper-
conjugative interactions, the most important one contributing
to the stabilization of the gauche forms is the C-H — C-O*
interaction, having stabilizing energy of 6.4-9 kcal mol~". The
C-H — C-F* interaction contributes smaller stabilizing
energy of 3.5-4.1 kcal mol '. Thus, protonation of hydroxy
group enhances electron-accepting ability of the C-O* anti-
bond and reverses the relative strength of C-H — C-F* and
C-H — C-O* interactions in neutral and protonated alcohols.
This enhancement arises from the C-O* antibond energy
lowering and larger polarization. Our conclusions, thus, agree
with those of Briggs et al.'* that there exists stereoelectronic
gauche effect in protonated FE.

Table 5 Contribution of various energy terms to the total binding interactions between two XH,C" and "‘CH,OH,* units and to the anti —
gauche energy change in protonated 2-fluoroethanol (FEH, X = F) and protonated 2-chloroethanol (CEH, X = Cl).% Values are in kcal mol™

Conformation AFE.istat AEexirep AEpq1 AEgisp AE; . AEprep AE

aa-FEH —128.96 202.24 —154.75 —28.01 —109.48 9.46 —100.02
ag-FEH —128.21 198.90 —154.83 —28.43 —112.57 12.03 —100.54
ga—FEHb —141.80 211.84 —160.01 —28.17 —118.14 10.27 —107.87
gg—FEHb —140.53 208.42 —160.23 —29.27 —121.61 12.84 —108.77
ggJ-FEH —135.09 207.31 —160.65 —29.15 —117.58 12.83 —104.75
aa-FEH — ga-FEH —12.84 9.60 —5.26 —0.16 —8.66 0.80 —7.86
ag-FEH — gg-FEH ~12.32 9.52 —5.40 —0.84 —9.04 0.81 —8.23
ag'—FEH - gg’—FEH —6.88 8.41 —5.82 —0.72 —5.01 0.80 —4.21
aa-CEH —132.52 212.11 —162.00 —32.47 —114.88 11.86 —103.02
ag-CEH —131.86 209.34 —162.31 —33.04 —117.87 14.53 —103.34
ga—CEHb —142.38 221.24 —166.33 —34.33 —121.80 12.82 —108.98
gg—CEHb —141.34 218.99 —167.35 —35.65 —125.35 15.32 —110.03
gg’—CEH —134.52 211.04 —163.05 —33.85 —120.38 15.26 —105.12
aa-CEH — ga-CEH —9.86 9.13 —4.33 —1.86 —6.92 0.96 —5.96
ag-CEH — gg-CEH —9.48 9.65 —5.04 —2.61 —7.48 0.79 —6.69
ag’—CEH — gg’—CEH —2.66 1.70 —0.74 —0.81 —2.51 0.72 —1.79

“ Labeling of various energy terms is the same as in Table 1. ? Structure having an OH," hydrogen atom oriented toward a halogen atom.
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Table 6 Energies (in kcal mol™) of vicinal hyperconjugative interactions in protonated 2-fluoroethanol (FEH, X = F) and protonated 2-chlor-
oethanol (CEH, X = Cl) estimated from the second-order perturbative approach, E(2) values, and deletion of the corresponding Fock matrix
elements in the NBO basis, E(del). Calculated at the HF/6-311++G** level

FEH CEH
aa ag ga 88 L4 aa ag ga 8 4
Vicinal hyperconjugation
E(2)synclinal/anti 18.64 18.48 22.77 22.17 25.23 24.99 24.77 25.06 24.56 27.67
E(2)synclinatiant @ = & 413 3.69 6.75 0.07 —0.21 2.90
E(del)synclinalianti 17.63 17.40 20.76 20.19 22.73 23.26 22.95 22.87 22.36 24.93
E(del)synctinatianti @ = & 3.13 2.80 5.33 —0.39 —0.59 1.97
Anti hyperconjugation
C-H — C-H* 2.74 2.67 2.83 2.88 2.94 3.10 3.03 2.80 2.92 3.18
2.74 2.76 2.45 2.21 2.47 3.10 3.16 2.89 2.64 2.89
2.10 2.07 2.70 2.73
2.10 1.87 2.70 2.43
C-X — C-O* 3.44 3.20 8.46 7.99
C-0 —» C-X* 1.22 1.34 1.55 1.72
C-H — C-X* 3.53 3.66 4.08 4.55 4.75 5.12
C-H — C-O* 7.22 6.37 8.97 7.45 6.66 9.33
C-X — C-H* 1.22 1.17 1.04 2.47 2.36 2.22
C-O0 — C-H* 0.87 0.95 0.83 1.00 1.13 1.03
Total E(2)anei 14.34 13.91 18.12 17.24 20.33 21.61 21.06 21.16 20.46 23.77
Total E(2)ans @ — & 3.78 3.33 6.42 —0.45 —0.60 2.71

