A

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Update for Isomerization Stabilization Energies: The Fulvenization
Approach

Luis Leyva-Parra and Ricardo Pino-Rios*

Cite This: ACS Omega 2024, 9, 1436-1442 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

The Fulvenization Approach

An update for calculation of aromatic stabilization energies

ABSTRACT: An alternative approach for calculating aromatic stabilization energies is proposed based on transforming an
(anti)aromatic ring into a fulvene isomer. This fulvenization process gives a value of 34.05 kcal'mol™ for benzene in the singlet state
and a value of —17.85 kcal-‘mol™" in the triplet state. Additionally, it is possible to use experimental values (as long as they exist) for
the calculation as the gas-phase formation enthalpies of benzene and fulvene, whose difference is 33.72 kcal‘mol™". On the other
hand, this same approach has been evaluated on several six-membered rings, including those persubstituted, biradicals, azines, and
inorganic analogues, giving results in agreement with those reported in the literature using different criteria. Additionally, it is
possible to differentiate the aromaticity of the rings in polycyclic aromatic hydrocarbons according to Clar’s rules. Assigning the
(anti)aromatic character in various nonbenzenoid rings (neutral and charged), except for five- and seven-membered rings, is also
possible. The construction of the fulvene isomers in PAHs is set such that nonaromaticity-related effects are not considered. The
results show that the fulvenization approach is an effective and efficient approach that can serve as an alternative or complement to
existing tools.

Bl INTRODUCTION modern approaches, computations are rather complicate,
making the calculations a cumbersome exercise in many cases.’

The energetic criterion for describing aromaticity in chemical . )
In 2002, Schleyer and Pihlhofer proposed a simple and

compounds is one of the oldest criteria used to describe the
stabilization of benzene due to its aromatic nature. The first
aromatic stabilization energy (ASE) calculation for benzene
was performed by Pauling and Wheland more than a century
ago while developing the chemical theory of resonance." After
this cornerstone, different approaches (from both theoretical
and experimental points of view) have been proposed. One of
the most representative values is obtained through the

elegant way to calculate ASEs, the so-called isomerization
stabilization energy (ISE),”” which, as its name indicates, is
obtained from the difference between a methylated derivative
of the aromatic ring and a nonaromatic isomer with an
exocyclic double bond (see Figure 1).

This approach allows the fast and efficient calculation of
several compounds in singlet and triplet states. It has also been

. . 8

experimental data with an ASE value of 36 kcal-mol™.” successf;ully applied to lﬁleterocychc compounds, C};?rged

The calculation of ASEs is usually performed from reference species,” radical systems, " metalloaromatic complexes, " and
reactions, being this one of its main limitations since,
depending on the reference, different values can be obtained.’ Received: October 9, 2023
On the other hand, effects not related to aromaticity could Revised: ~ November 28, 2023
appear giving an over or underestimation of the stabilization Accepted: December 4, 2023

i ; i ion.>* Published: December 19, 2023

energy, so this should be carried out with extreme caution. )

In some cases, the approach used for ASE in benzene cannot
be extended to other aromatic systems. Finally, in more
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CHg CH, B RESULTS AND DISCUSSION
Singlet H The fulvenization process serves as a methodology for
33.2 keal.mol! 4 quantifying the aromaticity of the benzene derivatives. An
—_— example is found in the persubstituted benzenes when
Triplet hydrogen atoms are replaced by fluorine atoms, which presents

-16.9 kcal.mol"!

Figure 1. Isomerization stabilization energy (ISE) computed for
benzene at the singlet (red) and triplet (green) states. Reproduced
from ref 7. Copyright 2013 American Chemical Society.

polycyclic compounds.'” However, this scheme also suffers
from limitations. First, one of the carbons changes its
hybridization from sp® to sp’, which could lead to the
nonaromatic ring losing its planarity, and nonaromaticity
effects could appear. Additionally, this scheme cannot be
efficiently applied to substituted benzene systems such as
formula CcX..%’

On the other hand, benzene is the lowest energy structure in
its potential energy surface, which different authors have
studied."” The closest isomer is fulvene, a 7-conjugated system
with all its carbons presenting the same hybridization and a
nonaromatic behavior. For this reason, the energetic difference
between these two isomers can be considered to be an ASE.
The calculation at the PBE0'*/def2-TZVP' level presents a
value of 34.05 kcal'mol™, similar to the value obtained
experimentally and the value obtained using the scheme
proposed by Schleyer.’ Likewise, this approach allows us to
describe the antiaromatic character of benzene in the triplet
state with a value of —17.85 kcal'mol™". We have carried out
calculations using the functionals B3LYP,' M06-2X,"” and
®B97X-D'® for benzene in singlet sate whose values,
respectively, are 33.77, 34.22, and 34.17 kcal-mol ™}, showing
that our scheme has no dependence on the functional.

