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Abstract The conformational space of /H-Indole-3-Acetic
Acid (IAA) was scanned using molecular dynamics at
semiempirical level, and complemented with functional
density calculations at B3LYP/6-31G** level, 14 con-
formers of lowest energy were obtained. Electronic distri-
butions were analyzed at a higher calculation level, thus
improving the basis set (B3LYP/6-311++G**). A topolog-
ical study based on Bader’s theory (AIM: atoms in
molecules) and natural bond orbital (NBO) framework
performed with the aim to analyze the stability and
reactivity of the conformers allowed the understanding of
electronic aspects relevant in the study of the antioxidant
properties of IAA. Intramolecular hydrogen bonds were
found and were characterized as blue-shifting hydrogen
bonding interactions. Furthermore, molecular electrostatic
potential maps (MEPs) were obtained and analyzed in the
light of AIM and NBO results, thus showing subtle but
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essential features related not only to reactivity but also with
intramolecular weak interactions, charge delocalization and
structure stabilization.
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Introduction

Indole derivatives are biologically important chemicals
present in microorganisms, plants, and animals [1], and
represent an important class of therapeutical agents in
medicinal chemistry. Indolic compounds are very efficient
antioxidants, protecting both lipids and proteins from
peroxidation, and it is known that the Indole structure
influences the antioxidant efficacy in biological systems
[2-5].

Radical scavenging by indolic compounds is strongly
modulated by their functional residues. All indolamines
have a heteroaromatic ring system of high electroreactivity
and they only differ in the functional group in their side
chain. These substituents determine to a great extent the
reactivity, potency, and efficiency of radical scavenging
activity [6].

Due to the free radical scavenger and antioxidant
properties of Indole derivatives, it is of paramount
importance to explore deeply the stereoelectronic aspects
that would be relevant in the study of their stabilization and
antioxidant activities.

The aim of this work is to analyze the geometric and
electronic properties of IAA conformers, thus performing a
complete search on the conformational space. A deeper
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study of the possible hydrogen bonding interactions and the
structural and electronic factors relevant in their stability
and reactivity were also performed. To the best of our
knowledge this kind of analysis is not shown in the
literature.

The conformational space of these molecules was
scanned using molecular dynamics (MD) calculations, and
complemented with density functional calculations at the
B3LYP level with a 6-31G** basis set to optimize the
geometry of the lowest-energy conformers as obtained in
the simulations.

A rigorous approach based in Bader’s atoms in mole-
cules (AIM) theory to detect and characterize hydrogen
bond interactions [7-9], together with natural bond orbital
(NBO) analysis were also used [10].

Molecular electrostatic potential maps (MEPs) were
obtained and analyzed in the light of AIM and NBO
results. The results reported contribute to the understanding
of the structure, stability and reactivity of IAA and others
Indole derivatives.

Computational details

Conformational space of the IAA molecules was studied
using the MD module of the HyperChem package [11].
With the aid of the MM+ force field several simulations
were accomplished. The starting geometries were heated
from 0 to 800 K in 0.1 ps. Then, the temperature was kept
constant by coupling the system to a simulated thermal bath
with a bath relaxation time of 0.5 ps. The simulation time
step was 0.5 fs. After an equilibration period of 1 ps a
500 ps-long simulation was run saving the coordinates
every 1 ps. Those geometries were then optimized to an
energy gradient less than 0.01 kcalmolA™ at a semiem-
pirical level (AM1).

The lowest-energy conformers of the molecules,
obtained according to the above methodology were further
studied by the density functional theory as implemented by
the Gaussian 03 package [12]. Geometry optimizations
were performed using the Becke three parameter hybrid
functional [13] with the Lee-Yang-Parr correlation func-
tional [14], a combination that gives rise to the well known
B3LYP method. For all the atoms a 6-31G** basis set was
used.

The topological analysis and evaluation of local proper-
ties were performed with the PROAIM software [15] using
the wave functions calculated at the B3LYP level and the
improved 6-311++G** basis set. An NBO analysis at the
same level was performed [10].

Vibrational analysis at the same level of theory as above
for all optimized geometries was performed in order to
verify whether they are minima on the hypersurface of
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potential energy of the molecule. MEPs were calculated
with the Gaussian package, and visual representations were
obtained with the Molekel program [16].

Results and discussion
Geometrical and conformational analysis of IAA

The backbone of IAA consists of a heteroaromatic planar
Indole ring and an acetyl side chain (at position 3) that can
adopt several distinct orientations with respect to the ring
defined by three dihedral angles (6;: C,—C3—Cg—Co, 85:
C3—C8—C9—010, 63: Cg—Cg—O“—H) (Flg 1) Varia-
tions can give rise to several different conformers. Through
the study of the conformational space in vacuum we found
14 lowest energy conformers with symmetry C;, which in
stability order are: a) CCT, b) A'A"T/A'AT, ¢) A'AT/
AA'T, d) A'CT/ACT, e) G'A'T /GAT, A'TC/ATC, f)
CCC, and g) A"CC/ACC (see Fig. 2). They were named
according to IUPAC recommendations [17], and were
confirmed by absence of imaginary frequencies in the
vibrational analysis.

Six pairs of them account for structures of the same
energy, but differing in the orientation of the acetyl group
with respect to the plane of the Indole ring: one of them
with the acetyl moiety upward oriented, Re-face, and the
other isomer having the acetyl moiety downward oriented,
Si-face. Each pair shows torsion angles of opposite sign,
Table 1. Due to the similarity of the corresponding
electronic distribution we will study only one conformer
of each pair, selecting the conformation in which the acetyl
moiety is upward oriented (Re isomers).

