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Preface

This volume of “Topics in Heterocyclic Chemistry” focuses on the aspects of
structure, bonding and reactivity of heterocyclic systems. It aims at presenting a
series of different state-of-the-art methods and concepts available in quantum
mechanics and theoretical chemistry to probe these different important aspects of
heterocyclic compounds.

In quantum chemistry, quantum mechanics is applied to problems in chemistry.
An important goal in this field, among others, is to accurately solve the time-
independent Schrédinger equation for molecular systems, yielding the different
energy states of the system and the accompanying wave functions, from which all
properties can be obtained. Unfortunately, this equation can only be solved exactly
for one-electron systems; for many-electron systems, approximations have to be
made. In recent decades, powerful and accurate methods have been developed.
Accompanied by the ever-increasing power of computers and the availability of
dedicated specialized software, accurate calculations of different properties of
compounds of ever-increasing size can now be performed. These properties
include, among others, molecular structures and energetics, such as reaction
energies and activation barriers, both of importance to describe thermodynamic
and kinetic aspects of a chemical reaction. This often requires the explicit treatment
of the effect of the solvent, which can play a crucial role in determining chemical
reactivity. Often, use is made of density functional theory methods, which, instead
of the wave function, adopt the electron density as the basic quantity to describe all
atomic and molecular properties. Another important aspect of quantum chemistry is
that it serves as a source for the evaluation and computation of concepts. Chemistry
has traditionally used and continues to use a series of powerful concepts in order to
explain chemical behaviour. These concepts are not only invoked to provide
rationalization, but they are also applied in a predictive manner. Already from the
early days of quantum mechanics, a lot of attention has been devoted to the
computation of these chemical concepts, which are often not experimentally mea-
surable or, in quantum mechanical terms, correspond to non-observables. In this
volume, attention will also be devoted to the use of a selected number of these
concepts to rationalize the bonding and reactivity of heterocyclic compounds.
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In the first chapter in this volume, Van Speybroeck et al. show how computa-
tional chemistry and molecular modelling, in synergy with experiment, can play an
important role in the elucidation of various aspects related to the reactivity of
aziridinium ions, important intermediates in the synthesis of functionalized amines
and other nitrogen-containing organic compounds. This chapter focuses on the
computation of ring strain and the role of the solvent, N- and C-substituents and
nucleophile on the kinetics (through activation-free energies) of regio- and
stereocontrolled ring opening of the aziridinium ions. Density functional theory-
based reactivity descriptors are introduced to probe the regio- and stereochemical
preferences in the ring-opening reaction. These reactivity descriptors are discussed
in more detail by Morell et al. in the subsequent chapter, paying attention, among
others, to the intricacies of the less frequently used selectivity descriptors for
excited states. In addition, these authors describe their application, in particular of
the so-called dual descriptor, to a very important series of heterocyclic ring systems,
DNA bases. It is investigated how both global and local DFT-based reactivity
indices can provide insights into the occurrence and formation mechanisms of
DNA lesions.

The role of the electron density as a central quantity in density functional theory
is already emphasized in the above chapters. However, the analysis of the topology
of this function has been proven to also give important insights into the structure,
bonding and reactivity. This approach is the central topic in the chapter of Popelier
et al., focusing in detail on the characterization of five-membered heterocyclic ring
systems through the theory of quantum chemical topology (QCT). After a short tour
d’horizon of QCT, the authors show that ring atom properties can be obtained from
the ring critical point (RCP) properties, and in their quest for determining a ring’s
net charge, they introduce the concept of ring characteristic orthogonality, with
different characteristics of a ring affecting the ring’s properties orthogonally. The
RCP and ring atom properties of the model are finally tested against the IGPD
inhibitor molecules.

The majority of quantum chemical calculations nowadays are performed within
the molecular orbital (MO) framework. In this approach, molecular orbitals are
constructed as a linear combination of (atom-centred) atomic orbitals. These
molecular orbitals on the other hand are delocalized over the whole molecule
and, thus, provide no straightforward connection to the Lewis picture of bonding
often used by chemists. Valence bond (VB) theory was introduced almost at the
same time as the MO approach around 1930, but received much less attention in
subsequent decades due to its computational intricacies. In recent years, it regained
interest as described by Havenith et al. in the chapter “Valence Bond Theory in
Heterocyclic Chemistry,” providing an alternative method that more closely
connects to the concept of a molecule being atoms connected by bonds consisting
of electron pairs. The method is subsequently discussed within the context of
heterocyclic rings, leading to the conclusion that VB is a strong tool in the
interpretation of the electronic structure in terms of classical chemical concepts
such as bond bending, hyperconjugation and aromaticity. The last concept, of
ubiquitous importance when studying unsaturated rings, is further elaborated on
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in the final two chapters of the volume in the case of heterocyclic ring systems. As
stated and discussed in detail in the contribution of Sola et al., this concept, related
to the cyclic delocalization of electrons, cannot be defined without ambiguity, and it
is often indirectly “measured” on the basis of its repercussion on various properties
of the molecule. These authors discuss this concept for both organic and inorganic
monocycles with special emphasis on the measures based on electron delocalization
properties of aromatic rings.

In the final chapter, Nguyen et al. focus on the aromaticity of polyheterocyclic
systems containing sulphur and their derivatives, such as annulated oligothiophenes
(sulflower) and their O, Se, PH, PF and NH analogues. In addition, this chapter also
discusses the use of the electron localization function (ELF) to probe aromaticity
and to gain insight into bonding in these particular systems. The concept of disk
aromaticity is thereby proposed to be an effective measure of the aromaticity of
polyheterocycles.

In summary, the volume presents a broad overview of concepts and the way they
can be quantified by state-of-the-art techniques to study the structure, bonding and
reactivity of heterocyclic compounds.

Brussels, Belgium Frank De Proft
Paul Geerlings
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Abstract This chapter focuses on the importance of aziridinium ions as interme-
diates in organic chemistry. The principal aim is to gain insight into the factors to
take into account for the selective synthesis of a variety of functionalized amines

via

aziridinium salts, such as the nature of the aziridinium ion (ring strain and N-

and C-substituents of the aziridine ring), the nucleophile, and the solvent environ-
ment. Molecular modeling is used to investigate kinetics, electrostatics, and frontier
molecular orbitals of reactions involving intermediate aziridinium ions, such as the
nucleophilic ring opening of aziridines, the ring expansion of nitrogen heterocycles,
and the ene reactions with triazolinedione.
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Keywords Aziridinium ions « DFT « Ring strain ¢ Regioselectivity ¢ Solvation

Abbreviations

Al Aziridinium imide intermediate

CM3 Charge model 3

CSE Conventional strain energy

CSG Gibbs free coordination solvation energy
DFT Density functional theory

Hirshfeld-I Iterative Hirshfeld

LG Leaving group

NPA Natural population analysis

Ol Open intermediate

PM3 Semi-empirical parameterized model number 3
QM/MM Quantum mechanics/molecular mechanics
TAD Triazolinedione

TS, bs Transition state for proton abstraction
TS.q4 Transition state for addition

TS;so Transition state for isomerization
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1 Introduction

The aziridine moiety A (Fig. 1) represents one of the most valuable three-
membered ring systems in organic chemistry, due to the uncommon combination
of reactivity, synthetic flexibility, and atom economy [1-11]. Indeed, ring strain
renders aziridines susceptible to ring-opening reactions that dominate their chem-
istry and makes them useful synthetic intermediates in the arsenal of the organic
chemist. The regio-controlled ring opening of C-substituted aziridines constitutes a
powerful approach toward the preparation of a large variety of functionalized
nitrogen-containing target compounds [12—-15]. The ring opening of activated
aziridines, i.e., aziridines with an electron-withdrawing group at the nitrogen
atom, has shown to be quite straightforward, mostly involving the nucleophilic
attack at the less-hindered aziridine carbon atom [16-20]. On the other hand,
nonactivated aziridines, which do require quaternization toward an aziridinium
intermediate B for nucleophilic ring-opening reactions due to an electron-donating
group at the nitrogen atom, often have different reactivity and applications. They
provide interesting opportunities for the selective synthesis of a variety of
functionalized amines. It should be noted that aziridinium ions not only can be
obtained through N-functionalization of neutral aziridines [21] but also through
intramolecular substitution of amines bearing a leaving group at the p-position [22].