It is also possible to use experimental data to obtain the ISE
value. The NIST database indicates an enthalpy of formation
value for benzene of 19.81 kcal-mol™!, while for fulvene, it is
53.53 kcal-mol ™', which gives an aromaticity stabilization value
of 33.72 kcal-mol ™!, which agrees with the calculated value and
previous values reported in the literature.'”

This scheme, where the aromatic ring is converted into a
fulvene (fulvenization process), can be extended to various
systems, including polycyclic aromatic hydrocarbons, hetero-
aromatics, and substituted benzenes. Figure 2 shows a practical
way to obtain the respective fulvene from a given aromatic ring
(benzene). One has the required conjugated system and selects
one of the double bonds; this bond is “rotated” by 90° to
obtain the desired fulvene. Another practical way of looking at
it is that from an N-membered ring, the fulvene isomer is an N-

a reduction in its aromatic character (25.09 kcal-mol™), in
agreement with previous studies applying the magnetic criteria
and information-theoretic-based indicators.”” A reduction in
aromaticity is also observed when hydrogens are replaced by
chlorine, cyano, and hydroxyls, whose values are 30.56, 26.20,
and 26.18 kcal'mol™, respectively (Figure S1 in the
Supporting Information).”" Since a systematic study of the
effect of substituents on the aromaticity of a ring using this
scheme leads to a degree of arbitrariness; for example, in the
study of 1,2 substituted benzenes, we recommend starting
substitutions at the carbons most distant from the exocyclic
bond. In addition, it is possible to quantify the aromaticity of
biradical compounds such as benzynes, which have been
studied recently using various criteria. The case of o-benzyne is
striking because different construction schemes can give
different results, and for this reason, it is recommendable to
study aromaticity using different criteria as has been
established by other authors.”>** The best value for o-benzyne
obtained is 30.75 kcal-mol™!, which is in agreement with the
delocalization criterion at the CASSCF** (10,10)/def2-
TZVP" level. The reactions can be observed in Figure $2."%*°

Additionally, it is possible to study azines; recently, it has
been shown through a detailed analysis using the magnetic
criterion that replacing a CH unit by an N atom in benzene
results in a reduction in the aromaticity.”® However, when
applying the fulvenization approach (see Figure 3) to pyridine
and diazines, it is possible to notice a considerable reduction in
the aromatic character, being more notorious in the case of
diazines, which, although they do not coincide in the order of
aromaticity given by the magnetic criterion, it is possible to
show the reduction in the aromaticity of these compounds. On
the other hand, obtaining values of aromatic stabilization
energies in inorganic benzene analogues is also possible, as is
the case of SigHs and GegHy in their Dy, symmetry (Figure
S3). Although these structures are not local minimum on their
potential energy surfaces, they are aromatic.”” The values
obtained for both systems at the PBE0/def2-TZVP level are
16.46 kcallmol™ and 17.34 kcal-mol™}, indicating low
aromaticity when compared to benzene.*®

This fulvenization approach can be extended to polycyclic
aromatic hydrocarbons to study the local rings. Take the case
of naphthalene; the fulvenic isomer is constructed through the
“twist” of a double bond, seeking that the conjugation of the
adjacent ring is affected as little as possible in order to avoid an
overestimation in the numerical value delivered. Using the
scheme presented in Figure 4, the ISE value obtained for
naphthalene is 23.03 kcal'‘mol™" lower than that obtained for

1-membered ring with an exocyclic double bond.
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Figure 2. Fulvenization process of the ISE of benzene.
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Figure 3. Fulvenization process of the ISE of pyridine and diazines.
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benzene, consistent with the reduction of local aromaticity

reported in the literature.””*’

Figure 4. Fulvenization process of ISE for a local ring in naphthalene.