Two conformers (A"CT and ACT) were not detected by
direct MD procedure; they arose broadening the conforma-
tional search on systematic way.

The second most stable conformer, A*A™T, differs from
the most stable form in the &, and d, axis, whose values are

o—H
11

Fig. 1 Heteroaromatic planar Indole ring and an acetyl side chain of
IAA backbone. Dihedral angles (8;: C,—C;—Cg—Coy,
62: C3—C8—C9—010, 63: Cg-Cg_O“_H) defines distinct ori-
entations of acetyl side chain with respect to the ring
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Fig. 2 Five most stable con-
formers of IAA monomer.
According to IUPAC recom-
mendations the first letter
characterizes the orientation of
the Cy atom relative to the
central C3—Cg bond, the second
letter describes the
C3—Cg—Cy—O0 angle, and
the third letter specifies the
orientation of the H relative to
the central Co—Oy;. Dotted
lines: Intramolecular

hydrogen bond interactions

115.7° and 95.7°, assuming an anticlinal configuration.
These two conformers differ in energy in 0.75 kcalmol™.
The third most stable conformer is ATA'T, which differs
from CCT in the &; and 06, dihedral angles, 102.3° and
-92.6°. They assume an anticlinal configuration. In con-
former A'CT, the values for the dihedral angles mentioned
above are 116.6° and 16.8°. The G'A'T conformer differs
from the most stable in the angles 0, and §,, which assume
a clinal and anticlinal configuration, respectively. Geomet-
rical parameters of the other conformers are also shown in
Table 1.

Other relevant parameters for conformers are displayed
in Table 2. The geometrical features suggest the following
intramolecular hydrogen bonding interactions: Oy --H,
(CCT), 010"'H4 (A+A+T), 011"'H4 (A+A_T), and OlllnH2
(G"A'T) (cf. Fig. 2). In all of them the proton donor atom
(D) is a carbon atom and the oxygen atom acts as the proton
acceptor (A) in a A---H—D interaction.

In CCT, A'A'T, A"AT and G'A'T the intramolecular
distances O--H around 2.363-2.752 A, in the expected
range of 2.2-3.2 A for A-~-H distance[18] (see Table 2).
Another parameter that characterizes a hydrogen bond is
the distance between the C atom attached to the hydrogen
of the bridge, and the oxygen atom. This distance is
between 2.904-3.466 A in agreement with expected values
(3.2-4.0 A for DA distance [18]). The bond angle
between donor and acceptor atoms varies in the range of

AAT -

G+ A+T -

104.0-124.5° (expected D—H-+A angles about 90-150°)
[18], thus showing the donor directionality associated with
the suggested H-bonds. The C,—H bond length in CCT
and G'A'T is shorter (= 0.003 A) than in A'A"T, A'AT
and A"CT. In A*A'T, A"TA'T and A"CT a similar behavior
in C4—H bond length can be observed.

Topology of the electronic charge density

AIM theory is based on the analysis of critical points (CPs)
of the molecular charge density, p. At these points, the
gradient of the electronic density, Vp, is null, and it is
characterized by the three eigenvalues, A; (i=1, 2, 3), of the
V?p Hessian matrix. The CPs were named and classified as
(r, s) according to their rank, r (number of non-zero
eigenvalues), and signature, s (the three eigenvalues
algebraic sum).

Several properties evaluated at the bond CP (BCP) (a
(3,-1) CP) constitute powerful tools to classify a given
chemical structure [19]. Interactions attributable to covalent
or polarized bonds are characterized by large p, values,
V20, <0, A1l/A3>1 and Gy/pp,<1 at BCP. Interactions
classified as closed shell, typical of highly ionic bonds,
hydrogen bonds, and van der Waals interactions, are
described by relatively low p,, values, V20,>0, A1l/As<1
and G/p,<l. Another interesting parameter is the elliptic-
ity, €, defined as A;/A,-1. Ellipticity measures the extent to
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6.98 6.98

5.6

3.36

3.36

1.72

1.2 1.72

0.75 0.94 0.94 1.2

0.75

AE (kcalmol™)

Dihedral angle (°)

110.6 -110.8

0
0

-106.1

106
157.4

-46.6
-109.8
178.7

46.6
109.8
178.7

-116.4
-15.5
177.9

102.3 -102.3 116.6

-92.6
-176.6

-115.7
-95.6
-177.2

115.7

0

Cr—C3—Cs—Cy

4.4
0.9

44

-157.3

16.8
-177.7

92.8
176.6

95.7
177.2

C3—Cs—Co—O01o
Cg—Co—0O;—H

-0.9

-5.7

5.7

180

Table 2 Others relevant geometrical parameters obtained of the
lowest energy IAA conformers calculated at the B3LYP/6-31G**
level

Conformers
CCT A'A'T A'AT A'CT G'A'T
Distances (A)
Cy—O09 1.212 1.212 1.210 1.209 1.209
Cy—0O0y, 1.357 1.355 1.357 1.359 1.361
O,,—H 0.972 0.972 0.972 0.972 0.972
C,—H 1.087 1.085 1.085 1.085 1.087
C,—H 1.078 1.081 1.081 1.081 1.080
O0Ha 2.363
(019°Cy) (2.904)
OjoHy 2.734 2.939
O10Cy (3.466) (3.370)
Oy;Hy 2.752
(011Cy) (3.392)
O;H, 2.605
(011C2) (3.073)
Angles (°)
Cy—019Hy 107.0
Co—O019Hy 97.6 92.5
Co—O0yHy 108.8
Cy—O04,H, 99.0
Oy9H—C, 109.4
Oy "H—Cy4 124.5 104.0
Oy;H—Cy 117.5
Oy;"H—C, 105.4
0711—Co—01g 121.9 122.5 1225 122.4 122.1

which density is preferentially accumulated in a given plane
containing the bond path. If A{=A,, then ¢=0, and the bond
is cylindrically symmetric, e.g., a C—C single bond in
ethane, and a triple bond in acetylene [9].