This chapter mainly covers work that was performed by the authors. In the first
part, different types of strain and different methods to determine ring strain are
described and a rationalization of the ring strain of different aziridinium ions will be
given based on theoretical calculations. Next, a short overview will be given of the
formation of aziridinium ions B from both the rearrangement of p-amino alcohols
and the ring opening of nonactivated aziridines, and the reactivity of aziridinium
ions will be investigated theoretically. In addition, the role of bicyclic aziridinium
ions C as intermediates in the ring expansion of aziridines to azetidines will be
unraveled. In the last part, we highlight the importance of spiro aziridinium ylides
D as intermediates in ene reactions involving the highly reactive electrophile
triazolinedione (Acevedo et al. [23]).

Fig. 1 Aziridines A, R1 (o)
aziridinium ions B and R4 N—( _
C, and aziridinium ylides D F,‘1 R1 Rz N o=A: N
N *N N
VAR VAR VARN
A B C D
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2 Ring Strain

Ring strain is an effect that destabilizes cyclic compounds and in this context may
make aziridines and aziridinium ions, which act as versatile intermediates in
organic chemistry [7], susceptible to ring-opening reactions. Ring strain is charac-
terized by the increase in energy due to the ring structure [24-26] and plays an
important role in the thermodynamics of aziridinium ions, as their existence makes
the synthetically useful ring-opening reactions of these intermediates favorable.
Despite the important role of ring strain in certain activated aziridinium interme-
diates, it is rarely assessed quantitatively in experimental or theoretical studies, and
the concept has not often been introduced in a formal way. A better understanding
of various ring structures will be performed from a detailed theoretical analysis. For
that reason, the ring strain of several ammonium species 3-8 (Fig. 2) is investigated.

Ring strain itself is composed of at least four different types of strain: Baeyer or
angle strain, stretching strain, Pitzer or conformational strain, and Dunitz-
Schomaker or transannular or steric strain (Fig. 3) [27-32].

Baeyer strain arises from bond angle expansion or compression relative to
acyclic, unstrained species. This type is most pronounced in small rings. In
aziridinium ions, for example, the endocyclic bond angle centered on a tetrahedral
center is reduced from 109.5° to 60°. Baeyer strain is the most obvious type of
strain. However, its effects are not always straightforward, as illustrated by the
relatively low strain energy of cyclopropane compared to cyclobutane (115.1 and
110.1 kJ/mol, respectively) [33]. Indeed, three-membered rings are often stabilized
by o delocalization, which is characterized by an increase of electron density in the
center of the ring [34].

Ph, O
N
e Me Me,  Me Me, L. NH
N N N N N N N
ANANDD < QDA
1 2 3 4 5 6 7 8

Fig. 2 Cyclopropane 1, aziridine 2, and substituted ammonium ions 3-8

+H2 +H2 +H2
\(’i‘)\/ V§/N\/ N

9 9 Hy

H H H, N H

2 2 . N

R A 00

A = H )(H

3 3 10 3 11
Baeyer or stretching strain Pitzer or
angle strain conformational

strain

Fig. 3 Types of (ring) strain
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Scheme 1 Unstrained
isomers for ring strain A — 12
determination of
cyclopropane 1, aziridine 2, 1 12
and aziridinium ion 3 H
H N
N
A — O
12 2 13
Ha
. nz N
1/2 O + /\ —_ Q
12 3 14

Stretching strain includes bond elongation and compression. Single carbon-
carbon bonds are slightly shorter in three-membered rings than in acyclic alkanes
(1.51 and 1.53 A, respectively). However, this effect is more pronounced in tricyclo
[2.1.1.0"*]hexane 10 [35]. In this tricyclic ring system, the bond between the two
bridgehead carbon atoms is 1.75 A.

Pitzer strain involves the 1,4-interactions across a bond and is determined by the
dihedral angle. The stability of the chair conformation of cyclohexane, for example,
is a result of a low Pitzer strain, since all 1,4-positioned hydrogen atoms are
staggered. Finally, transannular strain is caused by repulsive steric interactions
between atoms across a ring and is the sum of the van der Waals interactions
between atoms that are separated by more than three formal bonds. The repulsion
between axial substituents in cyclohexanes is a nice example.

Thus, strain energy is the sum of multiple effects, which can be either repulsive
(e.g., angle strain in small rings) or stabilizing (e.g., ¢ delocalization in three-
membered rings). This sum is often denoted as conventional strain energy (CSE) to
highlight the subtle interplay between these effects [36].

CSE is defined as the difference between the heat of formation (or combustion)
of a strained molecule and an equivalent system, as will be explained below
[25]. The definition of an equivalent system is dependent on the determination
method (Schemes 1 and 2), and the required thermodynamic data can be obtained
either from experiments or from calculations. CSE is a gas-phase property and thus
the effect of solvation is not taken into account.

The most straightforward way to determine ring strain is by comparing a strained
molecule with an unstrained molecule (unstrained isomers, Scheme 1) [37,
38]. Strained cyclopropane 1, for example, can be seen as one half of an unstrained
cyclohexane 12 molecule. The equivalent systems must conserve certain chemical
characteristics in a stoichiometric way, as will be explained later on. This approach
has two drawbacks: to start with, it is not always possible to find an equivalent
system and furthermore, six-membered rings are often the only good choice for an
equivalent system. The latter problem is circumvented by assuming that the chair
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Model systems Atomic groups Strained systems

g g o
solve for combine into

15 16 atomic groups . new systems
SSNT CHp, CHg, NH,NH, ——  /\
H 1
17
SN
Ho
18

+H2
VAR
3

N [:ZI

Scheme 2 Additive schemes for ring strain determination of cyclopropane 1, aziridine 2, and
aziridinium ion 3

conformation of six-membered rings is strain-free, although this assumption can be
questioned [38].

Additive schemes represent a second method for ring strain determination
(Scheme 2) [39, 40]. In this approach, a strained molecule is divided into atomic
groups. An aziridinium ion, for example, is a combination of two methylene groups
(CH,) and a nitrenium group (*NR,). The unstrained energy of these groups is
estimated from unstrained, acyclic molecules in which the groups occur in a similar
chemical environment and the sum of these energies is then subtracted from the
energy of the strained species, yielding the ring strain.

The most commonly used methods are extensions of the first approach. In these
methods, the strain energy is determined as the enthalpy change of a reaction in
which all products and reagents, except the strained molecule, are acyclic. A
number of chemical properties are conserved by the reaction, according to specific
schemes. Wheeler et al. have constructed a generalized classification of these
schemes, though only for hydrocarbons [25]. The differences between the schemes
become less clear for heterocyclic compounds, although the classification is still
manageable for simple systems [35, 41, 42].

