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Summary. In this work we study surface fitting equations for a rigid rotor model
of aminomethanol. The energies were obtained from the GAUSSIANSS package
using 3-21G bases and fitted on a least square equation, thus generating a
Fourier series expansion of the energy as a function of two dihedral angles. The
dihedral angles chosen are those that represent rotation around the C-O and
N-C axes in the first case, and rotation around C—-O and inversion around the
amino group in the second case. Results indicate that the hydroxyl hydrogen is
subject to almost free rotation around the C-O axis. Further fully relaxed
6-31G* calculations were performed in order to qualify the results obtained for
the rigid rotor model.

Key words: Aminomethanol — Internal rotations — Potential energy surface —
Stationary points

1. Introduction

The identification of critical points on a potential energy surface is not straight-
forward and requires a proper description of the curvature around these points.
The surface obtained from the variation of the total energy with two internal
coordinates may, however, lead to a situation in which minima, transition states
and maxima [1] can be approximated.

The total energy of a rigid rotor, for instance, may conveniently be obtained
from single point ab initio calculations for a given set of two internal coordinates
¢, and ¢,. In as much as rigid rotors are approximate models, it has been shown
by various authors that it is not necessary to re-optimize the structure for a given
conformer in order to obtain an overall topological picture of the surface [2—4].
In addition, low level STO-3G ab initio single point calculations have been
shown to produce results that are capable of reproducing the changes that are
incurred upon variation of the dihedral angles [2, 5, 6]. Davidson et al. [7] have
actually reported singlet and triplet rotational potential surface studies on
dihydroxycarbene using STO-3G, DZ and DZP bases and were able to show that
7 electron donation is mainly responsible for the stability of the ground state
singlet.
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In general, if one were able to fit the total energy and the two coordinates ¢,
and g, on surface equations, the gradient of such an energy and the correspond-
ing Hessian matrix would make it possible for one to identify all the critical
points correctly. The energy in this case would be given by [3, 8]

B@ 4) =k + 3 afu@)a@). (1)

in which k is a constant, f}; and f,; correspond to the ith fitted function of ¢, and
q,, respectively and ¢, is an appropriate constant that premultiplies the ith term
in the linear expansion. The ith functions f;, and f,; are normally periodic or
exponential functions, depending on whether the coordinates describe rotation of
dihedral angles or elongation of bonds. The above equation may be conveniently
written as

E(q:, ¢,) = k + Trace(CF), 2

in which F is matrix given by

F=\f,>fals 3

where |, ) is a column vector that contains the fitted function for variable ¢, and
< f3| is a row vector that contains the corresponding function for variable g,. The
matrix € is obviously a diagonal matrix, the elements of which constitute the
coefficients c. At the kth critical point, the following holds

(6Trace(CF)) B (6Trace(CF)) _o @)
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The Hessian matrix evaluated at this point (#,), is given by
A e
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in which
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Noting that the above Hessian is Hermitian, it is straightforward to show that
the corresponding eigenvalues at the kth critical point, a;, are given by
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The quadratic dependence of the total energy on two internal coordinates
leads to a simple equation that, in turn, results in an approximate description of
minima, transition states and maxima. The coordinates that define the critical
points may then be used as a starting point for a search of the corresponding
points using ab initio methods. In the case of hypersurface and higher order
surface equations, the eigenvalues of the Hessian may be determined appro-
priately by updating the Hessian [9] using available techniques, such as the
Davidon et al. [10], Murtagh and Sargent [11] and the Broyden et al. [12]
methods.
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2. Method

The GAUSSIANSS package [13] at the 3-21G level of approximation was used
for the single point evaluation of the energy of aminomethanol. Program
STEPWISE [14] was used to fit the GAUSSIANSS points on a surface equation
by a least square method. For the identification of the critical points, we have
used the program VAO5 [15] and the GAUSSIANS8 package. Two surface
equations were generated, the first upon the variation of the two dihedral angles
0, and 0, (herefrom referred to as the (6,, 6,) surface) and the second upon
variation of the dihedral angles 6, and y (herefrom referred to as the (8, 7)
surface) (Diagram 1).

The angle 0, defines the dihedral angle that the vector perpendicular to that
defining the lone pair of electrons on N makes with the N-C-O plane.Thus the
point 6, = 0.0° corresponds to the case in which the lone pair of electrons is
antiperiplanar with respect to the N-C-O plane. A rigid rotor model was used
in which all the angles were chosen to be tetrahedral and in which the following
bond lengths were used: roy=0.9661A; rco=14457A; rey=1.0807A;
ren = 14350 A and ryy = 0.9956 A. Aminomethanol has been chosen because it
presents a case in which rotational energy barriers around the C-N and C-O
bonds can be studied in relation to the energy barriers involved in inversion
about the amino group. The molecule, in essence, mimics aminosulfonic acid and
N-sulfates which are essential for the biological activity of mucopolysaccharide
Heparin [16, 17] for which little is known about the rotational energy barriers
around the S-O and S-N bonds. 4b initio studies on O-sulfated systems [18]
have been reported and barriers to internal rotation around the S-O bonds were
found to be minimal.