A (3,-3) critical point is a maximum in all directions, and
as often coincides with the nucleus position is called
nuclear attractor or nuclear critical point (NCP). In this
work we show that properties evaluated at this point
are useful tools to analyze the behavior of electronic
distribution.

Table 3 shows the most significant topological local
properties at BCPs for CCT conformer. The electron charge
density (py), the Laplacian of the electron charge density
(Vzpb), the three eigenvalues of the Hessian matrix (A}, A
and Aj3), the ellipticity (e¢), the relationship between
perpendicular and parallel curvatures (JA|//A3), and the
kinetic energy density per charge unit (Gy/py), for all
chemical bonds of the lowest energy conformers obtained.
As supplementary material, these topological parameters
are also shown for A'A"T, A'AT, A'CT and G'A'T
conformers that comprise the conformational space (Tables
Sla to d).

At C—C, C—N, N—H and C—H bonds of the rings A
and B and the acetyl moiety high py, values, [A{[/As>1 and
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Table 3 Topological properties at bond critical points (BCPs) (3, -1) in the CCT conformer calculated at the B3LYP/6-311++G** level of theory”

Bond Bond length  pj, Vpy Al A A 3 Go/po  IMil/As
Ring A Cra—N, 1379 0301 -0740  -0.602  -0538 0399 0119 0753 1507
N,—C; 1383 0297  -0699 0587  -0518 0406  0.33 0785 1445
Cr—Cs 1.373 0319  -0876  -0.684  -0506 0314 0352 0377 2178
Cs—C, 1.443 0280 0698  -0.563  -0478 0343 0178 0304  1.640
Cs—Cr 1422 0299 -0809  -0.629  -0523 0343 0201 0310 1833
N,—H 1.006 0341 -1669  -1.305  -1242 0877 0051 0152 1488
Cr—H 1.078 0288  -1018  -0806  -0776 0563 0039  0.117 1430
Ci—Cs 1.500 0252 -0601  -0480  -0461 0348 0060 0233 1403
Ring B C3—Cy 1.406 0300  -0817  -0.621  -0524 0329 0185 0313 1890
Cs—Cs 1.390 0310  -0856  -0652  -0528 0323 0236 0336 2017
Cs—Ce 1.409 0299  -0810  -0621  -0520 0332 0193 0313 1872
Ce—Cy 1.390 0309  -0851  -0.649  -0524 0322 0237 033 2013
Cr—Cr 1.398 0304  -0838  -0.637  -0524 0323 0215 0324 1971
Cs—H 1.087 0279 -0949  -0.740 0724 0514 0022 0140 1439
Cs—H 1.086 0280  -0953 0743 -0725 0515 0025 0140 1443
Ce—H 1.086 0280  -0956  -0.745 0728 0517 0023 0139 1441
Cr—H 1.086 0278 -0944 0737  -0719 0512 0025  0.14] 1.440
Acetyl moiety  Cx—Cy 1513 0255 -0620  -0.510  -0470 0360  0.085 0239 1418
Co—019 1212 0415 -0285  -1.098  -1015 1829 0081 1530  0.601
Co—Oy 1357 0296  -0512 0640  -0623 0750 0027 0998 0853
On—H 0.972 0356 -2475  -1.757  -1726 1008 0018 0.8 1743
Cs—H, 1.099 0271 -0889  -0708  -0694 0513 0019 0152 1379
Cs—H, 1.099 0271 -0889  -0.707  -0.694 0513 0019 0152 1379

2 06,V P, Go/Pps A1, Ao, A are expressed in a.u. and bond lengths in A

Gy/pp<1, important and less than zero Laplacian was found
for all studied conformers, and therefore all of them can be
characterized as covalent interactions. A detailed descrip-
tion of the topological properties of C—C bonds and the
comparison with the Indole parent compound is given as
supplementary material (values for Indole in Table Sle).

The increase of ¢ in A rings both in IAA and in Indole
shows a m-enriched ring A, moreover the 7-character of
these bonds increase in the ring A of IAA with respect to
Indole. The mechanisms underlying this feature will be
analyzed below through a NBO analysis, thus showing the
importance of charge transferences related to the acetyl side
chain.

The topological characterization of C,;,—N; slightly
differed from topological features of N;—C,. Our findings
indicate that the acetyl side chain has a slight effect on C—N
bonds and do not affect the N;—H bond (see supplementary
material for a detailed discussion).

Analyzing C—H bonds, the C,—H bond length changed
with respect to Indole: a shortening (0.001 A) in A"A'T,
A"AT, and AC'T was found. Consequently an increase of
pp and Vp, was found (see Table 3, Sla, b, ¢ and d). The
C,—H bond showed an increase of py, and V?p,, in CCT

and G"A"T with respect to the Indole and other conformers
which is in agreement to the slight shortening in their bond
length. These results are related to intramolecular H-bonds
and will be further analyzed below.

