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Abstract

Indole (1) is a heterocyclic aromatic compound consisting of a pyrrole ring (5SMR) fused with a
benzene ring (6MR). This compound is highly stable, found in several natural products, and used as
a building block for the synthesis of novel organic compounds. On the other hand, its isomers
isoindole (2) and indolizine (3) are much less stable and are normally isolated when bonded to other
stable compounds. The stability of these compounds has been analyzed in terms of local aromaticity
using magnetic, geometric, and delocalization criteria. All criteria used indicate that there is a
continuing reduction in aromaticity of the 6MR whereas, for the 5SMR, the aromaticity increases when
going from 1 to 3. This is confirmed by Natural Resonance theory calculations indicating that the
resonant structures which retain the aromaticity of 5SMR are the ones having the largest contribution.
The results obtained suggest that the relative stability of indole isomers is a consequence of the

Glidewell-Lloyd rule.
Introduction

Indole (1) is a highly stable heterocyclic structure consisting of a pyrrolic ring fused (5MR) with a
six-membered ring (6MR). This compound is used as building block for the synthesis of hew organic

compounds and natural products.> On the other hand, its isomers, isoindole (2) and indolizine (3)



are compounds that show a high reactivity and, in fact, in the case of 2, its synthesis has taken almost
80 years. It is possible to find systems that contain both isomers, however they generally appear

attached to other stable rings or in their respective hydrogenated forms.>*

Previous studies concerning the aromaticity of 2 indicate that this compound is considerably less
aromatic than 1 with a difference in resonance energies of 12.2 kcal.mol.5 Additionally, Sardella
and coworkers® suggest that 2 can be best understood in terms of the interaction between pyrrole ring
and 1,3-cis-butadiene in C3 and C4 carbons (see 5MR ring numeration in Fig. 1). These results
coincide with the work by Mandado et al.,” who systematically evaluated the aromaticity of azines,
noting that the aromaticity of the 6MR in 1 is greater than that of 2 and finding the opposite case for

the 5SMR. In the case of 3, no studies have been reported regarding its aromaticity.

The assessment of aromaticity in local rings of non-benzenoid polycyclic aromatic compounds
escapes the widely known Clar n-sextet rule®® which is applicable to compounds containing only
6MRs. Some years ago, Glidewell and Lloyd generalized the rule proposed by Clar about 50 years
ago, currently known as the Glidewell-Lloyd rule!® (GLR), which establishes that the population of
n-electrons in conjugated polycyclic systems tends to form the smallest 4n + 2 groups and to avoid
the formation of the smallest 4n groups. This less known rule has recently been applied to an extensive

series of compounds in which 4, 6, and 8-membered rings are included to assess their validity.!*

In the present article, the local aromaticity in 1 and its isomers has been assessed by means of a
number of aromaticity criteria based on different magnetic, geometric, energetic, and delocalization
properties, as usually recommended.'?*2 The results obtained show that there is a reduction in the
aromatic character in the 6MR, whereas the 5MR presents a slight increase in its aromatic character

when the compounds are ordered as follows: 1 — 2 — 3.

In addition, we have evaluated the Kekulé structures that best describe the behavior of these

compounds through Natural Resonance Theory (NRT) calculations.**® The resonant structures with



the highest weight are those that contribute most to the aromaticity of the smaller 5SMR, which is a

consequence of the GLR.