Additionally, it is possible to differentiate the stability of the
aromatic rings into different isomers. Poater and Sola showed
through delocalization criteria and energy decomposition
analysis some years ago that kinked PAHs (phenanthrene
family) are more stable than linear PAHs (anthracene
family).”" It is known that, by Clar’s rules, the outer rin%s
are the major contributors to the aromaticity of the system.”
In the case of phenanthrene, using the ISEs (see Figure 5), it
has a value of 37.39 kcal-mol ™! very similar to benzene, i.e., the

1438

benzenoid nature of this ring is maintained (only 4.1 kcal-
mol™! above the benzene value). This result differs from those
obtained through the reaction strategy proposed by Schleyer,
which has shown a more significant overestimation of the
aromatic stabilization value (about 8 kcal'‘mol™" higher than
benzene).”*® It is necessary to mention that at the moment of
building the respective fulvene isomer to obtain the ISE for the
central ring, after optimization, the same compound was
obtained (see Figure S). The results obtained indicate a
notorious reduction in the aromatic character according to the
Clar rules.

Through the aromatic stabilization energies using the
fulvenization strategy, it is possible to adequately describe
Clar structures. For the case of pyrene and chrysene, the values
of the outer rings are 35.48 and 38.86 kcal-mol ™", respectively,
while the central rings for both structures are 18.03 and 25.48
kcal-mol ™}, respectively. These results are in agreement with
Clar’s rules, which indicate that the most important resonant
structures are those where the outer rings exhibit aroma-
ticity.*>*>** On the other hand, the aromaticity of the outer
rings in coronene has a stabilization value of 35.86 kcal-mol ™},
while the central ring cannot be evaluated using these reactions
(see Figure 6).

Finally, we have verified whether this approach can be
extended to nonbenzenoid systems, so we have calculated

https://doi.org/10.1021/acsomega.3c07881
ACS Omega 2024, 9, 1436—1442
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/ 37.39 kcal.mol™!

14.93 keal.mol’!

9.53 keal.mol!

18.08 kcal.mol™!

Figure S. Fulvenization process of ISE for external local rings in phenanthrene and anthracene.

6 anti(aromatic) monocycles with a formula: C,H,” (where m =
Q c 1+, 0, 1—, depending on the case). The construction of the
Q fulvenic isomers can be seen in Figure S4. Table 1 shows the

6 / 35.48 keal.mol™!
O O Table 1. Isomerization Stabilization Energies Using the

Q Fulvenization approach for (Anti)Aromatic Monocyclic
Pyrene Q'Q Compounds Computed at the PBE0/def2-TZVP Level

C.H," ISEz,,

25.48 keal.mol! C3H;” 31.85

C,H, —-17.05

Q O CsHy™ 66.54

Q C CH," 7.77

Q C / 38.86 k -1 CsHg —22.98
Q O R cal.mol CGHGH 10
\ CgHg™™ 23.96

Chrysene OQOO

18,03 keal.mol! values obtained at the PBEO/def2-TZVP level; for the case of

the smallest system, the cyclopropenyl cation C;H;" with a

value of 31.85 kcal'mol™ is obtained in clear agreement with

O‘ O‘ its aromatic character, although the isomer used is not strictly

“O — “Q speaking a fulvene. However, a linear molecule with the same

O‘ O‘ criteria was used to construct the respective isomer. This result

is consistent with previous values reported in the literature.”*

Coronene 35.86 keal.mol” In the case of the C,H,, C¢Hg**, and CgHy systems, these

present negative values are in agreement with their
antiaromatic nature.”

The value for CiHy™ is overestimated because the

corresponding isomer has contributions from the cyclo-

Figure 6. Fulvenization process of the ISE for the external local rings
in selected polycyclic aromatic hydrocarbons.
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butadiene within its resonance forms (see Figure SS), thus
causing a high instability and, consequently, a loss in planarity.
For this reason, the high value includes stabilization by
aromaticity and other effects related to the electronic structure
of the isomer. On the other hand, the opposite is the case for
the fulvenic isomer of C,H,", where an energy of 7.77 kcal-
mol ™! is obtained, similar to that reported by Dewar.’® This
low energy is because the C;H," isomer contributes more to
the aromatic resonance structure. According to calculations
using natural resonance theory, the contribution percentages
indicate that the aromatic resonant structures contribute
12.7%. In comparison, the nonaromatic forms have contribu-
tions of 12.10% (two of them) and 11.98% (see Figure S6).
For this reason, the stabilities between the tropylium cation
and its respective isomer are similar.