Along the conformational space of IAA Cg—H, and
Cg—H, bonds showed changes in bond lengths and
topological parameters (see Table 3, Sla, b, ¢ and d). High
symmetry in CCT was found; both Cg—H, and Cg—H,,
showed similar geometrical and topological parameters. In
A"A"T and A'A'T Cg—H, and Cs—H,, bonds showed only
a slight symmetry. In CCT we found the weaker interactions,
in A"A"T and A"AT we found the strongest ones and in
G'A'T and A'CT one of them is strong and the other is
weak. When the values of charge density at BCPs decrease
their bond lengths increase. All these findings will be related
to charge delocalization through NBO analysis and MEPs.

The BCPs of Co—0; and Co—O;; showed values of an
intermediate or shared polar covalent bond (high py,
important and less than zero VZpy, |Aj[/As<1, and Gy/py
>1). This attribute obeys the increase in positive eigenvalue
of the Hessian matrix (Table 3) and indicates an increase in
the contraction extent of p, parallel to the bond and from
CP toward each of the neighboring nuclei.

@ Springer
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In agreement with the geometrical features mentioned
above (Table 2), the AIM analysis allowed us to identify the
formation of intramolecular hydrogen bonding interactions.
Local topological properties calculated in the respective
BCP and RCP are displayed in Table 4. The intramolecular
hydrogen bonding interactions characterized by AIM in
conformers were: a) O,¢"H—C, (CCT), b) O;¢p"H—C4
(A+A+T), C) 011"'H7C4 (A+A_T), d) Oll"'H7C2
(G'A'T). The formation of these H-bonds closes six-
membered (in (a) and (d)), and seven-membered (in (b) and
(c)) rings respectively and are accompanied by the appear-
ance of ring critical points (RCPs), as required to fulfill the
Poincaré-Hopf relationship [7]. All these particular inter-
actions were described by relatively low py, values, VZp,>0,
[A1l/A3<1 and Gy/p,<l1. They are classified as closed shell.
In A"CT monomer, intramolecular hydrogen bondings were
not found through AIM search.

In agreement with previous results for intramolecular
hydrogen bonding interactions (density values between
0.002-0.034 a.u., and V?p, values between 0.016—
0.139 a.u. [20]) the electronic charge density values at H-
bond CPs were in the range of 0.006 to 0.014 a.u. and the
Laplacian values at the same point were in the range of
0.020 to 0.051 a.u..

The hydrogen bonding interaction in CCT is the strongest
(d=2.363 A; pp=0.014 a.u,; V2p, = 0.051 a.u.; €=0.223). In
fact, in this conformer the density value at H-bond CP was
one order of magnitude higher than that corresponding to the
other conformers, according to the shortening of the O--H
distance. The G'A'T showed a py, value of 0.009 a.u. at H-
bond CP (Oy;-H,) slightly higher than A"A'T and A"A'T
(see Table 4). However, the interaction is associated with the
highest ellipticity value (¢=0.560). The ellipticity value is
not only a measure of the 7t-character of a bond, but also is a
measure of the structure stability. In fact, high ellipticity
values reflect structural instability [20]. Therefore our results
show that Oy;-H, bond in G'A'T can be easily broken
despite their higher CP density.

The shortening of the C,—H bond length in CCT and
G'A'T, reported above, can be related with their donor role
in Cz—H"'OlO (CCT) and CQ—H"'OH (G+A+T)
interactions. In fact, in conformers where C,—H bond
was not involved in hydrogen bonding interactions, larger
bond lengths were reported. Interestingly, our infrared
frequency calculations indicate that in CCT and G'A'T
conformers the vC,H mode appear at 3306 and 3281 cm™,
respectively, while in other conformers, e.g., A'CT, where
C,—H is not involved in H-bond, the corresponding
wavenumber was 3258 cm™. Our results certify a shifting
to blue frequencies of 48 and 23 cm™, in CCT and G'A'T
respectively. These kinds of H-bonds are called blue
shifted, improper or anti-H-bonds [21]. For C,—H bond
in A"A'T and A"A'T a similar behavior was found.

NBO analysis

The NBO analysis provides energies of hyperconjugative
interactions from the second-order perturbation approach

E? — _niF—g

& —¢&

where F; is the Fock matrix element between the i and j
NBO orbitals, €; and ¢; are the energies of i and j NBOs,
and n; is the population of the donor i orbital. Thus two
main terms controlling the magnitude of a i—j hyper-
conjugative interaction namely: the difference in energy
between the interacting orbitals (the AE =¢; —¢; term)
and the magnitude of the Fock matrix element, F;, which
varies in parallel to the overlap matrix element, S;; [22].

In Table 5 selected NBO second-order stabilization
energies, E® are shown. The charge transferences related
to the electronic delocalization between Indole backbone and
acetyl moiety are reported. Strongest charge delocalization in
CCT was found (43.59 kcalmol, 28.78 kcalmol™,
25.20 kcalmol™, 32.41 kcalmol™, and 31.15 kcalmol™ in

Table 4 Topological properties at BCP (3, -1) for hydrogen bonds in IAA conformers calculated at B3LYP/6-311++G** level of theory. Relevant
topological properties at (3, +1) BCP for the corresponding rings are also reported®

BCP Conformers H-Bond Distance A---H Pb V2py A A A3 € Gy/pp A1l/A3
@3, -1) CCT Oyp"H, 2.363 0.014 0.051 -0.013 -0.011 0.075 0.223 0.786 0.173
ATA'T O1o"Hy 2.734 0.006 0.020 -0.005 -0.004 0.028 0.193 0.667 0.179
A'AT OyHy 2.752 0.006 0.021 -0.005 -0.004 0.030 0.269 0.667 0.167
G'A'T OyH; 2.605 0.009 0.033 -0.007 -0.005 0.044 0.560 0.778 0.159
3, +1) CCT OyoHs 0.011 0.055 -0.007 0.013 0.049 -
ATA'T O;0"Hy 0.004 0.020 -0.002 0.005 0.016 -
A'AT O;1Hy 0.004 0.019 -0.002 0.005 0.016 -
G'A'T O;1H, 0.008 0.037 -0.005 0.006 0.036 -

