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Abstract The TRA (3-[2-aminoethyl]indole) is an important
neurotransmitter with a close structural and chemical similarity
to the neurotransmitter serotonin (5-hydroxytryptamine), and to
melatonin (5-methoxy-N-acetyltryptamine), which plays a key
role in daily human behavior. Moreover, TRA, and other indolic
compounds are very efficient antioxidants. In this work the
conformational space of TRA was scanned in aqueous solution,
simulating the solvent by the polarizable continuum model.
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Geometry optimizations were performed at B3LYP/6-31+G**
level. Electronic distributions were analyzed at a better calcula-
tion level, thus improving the basis set (6-311++G**). A topo-
logical study based on Bader’s theory (atoms in molecules) and
natural bond orbital (NBO) framework was performed.
Structural changes found in solution were related with charge
delocalization mechanisms, which explained the changes in the
conformational relative population in aqueous phase. Solvent
effects on molecular electrostatic potential (MEPs) were also
quantified and rationalized through charge delocalization mech-
anisms, thus connecting changes in MEPs with changes in
structure, bond polarization, orbital bonding populations, natu-
ral charges, and bond topological properties. Moreover, polar-
izabilities and dipolar moments were calculated. All conformers
were taken into account. Our results are the first prediction of
TRA polarizabilities. The results reported contribute to the
understanding of the structure, stability and reactivity of TRA
and other indole derivatives.

Keywords (3-[2-aminoethyl]indole) - Antioxidants -
Aqueous solvent effect - Atoms in Molecules - Density
functional theory - Molecular dipole moment - Molecular
polarizability - Natural bond prbital analysis - PCM model -
TRA - Tryptamine

Introduction

In TRA, serotonin and melatonin the conformational flexi-
bility of the ethylamine or N-acetylethylamine side chain
plays an important role in its binding to receptor sites as well
as its ability as radical scavenger. TRA and other indolic
compounds are very efficient antioxidants, protecting both
lipids and proteins from peroxidation, and it is known that
the indole structure influences the antioxidant efficiency in
biological systems [1-5].
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In the last decades the conformational space of TRA has
been studied, and experimental data on the conformers of
TRA in the gas phase are widely available [6, and references
cited therein]. In a previous work [7] we studied the confor-
mational space of TRA in gas phase using molecular dy-
namics complemented with functional density calculations
at B3LYP/6-31+G** level. The conformational preferences
were explained by hyperconjugative interactions, which
were revealed by NBO data. The changes of the electronic
distribution introduced by the substituent and the conforma-
tional flexibility of the side chain were addressed.

Experimental complexation of tryptamine with solvent
molecules such as water, methanol or ethanol were also stud-
ied [8-10]. A few theoretical studies of microhydrated com-
plexes have been performed [6]. To our knowledge studies of
solvent effects on TRA, simulating the solvent by a polariz-
able continuum model, have not yet been reported.

Recently, the permanent electric dipole moments of four
conformers of TRA in their ground and electronically excit-
ed states using the Stark effect on their fully resolved spectra
were also measured [11].

Previous theoretical results [7] on isolated molecules are
very useful for determining the intrinsic properties of the
system; free of any interactions, but the analysis of the mo-
lecular behavior in the presence of water is of great interest for
modeling TRA in solution, and for the interaction with bio-
logical systems. With this aim, our previous results were used
to evaluate the changes produced in the electronic distribution
of TRA upon simulation of aqueous solvent. Therefore, this
paper focuses on the analysis of aqueous solvent effects on the
intrinsic electronic properties and molecular geometry.
Furthermore, molecular electrostatic potential (MEPs) were
obtained and thoroughly analyzed, and solvent effects on
them were also quantified, and rationalized through charge
delocalization mechanisms, thus connecting changes in MEPs
with changes in structure, bond polarization, orbital bonding
populations, natural charges, and bond topological properties.

For a deep insight on the molecular and structural prop-
erties of these compounds in biological media, the polar-
izabilities were also predicted, and dipolar moments were
calculated. All conformers were taken into account. This
knowledge will be relevant for studying in another step,
other solvents, other substitution patterns, and the ability
to scavenge free radicals.

Methods

The lowest-energy conformers obtained through gas phase
calculations [7] were re-optimized taking into account the
solvent effect by the conductor polarizable continuum model
(CPCM) [12, 13] using the density functional theory (DFT),
as implemented by the Gaussian 03 package [12, 14].

@ Springer

Geometry optimizations were performed using the Becke
three-parameter hybrid functional [14, 15] combined with
the Lee-Yang-Parr correlation functional [13, 15], giving rise
to the well-known B3LYP method. The 6-31+G** basis set
was used for all atoms. The optimized geometric structures
were confirmed as minimum on the potential energy surface
through an analysis of harmonic vibrational frequencies. At
the same level of calculation the zero-point energy (ZPE) was
obtained, which was used to correct all energy terms.

Molecular electrostatic potentials (MEP) were obtained
in the van der Waals molecule surfaces using the Gaussian
03 software, and further visualized by MOLEKEL 4.0 [16].

Topological analysis and evaluation of local properties
were performed by the PROAIM software [17], using wave
functions calculated at the B3LYP level and the improved 6-
311++G** basis set implemented in the GO3 program. NBO
analysis was carried out at the same level [18].

Theoretical background

In the NBO analysis, the electronic wave functions are
interpreted in terms of occupied Lewis-type and unoccupied
non-Lewis localized orbitals. Delocalizations of electron
density between occupied Lewis-type (bond or lone pairs)
NBO orbitals and formally unoccupied non-Lewis (anti-
bonds or Rydberg) NBO orbitals account for stabilizing
donor-acceptor interactions.

