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Rotation of the amino group in five different molecular systems, 2-aminopyridine, 2-aminopyrimidine,
2-chloroaniline, N-methylamino-1,3,5-triazine, and formamide, has been studied at B3LYP/6-3
11++G(2d,2p), MP2/6-311++G(2d,2p), and CCSD(T)/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) levels of
density functional, MP2, and coupled cluster theories. To this end, detailed rotation energy profiles for
the above amino systems were obtained in two different ways: (1) by computing the energy-values as
a function of only one torsion angle; and (2) by taking into account that the pyramidal nature of the
NH2 group changes as rotation progresses so that energy profiles should be defined by two torsion angles.
In the first case, saw-toothed energy profiles exhibiting two rotational barriers were always obtained.
Conversely, by using two torsion angles as reaction coordinates smooth pathways were found where a
rotation cycle can be completed passing only through the lowest energy barrier. Implications of these con-
flicting pathways are discussed.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Internal rotation of the amine group is a challenging problem
since it appears involved both in theoretical concepts (pyramidal-
ization [1–3], energy barriers [1–9], molecular motors [10]) and in
practical applications to biochemistry and drug design [5,8]. Most
of this information could be obtained from rotation energy profiles.
Unfortunately, finding the right rotational pathway is a difficult
problem because complete descriptions of rotation energy profiles
are not amenable to experimental study and only some specific
points in the potential energy surface, namely ground state ener-
gies and rotational and inversion barriers, can be obtained.
Obviously, these single points are insufficient to characterize the
complete reaction pathway and so, for example, rotation energy
profiles could involve more than a single transition state (TS)
and, therefore, several activation energies (Ea). In most cases, how-
ever, only the highest Ea-value can be experimentally determined.
Also, speculation that the presence of energy discontinuities in the
rotational pathways (saw-teeth) could be associated with the
existence of unidirectional rotations and molecular motors
[11,12] cannot be experimentally established. Conversely, compu-
tational methods are more suitable for such studies because they
can provide detailed information on the different structures and
their energies along the reaction pathway [9,13–18]. Despite these
advantages, the number of computational publications including
complete rotation energy profiles is rather small [2–4], especially
in those cases where energy profiles need to be computed along
of more than one torsion angle. Furthermore, in some cases [6]
the intervals of the rotation angle at which the energies are deter-
mined are so large that significant singularities of the correspond-
ing profiles are lost, e.g. the presence of energy discontinuities
which are normally observed within a narrow interval of the tor-
sion angle. Hence, incorrect conclusions could be drawn.

The aim of this work is to perform a detailed computational
study of the rotational pathways of the amino group in five
different systems, namely, 2-chloroaniline, 2-aminopyridine,
2-amin opyrimidine, N-methylamino-1,3,5-triazine, and for-
mamide. To this end, the corresponding energy profiles have been
obtained at small intervals of the torsion angles driven the rotation
in two different ways: (1) by computing the energy-values as a
function of only one torsion angle (this is the most common proce-
dure which provides 2D energy profiles); and (2) by taking into
account that the pyramidal nature of the NH2 group changes as
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rotation progresses so that rotational pathways should be defined
by two torsion angles [2] leading to 3D energy profiles. In the first
case, saw-toothed energy profiles exhibiting two rotational barri-
ers in the course of a complete rotational cycle were always
obtained. Conversely, by using two torsion angles as reaction coor-
dinates, smooth pathways exist where a rotation cycle can be com-
pleted passing only through the lowest energy barrier. Implications
of these conflicting pathways are discussed in next sections.
2. Computational methods

