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This paper reports the structural and thermodynamic consequences of substitution of the OH group by the
isoelectronic F-atom in the case of the adrenaline family of molecules. The conformational landscapes were
explored for the two enantiomeric forms of N-protonated-�-fluoro-�-phenyl-ethylamine, also called (2-fluoro-
2-phenyl-1-ethyl)-ammonium ion (Model 1) and that of N-protonated-�-hydroxy-�-phenyl-ethylamine, also
referred to as (2-hydroxy-2-phenyl-1-ethyl)-ammonium (Model 2) models of noradrenaline and adrenaline
molecules. These full conformational studies were carried out by first principles of quantum mechanical
computations at the B3LYP/6-31G(d,p) and G3MP2B3 levels of theory, using the Gaussian03 program. Also,
frequency calculations of the stable structures were performed at the B3LYP/6-31G(d,p), and G3MP2B3
levels of theory. The thermodynamic functions (U, H, S, and G) of the various stable conformations of the
title compounds were calculated at these levels of theory for the R and S stereoisomers. Relative values of
the thermodynamic functions have been calculated with respect of the chosen reference conformers in which
all relevant dihedral angles assumed anti orientation for the Model 1 and Model 2. Through the combination
of both point and axis chirality, the enantiomeric and diastereomeric relationships of the six structures for
each molecule investigated were established. Intramolecular hydrogen bonding interactions have been studied
by the atoms in molecules (AIM) analysis of the electron density. The aromaticity of phenyl group has been
determined by a selective hydrogenation protocol. The pattern of the extent of aromacity, due intramolecular
interactions, varies very little between the two models studied.

1. Introduction

1.1. Historical Background. As reviewed1 in 1900, in May
1886, William Bates reported in the New York Medical Journal
the discovery of a substance produced by the adrenal gland.1

Less than a decade later, in 1895, the Polish physiologist
Napoleon Cybulski also isolated this substance and identified
it as adrenaline (Figure 1). Within the next 5 years, independent
discoveries of adrenaline were made by John Jacob Abel and
Jokichi Takamine as well.2,3 Within 4 years, it was synthesized
for the first time by the German chemist Friedrich Stolz;4

adrenaline was the first hormone to be crystallized.4

1.2. Biological Background. Adrenaline is a member of the
catecholamine family5 and, as a biogenic amine, acts as both
hormone and neurotransmitter.6,7 Primarily, adrenaline is known
to be synthesized in the adrenal medulla. The known major
effects of adrenaline include increased heart rate and stroke
volume, pupil dilation, and arteriole constriction.8 Adrenaline
also elevates plasma glucose levels by directly enhancing

glycogen breakdown and, furthermore, inhibits insulin and
stimulates glucagon secretion.9-11

Adrenaline moderates nerve pulses to efferent organs. Con-
sequently, the catecholamine family and its analogs, such as
adrenaline, are widely studied.12 The release of adrenaline from
the adrenal medulla is one of the first responses to stressors
and fear, and thus, adrenaline is capable of regulating cardio-
vascular function during dynamic exercise.13

Recent computational and experimental studies of adrenaline
have indicated that the conformation of catecholamine neu-
rotransmitters autoregulate receptor binding and thus directly
control the rate of metabolism.14 Therefore, it is necessary to
study the energetically stable and accessible conformation of
adrenaline in order to fully understand the hormone’s function.
The majority of conformational studies, conducted to date, have
been performed in the gas phase or in apolar solvents because
most receptor sites are known to be strongly hydrophobic.
The intramolecular hydrogen bonds are, in fact, favored in these
hydrophobic environments. Consequently, contribution of such
apolar environment of the receptor site is considerable in
controlling the high concentrations of internally hydrogen-
bonded adrenaline conformers.14 Moreover, naturally occurring
neurotransmitters containing aryl-ethylamines are found to affect
mood. Most mood-changing drugs and antidepressants perform
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their functions as enzyme-inhibitors or receptor agonists/
antagonists.15