The most common scheme is based on homodesmotic reactions (Scheme 3) [25,
43]. They conserve the number of atoms with the same atom number, hybridization
state, and bonding partners (condition a) and the number of bonds with the same
bonding partners and the same formal valence (condition b). A homodesmotic
reaction for an aziridinium ion should conserve, inter alia, the number of carbon
centers attached to a positive, tetravalent nitrogen center, two hydrogen atoms and a
tetravalent carbon center (condition a) and the number of bonds between a positive,
tetravalent nitrogen center and a tetravalent carbon center (condition b).

As mentioned above, ring strain can be determined either experimentally or
computationally. Since experimental thermodynamic data for aziridinium ions are
limited, the ring strain of several ammonium species 3-8 is investigated computa-
tionally. This approach can be systematically extended to estimate the ring strain of
a large number of related compounds.

Unstrained isomers, an additive scheme, and a scheme based on homodesmotic
reactions have been used to estimate the conventional ring strain of cyclopropane 1,
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3CH, —= [\ +3CoHs
1
H

N

NHMe, + 2NHEt — LN\ 4 CQHe + 2 NHoMe
2
+H2

N
NHMe, + 2 NHsEtT —= £\ 4 CoHg + 2 NHsMe
3

v e

e +

Et_ 1 Et N )

(n+m-2)CgHg + +l}j — (4;\l))m+(n m) CoHg
iPr 4-7

Scheme 3 Homodesmotic reactions for strained compounds 1-7 (n=m=1, n=1 and m=2,
n=m=2,and n=1and m=3 for 4, 5, 6, and 7, respectively)

Table 1 Conventional strain energies (kJ/mol) of cyclopropane 1, aziridine 2, and ammonium
ions 3-7 (M06-2X/6-311 + G(2df,2pd)//B3LYP/6-31 + G(d,p), 298 K, thermal enthalpy correc-
tions were taken from B3LYP/6-31 + G(d,p) optimizations)

Three-membered rings Bicyclic systems
Unstrained Additive Homodesmotic Homodesmotic
isomers schemes reactions Experimental reactions

1 102.4 104.1 105.7 115.1 [32] 4 279.7
105.4 107.3 110.2 111.7 [43] 5 208.7

3 152.8 163.0 160.1 6 178.2

7 103.3

aziridine 2, and aziridinium ion 3 (Table 1). In all cases, the conventional strain
energy was obtained as a stoichiometric sum of the computationally calculated
enthalpies of the molecules or groups involved.

Based on literature [25, 37-40, 43], it can be assumed that the scheme based on
homodesmotic reactions gives the best results. This is not very surprising consid-
ering the rather simplistic nature of the additive scheme: an atomic group is defined
solely by atomic number, charge, and valence of the center atom and the number of
hydrogen atoms attached to it. For example, a methylene group in an aziridine is
considered to be the same as a methylene group in an alkane. Furthermore,
piperidine 13 and piperidinium 14 are used as six-membered equivalents for
aziridine 2 and aziridinium 3. Piperazine and piperazinium would be more conve-
nient equivalent systems, though there is a significant repulsion between the two
nitrogen atoms in these species.

However, there are no significant numerical differences between the three
methods and it is not possible to compare the calculated numbers with the limited
experimental results (Table 1).
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Cyclopropane 1 and aziridine 2 have similar strain energies of circa 110 kJ/mol,
which is the enthalpy reduction of a reaction that cleaves one of these rings. The
kinetic barrier for this reaction will be too high for cyclopropane 1 because carb-
anions are extremely poor leaving groups. However, in the case of aziridine 2, ring-
opening reactions become more feasible since amide anions are better leaving
groups.

The most simple aziridinium ion 3 has a ring strain of 160.1 kJ/mol. The
enthalpy reduction of ring-opening reactions is even larger in this case. Further-
more, the kinetic barrier is lower since neutral amines are excellent leaving groups.
This explains the generally accepted statement that nonactivated aziridines must be
activated prior to ring-opening reactions. The aziridine nitrogen atom can be
activated by alkylation, acylation, or protonation to an aziridinium ion or by
complexation with a Lewis acid.

Schemes based on homodesmotic reactions in combination with computational
methods have been proven to be reliable to determine conventional strain energies
[25]. This technique was applied to a series of bicyclic ions 47, which have a
single bond between the bridgehead atoms, defining two rings. Ions 4-6 have two
aziridinium and/or azetidinium moieties, which results in a higher ring strain than
the parent aziridinium ion. When the size of one of these rings increases, the ring
strain decreases (Table 1). Remarkably, ion 7, which has an aziridinium and a
pyrrolidinium moiety, has a lower strain than ion 6, which has two azetidinium
moieties. According to these results, ion 7 even has a smaller ring strain than the
parent aziridinium ion 3.

As stated earlier, it is not always easy to define a good scheme for heterocyclic
compounds. As an example, trying to define a scheme based on homodesmotic
reactions for the spiro aziridinium imide ion 8, one encounters the difficulty of
conserving the size of the conjugated n orbital. A large acyclic molecule with
hydrogen bond donors and acceptors should be included. The most stable confor-
mation of such a molecule would involve hydrogen bonds that are not present in the
ring structure, which leads to an artificially high strain energy. As a conclusion, a
precise definition of the conventional ring strain and a general protocol to determine
it for heterocyclic compounds are needed.

3 Reactivity of Aziridinium Ions

As mentioned in the introduction, aziridinium ions can be obtained through intra-
molecular substitution of amines bearing a leaving group at the p-position [20] or
through N-functionalization of neutral aziridines [21]. An overview will be given of
both pathways and the reactivity of aziridinium ions, regardless of their origin, will
be investigated theoretically.
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Scheme 4 Rearrangement of f-amino alcohols via aziridinium ions

3.1 Rearrangement of f-Amino Alcohols via
Aziridinium Ions

The cyclization of f-amino alcohols is the most prominent representative of the
formation of aziridinium ions through intramolecular substitution of amines bear-
ing a leaving group at the pB-position. Activation of the hydroxy group followed by
addition of nucleophiles leads to the rearrangement of p-amino alcohols, mostly
through an aziridinium intermediate (Scheme 4). The ratio of amines resulting from
attack of nucleophiles at either the less substituted or the more substituted carbon
atom of the aziridinium intermediate depends on the nature of the nucleophiles, the
aziridinium substituents, and, to a lesser extent, the solvent and the temperature.
-Amino alcohols E or F are converted into a derivate bearing a good leaving
group LG (G or I, respectively) followed by displacement of the LG by a nucleo-
philic substitution reaction with formation of an aziridinium ion H. Subsequently, a
nucleophile Nu, which can be the leaving group LG™ or an “external nucleophile”,
can attack H at either the less substituted (path a) or the more substituted (path b)
carbon atom to produce amines J or K, respectively. If no external nucleophile is
present in the reaction medium, B-amino alcohols E or F are rearranged if LG~
attacks the aziridinium H at the more substituted carbon atom with formation of
amine I or at the less substituted carbon atom with formation of amine G, respec-
tively. However, a mixture of G (J with Nu =LG) and I (K with Nu = LG) could be
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obtained as these compounds are in thermodynamic equilibrium with H. The
proportion of amines G and I is the result of thermodynamic control and complete
rearrangement of E or F will only be observed if I or G, respectively, is the more
stable product. If an external nucleophile Nu is present in the reaction medium, the
ratio of amines J and K depends mainly on Nu. If Nu is a good leaving group, the
reaction is reversible and the proportion of J and K corresponds to a thermody-
namic equilibrium (thermodynamic control). If Nu is a bad leaving group, the
reaction is irreversible and the proportion of J and K corresponds to the
regioselectivity of the nucleophilic attack on the aziridinium ion H (kinetic
control).

