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ABSTRACT: In this article, we studied the capability of bulky groups to contribute to the
stabilization of a given compound in addition to the well-known steric effect related to
substituents due to their composition (alkyl chains and aromatic groups, among others).
For this purpose, the recently synthesized 1-bora-3-boratabenzene anion which contains
large substituents was analyzed by means of the independent gradient model (IGM),
natural population analysis (NPA) at the TPSS/def2-TZVP level, force field-based energy
decomposition analysis (EDA-FF) applying the universal force field (UFF), and molecular
dynamics calculations under the GEN2-xTB approach. The results indicate that the bulky
groups should not only be considered for their steric effects but also for their ability to

stabilize a system that could be very reactive.

Bl INTRODUCTION

In synthetic chemistry, the use of protecting groups is a very
important and useful strategy that allows not only, as the name
suggests, to protect a reactive area but also to stabilize
unconventional chemical structures."™® It is necessary to
emphasize that the concept of stability we use goes not only
beyond the thermodynamic stability studied in chemistry but
also to the idea of stability used in material science or drug
design, where it refers to compounds that are particularly
nonreactive at certain conditions, such as temperature and
pressure, among others.””

An important feature of the protective groups is their
bulkiness; these groups are often used as masking agents by
preventing the interaction of highly reactive compounds.'®~"”
Protection is usually attributed to steric effects mainly because
they are usually composed of branched alkyls and/or aromatic
rings. The use of these groups has led to the successful
synthesis of different organic and inorganic compounds,'*~"
as well as those beyond these two fields of chemistry.””~>° A
clear example that became relevant in recent years is the
synthesis of Zintl-type clusters, these structures contain both
transition metals and main group compounds. In addition, they
tend to be highly charged and reactive; however, the use of
bulky groups enables the study of these compounds
comprehensively.”' =

Another interesting area where the use of bulky groups has
been applied is the synthesis of inorganic analogues of benzene
and other aromatic systems.”*~** Power’s group has pioneered
the synthesis of heavy analogues of benzene using mesityl,
diisopropylphenyl, and other groups to stabilize the inorganic
rings.”* More recently, Seitz et al.”* reported the synthesis of

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

Blue / Green Red

Stabilization effects Repulsion effects

pnictogen—silicon benzene analo§ues, which possess a
reasonable degree of aromaticity’> and bulky protecting
groups, such as tert-butyl, phenyl, and others, thus stabilizing
the ring. On the other hand, in 2018, Heider et al>®
synthesized a three-membered cyclic phosphasilene containing
triisopropylphenyl groups, NHC (1,3-diisopropyl-4,5-dimethy-
limidazol-2-ylidene).

More recently, benzene analogues containing boron have
been successfully synthesized. In 2020, the 9-borataphenan-
threne anion has been prepared.”” This compound is not only
isoelectronic to phenanthrene but also possesses a similar
aromatic character according to theoretical studies based on
different criteria, such as magnetic, delocalization, and
geometrical among others.”® Recently, Sun et al.*” synthesized
the 1-bora-3-boratabenzene anion obtaining high yields. The
substituents of this compound are phenyl, C¢Fs, Si(CH,);, and
N,N—dimesitylimidazolylidene, which, due to their large size
(see Scheme 1), could help the stabilization of the anion. The
aromaticity degree of boratabenzene has been proven by the
authors through the magnetic criteria.

Bulky groups make use of the steric repulsion effect to
prevent the reaction of the compounds of interest. However,
we have the following questions: Is this the only effect that
these substituents have? Is it possible that there are other
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Scheme 1. 2D Representation of the 1-Bora-3-
boratabenzene Anion
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interactions that could help the stabilization of various
unconventional systems? If so, how strong and/or stable are
they? To answer these questions, we studied the topology and
the dynamical behavior of the bulky substituted 1-bora-3-
boratabenzene anion using the independent gradient model
(IGM)* to understand the nature of the intramolecular
interactions (see the Computational Methods section) in
conjunction with an analysis of the kinetic stability by means of
molecular dynamics simulations using the GFN2-xTB
approach proposed by Grimme.”' This method allows the
study of large systems with a reasonable computational cost
and very good results, especially in geometry prediction. The
evaluation of root-mean-square deviation over time will allow
us to understand the motion of the substituents and the
average IGM (or alGM) method, which is an extension of the
method that allows the study of the flow of interactions from
the molecular dynamics’ trajectories. This will help us to
understand the nature of stability between substituent
interactions.