2. Scope

The structure of adrenaline, noradrenaline, as well as models
1 and 2 are shown in Figure 2. The purpose of these
conformational studies of models 1 and 2 is to determine the
preferred conformational structures of noradrenaline and adrena-
line model molecules (Figure 2) by ab initio restricted
Hartree-Fock (RHF) and density functional theory (DFT)
computation. Conformational analysis provides information of
energy change as a function of a single or several variables

E) f(φ) potential-energy curve

E) f(ψ, φ) potential-energy surface

The two dihedral angles, � and Ψ, are the two principle single
bonds about which internal rotation generates distinctly different
conformations. This research focused on the variation of � and
Ψ torsional angles in order to determine the relative stabilities
of the various conformers existing on the potential-energy
surface. In general, the g+, a, and g- conformations are
considered to be stable conformers.

The dihedral angles shown in Figure 2 were defined as
follows: � ) N1C2-C3C4, Ψ ) C2C3-C4C8, and � ) C2C3-
O12H22. To explore the conformational space of the noradrena-
line and adrenaline models studied (Figure 2), the variation of
the following dihedral angles were studied: � equals gauche+

Figure 1. (A) Protonated adrenaline and six dihedral angles as
conformational variables. (B) Structures of protonated adrenaline,
noradrenaline, and two model compounds. Dihedral angles as confor-
mational variables are clearly indicated.

Figure 2. Two enantiomers of model 1 N-protonated-�-fluoro-�-
phenyl-ethylamine and model 2 N-protonated-�-hydroxy-�-phenyl-
ethylamine.

Figure 3. Definitions for calculation of the aromaticity percentage.

Figure 4. Topological pattern of the conformers of model 1, N-pro-
tonated-�-fluoro-�-phenyl-ethylamine, enantiomers to be geometry
optimized at the B3LYP/6-31G(d,p) and G3MP2B3 levels of theory.
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(60°), anti (180°), and gauche- (-60°), while Ψ could be at
syn (0°), anti (180°), gauche+ (90°), and gauche- (-90°).

3. Methods

3.1. Exploratory Computations. All computations were
carried out using the Gaussian 03 program package (G03).16

Each structure was initially optimized using the ab initio17

restricted Hartree-Fock (RHF)18 method using the standard split
valence 3-21G basis set that is incorporated in G03.19-21 Total
and relative energies are given in the Supporting Information
(Table S1).

3.2. Detailed Computations. The RHF/3-21G full geometry-
optimized structural parameters of each conformer of N-pro-
tonated-�-fluoro-�-phenyl-ethylamine and N-protonated-�-
hydroxy-�-phenyl-ethylamine were used as input to calculate
relative energies at the B3LYP/6-31G(d,p) level of theory.22,23

Total energies were computed in hartrees, and the relative
energies are given in kilocalories per mole.

3.3. Advanced Computations. The G3-based quantum
chemistry method (G3MP2B3) was employed to yield even
more reliable relative energies of each geometry-optimized con-
former at the B3LYP/6-31G(d,p) level of theory. G3MP2B324-26

denotes the Gaussian-3-based (G3) Møller-Plesset second-order
(MP2) method in combination with the 6-31G(d,p) basis set.

3.4. Molecular Vibrations. The frequencies and intensities
of each stable conformer of N-protonated-�-fluoro-�-phenyl-
ethylamine and N-protonated-�-hydroxy-�-phenyl-ethylamine
were calculated at the B3LYP/6-31G(d,p) and G3MP2B3 levels
of theory to verify their conformations as being true minima.