B CONCLUSIONS

In summary, an alternative scheme for calculating aromatic
stabilization energies based on the isomerization approach
through fulvenic isomers has been provided. It has been
applied to a wide range of systems, many of them impossible to
apply under the traditional scheme proposed by Schleyer, as is
the case of persubstituted benzenes and others never applied
before as the inorganic analogues to benzene, SigH, and
GegHg. It has been shown that it is possible to study
aromaticity in biradical compounds, in both singlet and triplet
states, observing the conservation of aromaticity when passing
from one state to the other. It is also possible to observe the
systematic reduction of aromaticity in azines not observed by
using other indicators based on energetic criteria. Additionally,
it has been shown that this approach allows for the
differentiation of the aromaticity of local rings in different
PAHs according to the most significant contributing Clar
structures. Finally, for nonbenzenoid rings, it has been shown
that it is possible to assign the (anti)aromatic character of
various rings, except for five- and seven-membered rings, since
by the nature of the fulvenic isomers, they tend to overestimate
and underestimate the aromaticity of this type of rings,
respectively. It has been shown that this approach does not
overestimate the energies of the benzenoid rings in PAHs,
unlike the traditional scheme presented by Schleyer years ago.’
The fulvenization approach is an alternative and complement
for calculating aromatic stabilization energies effectively and
efficiently in multiple organic systems and even in specific
inorganic systems.

B COMPUTATIONAL METHODS

Geometry optimizations have been carried out at the PBE0"*/
def2-TZVP"® level; additionally, to ensure that we have a local
minimum, vibrational analyses have been performed, except for
the cases of the SigHg and GegHg systems in the Dy, symmetry
and their corresponding isomers. The Gaussianl6 software’’
package was used for the case of the biradicals, unrestricted
calculations were performed, and the guess = mix command
was added for the broken symmetry approach. The natural
resonance theory implemented in the NBO 7.0 program’® was
used to compute the percentage contributions of the resonance
structures.

1440

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c07881.

Fulvenization process for substituted benzenes, o/m/p-
benzynes, and inorganic benzene analogues; C,H,”
rings; resonance structures for fulvene isomers of
cyclopentadienyl anions; and most important resonance
structures for fulvenic isomers of benzene and tropylium
cation (PDF)

B AUTHOR INFORMATION

Corresponding Author
Ricardo Pino-Rios — Instituto de Estudios de la Salud,
Universidad Arturo Prat, 1100000 Iquique, Chile; Quimica y
Farmacia, Facultad de Ciencias de la Salud, Universidad
Arturo Prat, 1100000 Iquique, Chile; © orcid.org/0000-
0003-4756-1115; Email: rpinorios@unap.cl

Author
Luis Leyva-Parra — Departamento de Ciencias Quimicas,
Centro de Quimica Tedrica & Computacional (CQT&C),
Universidad Andrés Bello, Facultad de Ciencias Exactas,
8370146 Santiago de Chile, Chile

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c07881

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the financial support of the National
Agency for Research and Development (ANID) through
FONDECYT Projects 1230571 (R.P.-R.) and the National
Agency for Research and Development (ANID)/Scholarship
Program/BECAS DOCTORADO NACIONAL/2020-
21201177 (LL.-P.).

B REFERENCES

(1) Pauling, L.; Wheland, G. W. The nature of the chemical bond. V.
The quantum-mechanical calculation of the resonance energy of
benzene and naphthalene and the hydrocarbon free radicals. J. Chem.
Phys. 1933, 1 (6), 362—374.

(2) Dewar, M. J. S; Schmeising, H. N. A re-evaluation of
conjugation and hyperconjugation: The effects of changes in
hybridisation on carbon bonds. Tetrahedron 1959, S (2—3), 166—178.

(3) Cyranski, M. K. Energetic Aspects of Cyclic Pi-Electron
Delocalization: Evaluation of the Methods of Estimating Aromatic
Stabilization Energies. Chem. Rev. 2005, 10S (10), 3773—3811.

(4) Cyranski, M. K.; Schleyer, P. v. R;; Krygowski, T. M.; Jiao, H.;
Hohlneicher, G. Facts and artifacts about aromatic stability
estimation. Tetrahedron 2003, 59 (10), 1657—1665.