All computations have been performed with the Spartan’10 and
14 packages programs [19]. If X represent the different structures
along a complete rotation cycle, i.e., X ¼ GS (ground state), . . . ;TS
(transition state), . . . ;GS, and /1ðXÞ and /2ðXÞ are the correspond-
ing dihedral angles defined in Fig. 1, the energy profiles were
obtained as a function of one (u1) or two rotational angles (u1

and u2) given by the relationship

ui ¼
/iðXÞ � /iðGSÞ; if /iðXÞP /iðGSÞ
360� þ /iðXÞ � /iðGSÞ

�
ð1Þ

where i ¼ 1;2. Because all energy profiles start from the corre-
sponding ground state full optimized structure, it follows from
Eq. (1) that in the course of a complete rotational cycle
0 6 ui 6 360�. Rotational pathways were generated by computing
energies and fully optimized structures (except by the dihedral
constraints) at small intervals of u1 ð’ 5�Þ by modifying the tor-
sion angle /1ðXÞ, or varying /1ðXÞ and /2ðXÞ in those pathways
where u1 and u2 were used as reaction coordinates. The opti-
mization at each new geometry used the previously optimized
structure as a starting point. In proximity to transitions states
and near energy discontinuities in the saw-teeth, computations
were performed in more detail by measuring the energy at smaller
values of ui (’ 0:5� or less). To discard that energy discontinuities
were not artifacts, calculations near saw-teeth were also carried
out using the very tightest tolerance for convergence. The pres-
ence of saw-teeth and energy discontinuities were not affected
under these tight conditions.

Preliminary investigations of rotational pathways were per-
formed using DFT and MP2 methods with basis sets of different
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Fig. 1. Torsion angles /1 and /2 for 2-aminopyridine, 2-chloroaniline, 2
sizes (see the Electronic Supplementary Information for details).
The structures obtained were then further optimized at
B3LYP/6-311++G(2d,2p) and MP2/6-311++G(2d,2p) levels of the-
ory. Both methods led to similar results and no significant differ-
ences between the results obtained with the different basis sets
were found. Frequency calculations were performed at the same
level of theory as the geometry optimizations to characterize the
stationary points as local minima (equilibrium structures) or
first-order saddle points (transition structures, TSs), as well as to
obtain zero-point energy corrections (ZPE). TSs were also used to
compute intrinsic reaction coordinates (IRC) at the
B3LYP/6-311++G(2d,2p) level. Finally, single point energies
were further refined using coupled-cluster (CC) theory at the
CCSD(T)/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) level. These
improved energy-values were applied to obtain rotational barriers
as the difference between the total molecular energy of the transi-
tion state (TS) and that of the ground state (GS).

3. Results and discussion

Rotation processes are frequently studied using only one tor-
sion angle as reaction coordinate. This gives 2D energy profiles
from which rotational barriers can be obtained. However, for some
molecular systems the calculated rotational pathways show
anomalies which are mainly due to the presence of energy discon-
tinuities in the energy profiles. In these cases the rotation process
cannot be described along only one rotation angle and it is neces-
sary to use more than one torsion angle to calculate the corre-
sponding pathways. For the amino systems shown in Fig. 1 a
detailed study of their energy profiles has been performed at dif-
ferent levels of theory using both one and two torsion angles as
reactions coordinates. The characteristics of the energy profiles,
their energy barriers, and the pathways obtained under these con-
ditions are illustrated in next subsections.

3.1. Calculated rotational pathways along one rotation angle

When energy profiles for the amino systems in Fig. 1 are calcu-
lated as a function of only one rotation angle they show always
energy discontinuities which appear in the form of one or two
saw-teeth:
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Fig. 2. Pathway for 2-aminopyridine along one rotation angle computed at the
B3LYP/6-311++G(2d,2p) level: (1), (3), (5), and (7) ground state structures; (2) and
(6) rotation transition states; (4) and (8) inversion transition states. Energy-values
are relative to the energy of the ground state.