3.5. Thermodynamic Functions (U, H, G, S). The thermo-
dynamic functional changes of thermally corrected energy (∆U),
enthalpy (∆H), Gibbs free energy (∆G), and entropy (∆S) were
calculated for the optimized conformations. The U, H, and G
values were computed in hartrees, and their relative values are

TABLE 1: Dihedral Angles Ψ and �, Total and Relative Energies of Model 1, N-Protonated-�-fluoro-�-phenyl-ethylamine,
Computed at the G3MP2B3 and [B3LYP/6-31G(d,p)] Levels of Theory

G3MP2B3 and [B3LYP/6-31G(d,p)]

parameters Ψ (deg) � (deg) energy (Hartree) ∆E (kcal/mol)

R [g+ g+] 81.53 [82.22] 54.86 [54.51] -465.817117 [-465.837772] 3.05 [3.15]
R [g- g+] -95.59 [-94.98] 55.01 [54.61] -465.817115 [-465.837772] 3.05 [3.15]
R [g+ a] 72.26 [72.4] -167.66 [-167.29] -465.821982 [-465.842791] 0.00 [0.00]
R [g- a] -106.77 [-106.71] -167.67 [-167.21] -465.821982 [-465.842791] 0.00 [0.00]
R [g+ g-] 102.42 [102.23] -63.37 [-63.36] -465.824276 [-465.845065] -1.44 [-1.43]
R [g- g-] -75.64 [-75.72] -62.96 [-63.25] -465.824275 [-465.845063] -1.44 [-1.43]
S [g++] 75.62 [75.81] 63.08 [63.34] -465.824276 [-465.845064] -1.44 [-1.43]
S [g- g+] -102.03 [-101.65] 63.17 [63.38] -465.824279 [-465.845064] -1.44 [-1.43]
S [g+ a] 106.82 [106.92] 167.67 [167.21] -465.821982 [-465.84279] 0.00 [0.00]
S [g- a] -72.23 [-72.3] 167.64 [167.17] -465.821982 [-465.842791] 0.00 [0.00]
S [g+ g-] 95.73 [94.96] -54.73 [-54.7] -465.817118 [-465.837772] 3.05 [3.15]
S [g- g-] -81.5 [-82.21] -54.59 [-54.7] -465.817118 [-465.837772] 3.05 [3.15]

Figure 5. All conformations of the R and S configurations of model
1, N-protonated-�-fluoro-�-phenyl-ethylamine, computed at the G3MP2B3
level of theory with the corresponding relative energy values. (Note
that each row has a pair of enantiomers that are equal in energy.)

TABLE 2: Thermodynamic Functional Changes of Energy (∆U), Enthalpy (∆H), Gibbs Free Energy (∆G), and Entropy (∆S)
of Model 1, N-Protonated-�-fluoro-�-phenyl-ethylamine, Computed at the B3LYP/6-31G(d,p) and G3MP2B3 Levels of Theory

G3MP2B3 and [B3LYP/6-31G(d,p)]

parameters ∆U (kcal/mol) ∆H (kcal/mol) ∆G (kcal/mol) ∆S (cal/mol ·K)

R [g+ g+] 3.06 [3.14] 3.06 [3.14] 3.34 [3.42] -0.93 [-0.94]
R [g- g+] 3.06 [3.14] 3.06 [3.14] 3.35 [3.41] -0.95 [-0.93]
R [g+ a] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00]
R [g- a] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.01 [0.01]
R [g+ g-] -1.33 [-1.33] -1.33 [-1.33] -1.19 [-1.18] -0.47 [-0.51]
R [g- g-] -1.33 [-1.33] -1.33 [-1.33] -1.18 [-1.18] -0.50 [-0.49]
S [g+ g+] -1.33 [-1.33] -1.33 [-1.33] -1.19 [-1.18] -0.49 [-0.50]
S [g- g+] -1.33 [-1.33] -1.33 [-1.33] -1.17 [-1.18] -0.54 [-0.49]
S [g+ a] 0.00 [0.00] 0.00 [0.00] 0.00 [-0.01] 0.01 [0.04]
S [g- a] 0.00 [0.00] 0.00 [0.00] 0.00 [-0.01] 0.01 [0.02]
S [g+ g-] 3.06 [3.14] 3.06 [3.14] 3.33 [3.42] -0.90 [-0.94]
S [g- g-] 3.06 [3.14] 3.06 [3.14] 3.32 [3.42] -0.89 [-0.94]
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given in kilocalories per mole, while entropy (S) was given in
cal (mol K)-1 units.