For each donor NBO (i) and acceptor NBO (j), the second
order stabilization energy (E‘?) associated with i/j delocaliza-
tion is explicitly estimated by the following equation:

O = g TV (1)

where #; is the ith donor orbital occupancy; ¢;, €, are diagonal
elements (orbital energies); and F;;, off-diagonal elements,
respectively, associated with the Fock matrix in NBO [19].

An NBO analysis allows us also the quantification of bond
polarization, donor ability and acceptor ability, and allows us
to investigate which orbital interactions are mainly involved in
the stability order of the observed conformers in solution.

To take into account changes on bond lengths, their topo-
logical properties, bond polarization, donor ability, acceptor
ability and population of bonding orbitals, when solvent effect
is considered percent values (%A) are obtained. The percent
values take into account differences of the corresponding
mean values from 12 conformers (nine of them Si-face) of
TRA in solution with respect to gas phase:

x(solution) — x(vacuum)

%Ax =

1 2
x(vacuum) x 100 @)
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A Maxwell-Boltzmann statistical average was obtained at
298.15 K of each p cartesian component according to:

)= Sn(-) ool -E) o

with j = x, y, z, where E; is the relative energy of the ith
conformer, and p;; is the component jth conformer. Then,
obtaining the Maxwell-Boltzmann statistical average of the
magnitude of the total dipole moment:

) =+ () + ) @)

The calculation of the polarizability (o) was performed
from:

1
(o) = 3 (o + ayy + 0zz) ()
where the tensor components were obtained from the second
derivatives of the energy with respect to the Cartesian com-
ponents of the applied electric field ¢:

a = [0’E/0e?] (6)

Results and discussion

The backbone of TRA consists of a heteroaromatic planar
indole ring and an aminoethyl side chain (at position 3), which
can adopt several distinct orientations with respect to the ring
defined by three dihedral angles (8;: C,—C5;—Cg—Co, d,:
C3—Cg—Coy—Nyy, 03: Cg—Co—N;9—H,) (Fig. 1).
Variations can give rise to several different conformers.
Through the study of the conformational space in solution
we found 21 lowest energy conformers with C; symmetry,

Fig. 1 Heteroaromatic planar indole ring and an aminoethyl sidechain
of TRA backbone. Dihedral angles (8;: C,—C3—Cg—Cy, d5:
C3—Cg—Co—Njy, 83: Cg—Cy—N;o—H,) define distinct orientations
of aminoethyl sidechain with respect to the ring

which in order of stability were: a) A"TG /A"TG", b) A'TG"/
ATG, ¢) A'TT/A'TT, d) A'G G /A G'G", e) CTG, f)
A'G G'/AG'G, g)CTG", h) CTT, i) A'G'G /A G G, )
A'G'T/AGT, k) AAG'G/A G Gand 1) CG T/CG'T,
(Fig. S1). They were named according to [UPAC recommen-
dations, T, C, G+, G—, A+y A— (antiperiplanar ap: torsional
angles from £150° to 180°, synperiplanar sp: torsional angles
from 0° to £30°, synclinal+sc: torsional angles from 30° to
90°, synclinal —sc : torsional angles from —30° to —90°,
anticlinal+ac: torsional angles from 90° to 150° and anticlinal
—ac: torsional angles from —90° to —150°, respectively). The
conformers were confirmed by the absence of imaginary
frequencies in the vibrational analysis. Nine pairs of them
account for structures of the same energy, but differing in
the orientation of the aminoethyl group with respect to the
plane of the indole ring: one of them with the aminoethyl
moiety upward oriented, Re-face, and the other isomer having
the aminoethyl moiety downward oriented, Si-face. Each pair
shows torsion angles of opposite sign. Relevant internal coor-
dinates of lowest energy conformers of Re isomers of TRA are
shown in Table 1. Due to the similarity of the corresponding
electronic distribution we will study only one conformer of
each pair, selecting those with the aminoethyl moiety upward
oriented (Re isomers).

The characteristics of the conformers in solution were sim-
ilar to those obtained in gas phase [7] and were classified into
four groups according to the position of the amino group
relative to the indole ring: gauche on the pyrrole (group G),
gauche on the phenyl (group G") or anti related to the indole
ring (groups T (with the indole ring at right angles to the
Cs—Cy bond) and T’(with the indole ring parallel to the
Cg—Cy bond)) [7]. Conformers belonging to the same group
share a common configuration relative to the Cs—Cog bond. For
example the A"TG™, A'TG" and A"TT conformers (group T)
have in common the dihedral angle &, (clinal array), with the
aminoethyl group anti related to the indole ring (Table 1).

The difference of energy values between the struc-
tures in aqueous solvent and gas phase [7] are shown in
Table 1. As expected, all structures were stabilized in solution
(—13.43 kcalmol™ on average). The stabilization was higher
for the group T (—15.07 kcalmol ' on average).

Relative conformational population at 298.15 K calculat-
ed with the Boltzmann distribution showed considerable
variation in solution (Table 1). In vacuum A"G G* was
the most stable conformer, but in solution A"TG™ was the
most stable one. Major changes of &, and &, in A'G G" and
A"G G will be related below with charge delocalization
mechanisms, thus explaining the highest stabilization of
A'TG™, A'TG" and A™TT in solution. Moreover, within
each group the up-conformers were the most stabilized
(A"TG™ conformer in group T, A'G" G~ conformer in group
G and A'G'G in group G"), which will be related with
changes in 93 in solution.