The three- and two-dimensional surface plots were drawn using program
KUGRAPHICS [19]. The average time required to perform a single point
calculation was 3 minutes on a VAX8820. The SCAN option of the GAUS-
SIANS88 package was used to sweep dihedral angles. In the case of the (6,, 6,)
surface, 6, was held at 0.0° while 8, was varied from 0.0° to 360.0° in 5.0°
increments. The same sweep was repeated by incrementing the 6, angle by 60.0°.
This was necessary since an increment of 120.0° for 8, produced poor fits along
the 8, axis. Using these variations, the curvatures on the surface were reproduced
with reasonable accuracy.
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3. Results and discussion
3.1. The (0,,8,) surface

In Fig. la the difference between the 3-21G single point energy and the lowest
energy structure in kcal/mol is plotted against the dihedral angle 8, for a fixed
value of 0, equal to 0.0°. The lowest energy structure for this system occurs at
the coordinate (0, =0.0°,6,=0.0°) and is calculated to be —169.0858331
hartrees. The system is seen to exhibit reflective symmetry about the point
0, = 180.0°. Figure 1b is a similar representation in which 0, is fixed at 180.0°.
The lowest energy structure in this case occurs at the point (180.0°, 0.0°) and is
calculated to be —169.0903680 hartrees. Although the symmetry is retained in
these two rigid rotors, it is apparent that if 6, assumed any other values, the
symmetry around the 6, = 180.0° point will break down. The figures are actu-
ally two-dimensional entities and the apparent critical points are not true
stationary points on the surface since 6, is not allowed to relax upon the
variation of 8,. We therefore report stationary points on these figures in terms
of (6, 0,) that are obtained after optimizing the two angles to a stationary
point and then performing a frequency calculation in order to correctly identify
these points as either minima (m), maxima (M) or transition states (S). In Fig.
{a we identify two unique transition states that occur at the points (0.0°, 0.0°)
and (0.0°, 180.0°). The point identified as M1 is a local maximum and when
optimized at the 3-21G level occurs at (11.95°, 63.34°). The two unique points
(180.0°, 0.0°) and (180.0°, 180.0°) are identified respectively as m9 and S5, as
shown in Fig. 1b.

In Figs. lc and 1d, we display plots in which 0, is fixed at 0.0° and 180.0°,
respectively, and in which 0, is varied from 0.0° to 360.0° by increments of 5.0°.
The topologies of these surfaces are appreciably different from those considered
earlier and the reflection point of symmetry is now seen to occur at 8, = 180.0°.
The lowest energy structure in the case when 6, =0.0° occurs at (75.0°,0.0°)
and is calculated to be —169.0907057 hartrees. Optimizing 6, and 0, at this
point results in a stationary point that occurs at (73.23°, 0.0°) and is identified
as the global minimum.

We now demonstrate that a surface fit of the energy leads to a situation in
which the surface topology is well approximated. To this end, other points on
the potential energy surface were generated by repeating the calculations for
cases in which 8, was increased by increments of 60.0° while 8, was made to
span the range 0.0° to 360.0° in 5.0° increments for a given #,. A similar
strategy was used by fixing 6, and incrementing 8,. The totality of the points
were then fitted on a surface equation using the program STEPWISE. In order
to increase the accuracy of the fits, —169.00 hartrees were subtracted from each
energy value, which were then multiplied by 100. In Table 1 we report the 26
terms that were necessary to fit the surface to within a tolerance of 0.0001
hartrees. The difference in the fitted energy for a given conformer at the point
(6,,0,) and the fitted energy of the global minimum is then determined and
plotted as a two-dimensional topological surface (Fig. 2). The various station-
ary points identified in Fig. 2, which must be interpreted as starting values for
the true critical points on the potential energy surface of aminomethanol, have
been determined by using program VAO0S and the fitted equation. The symme-
try of the topological surface clearly indicates a center of inversion around the
point (180.0°, 180.0°).
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Fig. 1a—d. The difference in the 3-21G energy from the lowest energy structure in kcal/mol vs the
dihedral angle. a 8, =0.0°; b 6, = 180.0°; ¢ 8, =0.0°; d 6, =180.0°. The GAUSSIANSS stationary

points are shown in the figure
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Fig. 2. A two-dimensional topological surface for the (6,, 6,) system in accordance with the fitted
equation. The stationary points on the surface are indicated by m, M and S for minima ( ®) maxima

(£) and transition states (4) (first order saddle points) respectively
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Table 1. The terms in the fitted surface equation for #, and
6, rotations. The equation was obtained after subtracting
—169.00 hartrees from the energy values. The value of the
constant (cf. Eq. (1)) is k£ = —7.900896