Computational Methods

Geometric optimizations have been performed at the PBE0/6-311G**!"1° level of theory using
Gaussian 16 computational package®. In addition, vibrational frequency calculations were done at
the same level to ensure that we obtained a true minimum on the potential energy surface. In order to
study the relative stability of the isomers, single point energy calculations have been carried out at
the CCSD(T)?%/6-311G** level using the PBE0/6-311G** optimized geometries. Additionally,
calculations for naphthalene (4) have been carried out in order to provide comparisons with
heterocyclic compounds. Magnetic aromaticity descriptors? have been computed employing the
Gauge Independent Atomic Orbital (GIAO) method in gas phase.?® Magnetically induced current
density?* (MICD) maps have been obtained to qualitatively visualize the differences in the aromaticity
of the local rings. Moreover, ring current strength (RCS) calculations have been calculated by
integrating the current flow that passes through the interatomic surfaces according to the Quantum
Theory of Atoms in Molecules® (QTAIM) using the AIMAII software.?62° In addition, NICS,,
calculations were also performed at 1A above the center of each local ring at the same level 332 The
geometric criterion has been assessed by means of the Harmonic Oscillator Model of Aromaticity®*
% (HOMA) that consists in the measurement of the bond distance and equalization deviation of the
ideal aromatic benzene molecule. The energetic criteria has been evaluated through the calculation of
aromatic stabilization energies using the isomerization stabilization energy method® (ISE) which is
obtained through the energy difference between the methyl-substituted aromatic ring and its
corresponding isomer with a double exocyclic bond (See Figure S3 in Sl). Finally, the delocalization
criteria®®" have been evaluated using two indexes: the multicenter delocalization index® (MCI) and
the para-delocalization index® (PDI). The former measures the number of electrons shared in the
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6MR and 5MR, whereas the latter quantifies the number of electrons shared between the para carbon
atoms in the 6MR. Geometric and delocalization calculations have been performed using Multiwfn
program.“® Natural resonance theory (NRT) calculations have been carried out using NBO 6.0
software.** Plots of MICD vector maps and structures for studied compounds have been made with

Vislt 3.0.2% and Chemcraft*® programs, respectively.

Results and Discussion

Molecular structures of the studied compounds are shown in Fig. 1. As can be seen, the difference
between 1 and its two isomers is related to the way that 5SMR is fused to 6MR. In the case of 1, the
C4 and C5 atoms of the pyrrolic ring are in the ring junction, while the 2 is fused with the 6MR by
C3 and C4 atoms. Indolizine (3) presents a somewhat different fusion since the pyrrolic ring is fused
in the N1 and C2 atoms. One of the most noticeable consequences of studied isomers are shown in
the bond lengths. An increase (reduction) of the conjugation of the 5SMR (6MR) can be observed
when the systems are ordered from 1 to 3. These differences cause variations in the stability of the
isomers, the values at the CCSD(T)/6-311G**//PBEQ/6-311G** level show that the most stable
isomer is 1, while 2 and 3 are 7.5 and 10.4 kcal.mol? less stable compared to 1. The structural
differences found translate into changes in the electron distribution of the systems, which can be

observed in the MICD maps depicted in Fig. 2.



10.4 kcal.mol"!

Figure 1. Molecular structures, atom numeration for the 5SMR (in blue) and C-C, C-N bond lengths
(black, in A) for Indole (1), Isoindole (2), Indolizine (3) and Naphthalene (4) optimized at the PBE0/6-
311G** level. Relative energies (kcal. mol?) at CCSD(T)/6-311G**//PBE0/6-311G** level are

shown.

The magnetically induced current density of indole (Fig. 2a) presents a homogeneous diatropic
(clockwise) current where local ones cannot be distinguished, in a similar way to the diatropic current
presented by naphthalene (Fig 2d). If one considers that the intensity of the ring current correctly