@ Springer
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Topology of the electronic charge density function and NBO
analysis

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 eingenvalues, A; (i=1,2,3), of the Vzp Hessian ma-
trix. The CPs are named and classified as (1,s) according to
their rank, r (number of non-zero eingenvalues), and signa-
ture, s (the three eingenvalues algebraic sum). Several prop-
erties evaluated at the bond CP (BCP) (a (3,-1) CP) constitute
powerful tools to classify a given chemical structure: the
values of electron charge density (py), Laplacian of charge
density (V* py), Hessian matrix eigenvalues (A;, A> and A3),
ellipticity (¢), kinetic energy density (Gy), and the |A|/A; and
Gy/py, relationships [20].

All the BCPs of TRA were characterized by large py, values,
significant and less than zero V2py, values, (|A[/A3)>1 and G/
pp<1 (Table S1), which means that negative curvatures pre-
dominate, and electron charge is locally concentrated within
the interatomic region, thus leading to interactions typical
for covalent bonds. In vacuum similar findings were found
[7].

The AIM analysis allowed us to identify and characterize
intramolecular hydrogen bonding (HB) interaction
Nig"H—C, in CG T conformer as was found in vacuum
[7]. This H-bond closes a six-membered ring, accompanied
by the appearance of ring critical points (RCPs), as required to
fulfill the Poincaré-Hopf relationship [20]. This HB was de-
scribed by relatively low py, values (0.007 a.u.), V’p,>0
(0.025 a.u.), |A{[/A3<1 (0.111) and Gy,/pp<1 (0.773) and was
classified as closed shell interaction. A decrease in 38.8 % of
pp value was found in solution, thus showing an HB interac-
tion of lower strength in aqueous phase [7]. Moreover, a high
value of ¢ (3.689 in solution, and 0.199 in vaccum) indicates a
BCP near to coalesce with the corresponding RCP, which
means bond breakdown [20], thus indicating a lower stability
for this interaction in solution.

It is worth mentioning that the HB interaction Ny *H—C,
found in vacuum for A‘G'G" [7] was not found in solution.
Higher variation in §,, 8, and &5 found for A"G"G" in solution
explained this result.

The sums of second order stabilization energies (E®,
Eq. 1) related to bonds of the side chain: C3—Cg, Cg—C,
Co—Nj9, Co—Hy, and the lone pair of Ny (LPyo) are
shown in Table 2. Charge delocalization effects are therefore
described, thus explaining the stability order of the men-
tioned conformers. Orbital interactions involving LPyig
were relevant (LPyjo—0%); in fact, in A'G'G™, A'G'T,
A'G'G" and CG T conformers those were enough to ex-
plain the stability order. The charge transfer in which the
lone pair delocalizes toward a frans bonding orbital was
always the relevant one. The higher values were found in

Table 2 Summation of second-order stabilization energies, E®, of relevant donors for TRA conformers calculated at the B3LYP/6-311++G** level of theory™®

> E(2)

Donor

A'TG" A'TT A'G G CTG A'G'T CTG" CTT A'G'G” A'G'T A'G'G* CGT

A'TG™

11.71 (-8.08)  9.30 (-8.46) 9.06 (-5.23) 8.59 (~13.76)

11.06 (<7.91) 9.21 (-7.99) 8.98 (-8.74) 8.97 (~8.84)

9.84 (-0.81)

11.57 (-8.17)

1122 (-8.41) 9.12 (<7.79) 9.08 (~7.44)
10.29 (9.35)

LP N10

9.08 (-1.41) 9.51 (-0.84) 9.50 (=0.73)

8.98 (<0.77) 8.64 (-0.58) 9.08 (9.27)

Gc3—cs

18.47

18.49

6.33 (~5.10)

24.62

4.57 (1.11)
25.47

6.24 (-4.73) 6.13 (-4.37) 4.81 (-3.41)

4.78 (~1.65)

Gc8—C9

1.08 (1.17)  1.43(0.00) 1.13 (0.00)
26.59

0.88 (3.62)

GC9—N10

6.50 (~6.56) 3.51 (2.65)

31.92

6.53 (—6.69)

33.7

OC9—Hb

28.79

2 All values are expressed in kcal mol !

® Values within parenthesis are the percentage values of changes for summation of E® in solution with respect to the summation of E? in vacuum (%A)
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up conformers A'G'G", A'G G and A'TG™, and were
related to charge transfers where the trans bonding orbital
(acceptor orbital) accounts for a C—C bond (0*c_¢). The
remaining conformers showed lower values because the
trans bonding orbital corresponds to a C—H bond (o*¢
1), thus showing C—C antibonding orbitals as better accept-
ors than C—H antibonding orbitals according to previous
reports [19]. The same trend was found in vacuum [7]. In
the following five conformers the consideration of charge
transfers from C3;—Cg (CTG" and CTT conformers), Cg—
Cy (A'G'T and CTG™ conformers) and Co—N;o (A'G G~
conformer) bonding orbitals was also needed to explain
their stability. Finally, in A'TG, A'TG" and A'TT con-
formers the transfers from Co—Hj, bonding orbital were also
required.

NBO analysis of solvent effects on the conformer stability
order

As shown above, the stability order found in vacuum was
modified in solution. In the following paragraphs we will
analyze charge delocalization mechanisms that explain the

changes defining the relative population of conformers in
solution.

Relevant NBO second-order stabilization energies for the
group T (A"TG", A'TG" and A"TT conformers) are shown in
Table 3. Charge transfers related to electronic delocalization
between indole backbone and aminoethyl moiety are reported.
The strongest charge delocalization in A'TG~ was found,
which explained their higher stability in solution. Charge
transfers related to LPy;o followed the stability order within
a group (Tables 2 and 3), which was not found in vacuum [7].
This finding was also observed for the other groups (Tables
S2a, S2b and S2c¢) and was associated with larger changes
measured in 85 in solution for up-conformers. These results
showed the relevance of LPy;( for the description of the
structure stabilization in solution.