The rearrangement of f-amino alcohols toward vicinally substituted amines via
aziridinium intermediates has been discussed frequently in the literature [22]. It has
been accepted that the regioselectivity of the nucleophilic attack across the
aziridinium ions depends on the nature of the nucleophile and the nature of the
substituents on the f-amino alcohol substrate. As already stated, the leaving group
ability of the nucleophile has a major impact on the reaction outcome. If the
nucleophile is a good leaving group, the thermodynamic product will prevail. On
the other hand, if the nucleophile is a poor leaving group, kinetic control will
dedicate the reaction outcome. Based on the literature data, a general overview is
provided in Table 2 as a practical guide. From this overview, it can be deduced that
when the R; substituent is an electron-withdrawing group (CO,R), the more
substituted carbon atom of the aziridinium intermediates H is preferentially
attacked by the nucleophile, as this carbon atom is more electropositive, leading
to the formation of amines K if the nucleophile is a bad leaving group (kinetic
control). However, ring opening of 2-CFj3-aziridinium ions has recently been shown
to proceed exclusively at C3, starting from the corresponding 1-alkyl-2-CF;-
aziridinium through N-protonation or alkylation [44]. In case the R; substituent is
an aryl group, the more substituted carbon atom, i.e., the benzylic position, is in
general prone to undergo nucleophilic attack, resulting in the formation of amines
K regardless of the nucleophile used. The regioselectivity of the ring opening of

Table 2 Regioselectivity in the rearrangement of B-amino alcohols depending on the substrate
and the nucleophile (R; = alkyl; R, = alkyl) [22]

Nu
R; Br~ |CI” |F~ s* |o° CF;CO,~ [SO,>~ |DMF |N°¢ c?
Alkyl |K K K+J |[K [K+J K K K+J [K+J |K+]J
CFs J J = —~ - ) — = = =
CO.R |- |K |K K |-° —c —c —c K+J |-°
Aryl  |K K |K K [K+J |K K _e K K

“Nucleophilic sulfur (SCN~, nPrSH, tBuSH, PhSH)

"Nucleophilic oxygen (DMF, 4-NO,C¢H,OH, 2-OMeCH,OH)

“Nucleophilic nitrogen ((Me),NH, (Et),NH, (allyl),NH, (Bn),NH, pyrrolidine, piperidine, piper-
azine, morpholine, imidazole, N3, PhtNH, TBSONH,, MeNH,, nBuNH,, /BuNH,)
dNucleophilic carbon (CN ™, 3-OMeC¢H,MgBr, 4-CIC¢H,MgBr, Me,CuLi)

“No experimental data available
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2-alkylaziridinium ions H is strongly influenced by the nucleophile employed for
the ring opening.

3.2 Ring Opening of Nonactivated Aziridines via
Aziridinium Ions

Nonactivated aziridines require quaternization toward an aziridinium intermediate
prior to nucleophilic ring-opening reactions. N-alkylation, N-acylation, N-proton-
ation, or N-complexation with Lewis acids gives rise to the formation of highly
electrophilic aziridinium ions which can then easily be opened by different types of
nucleophiles. Ring opening of aziridinium ions M can occur at the less substituted
aziridine carbon atom (Scheme 5, path a) leading to amines N, in which the
stereochemistry of the substituted aziridine carbon atom remained intact. Alterna-
tively, ring opening can take place at the more substituted aziridine carbon atom
(Scheme 5, path b) leading to amines O, with inversion of the stereochemistry of the
substituted aziridine carbon by a Sy2 reaction.

The regioselectivity in the ring-opening reactions of nonactivated 2-substituted
aziridines L, i.e., ring opening at the less (path a) and/or the more substituted carbon
atom (path b) toward amines N and O, depends on a number of factors, including
the nature of the nucleophile, the type of electrophile used for the activation of the
aziridine moiety, and the nature of the substituents on the aziridine ring. Based on
data published in the literature [21], a general overview is provided in Table 3.
From this table, it can be concluded that when the R, substituent is a 1-alkenyl
group, the nucleophilic attack generally occurs at the more substituted carbon atom
of the aziridine moiety, independent of the type of electrophile used in these
reactions. Also, activation of 2-arylaziridines is followed by nucleophilic attack
at the more substituted carbon atom (benzylic position), furnishing the C2 ring-
opening products O as the single or the major regioisomers. The regioselectivity of
the ring opening of 2-acylaziridines appears to be electrophile dependent. However,
in most cases, the products obtained result from the attack at the more substituted
aziridinium carbon atom (i.e., the a-carbon atom with respect to the carbonyl
moiety). The ring opening of 2-alkylaziridines is also influenced by the electrophile
used for the activation, in most cases resulting in the ring opening of the aziridine
moiety at the less-hindered aziridinium carbon atom. Bearing this in mind, it might
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Table 3 Regioselectivity in the ring opening of nonactivated 2-substituted aziridines depending
on the substrate and the electrophile (R; = alkyl; LA: N-complexation with Lewis acids; RCO™: N-
alkoxycarbonylation, N-carbamoylation, N-acylation, N-carboxylation; H*: N-protonation; R*: N-
alkylation; TMS*: N-silylation) [21]

E+
R, LA RCO* H* R* TMS*
—CH = CH,, -CH = CH-COOEt o° 0 o° o) 0
Aryl o 0 0 o° o°
COR, COOR, CONH, N ) ) 1) 0
Alkyl N 0 and/or N N N¢ N

#Only halides attack the C2 position
Proposed regioselectivity (no experimental data available)

be possible to predict a regioselective preference for other so far unexamined ring-
opening reactions of nonactivated 2-substituted aziridines as well.

3.3 Theoretical Investigation of the Reactivity
of Aziridinium Ions

Density functional theory (DFT) calculations have been performed to shed more
light on the reactivity of aziridinium ions and to rationalize experimentally
observed regio- and stereochemical preferences in their ring-opening reactions
[45-50]. The nucleophile-dependent regioselectivity in the ring opening of
2-substituted N,N-dibenzylaziridinium ions is evaluated in detail. Comparison of
reaction barriers and relative product stabilities helps to rationalize the nucleophile-
dependent reactivity. Furthermore, the different regioselectivity in the ring opening
of N,N-dibenzyl-2-(cyanomethyl)aziridinium ion and protonated N-benzyl-2-
(cyanomethyl)aziridine by bromide will be investigated by a thorough analysis of
the electronic structure of the aziridinium ions.

Nucleophile-Dependent Regioselectivity in the Ring Opening
of 2-Substituted N,N-Dibenzylaziridinium Ions

The ring opening of 1-benzyl-1-(a(R)-methylbenzyl)-2(S)-(phenoxymethyl)
aziridinium ion 19 with halides and hydrides is shown in Scheme 6. While the
ring opening with chloride, bromide, and iodide exclusively takes place at the
substituted aziridine carbon atom with formation of secondary p-halo amines 20
(path b), the reaction with fluoride gives rise to mainly primary amines 21 and ring
opening with hydride occurs at the less substituted aziridine carbon atom with
exclusive formation of amines 21 (path a) [48].

Since aziridinium ion 19 bears three aromatic functionalities, different confor-
mations can occur as a result of stabilizing intramolecular n-x stacking interactions.
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Scheme 6 Ring opening of 1-benzyl-1-(a(R)-methylbenzyl)-2(S)-(phenoxymethyl)aziridinium
ion 19

19-T 19-PD

Fig. 4 T-stacking (T') and parallel-displaced (PD) interactions in aziridinium ion 19 [47]

It was found that T-stacking interactions are more favorable than parallel-displaced
interactions (Fig. 4). Therefore, a conformer with a T-shaped configuration was
used for further calculations.