Energy decomposition data, given in Table 5, reveal which
other factors contribute to the very strong gauche preference in
FEH. Thus, in all three isomerizations it results from AE;,,,
while AE,,, increases by 0.8 kecal mol . Major factor which is
responsible for the large gauche conformer stabilization in the
aa-FEH — ga-FEH and ag-FEH — gg-FEH rotations is a very
favourable electrostatic energy component, which reaches
values of 12.84 kcal mol " and 12.32 kcal mol ', respectively
(AEjstat in Table 5). Electrostatic stabilization energy is smaller,
but still significant for the ag’-FEH — gg¢’-FEH conformational
change, 6.88 kcal mol ™. In the first two cases, the large elec-
trostatic stabilization partly arises from an attraction between
the two almost antiparallel O-H and C-F bond dipoles, having
frcon 6.4° and 8.1°, respectively. There are, however, other
attractive contributions, since the electrostatic energy becomes
more favourable even for the third rotation, when the gauche
form is expected to be destabilized by the repulsion between the
two C-O and C-F bond dipoles. The calculated NBO charges
showed that the positive charge in the C-OH," fragment is
distributed on hydrogen and carbon atoms whereas the oxygen
contains the negative charge. In addition, electrostatic repul-
sion between lone pairs should be involved, too.

To conclude, the AEq4 . energy component provides the
most important contribution to the gauche effect in FEH.
Next comes the orbital interaction energy, which ranges from
5.2-5.8 kcal mol~". They both, along with the much smaller
AEgsp, 0.2-0.8 keal mol~" make the AE;, very favourable, by
strongly overcoming the also prominent increase in the steric
repulsion (8.4-9.6 kcal mol 7).

Our extension to chloro derivatives shows that protonation of
CE also leads to the pronounced gauche preference of 6-6.7 kcal

22988 | RSC Aadv., 2015, 5, 22980-22995

mol ™" (Fig. 3 and Table 5) compared to only 1.7 kcal mol " in the
neutral alcohol (Fig. 2 and Table 3), taking into account
conformational changes leading to the gauche structures having
a hydroxyl hydrogen atom oriented toward the chlorine atom
(aa-CEH — ga-CEH and ag-CEH — gg-CEH rotations for the
protonated alcohol, and ag-CE — gg'-CE rotation for the
alcohol). Contrary to the neutral CE, the protonated molecule
also shows gauche stabilization for the ag-CEH — gg’-CEH
rotation when chlorine atom becomes oriented toward the
oxygen lone pair. The energy of this stabilization is smaller and
amounts AE = —1.79 kcal mol . For all three rotations, depic-
ted in Fig. 3, it is the AF;, that favours the conformational
change (2.5-7.5 kecal mol '), whereas structural changes lead to
an increase in energy by 0.7-1 kcal mol " (Table 5). The most
important factor that makes AE;, more negative is AEcgq, for
all three rotations. There is a strong electrostatic stabilization for
the aa-CEH — ga-CEH and ag-CEH — gg-CEH conformational
changes which amounts 9.86 kcal mol " and 9.48 kcal mol ,
respectively, and the smaller one for the ag’-CEH — gg’-CEH
rotation of 2.66 kcal mol ', but still stabilizing despite the
expected lone pairs repulsion and C-Cl/C-O bond dipoles
repulsion. As with the fluoro derivative, the oxygen atom is the
negative part of the C-O bond dipole in the C-OH," unit. The
next stabilizing effect comes from orbital interactions and
dispersion energy term which is by ~1.7 kcal mol " stronger
than in FEH, for the first two isomerizations. The AE, for the
aa-CEH — ga-CEH (4.33 kcal mol™') and ag-CEH — gg-CEH
(5.04 keal mol ™) rotations is significantly greater than that for
the ag’-CEH — gg'-CEH rotation (0.74 kcal mol '), while the
NBO results show that there is no hyperconjugative stabilization
following the first two rotations (Table 6), which should be

