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Mesoionic compounds are conventionally categorized into two types based on the primary origin of electrons
within the conjugated system, specifically determined by the arrangement of heteroatoms in the five-membered
ring. An examination of diverse mesoionic compounds has been undertaken to address the pivotal query
surrounding their classification: does the primary origin of electrons hold significance, and does this criterion
demarcate a definitive boundary between the two types of compounds? To comprehensively address this issue,
the DFT calculations were performed for a set of mesoionic molecules. The electronic properties of the
molecules were studied within the frameworks of quantum theory of atoms in molecules (QTAIM) and the
Nuclear Independent Chemical Shift (NICS).

To comprehend the topological distinctions among representatives of the two types, we describe a set of
indices designed to characterize the spatial distribution of electronic parameters within the molecular
frameworks. The results obtained show that the existing classification is to a certain extent justified, with the
main distinguishing factor between the two types being the nature of the distribution of the resulting ellipticities
of bonds in five-membered ring and the structure of the molecular orbitals. At the same time, based on NICS
calculations we concluded that both classes are not characterized by pronounced aromaticity of the mesoionic
ring for the selected set of molecules.

Keywords: mesoionic compounds, density functional theory, quantum theory of atoms in molecules, nuclear
independent chemical shifts.

Introduction

The mesoionic compounds typify dipolar molecules characterized by the delocalization of both
positive and negative charges within the molecular framework. The structural representation of
mesoionic compounds contradicts the classical covalent depiction and requires the introduction of
integer charges assigned to specific atoms. Consequently, the mesoionic compounds are frequently
illustrated as hybrids of various dipolar resonance structures.

Mesoionic compounds, characterized by substantial dipole moments, planar ring structures, and
distinct charge regions, exhibit diverse applications. Notably, certain mesoionic compounds
demonstrate antimicrobial and antitumor activities, particularly against sarcoma, melanoma, and
hepatocarcinoma cells [1, 2]. In the agricultural domain, mesoionic derivatives of pyrido[1,2-
a]pyrimidinones are employed as insecticides to control rice pests in several Asian countries [3,4].
High hyperpolarizability, ease of synthesis, stability, and tunable optical properties pose mesoionic
compounds as promising materials for nonlinear optical devices, including optical switches and data
storage elements [5].

In organic synthesis, palladium complexes of mesoionic compounds surpass triphenylphosphine
complexes as catalysts for Shizuki-Miyauri cross-coupling reactions, leading to the synthesis of novel
substances [6]. Cycloaddition reactions of mesoionic compounds find utility in polymer synthesis,
yielding materials with high cross-linking density, thermal stability, and low dielectric constants [7].
In the liquid state, mesoionic compounds exhibit ionic liquid properties, competing favorably with
other structures [8].

Within scholarly discourse, the term "mesoionic compound" has been established specifically for
two types of five-membered heterocyclic mesomeric betaines (HMB) — type A and type B [9, 10] (see,
however [11] where five separate classes of six-membered heterocyclic mesomeric betaines are
discussed). The selective restriction of the term "mesoionic" to these two categories of five-membered
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Electronic structure of mesoionic compounds. The classification problem

HMBs has been justified as a means to uphold the precision and utility of the nomenclature [10].
These are cyclic molecules having two or more heteroatoms in a five-membered ring and exocyclic
heteroatoms. In both types of compounds, the molecules manifest a conjugated system of 8 -
electrons; however, the distinguishing factor between the classes lies in the origin of these m-electrons,
as presented in Fig. 1. The categorization of HMB through an examination of their connectivity matrix
reveals type A mesoionic compounds as conjugated HMB and type B as pseudo-semi-conjugated [12].
Nevertheless, upon the formation of a chemical bond in analogous molecules, a conjugated system
emerges, leading to the assumption that all electrons are shared. Therefore, our objective is to dive into
the electronic characteristics of mesoionic compounds, seeking to ascertain whether such a formal
classification corresponds to Bader's theory (Quantum Theory of Atoms in Molecules, QTAIM).
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Figure 1. Resonance structures and the origin of m-electrons in mesoionic molecules