describes the aromatic character of a ring, this result is an indication that both rings that conform the
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bicyclic compound 1 present similar degrees of aromaticity. One way to confirm this result is through
the quantification of the current flow through ring current strength calculations (RCS) measured in
the ring junction. Table 1 shows that the RCS value between the 6MR in naphthalene is zero, while
for the case of 1, this difference is only 1.0 nA.T™, the positive value denotes that the intensity of the
ring current of the 6MR is slightly more intense than that of the 5SMR. It is important to notice that
this difference is only 0.5 nA.T-* greater than the difference between the RCS values of the free rings
of benzene and pyrrole, showing that aromaticity of the free rings is maintained in the local fused
rings of 1. On the other hand, the isomers present significant differences in the diatropic current
distribution, and homogeneity has been lost allowing to observe a local diatropic current in the 5SMR
of 2 and more noticeable in 3. When we examine the RCS results in the shared bond, they present
values of -4.4 and -6.1 nA.T™ for 2 and 3 respectively, which indicates that 5SMR presents greater
aromaticity with respect to 6MR. Fig. S1 presents the RCS values for all the ring bonds of the studied
systems.As can be seen, the aromaticity of 6MR is reduced, while the aromaticity of the pyrrolic ring
is increased, indicating a preference of the molecule to accentuate the local aromatic character of the
smaller ring in agreement with the GLR (vide infra), when the isomers are ordered as follows: 1 — 2
— 3. These results are confirmed through calculation of the popular NICS;;(1) index (see Table 1),

which is especially useful in studies of m-aromaticity in organic compounds.*+*



Figure 2. Magnetically induced current density vector maps for (1) Indole, (2) Isoindole, (3)

Indolizine and (4) Naphthalene at the PBE0/6-311G** level.

To confirm the results obtained by means of the magnetic approach, geometrical and delocalization
criteria have been applied for the characterization of the aromaticity of the local 6MR and 5MR rings
(Table 1). According to the HOMA index, the 6MR of 1 is less aromatic than benzene, however, it
has a higher aromaticity than that of naphthalene (4). The two isomers show a marked reduction in
the aromaticity of the 6MR when compared to the 6MR of 1 and benzene. For the case of the 5SMRs,
the trend is opposite to that presented above, with a gradual increase of aromaticity from 1 — 3, the
5MR of 3 being as aromatic as pyrrole. Additionally, the energetic criteria, whose reference reactions
can be seen in Figure S3, shows that 6MR in 1 is less aromatic than benzene but more aromatic than
in 4. In addition, the 6MR in 2 and 3 present differences of only 1.5 kcal.mol™, showing lower
aromatic character than in 1 in agreement with the shown above. For 5MRs, the aromaticity is lower
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in 1 than in 3, however 5MR in 2 has a very low ISE value. The reference reactions for the rings have
been selected so they will affect the adjacent ring the least. However, for 2, it is not possible to design

an isomerization reaction for 5SMR that does not affect the aromaticity of 6MR (See Fig S4 in Sl).

Furthermore, the delocalization criteria on the basis of MCI and PDI indexes show similar results to
those previously shown. The values of MCI for the 6MR (six-center-delocalization) and PDI show a
similar trend to the magnetic criterion, with a continuous reduction of aromaticity from 1 — 3. The
6MRs of naphthalene are more aromatic than those of 2 and 3 but less than that of 1. With respect to
the 5SMR, MCI (five-center-delocalization) results indicate that these rings in 1 and its isomers are
less aromatic than pyrrole, with a tendency to increase in the order 1 — 3. The results found by the
geometric and delocalization criteria confirm the results obtained by the magnetic criteria, showing
that there is a reduction in aromaticity at the 6MR and a tendency for the 5MR to increase when going

from 1 to 3.

Table 1. RCS (in nA.T), NICS,(1) (in ppm), HOMA, ISE (in kcal.mol?), MCI (in a.u.) and PDI (in

a.u.) results at the PBE0/6-311G**.

RCS NICS(1) HOMA ISE MCI PDI
Compound
Sharedbond 6MR 5MR 6MR 5MR 6MR 5MR 6MR B5MR 6MR

Indole 1.0 -30.4 -29.8 0.9415 0.7781 28.8 187 0.0523 0.0424 0.0826
Isoindole -4.4 -235 -38.8 0.7028 0.8177 196 81 0.0350 0.0546 0.0689
Indolizine -6.1 -185 -39.8 0.7588 0.8658 21.1 28.8 0.0244 0.0553 0.0624
Naphthalene 0.0 -29.7 - 0.8262 - 25.2 - 0.0449 - 0.0765

Pyrrole 11.52 - -31.7 - 0.8883 - 23.2 - 0.0759 -
Benzene 12.0° -29.8 - 0.9982 - 34.5 - 0.0774 - 0.1052

a\/alue obtained by averaging the RCS values of all bonds in the ring.