The two competing paths for the ring opening of aziridinium ion 19 with halides
(bromide and fluoride) and hydride donors (borohydride and aluminum hydride)
were modeled, and consequent comparison of reaction barriers and relative product
stabilities helps to understand the factors controlling regioselectivity for different
nucleophiles.

Since nucleophilic substitution reactions are known to be influenced by the
reaction conditions, the reactions under study were modeled with a proper solvent
environment. Simulation of organic solvents can be performed in a continuum
model [51-54], where the solvent is modeled as a continuous medium characterized
by a dielectric constant. However, if explicit solvent interactions are present,
discrete solvent molecules should be placed around the chemically active species
to form a so-called supermolecule structure [45, 46, 55-60]. Alternatively, the
supermolecule can be placed in a dielectric continuum leading to a mixed
implicit/explicit model [61-63], but these models should be used with caution
since they can give unreliable results with increasing amounts of solvent molecules
and are highly influenced by their orientation [64]. Furthermore, embedding the
supermolecule in a dielectric continuum does not always have an appreciable
effect [50].

Ring-opening reactions of aziridinium ion 19 with bromide and fluoride have
been modeled with and without the use of three explicit acetonitrile molecules to
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Fig. S Gibbs free energy profiles for the nucleophilic ring opening of aziridinium ion 19 with
various nucleophiles (SCS-MP2/6-31++G(d,p)//B3LYP/6-31++G(d,p), free energies in kJ/mol at
298 K, thermal free energy corrections were taken from B3LYP/6-31++G(d,p) optimizations,
3MeOH stands for three explicit acetonitrile molecules used to solvate the fluoride or bromide ion)
[47]

illustrate the benefit and necessity of solvating halide ions. The Gibbs free energy
profiles for the nucleophilic ring-opening reactions of aziridinium ion 19 are shown
in Fig. 5. Solvation significantly changes the nature of the potential energy surfaces.
For bromide, barriers for paths a (ring opening at the less substituted aziridine
carbon atom, Scheme 6) and b (ring opening at the more substituted aziridine
carbon atom, Scheme 6) are quite comparable in the non-solvated case and tend
to favor path a in the solvated case. However, relative product stabilities favor path
b, and therefore, it is likely that thermodynamic equilibration dictates the outcome
of the ring opening with bromide, if the barrier for the back reaction is feasible. In
the non-solvated case, the back reaction barriers are too high for the reverse
reaction to occur. However, in the solvated case, the back reaction barriers are
much lower, allowing thermodynamic equilibration to yield the more stable prod-
uct, which is the experimentally observed product. This is in line with the fact that
bromide is a good leaving group. In the non-solvated fluoride case, barriers for
paths a and b are quasi equal. However, there is a remarkable difference between
the two pathways in the solvated fluoride case, manifestly favoring path a to be the
kinetically preferred route and confirming the experimentally observed
regioselectivity. Furthermore, relative product stabilities indicate that the kinetic
product resulting from pathway a is also the thermodynamically most stable one. In
the case of hydride donors borohydride and aluminum hydride, path a is again the
kinetically preferred route and the corresponding product is the thermodynamically
most stable and the experimentally observed product.

Thus, for hydride donors, attack at the less-hindered ring carbon of aziridinium
ion 19 is the kinetical route and incidentally leads to the thermodynamic product.
However, for the ring opening with halides, attack at the less-hindered ring carbon
is always the kinetical route, but the hindered route can lead to the thermodynamic
product. The eventual outcome depends on the leaving group ability of the halide. If
the halide is a good leaving group, back reactions are sufficiently low to allow
thermodynamic equilibration, but if the halide is a poor leaving group, the back
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Scheme 7 Ring opening of 1-benzyl-2-(cyanomethyl)aziridinium ions 22 by bromide

reaction is unlikely and the kinetic route will dictate the reaction outcome.
Depending on the equilibration rate, the kinetic product can be observed during
the reaction or not.

Different Regioselectivity in the Ring Opening of N,N-Dibenzyl-
2-(cyanomethyl)aziridinium Ion and Protonated N-Benzyl-
2-(cyanomethyl)aziridine by Bromide

The ring opening of 1-benzyl-2-(cyanomethyl)aziridinium ions 22a (R =H) and
22b (R = CH,Ph) by bromide is shown in Scheme 7. Ring opening of aziridinium
ion 22a affords 3-amino-4-bromobutanenitrile 24 via ring opening at the less
substituted aziridine carbon atom (path a), whereas ring opening of aziridinium
ion 22b gives rise to 4-amino-3-bromobutanenitrile 23 via ring opening at the more
substituted aziridine carbon atom (path b) [49].

In order to compare the two reaction mechanisms and rationalize the different
reactivity, the effect of N-substituents on the aziridinium electronic structure was
investigated. The correlation between aziridinium N-substituent identity and
regioselective preference in the ring-opening reactions is explored by a thorough
analysis of the electronic structures of aziridinium ions 22a and 22b from an
electrostatic and a frontier molecular orbital point of view.

Population analysis can be used to gain insight into the electronic structure of
molecular systems by calculating net atomic charges using a population scheme
[65-70]. NPA (Natural Population Analysis) [71] and Hirshfeld-I (Iterative
Hirshfeld) [72] charges for aziridine carbon atoms C2 (more substituted) and C3
(less substituted) of aziridinium ions 22a and 22b are shown in Table 4. Since C2
bears a more positive charge than C3 for both aziridinium ions, it is tempting to
conclude that C2 is always the preferred atom to undergo a nucleophilic attack by
the bromide ion. Hence, it is clear that the regioselectivity has no electrostatic
driving force.

In a second attempt to rationalize the observed difference in nucleophilic attack,
local Fukui functions f(r) [73, 74], which can be used to describe orbital-controlled
reactions, are analyzed. The three-dimensional Fukui function for nucleophilic
attack is defined as
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Table 4 NPA and Hirshfeld-I charges (MPW1B95/6-31++G(d,p)//B3LYP/6-31++G(d,p)) for
aziridine carbon atoms C2 (more substituted) and C3 (less substituted) of aziridinium ions 22a
and 22b [48]

NPA Hirshfeld-1

C2 C3 Cc2 C3
Aziridinium ion 22a —0.047 —0.235 0.107 —0.197
Aziridinium ion 22b —0.042 -0.229 0.070 —0.260

22a 22b

Fig. 6 Nucleophilic Fukui functions (isovalue 0.003 au) (a) and LUMOs (isovalue 0.03 au) for
aziridinium ions 22a and 22b (b) [48]

frr) = Pn+1(r) = pn(r) = prymo(r)

Fukui functions and LUMOs for aziridinium ions 22a and 22b are shown in Fig. 6.
The main focus is on the difference in reactivity between aziridine carbon atoms C2
and C3 in each aziridinium ion. The largest (positive) value of the Fukui function
indicates the most reactive site, while the site where the LUMO is localized is a
good electrophilic site, susceptible to nucleophilic attack. Both properties show that
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aziridinium ions 22a and 22b have a clearly opposite preference, i.e., nucleophilic
attack at the substituted versus unsubstituted aziridine carbon atoms, respectively.

Although the electrostatic picture fails to explain the opposite regiospecific
nature of the reaction, frontier molecular orbital analysis of LUMOs and nucleo-
philic Fukui functions show a clear preference of attack for the substituted aziridine
carbon in the benzyl bromide case and for the unsubstituted aziridine carbon in the
HBr case, successfully rationalizing the experimentally observed regioselectivity.