Calculation details

The objective of current investigation is the correlation between the electronic structure of
mesoionic compounds and their classification. Geometric and electronic properties were computed for
10 mesoionic compounds (Fig. 2). Calculations were performed utilizing the density functional
B3LYP within the 6-31++G(d,p) basis set employing Gaussian 09 software [13]. Our preliminary
calculations have shown that the results remain quite stable when the chosen basis set is changed. A
software package AIMAII [14] was used for consideration and analysis of electronic characteristics in
QTAIM frameworks.

Among the studied molecules there are both conventional representatives of mesoionic molecules,
such as miinchnone 1A, derivatives of diazoles 2A and 1B, and tetrazole 2B, as well as previously
unreported molecules 4B and 5B, which, to the best of our knowledge, have not been synthesized to
date.
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Figure 2. Systems under consideration.

Current investigation is guided by QTAIM, the main objects of which are atoms and bonds as
inherent manifestations of the observed electron density distribution function p within the system.
Simultaneously, the electron density distribution within the molecule describes the average way in
which electronic charge is spatially distributed within the coulomb field created by the nuclei [15]. In
accordance with the principles of QTAIM, the depiction of a molecular structure involves the
identification of critical points within the electron density field, along with the delineation of gradient
trajectories originating and terminating at these critical points (CPs). Furthermore, it is well known
that the nature of chemical bond is discerned through the sign of the second derivative at a specific
point. Thus, in addition to the electron density eigenvalue at CPs, the Laplacian of the electron density
1/?p serves as a descriptor for bond characteristics. After all, a crucial parameter, particularly in the
examination of conjugated systems, is the ellipticity of the bond e. It is defined in relation to the
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cylindricity of the electron density at the CP and quantitatively assesses the extent to which the
electron density preferentially occupies a specific plane containing the bond axis.

The characteristics of bonds, such as electron density p, Laplacian of electron density V/?p and
ellipticity ¢ at critical points are compared to reference molecules, which are furan, pyrrole, thiophene,
pyrazole, isoxazole, isothiazole and tetrazol. Also we provide an analysis of geometrical parameters in
studied molecules.

Results and discussion

Certain molecular characteristics of the investigated molecules are given in Table 1. The acquired
data reaffirm the notably elevated dipole moments and polarizabilities of mesoionic compounds.
These characteristics provide the optical nonlinearity outlined above, as well as environmental effects,
such as solvatochromism [16]. It is pertinent to observe that, generally, type A compounds exhibit
larger values of HOMO-LUMO gaps. Typically, a larger HOMO-LUMO gap indicates increased
stability, although further research is warranted to delve into this aspect.

Table 1. Quantitative characteristics of the studied molecules.

HOMO-LUMO gap, Dipole Moment, D Polarizability, a.u.

eV
1A 4.44 7.90 63.689
2A 4.19 7.12 81.640
3A 3.51 5.38 91.835
4A 3.10 10.58 208.131
5A 3.35 6.29 106.910
1B 3.29 9.83 84.219
2B 3.73 10.91 72.060
3B 2.72 4.02 107.651
4B 1.66 5.93 98.618
5B 2.04 1.98 42.350

In type A compounds, the A-E bond is identified as the weakest, as indicated by the following
facts: it is on average 0.2 A longer than the corresponding bonds in the reference molecules, and
displays relatively low electron saturation and ellipticity. These findings align with earlier research
[17]. Conversely, the D-E bond in type A compounds tends to shorten, exhibiting high ellipticity and
substantial negative Laplacian values, which indicates a strong electronic correlation. Findining
general patterns in type B compounds may be challenging, but it can be said that both A-E and D-E
bonds are characterized by the large negative values of the Laplacian, which indicates a high
concentration of electron density on the interaction lines and strong electron sharing.