Although in both group Tand A'G G and A'G G con-
formers a decrease in charge transfer ocg_co—7*co__c3 Was
found in solution, the decrease was lower in group T (—3.35 %,
—4.17,-1.97 for A'TG, A'TG" and A"TT, respectively, and
~7.69 % and —6.57 % for A'"G G and A'G G, respectively;
Table S2b). We relate these results with the changes in 0,
which were minor in group T (Table 1). Moreover, for

Table 3 Second-order stabiliza-

tion energies, E®, calculated Donor Acceptor Group T
at the B3LYP/6-311++G** level
of theory for donation transfer- A'TG %A A'TG" %A A'TT %A
ences in solution related to
the group TP LPxio o*c3—_cs 0.75 -3.85 - - - -
6*cs—co 7.95 —6.58 0.96 -16.52 0.94 —-16.81
6*C9—Ha 1.29 -16.20 7.19 —6.26 1.00 —8.26
6*Co—tb 1.23 —13.40 0.97 -9.35 7.14 -5.93
0C3a—C3 6*c3_cg 1.76 27.54 1.39 221 1.35 2.27
OC2—C3 0*c3_cg 2.16 16.76 1.82 -1.09 1.82 -1.62
Tea—C3 6*cs—co 3.82 2.41 3.72 2.48 3.73 2.47
0C3a—CTa 0*C3a—C3 1.57 9.03 1.46 1.39 1.05 0.96
Oc3—c8 0*C3aC7a 1.62 3.85 1.57 0.00 1.16 0.87
6*Co—N10 2.40 4.80 1.97 1.55 1.95 2.09
Oc8—Co *coc3 2.60 -3.35 2.53 —4.17 2.49 -1.97
0*c3—cs 0.90 0.00 0.82 3.80 0.82 5.13
0C8—Ha 0*co—c3 3.61 1.40 3.51 -0.57 3.54 2.61
GCc9—Ha G*N10—Ha 3.05 -9.76 - - - -
6™ N10—Hb - - - - 2.96 -10.03
Gc9—Hb O*N10—Ha - - 2.95 -10.33 - -
6 N10—Hb 3.05 -9.76 - - - -
GC9—N10 6*c3_cg 1.38 3.62 1.71 1.17 1.75 0.00
ON10—Ha 6*cg—co - - - - 2.77 6.54
6*Co—Ha 2.46 5.58 - - - -
6*co—mp - - 2.32 - -
*All values are expressed ON10—Hb 0*cg—co - - 2.78 6.51 - -
in kecal mol™ 6*Co—t1a - - - - 2.35 5.38
b %A represents the percentage 6*co—mb 2.42 5.22 - - - -
values of changes for E® in so- s 44.02 37.67 36.82

lution with respect to vacuum
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A"TG  increased transfers from the bonding orbital oo to
the antiperiplanar antibonding orbital (0co_n10—0%c3—cs:
3.62 %) was found (Table 3). Instead, the equivalent charge
transfer in A"G G (0co_n10—0%cs—na) decreased in solu-
tion (=5.04 %; Table S2b). For A'G G~ a decrease of
0co—Ha—0*c8—Hb, —0*N10—Ha aNd Oco_pp—0*N10—Hb
was found (—3.20 %, —8.36 %, —6.01 %, respectively; Table
S2b). These results may be related to major changes in 0,
experienced by A'G G" and A'G G~ in solution (Table 1,
Fig. 1). Therefore, our results showed that the lower decrease
in solution of Gcg_cg—>7'(*c2_c3 and O_C‘)—NIO_)O_*C3—C8
charge delocalizations for group T with respect to the values
for A'‘G'G" and A'G G~ conformers explained the major
stabilization of group T in solution.

AIM/NBO analysis of solvent effects on chemical bonds

Table 4 shows values in vacuum for bond lengths, electron
density at NCP of hydrogen atom (py—ncp), electron density
at BCPs (py,), ellipticity (¢), bond polarization, donor ability,
acceptor ability and population of C—H and N—H bonding
orbitals belonging to indole ring, and percent values (%A)
of the changes when solvent effect is considered (Eq. 2).
The percent values take into account differences of the mean
values from 12 conformers (nine of them Si-face) of TRA in
solution with respect to gas phase.
For indole ring we found:

i)  For N;—H bond: Increase in bond length (1.56 %),
bond polarization (3.39 %) and increase in the sum of
E?® for charge transfers from oy;_p bonding orbital
(10.36 %), which is a measure of their increased donor
ability. Decrease in p at BCP (—4.29 %) and at NCP of
H, (—5.60 %) and decrease in the sum of E® for charge
transfers to o*y;_y antibonding orbital (—11.87 %),
which is a measure of their decreased acceptor ability.

ii) For C—H bond: Increase in bond length (0.28 %),
bond polarization (1.35 %) and donor ability
(2.47 %). Decrease in the acceptor ability (—2.41 %)
and decrease in p at BCP (from —0.03 % to —0.48 %)
and at NCP of H (from —0.92 % to —1.30 %). For
C4—H bond a decrease in donor ability was found
(—2.10 %).

iii) For LPy;: Increase in donor ability (7.86 %).

For side chain we found (Table S3):

iv) For Njp—H, bond: Increase in bond length (0.57 %),
bond polarization (1.37 %) and donor ability (3.74 %).
Decrease in acceptor ability (—6.99 %) of p at BCP
(—=1.25 %) and at NCP of Hu (—1.71 %).

v) For C—H bond: Slight changes depending on the
studied conformer.

vi) For LPyj¢: Decrease in donor ability (—8.38 %).