4 Bicyclic Aziridinium Intermediates in Ring-Expansion
Reactions

In this section, the role of bicyclic aziridinium ions as intermediates in the ring
expansion of aziridines, azetidines, and pyrrolidines to azetidines, pyrrolidines, and
piperidines, respectively, will be unraveled. Nitrogen heterocycles different from
aziridines, such as azetidines, pyrrolidines, and piperidines, can be found in numer-
ous natural products and possess a wide range of biological activities [75—
81]. Many efforts have been performed to find new synthetic routes toward such
heterocycles and to control the stereochemistry [79, 82-94]. One method to prepare
n-membered azacycles R is the ring expansion of (n-1)-membered azacycles P via
1-azabicyclo[m.1.0]alkane intermediates Q (Scheme 8).

The ring expansion of pyrrolidines P (m = 3) to piperidines R (m = 3) has been
known for decades, and this reaction has been used as a key step in a number of
syntheses [95-102]. However, the similar rearrangements of aziridines and
azetidines P (m=1 and 2, respectively) leading to azetidines and pyrrolidines
R (m=1 and 2, respectively) have only been reported in a few exceptional cases
[93, 103—109]. The role of bicyclic aziridinium intermediates Q (m = 1) in the ring
expansion of aziridines P (m = 1) to azetidines R (m = 1) will be investigated in
detail.

4.1 Investigation of the Ring Expansion of Aziridines
to Azetidines via Bicyclic Aziridinium Intermediates

DFT studies have been performed on the ring-expansion reactions of
2-(bromomethyl)aziridines to azetidines. The influence of different nucleophiles,
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different solvents, and an additional methyl group at the 2-position is investigated
to rationalize why the ring expansion takes place or does not take place depending
on the conditions. Solvation and close-packing of the nucleophiles, the nucleofuge,
and the bicyclic aziridinium intermediates have a profound influence on the reac-
tion outcome.

Experimentally, the transformation of 2-bromomethyl-2-methylaziridines to
functionalized aziridines and azetidines, and the influence of the choice of the
solvent, has been investigated in the presence of different oxygen (OAc, OPh),
carbon (CN), and sulfur (SCN) nucleophiles [110]. Dimethylformamide (DMF)
was found to be a suitable solvent for the synthesis of the corresponding aziridines,
while acetonitrile (MeCN) rather favors the formation of azetidines via strained
bicyclic aziridinium intermediates. The reaction outcome provides an efficient
strategy toward the selective synthesis of a large variety of functionalized aziridines
and azetidines.

The presence of an extra substituent at the 2-position is crucial for a ring-
expansion process, since 2-(bromomethyl)aziridines without an extra substituent
at the 2-position are not susceptible to a ring-expansion process. All these exper-
imental findings were tested by theoretical DFT calculations.

4.2 2-(Bromomethyl)aziridines With and Without an Extra
Substituent at the 2-Position

Intramolecular cyclization and further transformation to azetidines is observed
for 2-bromomethyl-2-methylaziridine 25a and not for 2-(bromomethyl)aziridine
25b, which lacks an additional methyl group at the 2-position (Scheme 9) [109].
Therefore, cyclization pathways for both aziridines are investigated by means of
DFT calculations.

Transition-state geometries and free energies of activation for the formation of
the bicyclic aziridinium intermediates 26 and 28 from aziridines 25 are shown in
Fig. 7. Three explicit methanol molecules are used to solvate the bromide ion,
which is expelled during the Sn2 reaction. The difference in free energy of
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Fig.7 Transition-state geometries and free energies of activation for the formation of the bicyclic
aziridinium intermediates 26 and 28 from aziridines 25 (MPW 1B95/6-31++G(d,p)//B3LYP/6-31+
+G(d,p), free energies in kJ/mol at 298 K, thermal free energy corrections were taken from
B3LYP/6-31++G(d,p) optimizations, critical distances in A, three explicit methanol molecules
are used to solvate the bromide ion) [108]
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113.5/1}/4 117.0/>u 120;%@ 123.0°
25a-trans 25b-trans 25a-cis 25b-cis

Fig. 8 Invertomers of 25a and 25b

activation can explain why 2-bromomethyl-2-methylaziridine 25a undergoes cycli-
zation and further transformation, in contrast with 2-(bromomethyl)aziridine 25b,
which lacks an additional substituent at the 2-position. This difference can be
rationalized considering the Thorpe-Ingold effect due to gem-disubstitution at the
2-position of the aziridine, resulting in a more favorable geometry for nucleophilic
attack. Replacement of the hydrogen atom at the 2-position of aziridines 25 by a
methyl group decreases the distance between the nucleophilic nitrogen atom and
the brominated carbon atom, which in turn gives rise to a higher reactivity (Fig. 8).

Since the bicyclic aziridinium ion 26 could be in equilibrium with its nonbridged
carbenium ion counterpart 30, the free energy profile for this equilibrium is shown
in Fig. 9. Relative stabilities show that the bicyclic aziridinium ion is far more
stable. This, together with the fact that the free energies of activation for the
formation of the aziridinium ion 26 are reasonable, makes it very likely that the
rearrangement of aziridine 25a toward azetidine 27 takes place via the bicyclic
species.
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Fig. 9 Gibbs free energy profile for the equilibrium of bicyclic aziridinium ion 26 with its
nonbridged carbenium ion counterpart 30 (CPCM (e =32.6) MPW1B95/6-31++G(d,p)//B3LYP/
6-31++G(d,p), free energies in kJ/mol at 298 K, thermal free energy corrections were taken from
B3LYP/6-31++G(d,p) optimizations, critical distances in A, atomic NPA charges in italic) [108]
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Scheme 10 Reactivity of 2-bromomethyl-2-methylaziridines 31 toward different nucleophiles in
dimethylformamide and acetonitrile

4.3 Solvent-Dependent Reactivity of 2-Bromomethyl-
2-methylaziridines Toward Different Nucleophiles

The choice of the solvent has a profound influence on the reactivity of
2-bromomethyl-2-methylaziridine 31 toward different nucleophiles, enabling the
selective formation of either functionalized aziridines 34 in dimethylformamide or
azetidines 33 in acetonitrile (Scheme 10) [110]. The difference in observed
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selectivity in DMF and MeCN was unexpected, since both solvents are polar and
aprotic and have very similar dielectric constants. However, they have different
densities, molar volumes, shapes, and dipoles. The latter properties can influence
the solvation of ions. Different close-packing of ions by DMF and MeCN can be
crucial for their reactivities and was investigated thoroughly.

A stronger coordination and thus better stabilization of the nucleophiles by
MeCN lies on the origin of the difference in the regioselectivity observed with
DMEF and MeCN as solvent. It leads to a higher probability for the formation of the
bicyclic intermediate 32 and Br~ in MeCN. A nucleophilic attack at the more
hindered carbon atom of the strained bicyclic intermediate 32 leads to the formation
of the 3-substituted azetidines 33. Following the literature, it is not excluded that in
this MeCN-mediated reaction, a nucleophilic attack at the less-hindered carbon
atom of the bicyclic aziridinium ion 32 can take place forming the aziridines 34.
But this path will probably not prevail. On the contrary, a direct nucleophilic
displacement of bromide by the nucleophile is more probable as indeed observed
in DMF mediated reactions (Scheme 10).