Term C; S Sai

1 —0.32803187 1.0 cos(6,)
2 —0.46294194 1.0 cos(26,)
3 —0.23530788 1.0 cos(36,)
4 —0.22786260 sin(8,) sin(#,)

5 0.10809006 sin(f,) sin(26,)
6 0.04516525 sin(8;) sin(36,)
7 —0.07629486  sin(26,) sin(6,)
8 0.12830789 sin(26,) sin(26,)
9 0.02423141 sin(26,) sin(36,)
10 —0.01890477  sin(36,) sin6,)
1l —0.01946518 sin(36,) sin(48,)
12 —0.11238490 cos(8,) 1.0

13 0.42004048 cos(8,) cos(6,)
14 —0.11571937 cos(8,) c0s(26,)
15 —0.06658958 cos(f,) cos(306,)
16 —0.00992300 cos(f;) cos(40,)
17 0.12845524 c0s(26,) 1.0

18 0.12438384 cos(26,) cos(8,)
19 —0.10849206 cos(20,) cos(26,)
20 —0.03367410 cos(26,) cos(36,)
21 0.11435371 cos(36;) 1.0

22 0.02178989 cos(36,) cos(6,)
23 —0.02026804 cos(36,) cos(260,)
24 —0.01082623 cos(36,) cos(36,)
25 0.01038196 cos(46,) 1.0

26 —0.00796084 cos(46,) cos(46,)

In Fig. 3, a two-dimensional topological map shows the various paths that
connect minima with transition states. The ab initio energy difference of each
point (in kcal/mol) relative to the global minimum is also shown in the figure.
Points that are symmetry equivalent naturally have the same AFE values. The
global maximum is seen to occur at an energy of 14.13 kcal/mol relative to the
global minimum. The description of each of the critical points is summarized in
Table 2, together with the ab initio energy difference from the lowest energy
structure (kcal/mol) and the corresponding total energy in hartrees; asterisks
indicate points that are symmetry equivalent to other points.

2.2. The (8,,y) surface

Details of the surface equation for the (6, y) system are summarized in Table 3.
Since the 6, function includes only cosine terms, the system as a whole is
expected to exhibit reflective symmetry around the 8, = 180.0° axis. This symme-
try may be verified by inspecting Fig. 4, which is a three-dimensional representa-
tion of the surface topology. Table 4 is analogous to Table 2, and lists all the
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Fig. 3. A two-dimensional topological map showing the stationary points for the (8;, 8,) surface of
the rigid rotor. The values in the figure indicate the difference in energy (kcal/mol) from the lowest
energy structure. Paths that connect transition states (first order saddle points) with minima are
indicated. Symbols as for Fig. 2

critical points involved in the (6,, y) system. The points S4 (0.0°, 180.0°) on the
(6,. 9,) surface should in fact be equivalent to the point S1 (0.0°, 120.0°) on the
(8,,7) surface in which 6, =0.0°. Although these points had been identified as
transition states, they are not equivalent since in the (6,, ) system, the stationary
point occurs at y = 125.69° rather than 120.0°. These points, however, should be
very close to a stationary point on the hypersurface defined by the three angles
and the difference in their energy is =1 kcal/mol. In Fig. 5 we show ball and
stick models of the different transition states (first order saddle points). In these
figures, the highest component vectors associated with the negative frequency are
superposed on the diagram. These vectors indicate the forces acting on the
molecule trying to pull it away from the transition state.
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Table 2. Stationary points identified as minima, transition states and maxima obtained
by the GAUSSIANSS package (Opt) and by program VAOQ5 (Fit) for the (8,,6,)
conformers. Points marked by an asterisk are the unique points. The set of equivalent
points may be determined by comparing the difference in the energy of these points
from the energy of the global minimum (4E in kcal/mol). The global minimum is the
point that corresponds to a AE = 0.00 kcal/mol

Minima

Type 0, (® 8, (° Point Energy AE (kcal/mol)
(hartrees)