2 In these schematic diagrams the horizontal line for the different amino systems
: 2-chloroaniline: C–N–C; 2-aminopyrimidine: N–N–N; N-methylamino-

,3,5-triazine: N–N–N; formamide: O–N–H. For N-methylamino-1,3,5-triazine the
tating group is HNCH3.
3 Although semiempirical methods are not appropriate for accurate studies of
tational pathways, it is worth to note that smooth energy profiles without energy

iscontinuities were found for some of the amino systems in Fig. 1 when PM3 and
M6 methods are used. An example is shown in the Electronic Supplementary
formation.
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(A) pathway with two saw-teeth, two rotational and two inversion
barriers

The energy profile of 2-aminopyridine computed at the
B3LYP/6-311++G(2d,2p) level of theory as a function of the angle
of rotation u1 is displayed in Fig. 2. This plot shows the following
features: the ground state starting structure (1) (u1 ¼ 0�), the
structure at the end of the rotation cycle (u1 ¼ 360�) which is iden-
tical to (1), two rotational TSs with pyramidal structures (2 and 6)
whose activation energies are 7.71 and 11.39 kcal/mol, two
saw-teeth following these transition states with energy disconti-
nuities of approximately 5.2 and 10.3 kcal/mol, two planar inver-
sion TSs (4 and 8) with the same energy barrier (0.56 kcal/mol),
and three conformational isomers (3, 5, and 7) with the same ener-
gies as the ground state.

Optimized structures for the rotational and inversion transition
states are shown in the Electronic Supplementary Information. The
lowest rotation barrier in the energy profile (7.71 kcal/mol) corre-
sponds to the TS with the hydrogens of the amino group pointing
to the nearest heteroatom of the ring (structure 2).

A schematic diagram of this kind of pathway including their
representative structures is shown in Fig. 3 where transition states
are displayed as dashed lines. In Fig. 3 the H1 atom in the amino
group always rotates in the same direction (counterclockwise)
because u1 is the constraint rotational angle, while rotation of
the H2 atom is both counterclockwise (1! 2! 3;5! 6! 7)
and clockwise (3! 4! 5;7! 8! 1). An animated sequence of
the atom movements along the energy profile showing the differ-
ent structures and their energies as rotation progresses is very use-
ful as graphic support for Figs. 2 and 3, and it is provided as
QuickTime movie 1 in the Electronic Supplementary Information.

At DFT/B3LYP level similar pathways were also found for the
other amino systems in Fig. 1, 2-aminopyrimidine, 2-chlor
oaniline, N-methylamino-1,3,5-triazine, and formamide, regardless
of the basis set size as shown in the Electronic Supplementary
Information. In the case of 2-chloroaniline, energy profiles were
also calculated with two alternative DFT functionals, EDF2 and
w97X-D, with similar results. At MP2 level analogous pathways
exhibiting two saw-teeth were obtained for 2-aminopyrimidine,
N-methylamino-1,3,5-triazine, and formamide. However, for
2-aminopyridine and 2-chloroaniline the energy profiles show
only one saw-tooth as described next:

(B) pathway with one saw-teeth, two rotational and one inversion
barriers

Fig. 4 shows the energy profile obtained for 2-chloroaniline at
the MP2/6-311++(2d,2p) level showing the following features:
the ground state starting structure (1) (u1 ¼ 0�), the structure at
the end of the rotational cycle (u1 ¼ 360�) which is identical to
(1), two rotational transition states with pyramidal structures (2
y 4) whose activation energies are 4.90 and 7.58 kcal/mol, one
saw-tooth following the second transition state with an energy dis-
continuity of approximately 6.4 kcal/mol, one planar inversion TS
(6) (energy barrier 1.29 kcal/mol), and two conformational isomers
(3 and 5) with the same energies as the ground state. As in Fig. 2,
the rotational TS with lowest activation energy is that with the
hydrogens of the amino group pointing to the nearest heteroatom
of the ring (structure 2). A schematic diagram of the pathway in
Fig. 4 illustrating the representative structures is shown in Fig. 5
where transition states are displayed with dashed lines.2 In Fig. 5
the H1 atom in the amino group always rotates counterclockwise,
while rotation of the H2 is both counterclockwise
(1! 2! 3! 4! 5) and clockwise (5! 6! 1). The atom move-
ments, the corresponding structures and their energies for this path-
way are illustrated in more detail in QuickTime movie 2 in the
Electronic Supplementary Information.