2 op,V2 Pb. Go/Pb, A1, Az, A3 are expressed in a.u. and distances in A
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Table 5 Selected NBO second-order stabilization energies, E®, calculated at B3LYP/6-311++G** level of theory®

CCT A'A'T

A'AT A'CT G'A'T

E? AE Fy; E? AE F;

E® AE F; E? AE Fy; E® AE F;

21010 o*N1-C2 a 063 072 0020 - - -
Oco.o11 0%ca.cs b 122 135 0.036 - - -
Tlco.010 O cs-Hb c 1.24 077 0.028 075 0.77
0* g Ha d 124 077 0028 - - -
0c8-C9 0*C3a-C3 e 308 1.16 0.053 - - -
0c3-c8 0*c3ac7a S 160  1.16 0.039 157 1.16
0*co.c3 g 271 121 0.051 218 120
0*co.011 h 225 097 0.042 - - -
0 c2c3 0Fczacs i 2.66 120 0.050 241 1.20
0*c3.c8 J 2.18 1.11 0.044 200 1.11
*ean k133 113 0035 125 LIl
a3 0*C8.Ha / 327 063 0.042 280 0.65
0*cgoHb m 328 063 0042 - - -
OcoH 0*co.c3 n 142 111 0035 134 1.12
Oc3ac3  OFcacs o 242 121 0.049 229 121
0*cg.co p 144 098 0034 - - -
0C8-Ha T o3 q 349 055 0.042 3.07 054
OC8-Hb 0.3 r 349 055 0042 - - -
0C8-c9 0*cac3 s - - - 1.77 121
0c3-c8 0*co.010 1 - - - 125  1.21
0¢3a-C3 0*C8.Hb u - - - 0.81 1.03
Ocan 0*cacs v oo- - - 051 1.07
0*c3ac7a w464  1.03  0.062 478 1.02
% 43.59 28.78

0.035 - - -

- - - 1.16  1.34

- - - 091 077 0.024 116 0.77 0.027
0.64 077 0.020 140 0.76 0.029 - - -

- - - - - - 245 1.15  0.047
.55 1.15 0.038 150 1.16 0.037 159 115 0.038
2,12 120 0.045 227 121 0.047 228 120 0.047
- - - 236 097 0.044 - - -

235 120 0.047 243 120 0.048 248 1.20 0.049
194 1.11 0.041 209 1.12 0043 184 1.10 0.040
124 111 0.033 121 111 0033 128 112 0.034
2.03 0.64 0.033 3.04 063 0.040 - - -

- - - - - - 326 0.64 0.042
132 111 0.034 129 112 0034 135 111 0.035
224 121 0.047 235 121 0.048 235 1.21 0.048
- - - - - - 0.75 099 0.025
2.14 054 0.033 331 054 0.041 - - -

- - - - - - 4.02 054 0.045
1.18 121 0.034 155 121 0.039 - - -
1.03 122 0.032 - - - 1.69 122 0.041
073 1.03 0.025 086 1.02 0.027 - - -
469 1.02 0.062 468 102 0.062 465 1.02 0.062
25.20 3241 31.15

 All values are expressed in kcalmol™ |, AE and Fj; values are reported in a. u

CCT, A'A'T, A'AT, A'CT, and G'A'T respectively),
which explain their higher stability.

Moreover, we can see two kinds of trends. To explain
them we remark on structural characteristics which are
shown to be significant in the analysis of the behavior of
charge transferences. We identify two series of compounds
which define similar trends: on one hand CCT and A"CT
onward “series C” (periplanar array) according as the
torsion angle 0, ranges from 0° to +30°, and in the other
hand A"A'T, A*AT, and G'A"'T onward “series A” (clinal
array) according as the torsion angle J, ranges from £60° to
+120° (see Fig. 3).

The transferences 0co_ o011 —0%c3_cg (b) and oc3__
cs— 0*co_o11 (h) are proper of series C. The values of
dc3—cs—co—o11 dihedral angle (180.0° and 164.9° in CCT
and A'CT) allow to explain this result (5¢3_cs co_o11=
82.9°, 86.2°, 70.4° for A"A'T, A'A'T and G'A'T,
respectively), thus showing an important overlap between
Oco_o11 and ocs__cg orbitals only in series C where they
are antiperiplanar to each other. Moreover, the same
arguments also explain the augmented second order energy

in CCT with respect to ACT (1.22 and 1.16 kcalmol™
respectively) through increased F;; value, because AE remains
unaltered. This finding can be related with an increased
orbital overlap due to the increase in dc3__cg_co_oi11
dihedral angle.

The transference Oc3__cg— 0%co_o010 (f) is proper of
series A. In this case the value of d(c3_cs_co_o010)
dihedral angle (95.8°, 92.6°, 109.7° for A"A'T, A'AT
and G'A'T, respectively) accords to a strong overlap
between 0c3;__cg and Ocg__ojo orbitals in series A and

0 R
O2
HO
(0]
OH
Series C Series A

Fig. 3 Scheme of series A and C which one differ in the dihedral
angle &,
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explain the absence of this charge transference in series C
(6C3—C8—C9—OIO:0'OO and 16.8° for CCT and A+CT)

The first 17 transferences shown in Table 5 are higher in
CCT explaining their higher stability and it is interesting to
analyze some of them in a detailed way. First of all we
remark on the 2ng;o— 0*ni_c» transference (0.63 kcal
mol™) that exists only in CCT and can be related to the
strongest intramolecular H-bond that characterize the CCT
conformer. This charge transference describes the resonance
of 2n lone pair of Oy oxygen atom with ring A, favored by
the planarity of the structure.