In the theoretical calculation, we keep only the carbon and sulfur nucleophiles
CN™ and SCN™ into consideration and investigate their close-packing. The con-
vergence behavior of the coordination solvation energy is inspected by means of
systematically increasing the number of explicit solvent molecules around the ions.

Coordination of the nucleophile CN~ by DMF and MeCN is shown in Fig. 10.
Coordination solvation energies converge after coordination with three DMF mol-
ecules and four MeCN molecules. Coordination with three explicit solvent mole-
cules shows that CN™ is more strongly coordinated by MeCN than by DMF (CSG
(Gibbs free coordination solvation energy) = —56.3 and —41.0 kJ/mol, respec-
tively). Furthermore, MeCN molecules pack more closely than DMF molecules,
as seen in the relative distances between the hydrogen atoms of the solvent and the
CN™ nitrogen atom (2.14-2.17 and 2.40-2.67 A, respectively) and the CN~ carbon
atom (2.36-2.51 and 2.57-2.89 A, respectively). The stronger coordination and
better stabilization of CN~ by MeCN points to a lower reactivity, allowing the
formation of azetine 33 via the bicyclic intermediate 32. Since CN™ is less
stabilized in DMF, it will be more reactive, and nucleophilic substitution in
aziridine 31 will lead to aziridine 34.

Coordination of the nucleophile SCN™ by DMF and MeCN is shown in Fig. 11.
Coordination solvation energies converge after coordination with two DMF mole-
cules and three MeCN molecules. Coordination with two explicit solvent molecules
shows that, like CN~, SCN™ is stronger coordinated by MeCN than by DMF
(CSG=-30.4 and —13.5 kJ/mol, respectively). However, packing distances of
MeCN and DMF molecules are not remarkably different. On the other hand, MeCN
molecules pack more closely to CN™ than to SCN™ (distances between the hydro-
gen atoms of MeCN and the CN™ and SCN™ nitrogen atoms are 2.14-2.17 and
2.22-2.72 A, respectively, and distances between the hydrogen atoms of MeCN and
the CN~ carbon atom and the SCN™ sulfur atom are 2.36-2.51 and 2.93-3.07 A,
respectively). This, together with the stronger coordination of CN~ by MeCN than
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Fig. 10 Coordination of CN™ by an increasing number of DMF and MeCN molecules (MPW 1K/
6-31++G(d,p)//B3LYP/6-31 + G(d,p), free energies in kJ/mol at 298 K, thermal free energy
corrections were taken from B3LYP/6-31 + G(d,p) optimizations) [109]
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Fig. 11 Coordination of SCN™ by an increasing number of DMF and MeCN molecules
(MPW1K/6-31++G(d,p)//B3LYP/6-31 + G(d,p), free energies in kJ/mol at 298 K, thermal free
energy corrections were taken from B3LYP/6-31 + G(d,p) optimizations) [109]

SCN™ (CSG = —56.3 and —32.1 kJ/mol, respectively, for coordination with three
explicit MeCN molecules), can explain the experimentally observed formation of
both azetidine 33 and aziridine 34 in case of the nucleophile SCN™.

Thus, the close-packing of CN™ by MeCN makes it less reactive, allowing the
formation of azetidine 34 via the formation of the bicyclic intermediate 32.
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Scheme 11 Proposed mechanisms for the triazolinedione ene reaction

Furthermore, the weaker coordination of SCN™ by MeCN, compared to CN~, can
explain the formation of both azetidine 33 and aziridine 34 in case of the nucleo-
phile SCN™ in MeCN.

5 Aziridinium Intermediates in Triazolinedione Ene
Reactions

The 1,2,4-triazoline-3,5-dione ene reaction is another example where aziridinium
ion-like species play an important role in the reaction mechanism. Triazolinediones
(TAD) are electrophiles with high reactivity, particularly in ene reactions with
alkenes [111-115]. The different mechanisms proposed for the ene reaction are
shown in Scheme 11. Initially, triazolinedione ene reactions were believed to
proceed via a concerted mechanism (path a). However, it has been demonstrated
experimentally that the reaction of triazolinediones S and alkenes T follows a
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stepwise route [116-119], via spiro aziridinium imide intermediates U or open
intermediates V.

5.1 Experimental Section

The above-described triazolinedione ene reaction has attracted considerable mech-
anistic attention [111-119]. Most of the experimental studies support a stepwise
mechanism with formation of intermediate aziridinium imides U in the rate-
determining step [111-119], and the presence of the latter intermediates has been
observed spectroscopically in a number of reports [120—122]. In addition, the
regioselectivity of this synthetically useful transformation has been studied as
well, pointing to the importance of the double bond substitution in that respect
[111, 114, 123, 124]. For example, the ene reaction with unsymmetrically dialkyl-
substituted cis-alkenes showed a general preference for hydrogen abstraction from
the largest group of the double bond. These effects were proven to be more general,
as in tri- and tetrasubstituted alkenes, a remarkable geminal selectivity was
observed, leading to hydrogen abstraction from the group geminal to the largest
substituent. The ene reaction with o,f-unsaturated ketones, esters, and lactones was
described to be highly regioselective as a-alkylated, f-monoalkylated substrates
selectively furnish new o,f-unsaturated carbonyl compounds resulting from hydro-
gen abstraction from the a-alkyl group. However, a-alkylated, f-dialkylated sub-
strates give rise to hydrogen abstraction from one of the two p-alkyl groups, leading
to the formation of the corresponding substituted f3,y-unsaturated compounds [125].

5.2 Theoretical Investigation

The role and stability of an aziridinium imide intermediate 37 and an open inter-
mediate 38 in the ene reaction of 4-phenyl-1,24-triazoline-3,5-dione 35 and
tetramethylethylene 36 (Scheme 12) have been investigated by means of
QM/MM calculations (quantum mechanics/molecular mechanics) in protic and
aprotic solvents by Acevedo et al. [23].

Free energy maps for the ene reactions in water and DMSO are shown in Fig. 12.
Starting from semiempirical (PM3) gas-phase structures, the two reacting C—N
bonds, r; and r, (Scheme 12), between triazolinedione 35 and alkene 36 are
perturbed in order to find the aziridinium imide intermediate (AI) 37, the open
intermediate (OI) 38, and the transition states for the initial addition of alkene 36 to
triazolinedione 35 (TS,qq) and for the isomerization between the intermediates
(TS;iso). Furthermore, r, and ryy (Scheme 12) are perturbed to locate the transition
state for the allylic proton abstraction (TS,ps), the intermediates 37 and 38, and the
ene product 39. The geometries of the intermediates are identical in both free
energy maps and are used to link the energy values between the maps.
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Scheme 12 Ene reaction of 4-phenyl-1,2,4-triazoline-3,5-dione 35 and tetramethylethylene 36

The resulting free energy profiles and relative free energies for the ene reactions
in water, methanol, DMSO, and acetonitrile are shown in Fig. 13 and Table 5. The
simulations predict a stepwise mechanism with three transition states and two
intermediates. The initial addition of alkene 36 to triazolinedione 35 proceeds
exclusively to an open intermediate 38, and the transition-state geometries, TS,44,
have very similar reacting bond lengths in all solvents (r; =1.78-1.84 A and
r,=2.45-2.50 A). This step is found to be the rate-determining step and is faster
in aprotic solvents than in protic solvents (58.2, 62.4, 72.9, and 93.4 kJ/mol in
DMSO, MeCN, water, and MeOH, respectively). Direct formation of an
aziridinium imide intermediate 37 is unlikely, since it would require an extra 40—
60 kJ/mol (10-15 kcal/mol, Fig. 12). Instead, the aziridinium imide intermediate 37
is formed by closure of the open intermediate 38. The activation barrier for the
formation of 37 from 38 is significantly lower in aprotic solvents than in protic
solvents (3.3, 5.0, 13.4, and 23.1 kJ/mol in DMSO, MeCN, MeOH, and water,
respectively).