This journal is © The Royal Society of Chemistry 2015
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ascribed mainly to strong C-Cl — C-O* interaction in anti
conformers (8-8.5 kcal mol™", compared to 3.2-3.4 kcal mol™"
for the C-F — C-O¥* interaction in FEH). The third isomeriza-
tion is the only one that has stereoelectronic origin, in addition
to other orbital effects. Thus, the more favourable AE,
component observed for the aa-CEH — ga-CEH and ag-CEH —
gg-CEH rotations, which compares with the corresponding
values for FEH, should be related to polarization effects and
charge transfer in hydrogen bonding interactions. Indeed, the
NBO(del) calculations revealed a very large charge transfer
component of hydrogen bonding in ga-CEH and gg-CEH, which
amount 10.6 kcal mol " and 13.3 kcal mol ™ *, respectively. This
has to be compared with only 1.2 keal mol " and 2 keal mol * for
ga-FEH and gg-FEH, 0.6 kcal mol " for g¢’-CE and 0.2 kcal mol ™"
for gg’-FE. Though, it should be noted that NBO overestimates
charge transfer interactions compared to the BLW method,***°
but their trend is the same.*

The steric strain arising from the closer contact between Cl
and OH," substituents in gauche conformers is very similar to
that observed for FEH regarding the aa-CEH — ga-CEH and
ag-CEH — gg-CEH rotations, and significantly smaller for the
ag-CEH — g¢’-CEH change (Table 5). This means that the
decreased gauche effect in CEH compared to that in FEH does
not originate from steric effects, but from a decrease in elec-
trostatic stabilizing energy, which is 12.3-12.8 kcal mol™" for
the first two rotations in FEH, but 9.5-9.9 kcal mol™" for the
same conformational changes in CEH. There is a drop in this
energy term for the third ag’-CEH — gg’-CEH rotation, as well
(6.9 keal mol " for FEH and 2.7 kecal mol ™" for CEH). A drop in
the orbital interactions is less pronounced except for the
ag-CEH — g¢’-CEH rotation, lacking the intramolecular
hydrogen bond (Table 5). Therefore, only for the ag’ — g¢
conformational change the stronger gauche preference in FEH
owes to both electrostatic and orbital stabilizing interactions. In
the case of the other two aa — ga and ag — gg isomerizations,
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H wN—H it I
oY "
ag-FEA g9-FEA
AE =140 AE =2.59
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the larger gauche effect in FEH originates mostly from more
favourable electrostatic energy.

2-Fluoroethylamine, 2-chloroethylamine and their protonated
forms

The MP2/6-311++G** geometry optimizations of 2-fluoroethyl-
amine (FEA) and 2-chloroethylamine (CEA) led to the five
energetically distinguishable minima, depicted in Fig. 4 along
with their relative electronic energies. They are denoted as aa,
ag, ga, gg and gg’, where the first letter refers to the heavy atom
F(Cl)-C-C-N conformation and the second to the C-C-N-:
conformation. Here, again, the enantiomeric ag and ag’
conformers are both included to be compared with the corre-
sponding gg and gg’ forms. Optimized geometrical parameters
for all conformers of FEA and CEA are given in Tables S7 and S8
in the ESL{ For FEA, they are in good agreement with the
available experimental data."*? The two most stable conformers
for both FEA and CEA are those having one of amino hydrogen
atoms pointing toward the halogen atom in the heavy atom
gauche arrangement. Among them, the gg form is slightly more
stable than the ga form. In the case of FEA, this agrees with
previous experimental®®*? and theoretical studies.’* The rela-
tive energies of five conformers of FEA are also in accord with
the existing experimental data,*? though the energy difference
between the aa and ag forms is small (0.12 keal mol ) and their
relative stability may vary with the level of computations.** The
same applies to CEA, for which aa and ag conformers differ by
0.17 keal mol™" in our calculations. Conformers ga-CEA and
g8-CEA also have similar energies which is in accord with
previous experimental and theoretical data,* although their
relative stability order is reversed in our MP2 calculations. The
relative energies for other three conformers of CEA are in
agreement with the exisiting data.>® As in the case of 2-hal-
oalcohols, the gauche preference in amines is smaller when
halogen is chlorine atom.

gy—&H — L—6H E- o058
H H"‘iN— Cl H"‘iN_:
H H
aa-CEA ga-CEA
AE =0.85 AE =0.27
Cl H H
goy—H — w—&H  AE=_102
H ...N-H Cl" . wN-H
4 "
H H
ag-CEA gg-CEA
AE =1.02 AE = 0.00
cl H H H
oy—H — P aE=1a3
H .«N—H Cl ywN-H
W' "
ag'-CEA gg-CEA
AE =1.02 AE =245

Fig.4 Energy minimum conformations of 2-fluoroethylamine (FEA) and 2-chloroethylamine (CEA), their relative electronic energies (kcal mol™?)
and energy changes occurring upon anti — gauche rotation of the heavy atom chain.
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Decomposition of the total binding energy between the two
XCH," and ‘CH,NH, radical fragments into its components is
given in Table 7, along with the decomposition of energy change
occurring upon anti — gauche rotation of the heavy atom chain.
Stabilization energies due to the vicinal anti hyperconjugative
interactions and all vicinal hyperconjugative interactions
(synclinal and anti) between the two XCH, and CH,NH, units,
evaluated by the NBO analysis, are listed in Table 8, including
energy changes following anti — gauche conformational isom-
erization (denoted as a — g).