(5) (5a) Fernandez, 1; Frenking, G. Direct estimate of conjugation
and aromaticity in cyclic compounds with the EDA method. Faraday
Discuss. 2007, 13S (0), 403—421. (Sb) Mo, Y.; Schleyer, P. v. R. An
energetic measure of aromaticity and antiaromaticity based on the
Pauling-Wheland resonance energies. Chem.—Eur. J. 2006, 12 (7),
2009-2020.

(6) Schleyer, P. v. R; Piihlhofer, F. Recommendations for the
Evaluation of Aromatic Stabilization Energies. Org. Lett. 2002, 4 (17),
2873-2876.

(7) Zhu, J; An, K; Schleyer, P. v. R. Evaluation of Triplet
Aromaticity by the Isomerization Stabilization Energy. Org. Lett.
2013, 15 (10), 2442—244S.

https://doi.org/10.1021/acsomega.3c07881
ACS Omega 2024, 9, 1436—1442


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07881/suppl_file/ao3c07881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07881/suppl_file/ao3c07881_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07881?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07881/suppl_file/ao3c07881_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricardo+Pino-Rios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4756-1115
https://orcid.org/0000-0003-4756-1115
mailto:rpinorios@unap.cl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+Leyva-Parra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07881?ref=pdf
https://doi.org/10.1063/1.1749304
https://doi.org/10.1063/1.1749304
https://doi.org/10.1063/1.1749304
https://doi.org/10.1016/0040-4020(59)80102-2
https://doi.org/10.1016/0040-4020(59)80102-2
https://doi.org/10.1016/0040-4020(59)80102-2
https://doi.org/10.1021/cr0300845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0300845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0300845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(03)00137-6
https://doi.org/10.1016/S0040-4020(03)00137-6
https://doi.org/10.1039/B606835A
https://doi.org/10.1039/B606835A
https://doi.org/10.1002/chem.200500376
https://doi.org/10.1002/chem.200500376
https://doi.org/10.1002/chem.200500376
https://doi.org/10.1021/ol0261332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0261332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol400908z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol400908z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(8) De Proft, F.; Geerlings, P. Relative hardness as a measure of
aromaticity. Phys. Chem. Chem. Phys. 2004, 6 (2), 242—248.

(9) Najafian, K.; von Ragué Schleyer, P.; Tidwell, T. T. Aromaticity
and antiaromaticity in fulvenes, ketocyclopolyenes, fulvenones, and
diazocyclopolyenes. Org. Biomol. Chem. 2003, 1 (19), 3410—3417.

(10) De Proft, F.; von Ragué Schleyer, P.; van Lenthe, J. H.; Stahl,
F.; Geerlings, P. Magnetic Properties and Aromaticity of o-m-and p-
Benzyne. Chem.=Eur. J. 2002, 8 (15), 3402—3410.

(11) Zhy, C; Luo, M.; Zhu, Q; Zhu, J.; Schleyer, P. v. R;; Wy, J. L.
C.; Lu, X,; Xia, H. Planar Mobius aromatic pentalenes incorporating
16 and 18 valence electron osmiums. Nat. Commun. 2014, S (1),
3268S.

(12) Havenith, R. W. A,; Jiao, H.; Jenneskens, L. W.; van Lenthe, J.
H.; Sarobe, M.; Schleyer, P. v. R; Kataoka, M.; Necula, A.; Scott, L. T.
Stability and Aromaticity of the Cyclopenta-Fused Pyrene Congeners.
J. Am. Chem. Soc. 2002, 124 (10), 2363—2370.

(13) (13a) Dinadayalane, T. C.; Priyakumar, U. D.; Sastry, G. N.
Exploration of C6H6 Potential Energy Surface: A Computational
Effort to Unravel the Relative Stabilities and Synthetic Feasibility of
New Benzene Isomers. J. Phys. Chem. A 2004, 108 (51), 11433—
11448. (13b) Yaiez, O.; Biez-Grez, R.; Inostroza, D.; Rabanal-Ledn,
W. A,; Pino-Rios, R;; Garza, J.; Tiznado, W. AUTOMATON: A
Program That Combines a Probabilistic Cellular Automata and a
Genetic Algorithm for Global Minimum Search of Clusters and
Molecules. J. Chem. Theory Comput. 2019, 1S (2), 1463—1475.
(13c) Janda, T.; Foroutan-Nejad, C. Why is Benzene Unique?
Screening Magnetic Properties of C6H6 Isomers. ChemPhysChem
2018, 19 (18), 2357—2363.