It is rather difficult to identify distinct trends in the electronic characteristics of the E-F exocyclic
bond. For compounds 1A, 3A, and 5B, the positive Laplacian value in the CP of the E-F bond suggests
an ionic character of given bond. The ellipticity in the CP of the E-F bond for compound 4A has a
value 0.004, prompting a comparison with the ellipticity of a single 6-bond, such as C-H. Compounds
3A, 1B, and 3B also exhibit relatively low ellipticity values for the E-F exocyclic bond: 0.006, 0.075,
and 0.057, respectively, which identifies them as single o-bonds. However, in compound 5A, the
exocyclic E-F bond displays an exceptionally low Laplacian value of -1.279 alongside a relatively
high ellipticity of 0.277. The E-F bond in compound 2B is also unequivocally interpreted as double
and covalent.

Table 2. Average values of the studied bond characteristics for two types of mesoionic compounds.

r A p, A ) g
Type A Type B Type A Type B Type A Type B Type A Type B
A-B 1.485 1.461 0.285 0.307 -0.596 -0.529 0.299 0.203
B-C 1.322 1.595 0.331 0.294 -0.419 -0.496 0.313 0.254
C-D 1.392 1.463 0.271 0.306 -0.185 -0.526 0.407 0.201
D-E 1.401 1.434 0.311 0.292 -0.828 -0.796 0.379 0.206
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A-E
E-F

1.661
1.327

1.434
1.243

0.201
0.359

0.292
0.390

-0.356
-0.292

-0.799
-0.296

0.114
0.114

0.201
0.090

Mesoionic compounds of type A exhibit anomalous angular curvature near the exocyclic atom
(Table 3). NBO analysis performed by Oziminski and Ramsden on compound 2A reveals a significant
donor-acceptor interaction (34.6 kcal mol™") involving the lone exocyclic electron pair and the
antibonding orbital related to the A-E bond. In contrast, the interaction with the adjacent D-E bond
orbital is considerably weaker (15.4 kcal mol™). These interaction energies align with an observed
compression of the A-E-F bond angle, leading to a concurrent weakening of the A-E bond and the
reinforcement of the D-E bond [18].

Table 3. Calculated valence angles, formed by exocyclic bond

1A 2A 3A 4A 5A 1B 2B 3B 4B 5B
A-E-F 1184 1224 1219 1185 1313 1295 1262 1234 1222 1293
D-E-F 1403 1351 1351 1355 126.6 1295 1262 1247 1222 1293

To identify topological differences between representatives of the two types of mesoionic
compounds, we propose indices summing the QTAIM characteristics of five-membered rings and
five-membered rings along with the exocyclic atom. These indices are standard deviation (SD), and
Kullback-Leibler divergence (KL).

(1

KL=- Y Plog,<. @)
i=1,5 P

In the given formulas, X represents the average value of the corresponding bond characteristic, P
X; —
corresponds to the probability of a certain value and is calculated as E‘, where S__zlls Xi. The
i=1,

Kullback-Leibler index KL compares this distribution with the model (uniform) distribution, denoted

1
as (. The indices were computed both for the mesoionic five-membered cycle (Q=§) and for the

1
conjugated system, including the mesoionic cycle and exocyclic atom (Q= g).

The ranges of the obtained index values are presented in Table 4. It is noteworthy that certain
compounds demonstrate positive Laplacian values, both for endo- and exocyclic bonds. Due to the
logarithmic limitations, the corresponding indices were not computed.