As regards rotational barriers, energy profiles along one torsion
angle show for all amino systems in Fig. 1 two transition states
with different energies, excepting 2-aminopyrimidine and
N-methylamino-1,3,5-triazine in which, due to the symmetric
position of the heteroatoms in the ring, both TSs have the same
energy. In addition, inversion barriers are always present following
energy discontinuities as shown in Figs. 2 and 4 and in the
Electronic Supplementary Information.

Finally, it should be mentioned that saw-toothed pathways
(Figs. 2 and 4) calculated at large intervals of the rotation angle
(specially where energy discontinuities are observed) transform
into smooth profiles where inversion barriers and energy disconti-
nuities are not longer observed. Examples are given in the
Electronic Supplementary Information, and they show that rota-
tional profiles calculated with a small set of data points (or inade-
quate range of data) should be interpreted with caution.
3.2. Calculated rotational pathways along two rotation angles

The main difficulty with calculated rotational pathways along
one rotation angle in previous section lies in the presence of
saw-teeth.3 They cause that a small variation in dihedral angle /1

results in energy discontinuities and large changes in nuclear config-
uration which is not in accordance with the Born–Oppenheimer
approximation. In fact, it has been suggested that energy discontinu-
ities are caused by the impossibility of describing these kinds of
pathways using only one rotation angle as reaction coordinate
[12]. In particular, and regarding the rotation of the group amino,
it has been considered that changes in its pyramidal character could
be responsible for discontinuities in the rotation profiles so that
energy profiles should be defined by using two torsion angles [2].
Hence, in next subsection rotational pathways calculated as a func-
tion of two rotation angles are discussed to address the following
topics: (a) Do all computational methods provide smooth pathways
without energy discontinuities? (b) Does the internal rotation of the
NH2 group necessarily pass through two rotation barriers of different
energies (transition states 2 and 6 in Fig. 2, and 2 and 4 in Fig. 4)? or,
(c) Conversely, does a pathway exist where a rotation cycle is com-
pleted passing only through the transition state with lowest energy
is
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barrier (TS 2, Figs. 2 and 4)? and (d) Is it required to pass through
inversion barriers to complete a rotation cycle?

3.2.1. Smooth energy profiles with only one rotational barrier
In this section we show that if energy profiles for all amino sys-

tems given in Fig. 1 are computed as a function of the two rotational
angles u1 and u2 in Eq. (1)(through the dihedral angles /1 and /2

displayed in Fig. 1), smooth pathways without energy discontinu-
ities can be obtained. In addition, these energy profiles can be cho-
sen so that they exhibit only one rotational barrier (the one with the
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Fig. 5. Representative structures corresponding to pathway shown in Fig. 4. Trans
lowest energy transition state) and without inversion barriers. In
other words, that using u1 and u2 as reaction coordinates the
saw-toothed energy profiles described in previous section can be
converted into the same type of smooth pathways for all computa-
tional methods. In this type of pathway the values of energy are
computed as a function of u1 and u2 and, therefore, the smooth
energy profiles are 3D plots. For comparative purposes with previ-
ous 2D saw-toothed energy profiles, 2D projections of the 3D
smooth pathways onto the u1 � Er and u2 � Er planes can be used.

As example, the 3D pathway of 2-aminopyridine at the
B3LYP/6-311++G(2d,2p) level as a function of u1 and u2 is dis-
played in Fig. 6. This pathway corresponds to the saw-toothed plot
in Fig. 2, and has the following features: the ground state starting
structure (1) (ui ¼ 0� ði ¼ 1;2Þ), the structure at the end of the rota-
tion cycle (ui ¼ 360� ði ¼ 1;2Þ) which is identical to (1), two rota-
tion TSs with pyramidal structures (2 and 4) which now have the
same activation energy (7.71 kcal/mol), and one conformational
isomer (3) with the same energy as the ground state. In addition,
in this type of pathway inversion barriers are not present. A sche-
matic diagram of this pathway including the representative struc-
tures (1, 2, 3, 4, 1) is shown in Fig. 7. Also, and for comparison with
the previous saw-toothed pathway obtained for this system at the
same level of theory (Fig. 2), the corresponding 2D projections of
the 3D energy profile in Fig. 6 onto the ui � Er ði ¼ 1;2Þ planes
are displayed in Fig. 8.