3.6. Topological AIM Analysis of Electron Density. From
the geometry-optimized structures, potential hydrogen bonds (H
bonds) and other intramolecular interactions were identified
based on the bond distance between hydrogen and possible
electron donor: oxygen. Interatomic distances were indicative
of strength of the potential hydrogen bonds.27 Hydrogen-bond
angles play an important role in determining interaction strength,
allowing for molecular orbital alignment. In this work, Bader’s

atoms in molecules (AIM) method,29,30 employing the AIM2000
program package, was used.30 AIM results provide exact
mathematical characterization of all bonds (including H bonds)
via localization of the critical points of the electron density.

3.7. Extent of Aromaticity. The geometries and analytical
frequencies were computed at the G3MP2B3 level of theory
using the Gaussian03 program. The thermodynamic enthalpy
values (H) were calculated at 298.14 K. The aromaticity
percentages were characterized by a common and universal
linear scale based on the enthalpy of hydrogenation (see ∆HH2

Figure 6. Topological representation of the optimized geometries of Model 1, N-protonated-�-fluoro-�-phenyl-ethylamine, dihedral angles Ψ and
� corresponding to the vertical and horizontal axes, respectively. Relative energies are given in units of kcal/mol and calculated at the G3MP2B3
level of theory.

Figure 7. Topological pattern of the conformers of model 2, N-protonated-�-hydroxy-�-phenyl-ethylamine, enantiomers to be geometry optimized
at the B3LYP/6-31G(d,p) and G3MP2B3 levels of theory.
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and ∆∆HH2 in eqs 1, 2, and 3) when cyclobutadiene and benzene
were considered as -100% and +100%, respectively (Figure
3). This methodology corrects the hydrogenation reaction of
the examined compound (∆HH2[I]) with that of a properly
chosen reference reaction (∆HH2[II]), where an unsaturated
analogue that does not possess any aromatic or antiaromatic
character was hydrogenated (eq 2). Finally, the aromaticity value
was calculated by a liner equation (eq 4)

∆HH2[Ι])H[1]- {H[2]+H(H2)} (1)

∆HH2[ΙΙ])H[3]- {H[4]+H(H2)} (2)

∆∆HH2 )∆HH2[Ι]-∆HH2[ΙΙ] (3)

aromaticity %)m∆∆HH2 + b (4)

where m ) 0.7345 and b ) -3.7474 at the G3MP2B3 level of
theory.31

4. Results and Discussion

4.1. Molecular Conformation and Energetics of Model 1.
It is generally assumed that by replacing a C-OH functionality
with a C-F moiety one obtains a relatively good model retaining
a polarized bond but eliminating a torsional mode of motion. The
present paper re-examines the reliability of such an assumption.

In the case of model 1, N-protonated-�-fluoro-�-phenyl-
ethylamine, in accordance with Figure 2, only two dihedral
angles, � and Ψ, need to be considered for assessing the free
conformational space. One of them is the rotation about the
aromatic ring and the first carbon of the side chain [Ar-CHF],
denoted as Ψ, and other is in between the R and �a carbon
atoms of the side chain [ArCHF-CH2NH3

(+)], denoted as �.
As may be expected, this leads to a 2 × 3 ) 6 minima potential-
energy surface as illustrated in Figure 4. The optimized
geometries and computed total and relative molecular energies
are listed in Table 1. The six conformers show double
degeneracy for both the R and S enantiomers computed at two
levels of theory. The shape of all the conformers, including the
highest and lowest energy conformers for the R and S isomers,
is depicted in Figure 5.

The thermodynamic functions for the conformers of the R
and S stereoisomers computed at two levels of theory are
summarized in the Supporting Information, Table S1. Their
relative values are given in Table 2.

The topological patterns for the Gibbs free energy, ∆G )
f(Ψ,�), and entropy, ∆S ) f(Ψ,�), surfaces are depicted in
Figure 6.