Table 4. Topological indices describing the electronic structure of mesoionic compounds:
(5) — for the cycle, (6) — for the conjugated system including the exocyclic atom.

p vp 3

Type A Type B Type A Type B Type A Type B

SD(5) 0.030- 0.028-0.073, 0.197- 0.437 0.103-0.514, 0.112- 0.176 0.007-
0.074 0.187 0.712 0.101

0.006- 0.005-0.042, 0.050-0.235, 0.009- 0.189 0.080- 0.247 0.000-

KL(5) 0.056 0.213 0.589 0.083,
0.600

SD(6) 0.039- 0.038-0.081, 0.246- 0.410 0.185-0.476, 0.129- 0.174 0.059-
0.092 0.172 0.720 0.092

0.009- 0.008-0.062, 0.100-0.105, 0.069- 0.181 0.111-0.285, 0.070-

KL(6) 0.071 0.177 0.691 0.415 0.094,
0.486

Although type B mesoionic compounds inherently exhibit greater symmetry compared to type A
compounds, all calculated index ranges are quite comparable for compounds of the two types, except
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for the indices representing ellipticity distribution. Specifically, type A compounds are distinguished
by corresponding indices values below 0.1, and type B exceeding 0.1.Values of indices approaching
zero signify a uniform distribution of the given value within the bonds; as the index value increases,
the corresponding distribution becomes more uneven. It is deduced that in type B compounds, the
distribution of ellipticity values within the bonds is more uniform compared to type A compounds.
Simultaneously, bonds in type A compounds exhibit higher ellipticity values (Table 2), indicating a
higher level of conjugation than in type B compounds. The non-uniform distribution of ellipticity can
be interpreted as a disruption of conjugation, a conclusion to some extent supported by the computed
molecular orbitals (Fig. 2).

The Table 4 includes values in italic style that deviate from the specified ranges. Both types of
compounds exhibit more ideal structures for which general trends can be found, as well as extreme
structures with unique properties. Particular emphasis is placed on indices characterizing the
distribution of electron density p. Upon examination of Table 4, it becomes apparent that the index
ranges are nearly identical for compounds of both types. This observation leads to the conclusion that
the initial origin of electrons has little influence on their subsequent distribution within the conjugated
system. This perspective underscores the arbitrariness of the criterion used to categorize compounds
into two types.

In the examination of aromaticity across two discrete classes of compounds, the NICS indices were
determined at ring CPs and at a distance of 1A from the molecular plane, NICS(0) and NICS(1). The
obtained values in Table 5 delineate that, at the specified 1A distance, compounds of type B manifest
heightened shifts in contrast to type A compounds. However, despite these discernible distinctions, the
computed indices for both classes substantiate a non-aromatic classification, with the noteworthy
exception of compound 5B, wherein the computed value of -34.8 exceeds the corresponding
benchmark for benzene (-29.2).

2B 3B 4B 5B

Figure 2. Molecular orbitals characterizing general molecular conjugation.

Table 5. NICS values obtained for studied molecules
NICS(0)iso NICS(0),. NICS(1)iso NICS(1),.

1A -14.2 -0.9 -5.0 -15.4
2A -10.4 4.0 -6.0 -16.7
3A -9.1 4.6 -6.1 -12.5
4A -6.9 18.5 -3.7 -3.4
S5A -8.5 9.9 -43 -12.3
1B -10.5 1.9 -7.4 -17.1
2B -8.7 1.7 -7.4 -18.0
3B -12.7 -3.1 -8.9 -18.9
4B -8.1 -1.0 5.3 -11.6
5B -34.7 -59.7 -18.6 -34.8
furan -12.1 -8.2 93 -27.1
pyrrole -14.0 -12.0 -10.0 -30.8
thiophene -13.1 -7.9 -10.1 -27.5
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pyrazole -13.9 -15.0 -11.3 -32.8
isothiazole -13.5 -12.5 -11.0 -29.9
isoxazole -12.3 -11.2 -10.3 -28.4
benzene -8.0 -14.5 -10.2 -29.2

Conclusions

The central aim of presented research was to ascertain the significance of electron origin
classifying criterion in influencing the electronic properties of the two identified types of mesoionic
compounds — type A and type B. According to our investigation, the formal classification of
mesoionic compounds finds some confirmation within the QTAIM framework with the principal
distinguishing factor between the two types being the distribution pattern of ellipticities (i.e
conjugation). Notably, type A compounds exhibit specific geometric attributes leading to a breach of
conjugation. Despite possessing higher ellipticities, which can be treated as enhanced conjugation
compared to type B compounds, the distribution of these ellipticities within type A molecules is non-
uniform. Conversely, type B compounds, characterized by a more uniform distribution of ellipticities,
display elevated NICS(1) values, albeit less conjugation than type A compounds.