As mentioned above, pathway in Fig. 2 have two transition
states with different ring orientations and they have, therefore, dif-
ferent activation energies (Figs. 2 and 3). Conversely, both transi-
tion states in the 3D pathway (Fig. 6) have the same energy and
orientation. Note that this orientation is always the corresponding
to the lowest energy barrier, i.e. that with the two hydrogen atoms
C N CC
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C
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ition states (2,4,6) are displayed as dashed lines. Other conditions as in Fig. 3.
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pointing to the nearest heteroatom of the ring (structures 2 and 4
in Fig. 7). Also, and unlike the rotational motion of the two hydro-
gen atoms in saw-toothed pathways (Figs. 2–5), the H1 and H2

atoms in smooth pathways always rotate counterclockwise
(Figs. 6–8). QuickTime movie 3 in the Electronic Supplementary
Information provides a much better visualization of the atom
movements and structures along this kind of pathway.

As suggested previously, rotational pathways for the amino sys-
tems showing energy discontinuities can be transformed into 3D
smooth pathways. Thus, in addition to Figs. 6 and 8 which illus-
trate the transformation of 2-aminopyridine saw-toothed pathway
into the corresponding 3D smooth energy profile, pathway plots
for the remaining amino systems in Fig. 1 computed at different
levels of theory before and after being converted to 3D energy pro-
files are displayed in the Electronic Supplementary Information.
3.2.2. Computation of smooth pathways with one rotational barrier
A rotation cycle in the 3D pathways in previous section are

characterized by five reference points (1, 2, 3, 4, 1 in Figs. 6–8).
Thus, and taking as example the 2-aminopyridine system (Figs. 6
and 7), in the first region of the cycle (1! 2) the H1 and H2 atoms
move counterclockwise toward their positions in the first transi-
tion state. In this region the rotation amplitude for the H1 atom
is larger than for the H2, 96.40� and 71.40� respectively. In the sec-
ond region (2! 3) H1 and H2 continue moving counterclockwise
until structure 3 is reached (conformational isomer of ground state
1). The amplitudes for H1 and H2 are 42.88� and 149.32�. In the
third region (3! 4) H1 and H2 progresses counterclockwise
toward positions corresponding to the second transition state with
71.40� and 96.40� amplitudes. Finally, in the last region (4! 1) H1

and H2 rotate counterclockwise to their original positions (149.32�
NN
H2

N CN

H2

H1

NN

H1

H2

N CN
H2 H1

1 2

14

Fig. 7. Representative structures corresponding to 3D pathway shown in Figs. 6 and 7.
and 42.88� amplitudes). Note that if we consider a rotation cycle as
the result of two semicycles separated by structure 3, during the
first semicycle the rotation progresses of H1 and H2 are
1! 2! 3 and 3! 4! 1, while during the second semicycle
these rotations are 3! 4! 1 and 1! 2! 3. Hence, the rotation
progress of H1 during the first semicycle is the same as for H2 dur-
ing the second semicycle and, vice versa, the rotation progress of
H2 during the first semicycle is the same as for H1 during the sec-
ond semicycle. In this way, when rotation progresses both transi-
tion states have the structure with the lowest activation energy,
and it also precludes the presence of inversion barriers during
the rotation process. As far as we know, this kind of pathway has
not been previously described and its behavior is completely dif-
ferent to that found for saw-toothed pathways in which rotation
of H1 is always forward, while rotation of H2 shows back and forth
movements (Figs. 3 and 5).