Opt —42.92 219.79 *m2 —169.0856716 3.16

Fit —~44.55 222.44

Opt 73.23 0.00 ml10 —169.0907057 0.00

Fit 74.15 0.00

Opt 180.00 0.00 m9 —169.0903680 0.21

Fit 180.00 0.00

Opt 286.78 0.00 *m8 —169.0907057 0.00

Fit 285.85 0.00

Opt 4292 140.21 ml —169.0856716 3.16

Fit 44.55 137.56

Opt 317.08 219.79 *mé —169.0856716 3.16

Fit 31545 222.44

Opt 73.23 360.00 *m3 —169.0907057 0.00

Fit 74.15 360.00

Opt 180.00 360.00 *md4 —169.0903680 0.21

Fit 180.00 360.00

Opt 286.78 360.00 *m5 —169.0907057 0.00

Fit 285.85 360.00

Opt 402.92 140.21 *m7 —169.0856716 3.16

Fit 404.55 137.56

Transition states

Opt 0.00 0.00 S1 —169.0858331 3.06

Fit 0.00 0.00

Opt 0.00 18000  S4 —169.0839395  4.25

Fit 0.00 180.00

Opt 0.00 360.00 *S7 —169.0858331 3.06

Fit 0.00 360.00

Opt 125.32 0.00 S17 —169.0892950 0.89

Fit 125.99 2.77

Opt 234.68 0.00 *S16 —169.0892950 0.89

Fit 234,01 217

Opt 360.00 0.00 *S15 —169.0858331 3.06

Fit 360.00 0.00

Opt 180.00 180.00 S5 —169.0735930 10.74

Fit 180.00 180.00

Opt 77.02 71.21 S2 —169.0790060 7.34

Fit 79.84 70.89

Opt 76.53 271.78 S6 —169.0742978 10.30

Fit 78.75 270.34
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Table 2 (continued)

Transition states

Opt 159.13 12830 83 ~169.0742185 10.35
Fit 165.22 128.34

Opt 125.32 360.00 *S8 —169.0892950 0.89
Fit 125.99 360.00

Opt 234.68 360.00 *S9 —169.0892950 0.89
Fit 234.01 360.00

Opt 360.00 360.00 *S10 —169.0858331 3.06
Fit 360.00 360.00

Opt 282.98 288.70 *S11 —169.0790060 7.34
Fit 280.16 289.11

Opt 283.47 88.22 *S14 —169.0742978 10.30
Fit 281.25 89.66

Opt 200.87 231.70 *S12 —169.0742185 10.35
Fit 194.78 231.66

Opt 360.00 180.00 *S13 —169.0839395 425
Fit 360.00 180.00

Maxima

Opt 11.95 63.34 M1 —169.0686215 13.86
Fit 4.65 72.57

Opt 5.95 287.34 M3 —169.0681891 14.13
Fit 4.65 287.44

Opt 139.22 181.23 M2 ~—169.0733408 10.90
Fit 141.66 174.09

Opt 145.12 272.14 M4 —169.0726086 11.36
Fit 135.97 270.76

Opt 214.88 87.86 *M8 —169.0726086 11.36
Fit 224.04 89.24

Opt 220.78 178.77 *M6 —169.0733408 10.90
Fit 218.34 18591

Opt 348.05 63.34 *M7 —169.0681891 14.13
Fit 355.35 72.56

Opt 354.05 287.34 M5 —169.0686215 13.86
Fit 355.35 287.43

2.3. The fitted equations

The fitted (Fit) and optimized (Opt) structures reported in Tables 2 and 4 are
seen to correlate very well especially in cases where the system exhibits symmetry
around at least one coordinate. The surface defined by the (6, 8,) angles,
however, is more complex because of the center of inversion around the
(180.0°, 180.0°) point. The vectors that define the fitted functions (Table 1)
should, therefore, include both sine and cosine terms. It is also apparent that if
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Table 3. The terms in the fitted surface equation for 6,
and 7y rotations. The equation was obtained after sub-
tracting —169.00 hartrees from the energy values. The
value of the constant (cf. Eq. (1)) is £k = —3.07467009

Term i S Lai
1 —0.17959624 1.0 cos(8,)
2 0.09109161 1.0 cos(36,)
3 —0.64691339 sin(y) 1.0
4 0.40963205 sin(y) cos(6,)
5 0.10541264 sin(y) cos(26,)
6 —0.03139039 sin(3y) 1.0
7 7.31012669 cos(y) 1.0
8 0.11537112 cos(y) cos(6,)
9 3.27316718 cos(2y) 1.0

10 —0.04539434 cos(2y) cos(26,)

B. D. El-Issa and R. N. Budeir

Table 4. Stationary points identified as minima, transition states and maxima obtained
by the GAUSSIANS8 package (Opt) and by program VAOS (Fit) for the (6;,7)
conformers. Points marked by an asterisk are the unique points. The set of equivalent
points may be determined by comparing the difference in the energy of these points
from the energy of the global minimum (4F in kcal/mol). The global minimum is the
point that corresponds to a 4F = 0.0 kcal/mol

Minima

Type 9, (9 7 (%) Point Energy AE (kcal/mol)
(hartrees)

Opt 0.00 234.72 m3 —169.0843525 4.05

Fit 0.00 234.55

Opt 72.23 122.52 ml —169.0908022 0.00

Fit 69.32 123.13

Opt 180.00 121.58 m2 —169.0904116 0.25

Fit 180.00 121.39

Opt 180.00 232.55 md —169.0743263 10.34

Fit 180.00 233.16

Opt 287.77 122.52 *mé —169.0908022 0.00

Fit 290.68 123.13

Opt 360.00 234.72 *mS —169.0843525 4.05

Fit 360.00 234.55

Transition states

Opt -31.45 183.52 *S2 —169.0737777 10.68

Fit —35.65 183.58

Opt 0.00 125.69 S1 —169.0863456 2.80

Fit 0.00 125.70

Opt 31.45 183.52 S2 —169.0737777 10.68

Fit 35.65 183.58
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Table 4 (continued)