(14) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBEO model. J. Chem.
Phys. 1999, 110 (13), 6158—6170.

(15) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297—-3305.

(16) (16a) Becke, A. D. Density-functional thermochemistry. I. The
effect of the exchange-only gradient correction. J. Chem. Phys. 1992,
96 (3), 2155-2160. (16b) Lee, C.; Yang, W, Parr, R. G.
Development of the Colle-Salvetti correlation-energy formula into a
functional of the electron density. Phys. Rev. B: Condens. Matter Mater.
Phys. 1988, 37 (2), 785—789.

(17) Zhao, Y.; Truhlar, D. G. The MO06 suite of density functionals
for main group thermochemistry, thermochemical kinetics, non-
covalent interactions, excited states, and transition elements: two new
functionals and systematic testing of four M06-class functionals and
12 other functionals. Theory. Chem. Account. 2008, 120 (1-3), 215—
241.

(18) Chai, J.-D.; Head-Gordon, M. Long-range corrected hybrid
density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10 (44), 6615—6620.

(19) Afeefy, H. Neutral thermochemical data, 200S. (19b) DeYonker,
N. J; Cundari, T. R; Wilson, A. K; Sood, C. A.; Magers, D. H.
Computation of gas-phase enthalpies of formation with chemical
accuracy: The curious case of 3-nitroaniline. J. Mol Struct.:
THEOCHEM 2006, 775 (1), 77—80. (19c) Acree, W. E., Jr;
Chickos, J. S. “Phase Transition Enthalpy Measurements of Organic
and Organometallic Compounds” en NIST Chemistry WebBook.
NIST Standard Reference Database Number 69; Linstrom, P. J.,
Mallard, W. G., Eds.; National Institute of Standards and Technology:
Gaithersburg MD; p 20899.

(20) (20a) Kaipio, M.; Patzschke, M.; Fliegl, H.; Pichierri, F;
Sundholm, D. Effect of Fluorine Substitution on the Aromaticity of
Polycyclic Hydrocarbons. J. Phys. Chem. A 2012, 116 (41), 10257—
10268. (20b) Torres-Vega, J. J.; Vésquez-Espinal, A.; Ruiz, L.
Fernandez-Herrera, M. A.; Alvarez-Thon, L.; Merino, G.; Tiznado, W.
Revisiting Aromaticity and Chemical Bonding of Fluorinated Benzene
Derivatives. ChemistryOpen 2015, 4 (3), 302—307. (20c) Rauhalahti,
M.; Taubert, S.; Sundholm, D.; Liégeois, V. Calculations of current
densities for neutral and doubly charged persubstituted benzenes

1441

using effective core potentials. Phys. Chem. Chem. Phys. 2017, 19 (10),
7124—7131. (20d) Béez-Grez, R.; Pino-Rios, R. Evaluation of Slight
Changes in Aromaticity through Electronic and Density Functional
Reactivity Theory-Based Descriptors. ACS Omega 2022, 7 (25),
21939-21945.

(21) Alvarez-Thon, L.; Mammino, L. An investigation of aromaticity
in hydroxybenzenes based on the study of magnetically induced
current density. Int. J. Quantum Chem. 2017, 117 (14), No. e25382.

(22) Poater, J; Garcia-Cruz, L; Illas, F.; Soli, M. Discrepancy
between common local aromaticity measures in a series of carbazole
derivatives. Phys. Chem. Chem. Phys. 2004, 6 (2), 314—318.

(23) Béez-Grez, R; Pino-Rios, R. Borataalkene or boratabenzene?
Understanding the aromaticity of 9-borataphenanthrene anions and
its central ring. New J. Chem. 2020, 44 (41), 18069—18073.

(24) (24a) Roos, B. O; Taylor, P. R; Sigbahn, P. E. M. A complete
active space SCF method (CASSCF) using a density matrix
formulated super-CI approach. Chem. Phys. 1980, 48 (2), 157—173.
(24b) Siegbahn, P. E. M.; Almléf, J.; Heiberg, A.; Roos, B. O. The
complete active space SCF (CASSCF) method in a Newton-Raphson
formulation with application to the HNO molecule. J. Chem. Phys.
1981, 74 (4), 2384—2396.