In the case of FEA, the aa-FEA — ga-FEA and ag-FEA —
gg-FEA conformational isomerizations lead to a decrease in
energy (stabilization of the system) by AE = —1.16 kcal mol ™"
and AE = —1.40 kcal mol ™", respectively. This has to be ascribed
to the AEj,, while AE., increases by 0.34 kcal mol ' and
1.93 kecal mol™?, respectively. For the first rotation, AEeg: =
—2.71 keal mol™* is more stabilizing than AE,, = —1.17 kcal
mol ', while dispersion energy contribution is negligible (Table
7). For the second rotation, AE,q = —1.62 keal mol ™" is slightly
more favourable than AEee, = —1.46 kcal mol™, and the
dispersion energy stabilizing contribution increases to AEgis, =
—0.69 kcal mol™". In both cases, these stabilizing interactions
overcome the increase in the steric repulsion, introduced mostly
by bringing the two substituents into the gauche position. Thus,
the gauche preference in FEA should be ascribed to both electro-
static and orbital stabilizing interactions. Data in Table 8 show
that vicinal hyperconjugative interactions between the two FCH,
and CH,NH, fragments also become stabilizing upon aa-FEA —
ga-FEA and ag-FEA — gg-FEA isomerizations, meaning that ster-
eoelectronic effects contribute to the gauche stabilization, too. The
most important hyperconjugative interactions that stabilize the
gauche forms are C-H — C-F* (~6 kcal mol ') and C-H — C-N*
(4.1-4.9 keal mol ).

The third ag’-FEA — gg'-FEA rotation does not result in
molecule stabilization, that is it increases the energy by AE =

1.19 keal mol %, both because of an increase in AE;,. and AEpep
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(Fig. 4 and Table 7). The stabilizing stereoelectronic effects, as
well as all orbital stabilizing interactions are still present, as
evidenced from the data in Tables 7 (AE,,) and 8. The increase
in the steric repulsion does not exceed values for the first two
isomerizations. What is missing now is more stabilizing elec-
trostatic interaction, since AE.qa: becomes less favourable
(positive) by 1.22 kcal mol . This differs from the case of FE,
when electrostatic energy favours gauche conformation even
when fluorine atom encounters oxygen lone pairs (compare
data for aa-FE — ga-FE and ag-FE — gg-FE rotations in Table 3
with those for ag’-FEA — gg’-FEA rotation in Table 7). This
reinforces our above mentioned conclusion that the favourable
electrostatic energy change is more important for smaller and
more electronegative atoms. Though, in this case van der Waals
radii do not differ much (1.55 A for N, 1.52 A for 0),** but
electronegativity between N and O atoms differs by 0.5 accord-
ing to the Pauling electronegativity scale.

The conformational behaviour of CEA resembles the
behavior of FEA in that the aa-CEA — ga-CEA and ag-CEA —
gg-CEA isomerizations are followed by a decrease in energy by
AE = —0.58 kcal mol ' and AE = —1.02 kcal mol *, respectively,
whereas the ag’-CEA — gg’-CEA rotation results in an increase
in energy by AE = 1.43 kcal mol " (Fig. 4 and Table 7). In all
three cases AEp., becomes more positive, so that gauche
stabilization in the first two isomerizations results from the
more favourable AE;,.. In the latter case, AE;, increases, as well.
The energetic stabilization of the system (gauche preference) is
smaller than in FEA, while energetic destabilization following
the ag’-CEA — gg’-CEA rotation is larger than in FEA. The
reason for this lies in the AEj,, energy, since increase in AE, is
smaller than in FEA. The aa-CEA — ga-CEA isomerization
owes more to the electrostatic stabilization, AEqg.: =
—1.21 keal mol™, than to orbital and dispersion energies,
AEp, = —0.39 keal mol™! and AEg;s, = —0.23 keal mol . For
the ag-CEA — gg-CEA isomerization, both AE,, = -1.25
keal mol ™' and AEy;s, = —1.41 keal mol " energies are more