X—H bonds belonging to indole ring were greatly af-
fected in solution.
Moreover, we found:

vii) Increase in € for N;—C-, (6.82 %) and C3—C3, (3.33 %)
bonds with increases for on;—c2—0*c7a—cC7,
Oc2—c3—0%c3a—cs4 and Oc3—cs— 0% c3a—c7a charge
transfers (values for group T are shown in Tables 3 and 5).

Molecular electrostatic potential

The molecular electrostatic potential (MEP) has been used
extensively to predict the behavior and reactivity of a wide
variety of chemical systems [21-23]. The potentials, created
in the space around a molecule by its nuclei and electrons, are
a useful tool for the study of molecular reactivity. Unlike other
current parameters used as reactivity indices, V(1) is an actual
physical property that can be determined experimentally and
by computational methods. The calculation of physicochem-
ical properties on the molecular surface, and its visualization
by a color code allows a different view of molecular behavior.

We used herein the procedure proposed by Politzer et al.
[21] to predict targeted sites for electrophilic attack in the
regions of negative V(r) values. Moreover, the study was
enriched by a thorough analysis of molecular electrostatic
potential, in light of the complementarity of the different
theoretical tools used to rationalize other aspects of their
distribution [7, 24-27].

MEPs for A'TG™ conformer in gas phase and in aqueous
phase are shown in Fig. 2. In all conformers in both gas phase
[7] and aqueous phase there were three main sites of electro-
philic attack associated with Cs, N and N, atoms. MEPs for
A'G'G,A'G'Tand A'G'G" are also shown in Fig. 3.

In order to explain the reactivity at Cs, the population of
bonding orbitals was studied. Changes in bonding orbital pop-
ulations in a.u. are shown in Fig. 4. Our results showed higher
population for ocy_cs5 and ocs_cg bonding orbitals (1.9806
and 1.9811, respectively for A'TG") than for 03,4, Oco—c7
and oc7_c7a. (1.9771, 1.9782 and 1.9784, respectively for
A'TG") in solution. The populations of oc4_cs and ocs—ce
bonding orbitals (1.9787 and 1.9805, respectively for A'TG")
were also higher than those of 0c3.—c4, Oce—c7 and 0c7_c7a
bonding orbitals in vacuum (1.9752, 1.9777 and 1.9781,
respectively for A"TG"). These results explained the increased
reactivity at Cs site found by the MEP analysis.

It is worth noting the effect of solvent on the population
of the other bonds; they are studied taking A"TG~ conformer
as a sample compound. Similar trends were found in the other
conformers.

Population of the C—H and C—N bonding orbitals
decreased, and population of the C—C bonding orbitals of
the rings increased (Fig. 4). Changes in natural charges are
shown in Fig. 5. Decreased charges at H atoms, and
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Table 5 Percentage values of the main changes for second-order stabilization energies, E?, calculated at B3LYP/6-311++G** level of theory for
donation and back-donation transferences related to A and B rings in the group T *°

Donation ATTG™ ATTG™ ATTT
Ring A Ring B Vacuum Solution Y%A Vacuum Solution Y%A Vacuum Solution %A
6C3a—C3 6*ca—cs 1.46 1.55 6.16 1.46 1.48 1.37 1.90 1.91 0.53
Gco—c3 6% C3a—ca 5.71 5.99 4.90 5.69 5.89 3.51 5.17 5.33 3.09
Tca—c3 T*C32—C7a 15.68 16.37 4.40 15.65 16.36 4.54 14.12 14.71 4.18
TC3a—C7a T*ca—cs 19.76 20.07 1.57 19.74 20.06 1.62 20.31 20.54 1.13
™ co—c7 18.73 18.79 0.32 18.76 18.79 0.16 18.90 18.91 0.05
ONI—C2 6*C7a—c7 4.95 5.11 3.23 4.95 5.11 3.23 4.87 5.03 3.29
ONI—C7a 6*C3a—c4 2.58 2.69 4.26 2.57 2.59 0.78 2.51 2.54 1.20
6*C3a—C7a 0.71 0.74 423 0.71 0.73 2.82 0.85 0.87 2.35
6*C7a—c7 1.54 1.60 3.90 1.54 1.60 3.90 1.53 1.58 3.27
6*co—c7 1.06 1.10 3.77 1.06 1.08 1.89 1.08 1.09 0.93
) 72.18 74.01 36.74 72.13 73.69 23.82 71.24 72.51 20.02
Back-donation A'TG A'TG" A'TT
Ring B Ring A Vacuum Solution Y%A Vacuum Solution Y%A Vacuum Solution %A
Gca—cs 6*c3a—c3 5.16 4.78 —7.36 5.16 5.18 0.39 4.13 4.16 0.73
GC3a—ca 6*co—c3 0.98 0.88 —-10.20 0.99 0.96 -3.03 1.20 1.18 -1.67
TC3a—CTa o3 18.83 18.23 -3.19 18.81 18.21 -3.19 19.25 18.73 -2.70
Te4—cs ¥ C3a—C7a 16.89 16.33 -3.32 16.89 16.33 -3.32 15.04 14.62 -2.79
Tco—c7 18.75 18.26 —2.61 18.73 18.27 —2.46 18.21 17.81 —2.20
OC7a—C7 o*NI—C2 1.65 1.66 0.61 1.65 1.64 —0.61 1.67 1.66 —0.60
OC3a—c4 6*NI—C7a 2.00 1.98 -1.00 2.01 1.96 —2.49 2.37 2.32 —2.11
6C3a—C7a 0.52 - - 0.52 0.51 -1.92 0.55 0.54 -1.82
OC7a—C7 1.40 1.43 2.14 1.40 1.45 3.57 1.42 1.47 3.52
Gco—c7 6.39 6.26 —2.03 6.39 6.26 —2.03 6.33 6.22 -1.74
) 72.57 69.81 —26.96 72.55 70.77 —-15.09 70.17 68.71 -11.38

* All values are expressed in kcal mol™

® %A represents the percentage values of changes for E in solution with respect to vacuum

increased charges at C atoms of B and A rings were found,
except for C;. These results were related with the (i), (i) and
(iv) charge delocalization mechanisms, which take charge
from C—H bonds, N—H bonds and sidechain (Table 3) to
A and B rings (see dashed arrows in Fig. 6).