Based on these considerations the procedure adopted to com-
pute this type of 3D pathways is as follows: (a) determination of
the optimized structures corresponding to the reference points
(1, 2, 3, 4, 1) (two TSs with the same activation energy (2 and 4),
and two ground state structures (1 and 3)); and (b) to compute
N CN
H1 H2

C
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Transition states (2,4) are displayed as dashed lines. Other conditions as in Fig. 3.
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energy-values as a function of ui ði ¼ 1;2Þ in order to obtain a
smooth profile connecting these points. In practice only computa-
tions for a semicycle are necessary because for the other semicycle
the H1 and H2 atoms exchange their positions.

In any case, it is clear that because energy-values are obtained
as a function of two independent variables, u1 and u2, there are
many possible pathways through which a rotation cycle can be
completed. For example, smooth pathways passing through two
TSs with different rotational barriers can be also generated. This
is illustrated in Fig. 9 where three different energy profiles for for-
mamide at the MP2/6-311++G(2df,2p)4 level have been computed
for comparison. Thus, Panel A in Fig. 9 shows the saw-toothed path-
4 In this case a larger basis set was used since, as found in previous studies [20], the
equilibrium geometry of the ground state of formamide at the MP2/6-311++G(2d,2p
level shows an imaginary frequency.
)

way obtained when energy-values are obtained as a function of only
the angle of rotation u1. As discussed in previous sections, this path-
way displays two TSs with different activation energies and two
saw-teeth. In turn, Panel B shows the projection onto the u1 � Er

plane of the 3D smooth pathway calculated as described in this sec-
tion, i.e. so that the energy profile only involves the rotation barrier
with the lowest activation energy. Finally, Panel C shows the projec-
tion onto the u1 � Er plane of an alternative 3D smooth energy



Table 1
Rotational barriers of the amino systems in Fig. 1.

Amino system Theory level Ea;1ðrÞa Ea;2ðrÞ

2-aminopyridine B3LYP/6-311++G(2d,2p) 7.45(7.28) 10.92(11.35)
CCSD(T)//B3LYP/6-311++G(2d,2p) 5.71 9.25
MP2/6-311++G(2d,2p) 5.77(5.42) 9.43(9.94)
MP2/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) 5.75 9.39

2-chloroaniline B3LYP/6-311++G(2d,2p) 5.74(5.26) 8.16(8.30)
CCSD(T)//B3LYP/6-311++G(2d,2p) 4.12 6.67
MP2/6-311++G(2d,2p) 4.60(3.72) 7.15(6.53)
MP2/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) 4.53 7.13

2-aminopyrimidine B3LYP/6-311++G(2d,2p) 13.65(13.82) –
CCSD(T)//B3LYP/6-311++G(2d,2p) 11.55 –
MP2/6-311++G(2d,2p) 11.64(11.72) –
MP2/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) 11.66 –

N-methylamino-1,3,5-triazine B3LYP/6-311++G(2d,2p) 18.09(18.58) –
CCSD(T)//B3LYP/6-311++G(2d,2p) 15.64 –
MP2/6-311++G(2d,2p) 16.11(16.20) –
MP2/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) 15.88 –

formamide B3LYP/6-311++G(2d,2p) 17.39(17.60) 18.69(19.43)
CCSD(T)//B3LYP/6-311++G(2d,2p) 14.81 16.18
MP2/6-311++G(2df,2p) 16.76(16.35) 18.24(18.77)
MP2/6-311++G(2df,2p)//B3LYP/6-311++G(2df,2p) 16.74 18.20

a Ea;iðrÞ ði ¼ 1;2Þ: rotational barriers in kcal/mol including ZPE corrections. For comparison values obtained with the much smaller basis set 6–31G(d) are given between
parenthesis.
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profile but in which rotation proceeds with two TSs of different acti-
vation energies.