Charge delocalizations ¢, d, [, m, ¢ and r involve orbitals
of m-symetry: oc_py—7* or m— 0*c_y. Their behavior
also can be related to Fj; term, therefore we can explain
better delocalizations through structural factors of molecu-
lar geometry. In fact, these delocalizations are related to
dub_cs_co_o010=124.6°, 142.4°, 27.8°, 141.5°, 126.8°,
OHa 8 co_o10=124.7°, 25.4°, 144.8°, 106.2°, 11.2°,
dco 3 cs ma=122.4°, 125.4°, 136.1°, 123.2°, 165.6°,
6C2—C3—C8—Hb:122o309 5.40, 16.20, 6.40, 75.2° for CCT,
A"A'T, A'AT, A'CT and G'A'T, respectively. We found
that dihedral angles larger than 160.0° and less than 28.0°
prevent the overlaping between orbitals of o and w
symmetry, and the optimum overlapping occurs at =120°.

The 0c3ac3— 0%cs__co delocalization also is explained
by augmented F; and the dc3a 3 cs—co dihedral angle
(180.0°, 65.1°, 77.4°, 66.7° and 134.8° for CCT, A"A'T,
A"AT, A"CT and G"A"T, respectively) explain the higher
value of E® in CTT (better overlap: the bonds are
antiperiplanar to each other) and also explain why this
transference is not found in A"A™T, A'AT and A"CT.

The higher stability (0.19 kcalmol™) of A*A™T with
respect to A'A'T, cannot be explained through the
intermolecular H-Bonds found in both structures, because
both of them are similar in strength (Table 4). However,
hyperconjugative delocalizations f, g, i, j, k, [, n, 0, q, s, t, u,
and w are stronger in A"A'T than in A"A"T. Moreover,
Oca_n— 0*c4 s delocalization only appears in A"A'T.

To explain the higher stability of A"AT with respect to
A'CT (0.26 kcalmol') the stabilizing effect of the
hydrogen bonding interaction characterized in the first one
has to be taken into account.

At this point it is also interesting to deepen the analysis
of the hydrogen bonding interactions characterized by AIM.
The electronic basis for hydrogen bonding interactions has
been analyzed by Alabugin et al. [22], showing that the
D—H bond length (“D” is the donor atom) in D—H:-A
hydrogen bonded complexes is controlled by a balance of
two main factors acting in opposite directions: “D—H bond
lengthening” due to n(A)— o*(H—D) hyperconjugative
interaction balanced by “D—H bond shortening” due to
increase in the s-character and polarization of the D—H
bond. When hyperconjugation dominates, D—H bond

@ Springer

elongation is reflected in a concomitant red shift of the
corresponding infrared stretching frequency. When the
hyperconjugative interaction is weak and the D-hybrid
orbital in the D—H bond is able to undergo a sufficient
change in hybridization and polarization, rehybridization
dominates giving rise to a shortening of the D—H bond and
a blue shift in the D—H stretching frequency. Our results
showed this behavior in all intramolecular H-bonds. In fact,
for the characterized intramolecular H-bonds direct trans-
ferences like n(A)— o*(H—D) were not found. Therefore,
in all of the conformers rehybridization dominates giving
rise to a shortening of the C—H bond. Besides, we found
an increase of the s-character in carbon-centered hybrid
atomic orbital of the C—H bond (Table 6). The increase in
s-character is a direct consequence of Bent’s rules, one of
the most general rules governing structure of organic
molecules. According to Bent’s rule, atomic s character
tends to concentrate in orbitals that are directed toward
electropositive groups and atomic p character tends to
concentrate in orbitals that are directed toward electroneg-
ative groups. The decrease in effective electronegativity of
hydrogen in a X—H bond giving rise to an increase in the
s-character of the carbon hybrid orbitals of this bond. Such
a decrease in effective electronegativity leads to increased
bond polarization (Table 6). This behavior is typical to
improper or blue-shifted hydrogen bonding interactions.
Finally, the increased ¢ values found in the ring A of
IAA with respect to Indole can be explained through
hyperconjugative charge transferences. In fact in IAA, the
second order energy of Ocy _c3.— 0%*co_c3 transference
ranges from 0.87 to 0.91 kcalmol™ (Table S2b), (0.66 kcal
mol™! in Indole, Table S2a). Besides, the second order
energy of Ocza _c7a— 0%c3__cg transference ranges from
5.38—5.54 kcalmol (3.69 kcalmol™ in Indole). These
charge delocalizations explain the reported increase of ¢

Table 6 NBO analysis of improper intramolecular H-bonding inter-
actions for JAA monomers at B3LYP/6-31G** level of calculation®

Parameters CTT A'A'T AAT ACT GAT
qH, 0.232 0.206 0.208 0.203 0.217
qH4 0.204 0.223 0.216 0.209 0.205
" (CoH) ' % X o2 50
% s-char 33.79 32.87 32.92 32.77 33.22
sp" (Co-H) 2 s o2t 24 8
% s-char 28.69 29.25 29.08 28.85 28.75
Pol (oco.y ) C%  61.79 60.46 60.57 60.34 61.05
H% 38.21 39.54 39.43 39.66 38.95
Pol (0cqp ) C%  60.25 61.27 60.87 60.57 60.34
H% 39.75 38.73 39.13 3943 39.66