B COMPUTATIONAL DETAILS

Cartesian coordinates of the 1-bora-3-boratabenzene anion
were taken from the work of Sun et al,”” and a single point
calculation was performed using the Gaussian 16 B.01%
software package at the TPSS** /def2-TZVP** level has been
carried out (see cartesian coordinates of the optimized system,
Table S1). Independent gradient model (IGM) and average
IGM calculations have been performed using the Multiwfn
program.”> IGM is based on the function g™, which is
analogous to the reduced density gradient (s(r)) used in NCI
analysis,46 i.e, it reveals zones where there would be weak
interactions and like NCI uses the function sign(4,)p(r) to
identify the type of interaction. Thus, it is possible to identify
hydrogen bonds, van der Waals interactions, and repulsive
effects related to steric hindrance for negative, near zero, and
positive values of sign(4,)p(r), respectively. In addition, IGM
offers certain advantages over NCI, first of all, it only needs the
structure of the compound and the g'“™ function, it is
smoother than s(r) so the computational cost is reduced. The
interpretation of IGM results is similar to those obtained
through the popular NCI index. The blue regions are related to
strong noncovalent interactions, such as hydrogen bonds (see
the Results and Discussion section), while the red regions
represent repulsive regions due to steric (Pauli) effects. On the
other hand, the green regions are related to van der Waals type
interactions. Another major advantage of IGM is that it is

possible to decompose the g'™ function into two or more
fragments.47 Regarding alGM, this method needs the
trajectories obtained from molecular dynamics simulations
and to calculate the average electron density using
promolecular approximation.****** For this work, six frag-
ments have been used, which represent each of the substituents
of the aromatic ring, and the intramolecular interactions
between them are studied.

Additionally, natural population analysis has been carried
out for all of the substituents using the NBO 6.0 program.*’
To numerically evaluate the effects of electrostatic and
dispersion interactions between fragments, energy decom-
position analysis based on force fields implemented in
Multiwfn has been performed.”’ An interesting feature of
this analysis is that it allows a decomposition of more than two
fragments making it ideal for our study. The universal force
field (UFF)>” has been used since we have B and Si atoms and
also a smoothed 1/r* function for the calculation of van der
Waals (dispersion) contributions.

On the other hand, MD simulations have been performed
using the GFN2-xTB Hamiltonian*"*® for 50 ps. During the
simulations, the equations of motion were integrated with a 1.0
fs time step in the constant number of atoms, constant volume,
and constant temperature (NVT) ensemble at 100 K using a
Berendsen thermostat to maintain this constant temperature.
The SHAKE algorithm was applied for all hydrogen atoms.**
Data were collected every 1 fs. For molecular visualization of
the systems and MD trajectory analysis, the VMD program was
used.”®> From the 50,000 structures obtained from the MD
simulations, 2000 were taken using a delta of 25 frames for the
IGM calculations. In addition, the thermal fluctuation index
has been obtained in order to understand the stability of the
intramolecular interactions over time. Visualization of the IGM
analysis was performed with Chemcraft software.*®

B RESULTS AND DISCUSSION

Figure 1 shows the optimized structure of the 1-bora-3-
boratabenzene anion at the TPSS/def2-TZVP level and the

-0.05 T . 0.05

Figure 1. Independent gradient model results (in a.u.) for the 1-bora-
3-boratabenzene anion at the TPSS/def2-TZVP level. Dark gray:
carbon, white: hydrogen, purple: silicon, green: fluorine atoms.

isosurfaces, which represent the intramolecular interactions
between the respective substituents. For the case of —CF, it is
possible to observe weakly attractive (green) zones related to
m-stacking between the aromatic rings. Additionally, a blue
zone is observed between the fluorine atoms, which is
distinctive for strong noncovalent interactions. This can be
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attributed to the o-hole®” in fluorine atoms which, due to the
position of the atoms, leads to stabilizing interactions.
Additionally, a #-stacking interaction is observed between the
displaced C4H; substituents of the boratabenzene ring and the
N,N-dimesitylimidazolylidene substituent. The interactions
between alkyl substituents are van der Waals (vdW) type as
well as those with the aromatic rings, which are z-alkyl vdW-
type. These interactions have been observed in biological
systems and are of great importance in the stabilization of
ligand—protein complexes.*®

On the other hand, Figure 2 shows the results of the
population analysis in the context of NBO of the ring

-CeFs

Figure 2. (a) Fragment NPA populations. Blue (red) color represents
negative (positive) charges. (b) Numerical values of calculated
fragment charges and lines representing attractive (red) and repulsive
(blue) interactions. Dashed lines denote electrostatic interactions
resulting from the charges, while solid lines represent the interactions
obtained through the EDA-FF approach.

fragments. The total charges of the fragments can be seen in
Figure 4a, the blue color represents that the total charge of the
substituent is negative, while the red ones are positive. The
values in Figure 4b represent the numerical values of the
fragment charges as well as the dashed lines show whether the
electrostatic interaction is attractive (red) or repulsive (blue).
The values and dashed lines show that there are mostly
attractive interactions. The repulsive interactions are between
the larger fragment corresponding to the N,N-dimesitylimida-
zolylidene substituent and the nearby Si(CH,); substituent.
The other repulsive interaction corresponds to that between
the C4F; substituents due to the total negative charge of each
fragment.