4.2. Molecular Conformation and Energetics of Model 2.
In the case of Model 2, N-protonated-�-hydroxy-�-phenyl-
ethylamine, in accordance with Figure 2, three dihedral angles,
Ψ, �, and �, need to be considered. Two torsional modes, Ψ
and �, are related to the shape of the hydrocarbon backbone,
while � specifies the orientation of the hydroxy side chain. As
it may be seen from Figure 7, the rotation about the C-OH
bond, �, yields a single minimum only, corresponding to an
anti orientation. In this way, the anticipated potential-energy
hypersurface (PEHS) is simplified to a potential-energy surface
(PES) as demonstrated by Figure 7. This PES, like the one
obtained for the fluoro congener (Figure 4), again shows 2 × 3
) 6 minima.

The geometrical and energetic parameters, optimized at the
B3LYP/6-31G(d,p) and G3MP2B3 levels of theory, are listed
in Table 3. The six conformers exhibit double degeneracy again
due to the equivalent gauche+ and gauche- orientation of the
benzene ring with respect to Ψ, the saturated chain. The
molecular structures of the highest and lowest energy conformers
for the R and S enantiomers are shown in Figure 8.

TABLE 3: Dihedral Angles, Ψ, �, and �, Total and Relative Energies of Model 2, N-Protonated-�-hydroxy-�-
phenyl-ethylamine, Computed at the B3LYP/6-31G(d,p) and G3MP2B3 Levels of Theory

G3MP2B3 and [B3LYP/6-31G(d,p)]

parameters Ψ (deg) � (deg) � (deg) energy (Hartree) ∆E (kcal/mol)

R [(g+ g+) a] 78.48 [79.55] 53.85 [53.62] 178.54 [178.0] -441.803077 [-441.829256] 5.05 [5.02]
R [(g- g+) a] -99.32 [-98.01] 53.81 [53.76] 178.37 [177.9] -441.803076 [-441.829256] 5.05 [5.02]
R [(g+ a) a] 74.53 [74.35] -168.5 [-167.86] -173.98 [-173.04] -441.811125 [-441.837251] 0.00 [0.00]
R [(g- a) a] -104.88 [-104.28] -168.39 [-167.87] -173.34 [-173.8] -441.811126 [-441.837256] 0.00 [0.00]
R [(g+ g-) a] 94.01 [94.3] -68.68 [-68.53] 179.63 [179.23] -441.812111 [-441.838351] -0.62 [-0.69]
R [(g- g-) a] -83.65 [-83.41] -68.32 [-68.61] 179.62 [179.21] -441.812111 [-441.838351] -0.62 [-0.69]
S [(g+ g+) a] 83.6 [83.42] 68.49 [68.64] -179.56 [-179.18] -441.812112 [-441.838351] -0.62 [-0.69]
S [(g- g+) a] -94.1 [-94.36] 68.37 [68.68] -179.46 [-179.18] -441.812111 [-441.838351] -0.62 [-0.69]
S [(g+ a) a] 105.55 [105.01] 168.23 [168.1] 172.1 [172.77] -441.811122 [-441.837249] 0.00 [0.00]
S [(g- a) a] -73.72 [-74.64] 168.07 [168.0] 171.98 [173.14] -441.811119 [-441.837251] 0.00 [0.00]
S [(g+ g-) a] 99.15 [98.23] -53.88 [-53.19] -178.22 [-177.88] -441.803076 [-441.829254] 5.05 [5.02]
S [(g- g-) a] -78.45 [-79.62] -53.93 [-53.68] -178.58 [-177.77] -441.803077 [-441.829256] 5.05 [5.02]

Figure 8. All conformations of the R and S configurations of Model
2, N-protonated-�-hydroxy-�-phenyl-ethylamine, computed at the
G3MP2B3 level of theory with corresponding relative energy values.
(Note that each row has a pair of enantiomers that are equal in
energy.)
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For the various conformers of the R and S enantiomers, the
thermodynamic functions obtained at two levels of theory are
listed in the Supporting Information, Table S2. The correspond-
ing relative values (∆U, ∆H, ∆G, and ∆S) are summarized in
Table 4.