Table 7 Contribution of various energy terms to the total binding interactions between two XH,C" and "CH,NH radicals and to the anti —
gauche energy change in 2-fluoroethylamine (FEA, X = F) and 2-chloroethylamine (CEA, X = Cl). Values are in kcal mol™*

Conformation AE1stat AEexirep AEpo AEgisp AE; ¢ AEprep AE

aa-FEA —160.85 243.68 —159.29 —25.81 —102.27 11.49 —90.78
ag-FEA —155.31 230.10 —155.91 —27.54 —108.66 17.74 —90.92
ga—FEAb —163.56 246.11 —160.46 —25.87 —103.78 11.83 —91.95
gg—FEAb —156.77 231.14 —157.53 —28.82 —111.98 19.67 —92.31
ggJ-FEA —154.09 231.18 —157.17 —28.23 —108.31 18.59 —89.72
aa-FEA — ga-FEA —2.71 2.43 —1.17 —0.06 —1.51 0.34 —1.17
ag-FEA — gg-FEA —1.46 1.04 ~1.62 —~1.28 —-3.32 1.93 -1.39
ag’—FEA — gg’—FEA 1.22 1.08 —1.26 —0.69 0.35 0.84 1.19
aa-CEA —159.58 243.59 —158.42 —29.51 —103.92 13.18 —90.74
ag-CEA —154.10 230.80 —155.67 —31.34 —110.31 19.74 —90.57
ga—CEAb —160.79 244.63 —158.81 —29.74 —104.71 13.39 —91.32
gg—CEAb —154.99 231.76 —156.92 —32.75 —112.90 21.32 —91.58
gg’—CEA —152.16 230.71 —156.07 —32.07 —109.59 20.46 —89.13
aa-CEA — ga-CEA —1.21 1.04 —0.39 —0.23 —0.79 0.21 —0.58
ag-CEA — gg-CEA —0.89 0.96 —1.25 —1.41 —2.59 1.58 —-1.01
ag’—CEA — gg’—CEA 1.94 —0.09 —0.40 —0.73 0.72 0.72 1.44

“ Labeling of various energy terms is the same as in Table 1. ? Structure having an NH, hydrogen atom oriented toward a halogen atom.
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Table 8 Energies (in kcal mol™) of vicinal hyperconjugative interactions in 2-fluoroethylamine (FEA, X = F) and 2-chloroethylamine (CEA, X = Cl)
estimated from the second-order perturbative approach, E(2) values, and deletion of the corresponding Fock matrix elements in the NBO basis,

E(del). Calculated at the HF/6-311++G** level

FEA CEA
aa ag ga L4 L4 aa ag ga Fii4 4

Vicinal hyperconjugation
E(2)synclinal/anti 20.02 20.03 23.11 22.80 22.79 22.04 22.25 24.98 24.85 24.66
E(2)synclinatianti @ = & 3.09 2.77 2.76 2.94 2.60 2.41
E(deD)synctinalianti 18.84 18.85 21.36 21.04 21.06 20.86 20.95 22.90 22.73 22.62
E(del)synctinalianti @ = & 2.52 2.19 2.21 2.03 1.78 1.67
Anti hyperconjugation
C-H — C-H* 3.03 2.99 3.14 3.16 3.06 3.08 3.11 3.13 3.21 3.21

3.03 2.99 3.38 3.14 3.23 3.08 3.07 3.71 3.42 3.56

3.12 2.80 3.54 3.22

3.12 3.11 3.54 3.58
C-X — C-N* 1.68 1.50 3.27 3.03
C-N — C-X* 2.32 2.68 2.93 3.40
C-H — C-X* 6.09 6.17 5.93 7.45 7.46 7.23
C-H — C-N* 4.92 4.06 4.43 4.91 4.02 4.24
C-X — C-H* 1.10 1.13 0.98 2.04 2.25 2.04
C-N — C-H* 1.03 1.26 1.08 1.11 1.46 1.29
Total E(2)anei 16.30 16.07 19.66 18.92 18.71 19.44 19.41 22.35 21.82 21.57
Total E(2)ans @ — & 3.36 2.85 2.64 2.91 2.41 2.16