Ultimately, it is imperative to acknowledge that, in comparison to reference molecules, compounds
from both types exhibit markedly lower NICS(1) values, warranting their classification as non-
aromatic. It is noteworthy that, notwithstanding distinctive patterns discernible in compounds of both
types, certain exceptional structures deviate from these trends, showing unique properties.
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M. Kupna, C. KosaneHko, B. IBaHoB. EnektpoHHa 6ynoBa Me30ioHHMX cnonyk. MNpobnema knacudikadi.

Xapkiecbkull HauioHanbHUl yHisepcumem imeHi B.H. KapasiHa, ximiyHul c¢bakynbmem, matidaH Ceobodu, 4,
Xapkis, 61022, YkpaiHa

Me30ioHHi cnonyku yMOBHO KnacudikyloTb Ha ABa TUMNW HA OCHOBI MEPBMHHOIO NMOXOLXEHHSA €NEKTPOHIB Y
CMPSXKEHiI cucTemi, 30KpeMa BM3HAYEHOro pOo3TallyBaHHAM reTepoatoMiB Yy N'ATUYNEHHOMY KinbLi. B
npeacTaeneHin poboti 6yno npoBeaeHO AOCHIAXEHHS Pi3HOMaHITHMX Me30iOHHMX Cnonyk, wob BignosicTH
Ha KIMYOBE 3anuTaHHS WOAO iX Knacudikauii: Y4 Mae 3Ha4YeHHs NepBUHHE NOXOMAXKEHHS €NEKTPOHIB i UM Lewn
KpUTEepin BM3HA4ae OCTaTOYHY MeXy MK ABoma Tunamu cnonyk? LWo6 supiwmntn uo npobnemy 6ynu
npoBefeHi KBaHTOBOXiMiYHi poO3paxyHkn meTodom dyHKuioHany ryctuHn (DFT) pgna psgy TMnoBux
Me30i0OHHMX MoMekyn. ENeKTpoHHi BMacTUBOCTI MOMeKyn AOCNiIOXyBanucsa B paMmkax KBaHTOBOI Teopii aToMiB
y monekynax (QTAIM) i apgepHo-HesanexHoro ximidyHoro 3cysy (NICS). [nsa onucy BigMiHHOCTENW MiX
npeacTaBHMKaMyM ABOX TWMIB ME30IOHHUX CMOMyK 3anpornoHoBaHO Habip iHAeKCiB, MNpu3HayeHux Ans
xapaktepuctukn enektpoHHux QTAIM napametpiB y monekynax. OTpumaHi pesynbTaTu MNoOKasylTb, LWO
iCHyto4a knacudikauis € NneBHOIO Mipol0 BUMPaBLaHO, rONOBHUM PakTOPOM BiAMIHHOCTI Mk ABOMa Tunamu
€ XapakTtep eninTUYHOCTEeN 3B’A3KiB Yy M'ATUYNEHHOMY KifbLi Ta CTPYKTYpu MonekynsapHux opbitanen. Ha
OCHOBi po3paxyHkiB NICS pginwnu BWCHOBKY, wWo o6muaBa knacu cnonyk obpaHoro Habopy He
XapaKTepusyloTbCA BUPAXEHO apoOMaTUYHICTIO ME30IOHHOIO KinbLs.

Knro4oei crnoea:. Me30i0HHI CrionyKu, meopis ¢byHKUioHana 2ycmuHu, KeaHmoea meopis amomie y
Morekynax, 10epHO-He3anexHi XiMidyHi 3cysu.
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