Transition states

Opt 125.34 121.38 St —169.0893287 0.92
Fit 118.92 120.96

Opt 141.21 233.10 S4 —169.0738922 10.61
Fit 141.69 234.51

Opt 180.00 190.83 56 —169.0684957 14.00
Fit 180.00 190.91

Opt 218.79 233.10 *S5 —169.0738922 10.61
Fit 218.31 234.51

Opt 234.66 121.38 *S10 —169.0893287 0.92
Fit 241.08 120.96

Opt 328.55 183.52 *S7 —169.0737777 10.68
Fit 324.35 183.58

Opt 360.00 125.69 *S9 —169.0863456 2.80
Fit 360.00 125.70

Opt 391.45 183.52 *S8 —169.0737777 10.68
Fit 395.65 183.58

Maxima

Opt 0.00 181.77 M2 —169.0736577 10.76
Fit 0.00 181.85

Opt 141.46 190.12 M1 —169.0677769 14.45
Fit 136.43 189.85

Opt 218.54 190.12 *M4 —169.0677769 14.45
Fit 223.57 189.85

Opt 360.00 181.77 *M3 —169.0736577 10.76
Fit 360.00 181.85

one were to fix #,, the surface equation would include a Fourier series of the
form:

E(6,, 0, = constant) =k + . a, cos(nf,) + Y. b, sin(nd,), (8)

where k& is a constant. In particular, if 6, is fixed at 0.0° or 180.0°, all terms that
involve the sine of 8, vanish and one is left with a cross section of the surface
that depends only on the cosine terms and which is symmetrical around the point
6, = 180.0°. In regions in which 6, is chosen close to zero, sine terms in the {f;|
vector appear and consequently there will be an immediate breakdown in the
symmetry around the 6, = 180.0° point. The inversion properties of the surface
are in fact dependent on the inclusion of sine terms in the energy expression. In
cases where 6, is fixed at 90.0° or 270.0°, the contribution from the sine terms in
0, becomes most important and these are the points on the surface in which the
system 1is expected to exhibit greatest deviation from symmetry around the
0, =180.0° point. Similarly, it may be shown that a cross section in which
#,=90.0° or 180.0° should produce points that are symmetrical around
, = 180.0°.
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Fig. 5. Ball and stick models for the
GAUSSIANSS first order saddle
points. The highest component
vectors associated with the negative

frequency are superposed on the
S84 86 811 diagrams
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Fig. 6a—d. The deconvoluted fitted potential energy relative to a “zero point” energy (kcal/mol)
in terms of the dipole (d), steric (s) and orthogonal (0) components for the (6,, 6,) surface. The
curve expressing the sum of these terms is indicated by (¢) (solid line). a 6, =0.0°; b 8, = 180.0°; ¢
6,=0.0°; d 6, =180.0°
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In contrast, the (6,,7) surface exhibits symmetry along the cross section in
which 6, = 180.0°. This is apparent since the 8, dependence involves only cosine
terms and for a given 7, the surface equation would assume the form:

E(f,,y = constant) =k’ + ) a, cos(nf,). 9

However, since fixing 6, would produce an equation that involves both the sines
and cosines of y, any section that crosses a given 6, is deemed to exhibit no
symmetry propertics. There is no doubt, therefore, that the fitted equation
reproduces the symmetry properties of the surfaces in an unambiguous manner.

The only points on the surface in which the symmetry is not accurately
reproduced are those very close to the transition state S5 (180.0°, 180.0°) on the
(6,, 0,) surface. The fitted equation predicts the two maxima M2 and M6 to
occur at (141.66°, 174.09°) and (218.34°, 185.91°) respectively, in contrast with
the optimized ab initio points that are found to have the coordinates
(139.22°, 181.23°) and (220.78°, 178.77°), respectively. The line joining the points
M?2-S5-M6 is predicted to have a positive slope by the fitted equation, while
the optimized results predict the sign of the slope to be negative. It may be
pointed out, however, that the surface equation around the 6, =180.0° axis
includes very small contributions from sine terms in §, and are subject to
relatively large errors. Including more points around this axis would most
definitely improve the fitted equation, but this is not necessary since the general
features of the topological surface are accurately reproduced even without these
points.

2.4. The deconvolution of the potential energy

We shall now demonstrate that the surface equation can be used to describe the
various potential energy components that are associated with our model. In a
manner similar to the one that had been described by Pople et al. for the
methanediol model [20-22] we identify three such components, namely the
steric, orthogonal and dipole factors. The steric factor favors a staggered
conformation while the dipole factor favors a conformation in which the sp?
hybridized lone pair on the nitrogen and the oxygen centers are such that one is
periplanar while the other is antiperiplanar. The orthogonal component, how-
ever, favors a conformation in which the lone pair of electrons on the nitrogen
and the lone pair of electrons in the 2p-type orbital of oxygen are contained in
the N-C-O plane. These factors are summarized in Diagrams 2—4.