Solvent effects on MEPs at NH and CH chemical bonds

Other solvent effects on N—H and C—H bonds for A"TG~
are shown in Fig. 7; bond lengths, electron density at BCPs,
electron density at NCPs, bond polarization, donor ability
and acceptor ability are reported.

According to (i) for N;,—H bond of A"TG", increased bond
length, polarization, and donor ability were found (1.57 %,
3.38 %, 9.65 %, respectively; Fig. 7) in solution. Also de-
creased electron densities at N;—H BCPs and H NCPs were
found (—4.29 % and —5.60 %; Fig. 7). These features were
associated with an increase in M(r) at H atom (27.22 % for

A'TG ; Fig. 2). Interestingly, these results correlated with
higher changes in natural charges at H; atom as shown in Fig. 5.
According to (iv) for N;;—H,; bonds of A'TG", in-
creased bond lengths, polarization, and donor ability were
also found (0.61 %, 1.58 %, 5.40 %, respectively; Fig. 7) in
solution. Also decreased electron densities at Njg—H,,
BCPs and H,, NCPs were found (—1.33 % and —1.86 %,
respectively; Fig. 7). The trends were the same as for
N;—H, but the changes were lower. These features were
related with an increased region of higher values of V(1) at
Ha.p atoms (Fig. 2), and also correlated with the changes
(decrease) in solution of natural charges of H,;, (Fig. 5).
According to (ii) and (v) the behavior of C—H bonds of
A'TG™ depends on their position in the molecular system.
The C—H bonds belonging to the aromatic ring were
highly affected in solution, increased bond lengths, polari-
zation, and donor ability were also found (0.27 %, 0.82 %,
4.70 %, respectively for A'TG; Fig. 7). Also decreased
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Fig. 2 Molecular electrostatic potential (MEP) for A"TG™ conformer of TRA in gas phase (a)-(c) and water solution (d)-(f)

electron densities at C—H BCPs and H NCPs were found in
solution (—0.29 % and —1.30 % for A"TG; Fig. 7). These
features were related with an increase in V(r) at H atoms
(Fig. 2), and also correlated with the decrease in their natural
charges in solution (Fig. 5).

The C—H bonds belonging to the side chain showed
slight changes, but it is interesting to note the effect of the
solvent at each H atom in CH, moieties.

In Cg—H,;, moiety V(r) was similar at both hydrogen
atoms in solution, but was higher in Hg, than in Hg, in
solution (Fig. 2). The increase in V(r) at Hg, (59.75 %)

AG'G”

Fig. 3 Molecular electrostatic potential (MEP) for A"G'G", A"G'T and A"G'G" conformers of TRA in gas phase (a) and water solution (b)
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correlated with a relative increase in the donor ability of
Cg—H,, bonding orbital. In fact, E® sums for charge trans-
fers from ocg_jy, bonding orbital increased in 1.51 %, and
sums from ocg_j, bonding orbital increased in 0.35 %. We
also found an increase in Cg—H, bond polarization
(0.73 %) and a decrease in electron density at Hg, NCP
(—0.31 %), (Fig. 7 and Table S3). Bond lengths and electron
density at BCP changed slightly following N—H trends.

In Co—H,, moiety a V(r) decrease at both H atoms was
found in solution. Consequently, we found decreased donor
ability of Co—H,, bonding orbitals. In fact, E?) sums for
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Fig. 4 NBO analysis of natural

population of bonding orbitals H

for A'TG™ conformer in
vacuum (values in parenthesis
account for the difference of
natural population values
between the structures in
aqueous solvent and gas phase).
Values within the boxes
correspond to natural
population of lone pairs.
Populations of natural bonding
orbitals are given in a.u

1.9793
(-0.0003) 6

charge transfers from ocy_p, bonding orbital decreased in
—6.44 %, and E® sums from ooy, decreased in —6.69 %
in solution (Table S4a and Fig. 7). Bond lengths, bond
polarization, and electron density at BCP and at NCP
changed slightly following N—H trends.

Solvent effects on MEPs at N; and Ny

Augmented reactivity at Ny site in solution found by MEP
(Fig. 2) was explained by the relevant donor ability of N;—H,
effect that was improved in solution (i). These changes were
also correlated with increased population in pyrrole ring and
increased natural charge of N; (Figs. 4 and 5).

Augmented reactivity at N site in solution was explained
by the donor ability of their lone pair, which decreased in
solution (vi). These changes were associated with the in-
creased lone pair population (Fig. 4) and increased natural

Fig. 5 NBO analysis of natural

charge of carbon, hydrogen and

nitrogen atoms for A*'TG"

conformer in vacuum (values in

parenthesis account for the

difference of natural charge

values between the structures in

aqueous solvent and gas phase).

The values of the sum of natural H
charge by fragment (benzene (©6:82%)
ring, pyrrole ring and sidechain)

in vacuum/solvent are also

shown

H 0.204
(0.013)

0.206
H (0.022) ,

H

l 1.9899

(-0.0010)

1.9793
1.9796
9658 3 (0.0012) (0.0010)

3a (60013

H, H
H 1.9745a 1.9782

(0.0000) (-0.0004)

=N —H,
P 10 (0.0003)
i Hy

charge at Ny (Fig. 5) and also with an expected decrease in p-
character (1.35 % for A'TG™ conformer).