The topological patterns for the Gibbs free energy, ∆G )
f(Ψ,�), and entropy, ∆S ) f(Ψ,�), surfaces are shown in
Figure 9.

4.3. Intramolecular Hydrogen Bonding. It may well be
anticipated that, in intramolecular hydrogen bonds, the -NH3

(+)

moiety will be the proton donor. Also, the most obvious proton
acceptor may be the heteroatom, fluorine in model 1 and oxygen
in model 2. The shortest distances are listed in the right-hand
side column in Table 5. The first and last entries in each of the
tables are too long excluding the possibility of hydrogen bonds.
The central columns in these tables list the relative stabilities
on the ∆G scales. Clearly, the most stable structures do not
exhibit the shortest distances. This observation suggests that
hydrogen bonding is not the most influential stabilizing factor
in determining the overall stability of the various conformations.

AIM analysis revealed (Figure 10) that, in addition to regular
hydrogen bonds, such as F · · ·H-N and HO · · ·H-N, there is
another noncovalent interaction between the aromatic π-electron
system of the benzene ring and the positively charged N-H
moiety (Ar · · ·H-N). Such cationic interactions with thr π-elec-
tron system may be assumed to occur as a special type of
hydrogen bond. This occurs when ψ assumes a g+ conformation
as shown in Figure 10. The parameters of the AIM analysis,
such as the density of the bond critical point, Fb, and Laplacian
of Fb, denoted as ∇ 2Fb, are listed in Tables 6 and 7. Finally, it

TABLE 4: Thermodynamic Functional Changes of Energy (∆U), Enthalpy (∆H), Gibbs Free Energy (∆G), and Entropy (∆S)
of Model 2, N-Protonated-�-hydroxy-�-phenyl-ethylamine, Computed at the B3LYP/6-31G(d,p) and G3MP2B3 Levels of Theory

G3MP2B3 and [B3LYP/6-31G(d,p)]

parameters ∆U (kcal/mol) ∆H (kcal/mol) ∆G (kcal/mol) ∆S (cal/mol ·K)

R [(g+ g+) a] 4.94 [4.92] 4.94 [4.91] 4.79 [4.78] 0.51 [0.46]
R [(g- g+) a] 4.95 [4.92] 4.95 [4.92] 4.79 [4.78] 0.51 [0.45]
R [(g+ a) a] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00]
R [(g- a) a] 0.00 [0.01] 0.00 [0.01] -0.01 [0.03] 0.02 [-0.07]
R [(g+ g-) a] -0.53 [-0.57] -0.53 [-0.57] -0.24 [-0.25] -0.98 [-1.09]
R [(g- g-) a] -0.53 [-0.57] -0.53 [-0.57] -0.24 [-0.24] -0.96 [-1.09]
S [(g+ g+) a] -0.53 [-0.57] -0.53 [-0.57] -0.25 [-0.24] -0.96 [-1.09]
S [(g- g+) a] -0.53 [-0.57] -0.53 [-0.57] -0.25 [-0.24] -0.95 [-1.11]
S [(g+ a) a] -0.01 [0.00] -0.01 [0.00] -0.05 [0.00] 0.14 [0.01]
S [(g- a) a] -0.01 [0.01] -0.01 [0.01] -0.06 [0.02] 0.15 [-0.02]
S [(g+ g-) a] 4.94 [4.92] 4.94 [4.92] 4.79 [4.77] 0.51 [0.49]
S [(g- g-) a] 4.94 [4.92] 4.94 [4.92] 4.79 [4.78] 0.51 [0.46]