Additionally, the EDA-FF results indicate that the overall
interactions between the substituents are mostly attractive
(solid red lines), while the repulsive interactions (solid blue
lines) occur only between adjacent fragments. It is possible to

note that the interactions are not only important between the
fragments in close proximity but also those farther apart. In
these cases, dispersion effects play a very important role, being
the main contributor to the attractive interactions (see Table
S2 in the SI). The results obtained are similar to those
obtained by Cummins and co-workers,”” who, through
calculations based on the DPLNO-CCSD(T) method, reached
the same conclusions. Fragment charges and EDA-FF values
are in agreement with IGM visual analysis.

The results show that the attractive intramolecular
interactions between bulky groups are not only useful to
protect a ring or a desired molecular system but also help to
stabilize the system due to their attractive nature; however,
how persistent are these interactions?

To answer the above question, we have carried out a 50 ps
molecular dynamics simulation at 1000 K of the 1-bora-3-
boratabenzene anion, and the trajectory can be seen in the
Supporting Information. First, it is necessary to point out that
during the simulation, the boratabenzene ring persists in time,
however, planarity is lost. Figure 3 shows the evolution of the

RMSD (A)

T T T T T T T T
0 10000 20000 30000 40000 50000
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Figure 3. RMSD results (in A) from trajectories (in fs) of the
molecular dynamics simulations.

molecular motion in terms of the root-mean-square deviation
(RMSD), the values are high, with an average of 2.57 A; and a
maximum value of 4.02 A;, this should not be surprising due to
the large number of degrees of freedom that the system has,
especially for those substituents containing branched alkyl
substituents. However, it is emphasized that large molecular
motion does not mean that the system is unstable; however, it
is clear that many of the intramolecular interactions are
formed/broken due to the movement caused by the high
temperature.

To evaluate the interactions over time, alGM analysis was
carried out by taking 2000 structures from the 50,000 obtained
in molecular dynamics with a step size of 25 fs in order to
cover the whole process at a reasonable computational cost. In
addition, one structure was obtained based on the average of
the atomic positions.

Figure 4 shows the alGM results at the top. It is possible to
observe that the interactions between 7 electrons in rings and
the o holes in halogens persist. Additionally, the van der Waals
type interactions between the methyl groups also persist,
however, there are red zones, related to Pauli repulsion, which
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Figure 4. aIGM (top) and thermal fluctuation index (bottom) for
average structure of the 1-bora-3-boratabenzene anion obtained from
molecular dynamics simulations. Results in a.u.

appear due to the movement of the substituents, however, the
attractive interactions are best observed.

On the other hand, we have calculated the thermal
fluctuation index (f(r)) to evaluate the strength (stability) of
the interactions due to molecular motion. In the bottom of
Figure 4, one can observe red colored zones, which are related
to high values of f(r) and weak stability of the interactions,
while the blue zones indicate very stable interactions, the green
color is understood as structures with intermediate stability. In
general, the interactions are mostly between unstable and
moderately stable. One highly stable interaction is observed
between the fluorinated rings and another between —Si(CHj)
and a fluorinated ring. Additionally, 7-stacking interactions
between the phenyls are preserved. However, it is observed
that the van der Waals interactions between the methyl groups
are weak since red zones are shown. This is an indication that
the attractive interactions are forming and breaking as time
goes by, however, they are always there to support the
stabilization of the molecule.

B CONCLUSIONS

In the present study, we have evaluated the intramolecular
interactions between bulky substituent groups in the
stabilization of unconventional chemical species, going beyond
the already known protective capacity of different species,
through calculations of scalar functions derived from the
electron density at the DFT level, natural population analysis,
force field-based energy decomposition analysis, and molecular
dynamics at high temperatures using the GNF2-xTB approach,
as well as the use of the promolecular approximation of the
electron density for the study of temporal changes. The results
show that the 7-stacking interactions of the fluorinated rings as
well as between the o holes are the strongest in the 1-bora-3-
boratabenzene anion complex. Additionally, there are 7-
stacking interactions on the phenyl substituent and the
aromatic rings found in N,N-dimesitylimidazolylidene. There
are also interactions between the alkyls and aromatic rings.

Results show attractive electrostatic interactions; however, the
strongest attractive contributions are due to dispersion effects
according to the results of the energy decomposition and NBO
fragment population analysis shown.

These interactions have been evaluated over time using the
alGM method and the thermal fluctuation index. Although the
alkyl—phenyl and alkyl—alkyl interactions are weak, as can be
seen in the high RMSD values, they form and break down over
time, while the 7-stacking and o-hole interactions are preserved
in a medium to high degree and are thus very important in the
stabilization of the complex. The presented results allow us to
say that bulky groups should not only be treated as protectors
of chemical species but also as stabilizing factors. This study
intends to vindicate the intramolecular interactions between
bulky groups as an alternative criterion in the synthesis of new
chemical species.
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