We now consider the (6,, 8,) fitted equation in which 8, is chosen to be zero
(Table 1). Since all terms in sine of 6, are coupled with terms in sine of 8,, the
equation along this cross section reduces to one that has a functional dependence
on cos(nd,) [n =1, 2, 3 and 4]. This equation may be rearranged to give

E@®,)=k+ V(1 —cos 8,) + V,(1—cos20,) + V(1 —cos 30,), (10)

in which V,;=1.49 kcal/mol, V, = —4.44 kcal/mol and V = —2.17 kcal/mol,
and &k may be identified as a ‘‘zero point” energy, Ey(6,). A plot of
AE ( = Ey(0,) — E(8,)) vs 0, is therefore the fitted counterpart of the rigid rotor
ab initio model given in Fig. 1a. This difference is plotted in Fig. 6a (solid line)
together with the deconvoluted components. It is interesting to note that the
above equation naturally arises from the fitted equation and is identical to the
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one that had been empirically suggested by Pople. The term that involves
(1 —cos 6,) exhibits a minimum at 180.0° and may be identified with the
dipole-dipole component (¥,) of the potential energy in which 2V, is the
stabilization energy associated with the antiperiplanar-periplanar conformer
compared with the antiperiplanar-antiperiplanar conformer. The term that in-
volves (1 —cos 26,), on the other hand, exhibits a maximum at 90.0° and is
essentially the orthogonal component (V,); it involves a stabilization energy of
8.88 kcal/mol in which the sp® hybridized orbitals on N and the 2p-type orbital



Stationary points on the aminomethanol potential energy surface 225

O are contained in the N—C-O plane. These factors are associated with the
“anomeric” effect [23—-25] and may be rationalized by the partial withdrawal of
charge from the 2p-type orbital on C towards the C-N bond which is apparently
enhanced when the 2p-type lone pair of electrons on O are staggered with respect
to —-CH, (Diagram 4). The anomeric effect is responsible for the relative stability
of z-anomers with respect to the f-anomers in hexoses (except for glucose) [26].
In the former anomer, the dipoles between the ring oxygen and the axial
hydroxyl groups are antiparallel and this is favored over the case in which the
dipoles are parallel, as in the f-anomer. Finally, the steric factors (V) (Diagram
2) are expected to favor a staggered over an eclipsed conformation and involve
a destabilization energy of 4.34 kcal/mol at an angle of 8, = 60.0°. An equation
similar to Eq. (10) ensues upon fixing 8, at 180.0° (Fig. 6b). Although the steric
and orthogonal factors are reproduced in sense, the relative magnitude of the ¥,
and ¥, terms are seen to be reduced by almost (1/3). The dipole factor, however,
is seen to change dramatically in both sense and relative magnitude and is
maximum when 6, =180.0°. This may be attributed to the fact that the con-
former in which the lone pair of electrons on the N and O are both periplanar
is greatly destabilized.

A surface equation that has functional dependence on cos(nf,) may be
obtained by fixing 0, to 0.0° or 180.0°, as may be verified by inspecting Table 1.
The plot shown in Fig. 6¢ includes the zero point destabilization energy (solid
line) and the deconvoluted terms in the case when 8, = 0.0°. The dipole contribu-
tion to the potential energy is similar to that in Fig. 6a, and this is expected since
the point 6, = 180.0° corresponds to the case in which the lone pair of electrons
on the N atom are antiperiplanar whereas those on the O atom are periplanar.
The phase shift of 60.0° in the steric factor relative to that in Fig. 6a is attributed
to the fact that the alcoholic hydrogen is sterically hindered at 8, = 0.0° due
to its proximity to the amino group and favors a conformation in which
0, = 60.0° or 180.0°. The 90.0° phase shift in the orthogonal component is similar
to the one that had been reported by Pople et al. and is seen to favor a
conformation in which 6, = 90.0° (see Diagram 4). The case in which 8, is fixed
at 180.0° (Fig. 6d) reproduces the orthogonal and steric components but, as
expected, the dipole component is seen to behave in a manner similar to that
depicted in Fig. 6b.

For the (6,,y) surface equation (Table 3), we note that fixing 6, would
reduce to an equation that involves both sines and cosines of y. This would
naturally lead to a situation in which antisymmetric terms around the point
y = 180.0° (sines of y) are superposed on symmetric terms (cosines of 7). We also
note that the fitted equation in which y is fixed at 120.0° and 6, is allowed to
change (Fig. 7a) should be identical in describing the topology of that cross
section to the case when 0, = 0.0° and 6, is allowed to vary (Fig. 6¢). The two
fitted equations are therefore capable of describing the same cross section from
two different perspectives. The accuracy in reproducing the topology of the cross
section is, to say the least, remarkable and the deconvoluted components, V,, V,
and ¥V, come out to be 0.72, 0.69 and 0.66 kcal/mol, respectively, in the (0,, 0,)
equation compared with 0.74, 0.72 and 0.57 kcal/mol in the (6,, y) equation.