TABLE 5: Correlation between the Relative
Conformational Energy and the Shortest F · · ·H-N Distance
of Model 1 and Shortest O · · ·H-N Distance of Model 2a

model 1 model 2

parameters
∆G

(kcal/mol)

shortest
F · · ·H-N

distance (Å)
∆G

(kcal/mol)

shortest
O · · ·H-N

distance (Å)

R [g( g+] 3.42 3.827 4.80 3.845
R [g( a] 0.00 2.042 0.00 1.951
R [g( g-] -1.18 2.265 -0.23 2.133
S [g( g+] -1.18 2.276 -0.24 2.129
S [g( a] 0.00 2.04 -0.05 1.956
S [g( g-] 3.42 3.829 4.80 3.844

a The thermodynamic functional change of Gibbs free energy,
∆G, values are computed at the G3MP2B3 level of theory.

Figure 9. Topological representation of the optimized geometries of Model 2, N-protonated-�-hydroxy-�-phenyl-ethylamine, dihedral angles Ψ
and � corresponding to the vertical and horizontal axes, respectively. Relative energies are given in units of kcal/mol and calculated at the G3MP2B3
level of theory.
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should be noted that there is no F · · ·H-N hydrogen bond in
the g- conformer of model 1.

4.4. Extent of Aromaticity in Varying Conformations.
Aromaticity measures the tightness of π electrons bound to the
atomic nuclei. By convention, benzene is taken to be of 100%
aromaticity.29 If the molecule has a positive charge, it has one

fewer electron than positive nuclear charge. Thus, the fewer
electrons are bound more tightly to the nuclei of the ring. Since
both of the models studied have a protonated amine, -NH3

(+),
therefore due to the positive charge within the molecule, a slight
elevation in the aromaticity percentage values is to be expected.
These percentage values could vary with conformation as the
conformations may have noticeable intramolecular interactions.
The computed numerical values are summarized in Tables 8
and 9.

In viewing the foregoing, the fluorine analogue (model 1)
gives a particular pattern where the weak or no hydrogen bond,
involving H-O · · ·H-N or F · · ·H-N, has smaller aromaticity
and the strong hydrogen bond leads to higher aromaticity
percentage. The charge and aromatic interaction were very
similar to each other, both in terms of aromaticity percentage
and in Fb.

4.5. Comparison between Model 1 and Model 2. At first
glance, there is no remarkable difference between models 1 and
2 on the basis of their IR spectra (Supporting Information, Figure
S1). However, the difference of the two spectra (Figure 11)
shows significant differences between the two vibrational
systems not only at the high end of the spectrum (over 3000
cm-1), where the O-H stretch is present in model 2, but also
at the low end of the spectrum (less than 1500 cm-1) as well.

The other difference between the two models, as noted earlier,
is the nonequivalence of the proton-accepting ability between
the lone pairs of fluorine and those of oxygen. Presumably, the
fluorine lone pairs are more tightly bound and polarizable to a
smaller extent upon approach of a protic hydrogen.

The difference of aromaticity values between the phenyl
group of models 1 and 2 is very small ranging from 0.3% and

Figure 10. R conformers of models 1 and 2. All of the hydrogen bonds, which were determined by the program AIM, are shown together with
their distance and Fb charge density value at the G3MP2B3 level of theory.

TABLE 6: Electron Densities, Gb (au), and Laplacian of
Electron Densities, ∇ 2Gb (au), of Bond Critical Points of All
Conformers of Model 1, N-Protonated-�-fluoro-�-
phenyl-thylamine, at the G3MP2B3 Level of Theory

N-H · · ·C-C N-H · · ·F-C

parameters Fb (au) ∇ 2Fb (au)
bond

length (Å) Fb (au) ∇ 2Fb (au)
bond

length (Å)

R [g( g+] 0.0142 -0.012 2.4285
R [g( a] 0.0215 -0.024 2.0605
R [g( g-]
S [g( g+]
S [g( a] 0.0215 -0.024 2.0602
S [g( g-] 0.0143 -0.012 2.4246