According to the GLR, among the 10z-electrons of the n-system of indole, isoindole, and indolizine,
there is a preference to locate 6m-electrons in the 5MR (the smallest ring) and 4m-electrons in the
6MR. To determine the Kekulé structures that most contribute to the understanding of the electronic
properties of 1 and its isomers, NRT calculations have been carried out. The results are shown in Fig.
3 and indicate that for 1, the structure that contributes most (27%) is the one where the aromatic
structures of the free 6MR and 5MR persist in the bicyclic compound (see Fig. S2 in Sl) sharing a n-
bond. Additionally, the second most important Kekulé structure (22%) contains a n-sextet in the 6-
MR. Interestingly, 1 is the only system in which the covalent resonant structure with the largest
contribution locates a m-bond in the ring junction between the 5- and 6-MRs. In this resonant structure,
the two rings share 2r-electrons and, consequently, one can consider that both rings have 6zn-electrons
accounting for the almost equalization of the bonds that conform the bicyclic compound. This is why
both rings have relatively large aromaticity and this explains the larger stability of 1 with respect to
2 and 3. For both 2 and 3, the most contributing structure is that containing 6z-electrons in the 5SMR,
with the 6MR presenting a conjugation reminiscent of a 1,3-cyclohexadiene for 2 and 3 (see bond
lengths in Fig. 1). As a result, the aromaticity of the 5MR increases while that of the 6MR decreases.
The second most important structures of 2 and 3 are of ionic type. In the case of 3, the 5SMR in this
second more relevant Kekulé structure has the same structure to that of pyrrole (see Figs. 3 and S2),
while the 6MR has a distribution reminiscent of 1,4-cyclohexadiene. Results are consistent with the
increased aromaticity of 5SMR in 3. As indicated by the results obtained for the indole isomers, the
GLR is manifested by the preservation of the aromatic character of 5MR and the reduction of the

aromaticity of 6MR.
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Figure 3. Most important Kekulé structures according to Natural Resonance Theory (NRT) for (a)

Indole, (b) Isoindole and (c) Indolizine at the PBEQ/6-311G** level.

Conclusions

An analysis of the aromaticity of local rings of indole (1) and two of its isomers (isoindole (2) and
indolizine (3)) has been carried out. All criteria used indicate a reduction of aromaticity in the 6MR
through the following order: 1 — 2 — 3. The magnetic criterion manifests these differences through
changes in the diatropic current of the 5- and 6-MRs. It is possible to measure these differences
through ring current strength (RCS) calculations in the ring junction, obtaining values up to -6.1 nA. T
! for the case of 3, which suggests that in this conpound the 5SMR ring is more aromatic than the 6MR.
These results are supported by NICS;;(1) measurements and the application of the geometrical and
delocalization criteria through the HOMA and MCI and PDI indices. These indices show a marked
reduction in aromaticity of 6MR and an slight increase of aromaticity in 5SMR. In the case of
isomerization reactions, although they show the same trends as the other indicators, caution must be

taken in selecting the appropriate reference reaction. Results suggests that, in all cases, the aromaticity

10



of 5MR is preserved over that of the 6MR. To confirm this, the Kekulé structures that contribute most
to the electronic properties of these systems were obtained through NRT calculations showing that
the structures in which 5MR retains its pyrrolic nature are the ones that contribute the most. These
results lead us to conclude that the lower stability of isoindole and indolizine is the result of the

reduction of the 6MR aromaticity as a manifestation of the Glidewell-Lloyd rule.
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