favourable than AEjg.. = —0.89 kcal mol ™. This compares with
the situation in FEA, with the absolute values of AE,, and
AE being smaller and those of AEg;, larger relative to the
corresponding values for FEA, which is in accord with the above
discussion. In the case of the ag’-CEA — gg’-CEA rotation, the
more favourable AE,, and AEg;,, energies are not large enough
to override the 1.94 kcal mol " smaller electrostatic stabiliza-
tion in gg’ vs. ag’, resulting in positive AE;,, energy. This elec-
trostatic destabilization is larger compared to the one in FEA
(1.22 keal mol™") which is due to the replacement of fluorine
with chlorine atom. It is also larger than electrostatic destabi-
lization following the ag-CE — gg-CE isomerization (0.59 kcal
mol ', Table 3), which brings chlorine close to the oxygen lone
pair, while the aa-CE — ga-CE rotation, also leading to the
chlorine/oxygen lone pair interaction results in a more favour-
able AEgge = —1.29 keal mol . The latter results could be
attributed to the already mentioned observation that the more
electronegative oxygen atom is more effective in electrostatic
stabilization in gauche relative to the anti form, or its smaller
destabilization. Interestingly, a change in the steric repulsion
accompanying the ag’-CEA — gg’-CEA conformational isomer-
ization is negligible (Table 7).

Among the orbital interactions, vicinal anti and total hyper-
conjugation do favour heavy atoms gauche arrangement more
than the anti, but less so than in FEA (compare a — g values for
FEA and CEA in Table 8). The C-H — C-Cl* and C-Cl — C-H*
interactions are increased in ga and gg forms of CEA relative to
the corresponding interactions in FEA by ~1.3 kcal mol~" and
~1 keal mol™*, respectively, but concomitantly the C-Cl —
C-N*and C-N — C-Cl* interactions become larger in aa and ag
conformers of CEA by ~1.6 kcal mol " and ~0.6-0.7 kcal mol *,
respectively, compared to the corresponding interactions in

This journal is © The Royal Society of Chemistry 2015

FEA. Together with somewhat smaller changes in other hyper-
conjugative interactions, the net result is less pronounced
stereoelectronic stabilization for the anti — gauche isomeriza-
tions in the case of CEA.

The protonated forms of FEA and CEA, denoted herein as
FEAH and CEAH, respectively, exist as one gauche and one anti
conformer, which are energetically distinguishable (Fig. 5). The
MP2/6-311++G** optimized structural parameters are given in
Tables S9 and S10 in the ESL{ The FEAH shows a significant
gauche effect of AE = —6.85 kcal mol " (this work), which was
earlier ascribed to a combination of intramolecular hydrogen
bonding and stereoelectronic effects,’*'* or electrostatic
interactions.’ Our data from energy decomposition analysis
show that this gauche preference originates mostly from elec-
trostatic energy term which is 2.7 times stronger than all orbital
interaction stabilization (Table 9). It certainly involves C-F and
N-H bond dipoles attraction, which are almost fully parallel
(0rcnm = 0.2°) and oppositely oriented. Contribution of AEgep, is
small. The AEg.. and AE,, significantly overcome the
steric repulsion, thus making the AE;, very favourable
(—7.18 keal mol ™). It is just slightly diminished by the positive
AE,.p energy. The existence of stereoelectronic gauche effect,
too, is evident from stronger vicinal hyperconjugative interac-
tions in g-FEAH with respect to a-FEAH, shown in Table 10. The
most important contribution in the gauche form comes from the
C-H — C-N* interaction which exceeds the C-H — C-F* one
(5.3 keal mol " and 3.9 kcal mol ', respectively). This contrasts
their order in the free amine (Table 8) and is in accord with the
relative order of the corresponding interactions in neutral and
protonated alcohols.

Protonation of CEA increases the gauche preference from
0.6-1 kcal mol™" in the free amine (Fig. 4 and Table 7) to
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Fig. 5 Energy minimum conformations of protonated 2-fluoroethylamine (FEAH) and protonated 2-chloroethylamine (CEAH), their relative
electronic energies (kcal mol™) and energy changes occurring upon anti — gauche rotation.

5.24 keal mol ' in CEAH (Fig. 5 and Table 9). Compared to CEA,
the most important contributor to the increase in the gauche
effect has to be attributed to the AE, 4, energy component, the
stabilization of which increases from 0.9-1.2 kcal mol ' in
amine to 6.6 kcal mol ' in its protonated form. In both
compounds, favourable electrostatic energy also involves attrac-
tion between the almost antiparallel C-Cl and N-H dipoles,
Ocicnu being 2.5°, 1.5° and 2.7° in ga-CEA, gg-CEA and g-CEAH,
respectively. The second favourable energy contribution in CEAH
comes from AE,, energy term, which rises from 0.4-1.2 keal
mol ™! in amine to 2.3 keal mol ™" in its protonated structure.
Along with the AEg;,, these stabilizing interactions make the
overall interaction energy favourable (AE;j,. = —5.43 kcal mol ™)
by overcoming the increase in the steric repulsion. The AE;,, is
just slightly attenuated by the small positive AEp, which
amounts 0.19 kcal mol . The charge transfer part of intra-
molecular hydrogen bond in g-CEAH (2.1 kcal mol %) is signifi-
cantly smaller than in CEH (see above), while that in other gauche
forms of (protonated) amines does not exceed 0.6 kcal mol ™.