# Natural charges (q) are expressed in a.u.
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values in C3,—C5 bond in IAA and the consequent increase
in their m-character. The increased ellipticity of C,—C;
bond is explained by ocy__y— 0%c3,_c3 charge transfer-
ence (second order energy ranges from 2.36 to 2.43 kcal
mol™ in TAA and is of 2.11 kcalmol™ in Indole, Table S2a)
and by 0cs_pap—7*c2c3 charge transferences (second
order energy of 3.25 kcalmol™ on average and only exist in
IAA). Therefore, our results show that electron charge
delocalization on C;,—C; and C,—C; bonds described
through those hyperconjugative interactions give rise to the
mentioned slight increase of 7-character in ring A of [AA
with respect to Indole, feature which could be relevant to
the radical scavenging activity.

AIM/NBO study of molecular electrostatic potential

Molecular electrostatic potential (MEP) can be useful in
understanding sites for electrophilic attack. MEPs are well
suited for analyzing processes based on the “recognition” of
one molecule by another, as in drug-receptor, and enzyme-
substrate interaction, because it is through their potentials
that the two species first “see” each other. It is through this
potential that a molecule is first “seen” or “felt” by another
approaching chemical species, V(r) have been used exten-
sively for interpreting and predicting the reactive behavior
of a wide variety of chemical systems in both electrophilic
and nucleophilic reactions, the study of hydrogen bonding
interactions and biological recognition processes [23-32].
The W(r), created in the space around a molecule by its
nuclei and electrons, have emerged as a useful analytical
tool in the study of molecular reactivity. Unlike many of the
other quantities used at present and earlier as indices of
reactivity, V(r), is a real physical property that can be
determined experimentally or by computational methods.
However, identification of reactivity patterns based on
the MEP exhibits intrinsic drawbacks, since the MEP is

~

obtained through the classical electrostatic potential. Then,
it is not possible to determine sites for nucleophilic attack
because the zones of positive potential are not necessarily
expressing affinity for nucleophiles but the concentrated
nature of the nuclear charges. This paper uses the procedure
proposed by Politzer et al. [24] for predicting sites targeted
for electrophilic attack in the regions of negative V(1)
values, and NBO and AIM results are reviewed in the light
of the complementarities of the different theoretical tools
used.

The oxygen atoms of the carboxylic groups are sites that
exhibit the highest concentration of charge (Fig. 4). The
010 has a lower negative V(r) (-60.70 kcalmol™),
meanwhile the Ol1 has a V(r) of -37.68 kcalmol™.
Therefore, it is assumed that from all the possible sites,
the oxygen atoms will be the preferred ones for an
electrophilic attack. The other negative region is associated
with N1 (-37.68 kcalmol™). Thus, our results show that the
electron-rich Indole heterocycle and the additional side
chain seem to be essential for the radical scavenging. At C5
we also found negative electrostatic potentials (-22.34 kcal
mol™). The latter, indicates activation to electrophilic attack
at position 5 in benzenic ring B of IAA; this finding could
also be related to their antioxidant properties. Through the
analysis of electrostatic potential for Indole at the same
level of calculation (Fig. 4) we can conclude that the acetyl
moiety have a slight effect on the reactivity toward
electrophilic attack of that heterocycle.

In previous works [33, 34] we showed that coordinated
analysis of NBO and AIM results allow to rationalize new
aspect of the potential created in the space around a
molecule. Following the same line of reasoning we found
in TAA that the positive V(r) values on oxygen atoms that
comprise a hydrogen bond (atom of the acceptor moiety)
become less negative (higher) than F(r) of those that do not
comprise it. The positive V(r) values on hydrogens atoms of

0.14783

0.13560
012337
011114
009692

0.08669
007446
006223
—_ 005000
003777
L 002555
001332
— D.OD109
-0.01114
— -0.02337
-0.03560

-0.04763
-0.06005
-007228
-008451
-0.09674

Indole

Fig. 4 Maps of molecular electrostatic (MEP) for CCT conformer of IAA and Indole. Values in a.u
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the O--H hydrogen bridge (belonging to the donor C—H
moiety) become more negative (lower) than the other H of
the benzene ring (Fig. 5). Through a AIM/NBO analysis of
the MEPs another topic to highlighted is the possibility
of characterizing the electrostatic nature of O--H intramo-
lecular weak interactions, and their marked directionality
when realizing the asymmetrization of the F{(r) distribution
on hydrogen and oxygen atoms of the bridge, which is
clearly defined by the neighbor oxygen (Fig. 5). Thus,
through an AIM/NBO point of view of the MEPs, the
analysis of intramolecular O-*H hydrogen bonds can be
enriched, showing a V(r) value increase on the atom that
belongs to the acceptor moiety, while a V(r) value decrease
on that of the donor moiety, in agreement with the
electrostatic potential complementarity between positive
regions of H-donor groups and negative regions of the H-
acceptor atom found in intermolecular H-bonds. [35]
Another remarkable aspect is the difference in electro-
static potential values on different hydrogen atoms linked to
carbon atoms. As we showed in other compounds in a
recent work [33] through the analysis of electrostatic
potential on hydrogen atoms of C—H bonds we can
anticipate larger donor ability in hyperconjugative trans-
ferences associated to those C—H bonds. In [AA the
hydrogen attached to Cg has a higher positive V(r)
(23.70 kcalmol™) than those attached to benzenic ring
(8.36 kcalmol™) (Fig. 6). Correspondingly large hyper-
conjugative transferences for C—H bond were found (i.e.,