(25) Baéz-Grez, R.; Pino-Rios, R. On the aromaticity and stability of
benzynes in the ground and lowest-lying triplet excited states. J.
Comput. Chem. 2023, 4S, 6.

(26) Béez-Grez, R; Arrué, L.; Pino-Rios, R. Quantitative analysis of
aromaticity in azines by means of dissected descriptors based on the
magnetic criteria. Chem. Phys. Lett. 2021, 781, 138973.

(27) (27a) Schleyer, P. v. R; Jiao, H.; Hommes, N. J. R. v. E;
Malkin, V. G.; Malkina, O. L. An Evaluation of the Aromaticity of
Inorganic Rings: Refined Evidence from Magnetic Properties. J. Am.
Chem. Soc. 1997, 119 (51), 12669—12670. (27b) Hammoutene, D.;
Boucekkine, G.; Boucekkine, A.; Berthier, G. Electronic properties of
inorganic benzenes. Mol. Eng. 1995, S (4), 339—345.

(28) (28a) Nagase, S.; Teramae, H.; Kudo, T. Hexasilabenzene
(SigHg). Is the benzene-like D6h structure stable? J. Chem. Phys. 1987,
86 (8), 4513—4517. (28b) Santos, J. C.; Fuentealba, P. Aromaticity
and electronic structure of silabenzenes. Possible existence of a new
cluster Si6Li6. Chem. Phys. Lett. 2007, 443 (4), 439—442.

(29) (29a) Portella, G.; Poater, J.; Bofill, . M.; Alemany, P.; Sola, M.
Local Aromaticity of [n]Acenes, [n]Phenacenes, and [n]Helicenes (n
= 1-9). J. Org. Chem. 2005, 70 (7), 2509—2521. (29b) Bultinck, P.
Critical analysis of the local aromaticity concept in polyaromatic
hydrocarbons. Faraday Discuss. 2007, 135 (0), 347—365. (29¢) Aihara,
J.-i; Kanno, H. Local Aromaticities in Large Polyacene Molecules. J.
Phys. Chem. A 2005, 109 (16), 3717—3721.

(30) Karadakov, P. B,; VanVeller, B. Magnetic shielding paints an
accurate and easy-to-visualize portrait of aromaticity. Chem. Commun.
2021, 57 (75), 9504—9513.

(31) Poater, J.; Duran, M.; Soli, M. Aromaticity Determines the
Relative Stability of Kinked vs. Straight Topologies in Polycyclic
Aromatic Hydrocarbons. Front. Chem. 2018, 6, 561.

(32) Sola, M. Forty years of Clar’s aromatic z-sextet rule. Front.
Chem. 2013, 1, 22.

(33) (33a) Clar, E. The Aromatic Sextet; J. Wiley, 1972. (33b) Pino-
Rios, R; Cardenas-Jirén, G.; Ruiz, L; Tiznado, W. Interpreting
Aromaticity and Antiaromaticity through Bifurcation Analysis of the
Induced Magnetic Field. ChemistryOpen 2019, 8 (3), 321-326.
(33c) Lampkin, B. J.; Karadakov, P. B, VanVeller, B. Detailed
visualization of aromaticity using isotropic magnetic shielding. Angew.
Chem. 2020, 132 (43), 19437—19443.

(34) Fernandez, 1; Duvall, M; I-Chia Wu, J.; Schleyer, P. v. R;
Frenking, G. Aromaticity in Group 14 Homologues of the
Cyclopropenylium Cation. Chem.=Eur. J. 2011, 17 (7), 2215—2224.

(35) Krygowski, T. M.; Cyranski, M. K. Two sources of the decrease
of aromaticity: Bond length alternation and bond elongation. Part II.
An analysis based on geometry of the singlet and triplet states of 4nz
annulenes: C,H,, C;Hs*, C¢Hg*, C,H,~, CgHy, CoHy'. Tetrahedron
1999, 55 (36), 11143—11148.