Solvent effects on MEPs at ring B

The net charge in vacuum and in solution for A"TG™ con-
former in each moiety is also shown in Fig. 5. It is worth
noting that main charge transfers occurred from ring B and
side chain to ring A in vaccum, but in solution the main charge
displacement occurred from side chain and ring A to ring B.

These results can be related to specific charge transfers. In
fact, relevant charge transfers taking charge from ring A to
ring B, and from ring B to ring A in vacuum and in solution
are shown in Table 5. The sums are displayed in Fig. 6 (see
filled arrows). We quantified charge transfer from ring A to
ring B, which was related to an energy of hyperconjugative
interactions of 74.01 kcalmol ! in solution, and of 72.18 kcal

0.401
(0.049)

-0.538
1(-0.009)

0.203
(0.023)

0.02/0.02

0.185
0.182
(-0.003) 5602)

H, H,
0.200  0.199
(0.005) (0.009)

0.203
H (0.017)

0.02/-0.40

-0.04/0.02

10
s H,
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Fig. 6 Charge delocalization
for A'TG™ conformer. Dashed
arrows represent charge
delocalization mechanisms
taking charge from C—H
bonds, N—H bonds and
sidechain to A and B rings. Top
right shows the sum of second-
order stabilization energies,
E®, in vacuum for charge de-
localization from ring A to ring
B and vice versa. Values in pa-
renthesis account for the differ-
ence of E® sum values between
the structures in aqueous
solvent and gas phase

mol " in vacuum. The charge transfer from ring B to ring A
was related to an energy of 69.81 kcalmol " in solution and of
72.57 kealmol ! in vacuum. Therefore, our results showed a
net charge transfer from A to B in solution accounting for an
energy of hyperconjugative interactions of 4.20 kcalmol . In

72.18

l B sy A

4—— Vaccum
¢—— Solution

B

Vaccum

Solution ——pp-

72.57
(-2.76)

He H,

Mo
Hy

vacuum the net charge transfer was from B ring to A ring, and
the corresponding energy was only 0.39 kcalmol ™.
According to these results we drew the conclusion that in
vacuum the net charge delocalization was slight, and went
from ring B to A, and in solution the net delocalization was
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Fig. 7 Relevant changes in bond lengths, electron density at NCP of
hydrogen atom, electron density at BCPs, bond polarization (% elec-
tron density at H atom), donor ability, and acceptor ability of C—H and
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N—H bond orbitals belonging to A'TG~ conformer when the solvent
effect is considered. Red circles (black squares) correspond to values in
aqueous solution (in vacuum)
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higher and went from A ring to B ring, thus showing an
inversion and enhancement of the electron delocalization
mechanisms in solution.

For example, for conformer A'TG™ an increase in
36.74 % of transfers taking charge from ring A to ring B
was found, and a decrease in 26.96 % of charge transfers
taking charge from ring B to ring A was found (Table 5).
These changes were interestingly related to the increased
donor ability of C,—Cj3 and the increased acceptor ability of
Cs—Cg4 and C4—Cs bonds shown in Table 4, and with a
decrease in populations of ¢y 3 and 7cr_c3 bonding
orbitals (—0.11 % and —0.52 %, respectively).

These results explain the augmented reactivity for indole
rings found in solution by MEPs analysis (Figs. 2 and 3), and
allows us to deepen the understanding of solvent effects on
MEPs.

Molecular polarizability and dipole moment

The values of dipole moment and the isotropic molecular
polarizability are of interest as an indication of the solubility
and chemical reactivity of the molecules under study.
Isotropic polarizability is a measure of electronic distortion
in a molecule, caused by an external electric field, and a
good indicator of how the total charge distribution of a
molecule is affected [28].

The permanent electric dipole moment of an isolated mol-
ecule () is also an important predictor of its behavior in
physical, chemical, and biological processes. The dipole mo-
ment represents a generalized measure of the charge density in
amolecule and is a reactivity index, which is very important to
define biological properties, especially those related to inter-
action with the active sites of an enzyme [29]. It can be
determined by a variety of techniques. Because the magni-
tudes and directions of the dipole moments are sensitive to
molecular size and shape they can also serve as a useful tool in
conformational analysis [11].

The values of the modulus of the permanent dipole
moments (i values) of TRA conformers are listed in
Table 6. The observed variation allowed us to support that
the values of dipole moments can be used to distinguish
different TRA conformers [11].

The p variation found by considering all conformers
warns about the use of the theoretical values by considering
only the most stable conformer. To properly account for the
conformational landscape, a Maxwell-Boltzmann statistical
average at 298.15 K of each u cartesian component (Egs. 3
and 4) was previously proposed [27].

Our results showed that 1 average Maxwell-Boltzmann
values for TRA conformers (Table 6) were higher than the 1
value for the most stable conformer.

As expected, increased dipole moment values were found
in solution; however, the solvent effect was not uniform.

Table 6 Values of the modulus of the permanent dipole moment for
the TRA conformers calculated at B3LYP/6-31+G** level of theory in
aqueous solvent and gas phase®

Conformer Vacuum Solution A°

A'G G 1.46(1.60)*  2.06® 2.8 298> 0.82
A'G G 2.99(2.70) 4.50 1.51
A'TG™ 2.80(2.60) 4.17 1.37
A'TG" 3.05 471 1.66
A'TT 1.42 2.24 0.82
A'G'T 3.01 4.95 1.93
A'G'G 2.62(2.40) 3.71 1.10
CTG™ 1.30 2.04 0.74
CGT 233 3.00 0.67
CTG" 2.97 4.51 1.54
CTT 2.97 4.49 1.52
A'G'G" 2.44 3.19 0.76

 All values are expressed in Debye

®Values of the Maxwell-Boltzmann statistical averages for TRA
conformers

¢ A represents the difference of the modulus of the permanent dipole
moment for the structure in aqueous solvent and gas phase

9The experimental values in parenthesis are from ref. [11]

Up-conformers were previously associated with higher
dipolar moments [11]. We found that other kinds of con-
formers showed high w values (A"TG" and A"G'T).