As regards Fig. 9, and leaving apart the pathway exhibiting
energy discontinuities (Panel A), the TSs for the pathways shown
in panels B and C have been clearly determined as saddle points
(they have just one imaginary frequency) with activation energies
of 16.76 kcal/mol (Panel B) and 16.76 and 18.24 kcal/mol (Panel C)
at the MP2/6-311++G(2df,2p) level and including ZPE corrections.
It is interesting to consider which of these two pathways is more
in accordance with experimental results. In this context, previous
theoretical studies in the literature pointed out to pathways pro-
ceeding with two TSs of different activation energies [1,5,21],
which is in agreement with the kind of pathway displays in panel
C. However, and taking into account considerations based on the
minimum energy pathway along the potential energy surface, the
pathway involving only the lowest energy barrier should be pre-
ferred (Panel B). In fact, for the formamide only one experimental
rotation barrier of 16.6 kcal/mol has been reported [22]. This is in
excellent agreement with the lowest calculated value of the energy
barriers and provides additional support for the smooth pathway
passing only through one rotational barrier.

Anyway, discrimination between different types of pathways is
a big challenge since experimentally only ground state energies
and energy barriers can be determined. This precludes that a com-
plete description of rotation pathways can be obtained and raises
many questions about the characteristics of these processes that
still remain to be elucidated.
4. Intrinsic reaction coordinate calculations

Intrinsic Reaction Coordinate (IRC) pathways are useful to
establish the connection between the transition states and the cor-
responding local minima along the reaction pathways. To verify if
saw-toothed or smooth energy profiles are involved with the rota-
tional pathways of the amino group IRC calculations were per-
formed starting from the located transition states 2 and 4 (see
Fig. 6 and 7).

As example, the 3D and IRC pathways of formamide computed
at the B3LYP/6-311++G(2d,2p) level of theory as a function of u1

and u2 are displayed in Fig. 10. In turn, the corresponding 2D
projections of these 3D energy pathways onto the ui � Er

ði ¼ 1;2Þ planes are shown in Fig. 11. These figures reveal that a
good agreement in the regions close to both transition states exists,
although some of the IRC points near the local minima are anoma-
lous (these anomalous points reach the ground state when submit-
ted to a geometry optimization).

IRC computations at the B3LYP/6-311++G(2d,2p) level were also
carried out for 2-aminopyridine, 2-aminopyrimidine and
2-chloroaniline. For 2-aminopyrimidine and 2-aminopyridine the
results were similar to those shown in Figs. 10 and 11. However,
for 2-chloroaniline the calculation process failed after a few IRC
steps.

5. Rotational barriers

As discussed above, all amino systems in Fig. 1 show two tran-
sition states with different energies, excepting 2-aminopyrimidine
and N-methylamino-1,3,5-triazine in which, due to the symmetric
position of the heteroatoms in the ring, the two transition states
have the same energy. Also, it has been shown that rotation
through 3D smooth pathways takes place without inversion barri-
ers and for this reason they are not discussed here. Regarding rota-
tional barriers, 3D smooth pathways exist in which a rotation cycle
can be completed passing only through the transition state with
the lowest activation energy (Panel B in Fig. 9), although alterna-
tive 3D pathways can be also chosen so rotation takes place
through both TSs (panel C in Fig. 9). The Ea-values for the two
TSs of the amino systems in Fig. 1 computed at DFT, MP2 and
CCSD(T) levels and including ZPE corrections calculated at the
same level of theory as the geometry optimizations are summa-
rized in Table 1.

6. Conclusions

The computational study of rotational pathways of the amino
group in 2-chloroaniline, 2-aminopyridine, 2-aminopyrimidine,
N-methylamino-1,3,5-triazine, and formamide, has been per-
formed by applying DFT, MP2, and CCSD(T) methods. If
energy-values are calculated using only one torsion angle energy
discontinuities associated to large changes in nuclear configuration
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are always obtained which seem difficult to explain in the light of
the Born–Oppenheimer approximation. Conversely, when the val-
ues of energy are computed as a function of two angles of rotation,
smooth profiles that are free of the above anomalies are obtained
at DFT and MP2 levels including the CCSD(T)//B3LYP/6-311
++G(2d,2p) energy profile for formamide which is displayed in
the Electronic Supplementary Information. These pathways pro-
ceed with no inversion barriers and can be chosen so that they pass
only through the rotation barrier with the lowest activation
energy.
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