The case in which y is fixed at 180.0° (Fig. 7b) is of special interest since it
represents a situation in which the coordination around the N atom is forced
into sp? hybridization. The lone pair of electrons are in fact forced to occupy a
local non-hybridized orbital and consequently a rotation of 8; by 90.0° would
result in having this orbital and the sp® hybridized orbital on the N atom to be
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contained in the N—C-O plane with a relative destabilization. The behavior of the
steric and dipole factors, however, follows expected trends and must be compared
with such trends in Fig. 6d. In particular, it may be noted that the combined
stabilization of the steric and orthogonal factors are responsible for the local
minimum in the total energy that appears at an angle of 6, = 180.0° (compare,
for instance, this point with a similar point in Fig. 6d).

As has been mentioned earlier, the unsymmetric representation of the poten-
tial energy around the point y = 180.0° is manifested by the inclusion of both, sine
and cosine terms in y in the fitted equation when 6, is fixed. In this case, the
components in the potential energy expression would involve only steric and
dipole terms. The y = 120.0° case corresponds to the staggered conformer while
the eclipsed conformer is obtained when y assumes the value of 240.0°, and the
apparent stability of the staggered conformer can best be described by a term that
carries a functional dependence on —sin y. The “dipole factor”, however, is a
compound term involving sin(#y) and cos(ny) and cannot be factored out in a
manner that would allow one to explain unambiguously the preferred antiperipla-
nar-antiperiplanar conformation. We also note that it is not possible to define a
single point reference (a “zero point” energy for instance) as in the previous cases.
This term is actually contaminated with other terms that involve the interaction
of the electron pairs on the N and O atoms during the inversion process.

In Table 5, we summarize the cross-sectional equations for the cases that had
been discussed so far. Our results are in excellent qualitative agreement with
results that had been reported for the methanediol model [20]. Results that had
been reported on aminomethanol by Radom et al. [22] and by Kaliannan et al.
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Table 5. Dipole (V,), orthogonal (¥,) and steric (¥,) components of the potential
energy surfaces for the different cross sections as determined by 0,, 8, and y. Energy
is in kcal/mol

v, v, v,
0,=0.0°

E@)=k  +149(1—cosf,) —444(1—cos20;)  —2.17(1 —cos 36,)
0, =180.0°

E@)=k  —561(1—cosf,) —137(1—cos20,)  —0.78(1 —cos 36,)
0,=0.0°

E@)=k  +072(1—cos8,)  +0.69(1—cos20,)  +0.66(1 —cos 36,)
0, =180.0°

E@)=k  —213(1—cos8)  +092(1—cos26;)  +0.78(1 —cos 38,)
v = 120.0°

E@)=k  +074(1—cos®,)  +0.72(1—cos20,)  +0.57(1 —cos 36,)
y = 180.0°

E@)=k  —185(1—cos8)  —028(1—cos26,)  +0.57(1 —cos30,)

[27] are also in excellent qualitative agreement. The only problem with the results
reported in the Kaliannan paper is that the torsional angles were incremented by
60.0° and no attempt was made to identify the local and the global minima
properly. For instance, the conformer in which 6, =0.0° and 8, = 60.0° was
assumed to be a stationary point and no attempt was made to study this cross
section in greater detail. This point is indeed stationary from a “steric” point of
view but, according to our results, the inclusion of the orthogonal and dipole
terms causes the 6, angle to shift to a favored value of 73.23°. The staggered and
eclipsed. conformers in cases where the dipole and anomeric effects are absent
(ethane for example) are definitely expected to be stationary, and torsional
angular increments by 60.0° would likewise produce stationary points on the
surface. The points that had been used in that study do not seem to be enough
to reproduce the details of the surface, and their method of identifying the
stabilization and destabilization energies of the various components is arbitrary
and is based on the early work of Pople. It is unfortunate that no quantitative
comparison can be made since the reference points used in evaluating the potential
energy component are is not identical to those used in our calculations.

The conclusion to be drawn from this is that our model predicts the path
m10-S17-m9-S16-m8 (see Fig. 2) to involve small energy barriers and
therefore that the hydroxyl hydrogen is subject to almost free rotation around
the C-O axis. This confirms the conclusion arrived at by Kaliannan and
co-workers regarding aminomethanol and aminosulfonic acid. However, in order
to qualify this conclusion further, rigorous fully relaxed 6-31G* calculations were
performed in order to identify these points and the corresponding energy barriers
associated with this path correctly.!