Fig. 5 Maps of molecular electrostatic (MEP) for CCT (a), G'A™T
(b), ATA™T (¢, d) and ATA'T (e) conformers of IAA, and Indole (f).
Vertical lines indicate hydrogen atoms not involved in any intramo-
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the second-order stabilization energy of charge transfer-
ences from of Cg—H, bond in CCT is 14.38 kcalmol! and
in A"A"T is 10.71 kcalmol™, see Table S2a). Remarkably,
a higher loss of electron charge density on hydrogen atoms
in its NCP was found (0.434 a.u. at NCP of H,; and
0.443 a.u. at NCP of hydrogen Hs or Hg in CCT conformer,
see Table 7), thus showing the descriptive quality of the
electron charge density at nuclear CP and their relationship
with MEPs at hydrogen atoms. The donor role of these
C—H bonds in hyperconjugative interactions can be related
also to their weakening and elongation discussed above.
The higher weakening and elongation occurs at Cg—H, and
Cg—H,, of CCT, where the MEP on H is more positive,
according to higher charge delocalization (see Table S2a)
and consequent higher structural stabilization. In other
words, a slight change in MEP can be related to subtle but
essential features related to structure stabilization.

With similar arguments we can analyze the behavior of
(r) on Hy and H; (see Fig. 6, Tables S2a and S3)

Conclusions

The conformational space of /H-Indole-3-Acetic Acid
(IAA) was scanned using molecular dynamics at semiem-
pirical level, and complemented with functional density
calculations. We found 14 lowest energy conformers with
symmetry C,, which in stability order are: CCT, A"A"T/

014783

0.13560
012337
011114
0.09892

0.08669
0.07446
0.06223
0.05000
0.03777
=1 002535
0.01332
— 000109
-0.01114
— =-0.02337
-0.03560
-0.04752

-0.0600%
-0.0722¢
-0.08451
-0.09674

lecular H-bond.Oblique lines point out different behavior of ¥(r) at
hydrogen atoms involved in intramolecular H-bond
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e

Fig. 6 Maps of molecular elestrostatic potential for CCT (a), A*A™T
(b), A'AT (¢), A'CT (d) and G'A'T (e, f) conformers of IAA.
Obliques lines indicate the increase of V(r) at hydrogen atoms of

AAT, A'AT/AA'T, A'CT/ACT, G'A"T/G AT, A'TC/
ATC, CCC, and A"CC/A'CC. Six pairs of them account
for structures of the same energy, but differing in the
orientation of the acetyl group with respect to the plane of
the Indole ring: one of them with the acetyl moiety upward
oriented, Re-face, and the other isomer having the acetyl
moiety downward oriented, Si-face.

Through atoms in molecules theory carefull charac-
terization of all intramolecular interactions was done,
thus analyzing the effect of the acetyl side chain on the
heterocycle proper of Indole thus understanding elec-
tronic aspects that could be of fundamental importance
in the antioxidant properties of these structures. We

0.14783
0.13560
0.12337
011114
0.09832
0.0BEE3
0.07446
0.06223
__ 005000
D 0.03777
0.02555
0.01332
— D.0D703
-001114
— -002337
-0,0356¢

-0.04783
-0.06008
-0.0722¢
-0.08451
~-0.09674

CgH(;) moiety. Vertical lines indicate different behavior of ¥(r) at
hydrogen atoms of benzenic ring

conclude that the remarkably effects of the acetyl
moiety is the constitution of intramolecular O---H
hydrogen bonding interactions. We found two of them
related to carbonyl oxygen and another two related to
oxygen of OH moiety. Vibrational results and NBO
analysis allowed us to draw the conclusion that all of
the intramolecular hydrogen bonds found can be
classified as improper or blue shifted. The electronic
basis for that kind of hydrogen bonding interactions has
been profoundly analyzed.

A deep NBO analysis allowed us to explain the stability
order of the IAA conformers and the main geometrical and
the structural factors that determine better charge delocal-

Table 7 Electron density at

nuclear critical points. Values Atom Indole CCT A'A'T ATAT A'CT G'A'T
are expressed in a.u
Ring A H, 0.433 0.433 0.433 0.433 0.433 0.433
H, 0.439 0.436 0.439 0.439 0.439 0.438
Ring B Hy 0.441 0.442 0.439 0.441 0.442 0.442
Hs 0.443 0.443 0.443 0.443 0.443 0.443
Hg 0.443 0.443 0.443 0.443 0.443 0.443
H, 0.440 0.440 0.440 0.440 0.440 0.440
Acetyl moiety H, - 0.434 0.440 0.439 0.433 0.442
Hy - 0.434 0.440 0.441 0.438 0.436
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ization were discussed. Trough coordinated NBO/AIM
analysis subtle effects of acetyl side chain on the reactivity
of ring A were shown and the mechanisms underlying the
increased 7t-character of C,—C5 and C;,—C5 bonds were
described.

It is additionally noteworthy that the detailed knowledge
of the conformational space of the IAA monomer in
vacuum, presented herein, was of paramount importance
in the study of conformational space of their dimeric forms
needed to study IR and Raman spectrum which was done
by us in other work [36].

Finally the analysis of MEPs allowed us to describe the
reactive sites of the electron-rich Indole heterocycle and the
additional acetyl side chain. Moreover through NBO and
AIM results we show that MEPs are not only useful for
predicting sites targeted for electrophilic attack in TAA but
also could show subtle but essential features related also
with intramolecular weak interactions, charge delocaliza-
tion and structure stabilization.
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