Taking into account the experimental values for A"G G”,
A'G G ,A"TG and A'G'G™ (Table 6) a good reproduction
of the experimental trend was observed at B3LYP/6-31+G**
level. Moreover, considering some previously obtained
values at MP2/6-31 G* level [11], a better description at
B3LYP/6-31+G** level was found (Agyp- B3Lyp/6-31+G*+:

Table 7 Polarizability data for the TRA conformers calculated at
B3LYP/6-31+G** level of theory in gas phase®

Conformer Olyx Oy Oy, <o> Averageb
A'GG" 165.94 143.89 89.22 133.02 133.51
A'G G 166.64 143.95 90.21 133.60

A'TG™ 168.81 148.76 85.95 134.50

A'TG" 166.50 148.51 85.55 133.52

A'TT 166.97 148.61 85.03 133.54

A'G'T 163.35 148.15 88.03 133.18

A'G'G” 164.46 146.13 89.60 133.40

CTG™ 176.88 143.15 80.97 133.67

CGT 180.81 139.13 82.20 134.05

CTG" 175.74 142.75 81.14 133.21

CTT 175.74 142.75 81.14 133.21

A'G'G" 162.97 154.35 84.45 133.92

# All the values are expressed in a.u

® Maxwell-Boltzmann statistical average at 298.15 K
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—0.14,0.29, 0.20 and 0.22, and Agy, mpase316+: —0.26, 0.32,
0.25 and 0.27 for A'G G", A'G G, A'TG and A'G'G",
respectively). It is worth mentioning that in aqueous phase we
found the same trend as that in vacuum.

Table 7 shows values in vacuum for the polarizabilities
(Egs. 5 and 6). To the best of our knowledge, research
concerning the molecular polarizabilities of TRA conform-
ers has not yet been reported, and therefore, our results are
the first prediction of them. Maxwell-Boltzmann statistical
average at 298.15 K of polarizabilities of TRA conformers
was 133.51 a.u., thus indicating their nature of being soluble
in polar solvents, and their ability to polarize other atoms or
molecules.

Conclusions

The stereochemistry of TRA was studied in aqueous solu-
tion, emphasizing the description of the factors involved. As
in gas phase, 21 lowest-energy conformers were character-
ized. The features of the conformers in solution were similar
to those obtained in gas phase, and were also classified into
four groups according to the position of the amino group
relative to the indole ring: gauche on the pyrrole (group G ),
gauche on the phenyl (group G") or anti related to the indole
ring [groups T (with the indole ring at right angles to the
Cg—Cy bond) and T’ (with the indole ring parallel to the
Cg—Cy bond)]. All structures were stabilized in solution,
but relative conformational population at 298.15 K calculat-
ed with the Boltzmann distribution showed considerable
variation in solution. Structural changes were related with
charge delocalization mechanisms, which explained the
changes found in conformational population in aqueous
phase. An NBO analysis allowed us to investigate which
orbital interactions are mainly useful to explain the stability
order of the conformers observed in solution.

Intramolecular interactions were studied and character-
ized by the theory of atoms in molecules, characterizations
of bonding interactions being similar to those in vacuum.
The AIM analysis also allowed us to identify and character-
ize intramolecular hydrogen bonding (HB) interactions in
solution and the effect of the solvent on them.

From an AIM/NBO analysis the solvent effects on chemical
bonds were described and quantified. For X—H bonds we
found increased bond length, bond polarization and donor
ability and decreased p at BCP and at NCP of H atom, and
also decrease in their acceptor ability. The changes were higher
for X—H bonds attached to highly polarizable m-systems.
Changes on lone pairs were also addressed.

We concluded that in all conformers in both gas phase and
aqueous phase there were three main sites of electrophilic
attack associated with Cs, N; and N, atoms. Moreover, by
a deep analysis of molecular electrostatic potential we
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explained the increased reactivity in solution through specific
charge delocalization mechanisms.

The results also allowed us to conclude that in vacuum
the net charge delocalization between ring A and ring B was
slight and went from ring B to ring A, and in solution the net
delocalization was higher and went from ring A to ring B,
thus showing an inversion and enhancement of specific
electron delocalization mechanisms in solution. We also
described and quantified charge delocalization mechanisms
taking charge from C—H bonds, N—H bonds and sidechain
to A and B rings in aqueous solution.

Solvent effects on MEPs at N—H and C—H chemical
bonds were also quantified and rationalized by charge delo-
calization mechanisms, thus connecting changes in MEPs
with changes in structure, bonds polarization, orbital bonding
populations, natural charges and bond topological properties.

Taking into account the experimental values of p a good
reproduction of the experimental trend was observed at
B3LYP/6-31+G** level.

Up-conformers have been previously associated with
higher dipolar moments, but we concluded that not only
up-conformers have the higher p values.

Our results also showed 1 mean Maxwell-Boltzmann value
for TRA conformers higher than the p value for the most
stable conformer, thus showing that if the prediction of n
value is performed considering only the most stable conformer
the p value will be underestimated. Moreover, to the best of
our knowledge, research concerning the molecular polariz-
abilities of TRA conformers has not yet been reported, and
therefore, our results are the first prediction of them and led to
propose TRA as a molecule soluble in polar solvents with the
ability to polarize other atoms and molecules.
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