! We do not report the fully optimized geometry of all of these points since this is not relevant to
our discussion. The two dihedral angles of interest remain to be 8, and 6,. The reference to 0,
throughout the paper is the angle that the vector perpendicular to that defining the lone pair of
electrons on N makes with the N-C-O plane and is actually measured relative to the two dihedral
angles that the amino hydrogens make with the same plane.
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The fully optimized 6-31G* global minimum (m 10, Fig. 2) occurs at an angle
of 8, = 69.48°, the dihedral angles defining the amino hydrogens being — 53.85°
and 66.41°. The optimized energy at this point is —170.068356428 hartrees. The
structures defined by the points S1 and m9 have both C; symmetry and are
correctly identified as a transition state and a local minimum, respectively,
having energies of —170.06451684 hartrees and —170.068135231 hartrees. The
structure defined by the point S17 was first obtained by optimizing the geometry
at 6, = 125.0° followed by a fully relaxed search of the transition state using the
OPT = (TS, CALCFC) keyword. The energy associated with this point is calcu-
lated to be —170.066553530 hartrees and occurs at an angle 8, = 124.36°, the
dihedral angles defining the amino hydrogens being —60.26° and 57.67°. The
fully relaxed 6-31G* energy differences (in kcal/mol) relative to the global
minimum along the path m10—S17-m9—-S16—m8§ are therefore 0.00, 1.13, 0.14,
1.13 and 0.00, and should be compared with the values reported in Fig. 3 for the

H5 H5
\ H7 Ha\ H7
o/ /
C\I7L—N2 >/(|:I——'—N2
/ 03 03 \
H4 he H4 b M6

Fig. 8. 6-31G* fully optimized structure of the global minimum (710) and the transition state S17
on the (6,, 0,) surface. Dihedral anticlockwise rotation is positive and rotational axis defined by the
second and third atoms

a Structure of m10

Distances (A)

CIN2 =1.4329 C103 =1.4039 C1H4 = 1.0795 C1H5 = 1.0852
N2H6 = 1.0017 N2H7 = 1.0019 H803 =0.9474

Angles (degrees)
O3CIN2 = 115.5976 H4CIN2 = 108.6648 H5CIN2 = 108.1997
H6N2C1 =110.6192  H7N2C1 =111.9469 H803C1 = 109.7832

Dihedral angles (degrees)

H4CIN203 = —118.0718 HSCIN203 = 124.4924
H6CIN203 = —53.8505 H7CIN203 = 66.4068
H803CIN2 = 69.4821

b Structure of S17

Distances (A)

CIN2 =1.4294 C103 = 1.4095 C1H4 = 1.0825 ClH5 =1.0844
N2H6 = 1.0020 N2H7 = 1.0021 H803 =0.9453

Angles (degrees)
O3CIN2 =113.2320 H4CIN2 = 108.1378 H5CIN2 = 108.5294
H6N2C1 = 110.1440 H7N2C1=110.3986  HB03Cl1 = 110.6529

Dihedral angles (degrees)

H4C1N203 = —120.1401 H5CIN203 = 112.7115
H6CIN203 = —60.2639 H7CIN203 = 57.6655
HB803CIN2 = 124.3596
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same path. The small energy barriers along this path support the results
presented earlier in that the hydroxyl hydrogen is subject to almost free rotation
along that path. It is also of interest to point out that the fitted equations of the
rigid rotor model have identified these points correctly, and that the dihedral
angle defining the hydroxyl hydrogen for the structures defining the points m10
and S17 are close to the 6-31G* fully relaxed values, namely 74.15° and 125.32°
for the rigid rotor model compared with the respective values of 69.48° and
124.36° for the 6-31G* fully relaxed model. The fully optimized structures of the
points m10 and S17 are shown in Fig. 8.

There is no doubt that the model that has been used in this work is simplified
by assuming a rigid rotor and it is hoped that the reader will give more weight
to the quality of the surface fits. Studies of surface fitting equations for fully
relaxed and rigid rotor models at both the 4-31G and the 6-31G* level of
approximation are in progress for methanediol and fluoroethanol [28]. Prelimi-
nary results suggest that the general topological features of the surfaces for a
rigid rotor model are retained in a fully relaxed model, while the details of the
surface in relation to the type and the geometry of the stationary points are
subject to expected deviations. Global minima, however, are reproduced with
reasonable accuracy. In the case of methanediol studied at the 4-31G level of
approximation, for instance, the fitted equations of the rigid rotor model predict
the global minimum to correspond to a synclinal-synclinal conformer in which
the dihedral angles defining the hydroxyl hydrogens are ( —64.82°, 63.81°) com-
pared with the GAUSSIANSS values of (—63.13°, 63.13°). This compares favor-
ably with the fully relaxed values of the same model in which the fitted equations
predict this point to occur at (—60.00° 60.00°) compared with the GAUS-
SIANS8 values of (—62.07°,62.07°). We point out, however, that in these
calculations, the structure of methanediol was first optimized at the conformer in
which the aforementioned dihedral angles were both fixed at 0.00°.

The present work, therefore, should not be mistaken for a representation of
the fully optimized stationary points on the aminomethanol surface, but rather
is a demonstration of the use of surface fitting equations in identifying stationary
points on a topological surface.
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