TABLE 7: Electron Densities, Gb (au), and Laplacian of
Electron Densities, ∇ 2Gb (au), of Bond Critical Points of All
Conformers of Model 2, N-Protonated-�-hydroxy-�-
phenyl-ethylamine, at the G3MP2B3 Level of Theory

N-H · · ·C-C N-H · · ·O-C

parameters Fb ∇ 2Fb

bond
length (Å) Fb ∇ 2Fb

bond
length (Å)

R [(g( g+) a] 0.0145 -0.013 2.397
R [(g( a) a] 0.0271 -0.026 1.965
R [(g( g-) a] 0.0199 -0.021 2.1484
S [(g( g+) a] 0.0199 -0.021 2.1495
S [(g( a) a] 0.0271 -0.026 1.9662
S [(g( g-) a] 0.0144 -0.013 2.3981

TABLE 8: ∆HH2[I], ∆HH2[I], and Aromaticity Values for
Model 1, N-Protonated-�-fluoro-�-phenyl-ethylamine

parameters
∆HH2[I]

(kJ mol-1)
∆HH2[II]

(kJ mol-1)
∆∆HH2

(kJ mol-1)
aromaticity

(%)

R [g( g+] +36.32 -110.80 147.12 104.3
R [g( a] +38.20 -110.80 149.00 105.7
R [g( g-] +30.83 -110.80 141.63 100.3
S [g( g+] +35.55 -110.80 146.35 103.7
S [g( a] +33.67 -110.80 144.47 102.4
iS [g( g-] +30.93 -110.80 141.73 100.4

TABLE 9: ∆HH2[I], ∆HH2[I], and Aromaticity Values for
Model 2, N-Protonated-�-hydroxy-�-phenyl-ethylamine

parameters
∆HH2[I]

(kJ mol-1)
∆HH2[II]

(kJ mol-1)
∆∆HH2

(kJ mol-1)
aromaticity

(%)

R [(g( g+) a] 38.24 110.80 149.04 105.7
R [(g( a) a] 38.68 -110.80 149.48 106.0
R [(g( g-) a] 31.94 -110.80 142.74 101.1
S [(g( g+) a] 36.66 -110.80 147.46 104.6
S [(g( a) a] 35.24 -110.80 146.04 103.5
S [(g( g-) a] 32.03 -110.80 142.83 101.2
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1.4%. The aromaticity percentage for the fluoro and hydroxy
congeners was 105.7% and 106.0%, respectively, in the case
for the strong intramolecular hydrogen bond of F · · ·H-N and
H-O · · ·H-N types in the a conformations. For the weak or
no hydrogen bond in the g- conformation, the aromaticity
percentage for the fluoro and hydroxy congeners was observed
to be 100.3% and 101.1%, respectively. The aromatic-cation
interaction in the g+ conformations for fluoro and hydroxy
congeners showed a small but noticeable difference, being
104.3% and 105.7%, respectively.

In contrast to any small differences listed above, the
geometries of the various conformations of models 1 and 2 are
rather close to each other.

5. Conclusions

N-Protonated-�-fluoro-�-phenyl-ethylamine (model 1) and
N-protonated-�-hydroxy-�-phenyl-ethylamine model (model 2)
were used to mimic noradrenaline closely and at some distance
adrenaline. Replacement of the -OH functionality in model 2
by -F to generate a simpler model with fewer dihedral angles
to be varied led to a prototype system (model 1). Such a simpler
mimic was quite useful in determining molecular structures.
However, the vibrational pattern is slightly modified as model
2 has three fewer normal modes of motion due to the absence
of a hydrogen atom. This is revealed by the IR difference
spectra. Also, while weak hydrogen bonds of the type

H-O · · ·H-N interactions still exist in model 2, such F · · ·H-N
interactions, do not emerge in model 1.

In contrast to the foregoing, the changing pattern of the extent
of aromaticity, due to intramolecular interaction, varies within
0.3% and 1.4% between models 1 and 2. The aromatic-cation
interaction yielded very similar aromatic percentage values for
the fluoro and hydroxy congeners.
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