https://doi.org/10.1021/acsomega.3c07881
ACS Omega 2024, 9, 1436—1442


https://doi.org/10.1039/B312566C
https://doi.org/10.1039/B312566C
https://doi.org/10.1039/B304718K
https://doi.org/10.1039/B304718K
https://doi.org/10.1039/B304718K
https://doi.org/10.1002/1521-3765(20020802)8:15<3402::AID-CHEM3402>3.0.CO;2-6
https://doi.org/10.1002/1521-3765(20020802)8:15<3402::AID-CHEM3402>3.0.CO;2-6
https://doi.org/10.1038/ncomms4265
https://doi.org/10.1038/ncomms4265
https://doi.org/10.1021/ja011538n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0467696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0467696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0467696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.201800364
https://doi.org/10.1002/cphc.201800364
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.462066
https://doi.org/10.1063/1.462066
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1016/j.theochem.2006.08.018
https://doi.org/10.1016/j.theochem.2006.08.018
https://doi.org/10.1021/jp308121b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp308121b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/open.201402110
https://doi.org/10.1002/open.201402110
https://doi.org/10.1039/C7CP00194K
https://doi.org/10.1039/C7CP00194K
https://doi.org/10.1039/C7CP00194K
https://doi.org/10.1021/acsomega.2c02291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/qua.25382
https://doi.org/10.1002/qua.25382
https://doi.org/10.1002/qua.25382
https://doi.org/10.1039/B309965B
https://doi.org/10.1039/B309965B
https://doi.org/10.1039/B309965B
https://doi.org/10.1039/D0NJ03942J
https://doi.org/10.1039/D0NJ03942J
https://doi.org/10.1039/D0NJ03942J
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1063/1.441359
https://doi.org/10.1063/1.441359
https://doi.org/10.1063/1.441359
https://doi.org/10.1002/jcc.27214
https://doi.org/10.1002/jcc.27214
https://doi.org/10.1016/j.cplett.2021.138973
https://doi.org/10.1016/j.cplett.2021.138973
https://doi.org/10.1016/j.cplett.2021.138973
https://doi.org/10.1021/ja9719135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9719135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01004015
https://doi.org/10.1007/BF01004015
https://doi.org/10.1063/1.452726
https://doi.org/10.1063/1.452726
https://doi.org/10.1016/j.cplett.2007.06.105
https://doi.org/10.1016/j.cplett.2007.06.105
https://doi.org/10.1016/j.cplett.2007.06.105
https://doi.org/10.1021/jo0480388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0480388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B609640A
https://doi.org/10.1039/B609640A
https://doi.org/10.1021/jp047183m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC03701C
https://doi.org/10.1039/D1CC03701C
https://doi.org/10.3389/fchem.2018.00561
https://doi.org/10.3389/fchem.2018.00561
https://doi.org/10.3389/fchem.2018.00561
https://doi.org/10.3389/fchem.2013.00022
https://doi.org/10.1002/open.201800238
https://doi.org/10.1002/open.201800238
https://doi.org/10.1002/open.201800238
https://doi.org/10.1002/ange.202008362
https://doi.org/10.1002/ange.202008362
https://doi.org/10.1002/chem.201001392
https://doi.org/10.1002/chem.201001392
https://doi.org/10.1016/S0040-4020(99)00629-8
https://doi.org/10.1016/S0040-4020(99)00629-8
https://doi.org/10.1016/S0040-4020(99)00629-8
https://doi.org/10.1016/S0040-4020(99)00629-8
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(36) Cone, C.; Dewar, M. J.; Landman, D. Gaseous ions. I.
MINDOY/3 study of the rearrangement of benzyl cation to tropylium.
J. Am. Chem. Soc. 1977, 99 (2), 372—376.

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H. Gaussian 16, Revision B.01; Gaussian, Inc.:
Wallingford, CT, 2016.

(38) (38a) Glendening, E. D.; Landis, C. R.; Weinhold, F. NBO 7.0:
New vistas in localized and delocalized chemical bonding theory. J.
Comput. Chem. 2019, 40 (25), 2234—2241. (38b) Glendening, E. D.;
Badenhoop, J. K; Reed, A. E,; Carpenter, J. E.; Bohmann, J. A;
Morales, C. M,; Karafiloglou, P; Landis, C. R; Weinhold, F.
Theoretical Chemistry Institute; University of Wisconsin: Madison, WI,
2018.

1442 https://doi.org/10.1021/acsomega.3c07881
ACS Omega 2024, 9, 1436—1442


https://doi.org/10.1021/ja00444a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00444a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.25873
https://doi.org/10.1002/jcc.25873
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