If the gauche effect in CEAH is compared to that in FEAH, it is
smaller. This is mainly because of the decrease in the favourable
electrostatic energy change (AEeig: = —9.45 kcal mol™" for
FEAH and AEj. = —6.65 kcal mol™" for CEAH), while the
increase in the steric repulsion is smaller than that in FEAH
(Table 9). The orbital interaction term is decreased, too, but less
so than AEs., While stabilizing contribution of dispersion
forces become larger by 0.8 kcal mol™'. The data in Table 10
reveal that the a-CEAH — g-CEAH isomerization benefits from
stereoelectronic factors, as well, though less than the
corresponding isomerization in FEAH. This should be attrib-
uted mainly to the increase in the C-Cl — C-N* interaction
(5.3 kecal mol™") in anti conformer compared to the corre-
sponding C-F — C-N* interaction (2.4 kcal mol %), which
makes the overall stabilization energy change less favourable
for chloro than for the fluoro derivative.

Comparison with NBO energy decomposition analysis

To be sure that conclusions of the work are not method-
dependent, we also performed another energy decomposition
analysis based on the NBO approach which treats a molecule as
a single entity, that is it does not involve breaking of covalent
bond. In the NBO energy decomposition analysis (NBOEDA),
anti — gauche isomerization energy (AE) was decomposed into
Lewis (AEiewis) and non-Lewis (AEgeoc) energy changes
(eqn (3)), by using the NOSTAR keyword.*® The Lewis energy
corresponds to the energy of a hypothetical fully localized
species, having all orbitals doubly occupied. The non-Lewis or
delocalization energy represents all electron delocalization
contributions to the conformational isomerization.

AE = AELewis + AEdeloc (3)

The Lewis energy change comprises steric, electrostatic and
structural effects. It was further decomposed into the steric
(exchange repulsion) energy (AEgei.) and electrostatic-
structural energy (AEeiseac+struct) DY using the STERIC keyword
in the NBO analysis.*® Thus, the overall conformational energy
is partitioned into the three energy components (eqn (4) and
Table S11 in the ESIT). Table S11} also contains the LMOEDA
results for comparison.

AFE = AEelstaHstruct + AEsteric + AEdcloc [4)

The NBO energy decomposition has been applied to study
the rotational barrier in ethane,” anomeric effect,”> and
conformational isomerization.*>**

The NBOEDA results in Table S11t are qualitatively in
agreement with the LMOEDA analysis, and they do not change
conclusions of the work. These results support the finding that
steric repulsion is smaller for chlorine derivatives, which is the
result of structural changes taking place during the

Table 9 Contribution of various energy terms to the total binding interactions between two XH,C" and *CH,NH3" fragments and to the anti —
gauche energy change in protonated 2-fluoroethylamine (FEAH, X = F) and protonated 2-chloroethylamine (CEAH, X = Cl).“ Values are in

kcal mol™?

Conformation AEeistat AEexirep AEpo AEgisp AE; AEprep AE
a-FEAH —131.03 202.24 —151.97 —29.64 —110.40 11.22 —99.18
g-FEAH —140.48 208.20 —155.52 —29.78 —117.58 11.56 —106.02
a-FEAH — g-FEAH —9.45 5.96 —3.55 —0.14 —7.18 0.34 —6.84
a-CEAH —132.93 208.69 —156.12 —33.81 —114.17 13.40 —100.77
g-CEAH —139.58 213.18 —158.46 —34.74 —119.60 13.58 —106.02
a-CEAH — g-CEAH —6.65 4.49 —2.34 —0.93 —5.43 0.19 —5.24

¢ Labeling of various energy terms is the same as in Table 1.
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Table 10 Energies (in kcal mol™) of vicinal hyperconjugative inter-
actions in protonated 2-fluoroethylamine (FEAH, X = F) and proton-
ated 2-choroethylamine (CEAH, X = Cl) estimated from the second-
order perturbative approach, E(2) values, and deletion of the corre-
sponding Fock matrix elements in the NBO basis, E(del). Calculated at
the HF/6-311++G** level

a-FEAH g-FEAH a-CEAH g-CEAH
Vicinal hyperconjugation
E(2)synclinal/anti 18.59 21.04 22.38 24.22
E(Z)synclinal/anti a—g 2.45 1.84
E(del)synclinal/anti 17.56 19.50 21.12 22.31
E(del)synclinal/anti a—g 1.94 1.20

Anti hyperconjugation

C-H — C-H* 2.88 (x2) 2.99 3.17 (x2) 3.08
2.30 (x2) 2.50 2.79 (x2) 2.95

C-X — C-N* 2.42 5.26

C-N — C-X* 1.43 1.98

C-H — C-X* 3.97 5.21

C-H — C-N* 5.31 6.07

C-X — C-H* 1.23 2.51

C-N — C-H* 0.90 1.05

Total E(2)anti 14.21 16.90 19.16 20.87

Total EQ2)ani @ — & 2.69 1.71

conformational isomerization. The only exceptions to this
observation are the aa-CEH — ga-CEH and ag-CEH — gg-CEH
rotations, for which the LMOEDA also shows comparable
results. In addition, in the NBOEDA analysis the negative
AEstat+struct term means that gauche conformation is favoured
by the sum of electrostatic and structural energies. The data in
Table S111 show that this energy term is negative in all cases
except for the ag-CEH — g¢’-CEH and ag-CEA — gg'-CEA
isomerizations, which could be ascribed to smaller electrostatic
stabilization already observed for chlorine atom in the LMOEDA
analysis.

Conclusions

In this paper, the origin of the gauche preference in 2-fluo-
roethanol, 2-chloroethanol, 2-fluoroethylamine, 2-chloroethyl-
amine and their protonated forms, as well as the origin of anti
preference in 1-chloro-2-fluoroethane are addressed from the
standpoint of an energy decomposition analysis. In the case of
(protonated) alcohols and amines, energies of gauche
conformers were evaluated with respect to their corresponding
anti conformers having the same conformational arrangement
around the C-O and C-N bonds (anti, + gauche or — gauche). It
has been found that the main factor leading to the gauche effect
in alcohols, protonated alcohols and protonated amines is the
electrostatic energy AE.g ... Next come orbital interactions,
involving pronounced charge transfer in hydrogen bonding
only in the case of protonated 2-chloroethanol. In amines, the
relative importance of AE,; and AE,,, depends on the type of
conformational isomerization. Contribution of dispersion
energy is usually the smallest one. The energies of these stabi-
lizing interactions exceed the energy rise due to the increased

This journal is © The Royal Society of Chemistry 2015
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Pauli repulsion in gauche forms. Structural changes occurring
during the anti — gauche rotation of the heavy atom chain are
energy consuming, but are overriden by the favourable inter-
action energy term. All gauche preferences also benefit from
stereoelectronic effects, that is vicinal hyperconjugative inter-
actions between XH,C and CH,Y fragments, except in the case
of protonated 2-chloroethanol for which aa-CEH — ga-CEH and
ag-CEH — gg-CEH isomerizations are not followed by an
increase in the hyperconjugation.

Results from this work also show that electrostatic attractive
interactions in gauche forms exceed those in anti forms even
when our chemical intuition tells us that gauche conformers
would suffer from dipolar and lone pair repulsion. This indi-
cates that electrostatic interactions should better be considered
as an all-charge phenomenon, because such partial interactions
between bond dipoles or lone pairs cannot always account for
the overall electrostatic energy change following conforma-
tional isomerization. In addition, electrostatic attraction in
gauche forms relative to the anti ones is more important for
more electronegative and smaller elements. That is, it decreases
or even reverses its sign (becomes unfavourable contribution)
when fluorine is substituted with chlorine, or when oxygen is
substituted with nitrogen. In fact, anti preference in CFE and
smaller gauche preference in chloro derivatives do not have their
origin in the intuitively anticipated larger steric repulsion. They
stem from a decrease in electrostatic stabilization upon going
from anti to gauche structures, as well as a decrease in the
orbital interaction energy. The former is often (somewhat) more
pronounced. Or, if we still want to stick to some partial inter-
actions, our results show that bringing smaller electronegative
atoms close to each other results in nucleus-electron attraction
overcoming the electron-electron and nucleus-nucleus repul-
sion. The relative magnitude of these attractive and repulsive
interactions decreases, or even become reversed with increasing
size and decreasing electronegativity of interacting atoms.

Our conclusions about the influence of atom size on the
strength of electrostatic attraction related to anti — gauche
conformational isomerization differ somewhat from conclu-
sions from a very detailed analysis of chemical bonding in
diatomic first and second octal row elements, which empha-
sized that electrons in more diffuse orbitals contribute more to
the net electrostatic attraction, though orbital shape also has an
influence.?*
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