The transition-state geometries for the allylic proton abstraction, TS,,s, are
significantly more solvent dependent than TS,;q. An earlier transition state is
found for the polar solvents (r,=2.33-2.43 A and ryy=2.08-2.11 A) than for
the apolar solvents (r,=1.99-2.00 A and ryy=1.75-1.77 A). This difference
results from different intermediate structures prior to TS, caused by the stabili-
zation of charge separations over two and four atoms in the aziridinium imide
intermediate 37 in aprotic solvents and the open intermediate 38 in protic solvents,
respectively. Indeed, 38 is more stable in protic solvents than in aprotic solvents
because of the stabilization by a hydrogen-bonding environment. Once the inter-
mediates are formed, the reaction is expected to be faster in protic solvents than in
aprotic solvents (34.2, 22.6, 77.0, and 74.9 kJ/mol in water, MeOH, DMSO, and
MeCN, respectively).
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Fig. 12 Free energy maps for the ene reaction of 4-phenyl-1,2,4-triazoline-3,5-dione 35 and
tetramethylethylene 36 in water (QM/MM (PM3/TIP4P)) and DMSO (QM/MM (PM3/OPLS)) (Al
stands for aziridinium imide intermediate 37, OI for open intermediate 38, TS,qq for the initial
addition, TS;g, for the isomerization between the intermediates, and TS, for the allylic proton
abstraction; distances in A; maximum free energy values truncated to 50 kcal/mol for clarity;
X denotes an energetically unfavorable reaction path) (Reprinted with permission from Acevedo
et al. [23]; copyright 2008 American Chemical Society)

A remaining question is the nature of the open intermediate 38. CM3 charges
[126] of the intermediates were calculated. The computed charge separation
between N1 and C4 of intermediate 38 is 1.26, 1.18, 1.22, and 1.21 in water,
MeOH, DMSO, and MeCN, respectively, which is indicative of a dipolar, and not
diradical, intermediate and is supported by experiments [127].
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Fig. 13 Free energy profiles for the ene reaction of 4-phenyl-1,2,4-triazoline-3,5-dione 35 and
tetramethylethylene 36 in water (QM/MM (PM3/TIP4P)), methanol, DMSO, and acetonitrile
(QM/MM (PM3/OPLS)) (Al stands for aziridinium imide intermediate 37 and OI for open
intermediate 38) (Reprinted with permission from Acevedo et al. [23], copyright 2008 American
Chemical Society)

Table 5 Relative free energies for the ene reaction of 4-phenyl-1,2,4-triazoline-3,5-dione 35 and
tetramethylethylene 36 in water (QM/MM (PM3/TIP4P)), MeOH, DMSO, and MeCN (QM/MM
(PM3/OPLY)) (free energies in kJ/mol at 298 K) [23]

Water® MeOH?* DMSOP MeCN®
Reactants 0.0 0.0 0.0 0.0
TSaad 72.9 93.4 58.2 62.4
0I (38) —23.9 —18.8 6.3 —54
TSiso —0.8 —5.4 9.6 —04
Al 37) —49.4 —64.9 —54.4 —74.1
TS.bs 11.3 3.8 22.6 0.8
Product —199.7 —172.9 —203.9 —165.8

?OI leads to product
®Al leads to product

In conclusion, the ene reaction of 4-phenyl-1,2,4-triazoline-3,5-dione 35 and

tetramethylethylene 36 was found to proceed via a stepwise mechanism with the
initial addition of alkene 36 to triazolinedione 35 with formation of an open dipolar
intermediate 38 as rate-determining step. In protic solvents, the ene product 39 is
formed from this open intermediate, but in aprotic solvents, the open intermediate is
short-lived and the ene product is formed from an aziridinium imide
intermediate 37.
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6 Conclusions

Aziridinium ions have been found to be important intermediates in the synthesis of
functionalized amines. The strain of several aziridinium ions was studied and
calculated theoretically, confirming the generally accepted statement that
nonactivated aziridines have to be activated prior to ring-opening reactions and
pointing to the conclusion that a precise protocol to quantify the ring strain of
heterocyclic compounds is required. Furthermore, the factors that control the
synthesis of functionalized amines via aziridinium salts were investigated. A
combined experimental and theoretical approach makes it possible to better under-
stand and predict the outcome of reactions for the synthesis of amines involving
aziridinium intermediates. The N- and C-substituents of the aziridine ring, the
nucleophile, and the solvent environment were found to be important in the
formation and the regio- and stereocontrolled ring opening of aziridinium ions. In
addition, bicyclic aziridinium ions and spiro aziridinium ions can be important
intermediates in certain chemical reactions.

Furthermore, the choice of the solvation method for molecular modeling was
proven to be a critical point in the calculations. More specifically, explicit solvent
molecules are necessary to simulate reactions correctly if explicit solvent interac-
tions are present. Alternatively, molecular dynamics simulations can be performed.
Moreover, next to kinetics, reactivity indices and the close-packing of molecules
can be useful to better understand the outcome of chemical reactions.
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Abstract In this chapter, the use of conceptual DFT descriptors for understanding
the occurrence and likely mechanisms of formation of DNA lesions is reviewed.
After a synthetic presentation of the principal DFT-based descriptors, the global
reactivity and selectivity of DNA bases are investigated from global and local
descriptors. Then, the formation of several DNA lesions is studied including
cytosine compound deamination, intra-strand DNA cross-links, and pyrimidine
dimer photoproducts. It appears from the use of the global and local DFT-based
descriptors that most of the experimental facts can be theoretically rationalized.

Keywords Descriptors of chemical reactivity « Conceptual DFT « DNA damage ¢
Cytosine deamination ¢ Cyclobutane pyrimidine dimers ¢ Pyrimidine (6-4)
pyrimidone photoproducts « Tandem base lesions  Purine 5',8-cyclonucleosides »
Dual descriptors

1 Introduction

Deoxyribonucleic acid (DNA) in its cellular environment is prone to a wide range
of degradation pathways involving hydrolysis and reactions with various chemicals
and physical agents [1, 2]. One of the two main hydrolytic reactions involving DNA
leads to the cleavage of the N-glycosidic bond of 2’-deoxyribonucleosides, prefer-
entially at guanine (Gua) and to a lesser extent at adenine (Ade) sites with
subsequent formation of highly mutagenic abasic sites [3]. Purine bases are also
subject to deamination as well as cytosine (Cyt) and 5-methylcytosine (5-MeCyt)
[1, 2], the fifth nucleobase [4] that has recently received major attention due to its
strong implication in epigenetic pathways [5] through enzymatic oxidation of the
5-methyl group of the pyrimidine ring [6, 7].

Early evidence has shown that the susceptibility of the nucleobases to hydrolytic
deamination decreases for model compounds in the following order: Cyt> 5-
MeCyt > purine bases [8—10]. It is worth noting that uracil (Ura) and thymine
(Thy), the two main bases thus hydrolytically generated, are efficiently removed
from DNA by uracil and thymine DNA glycosylases respectively, two mismatch
repair enzymes [11, 12]. Other important endogenous reactions to cellular DNA are
mediated by reactive oxygen species (ROS), actually mostly by hydroxyl radical
("OH) that efficiently reacts indistinctively with neighboring molecules at the site
where it is generated [13].

The initial event of the pathway leading to cellular DNA oxidation is mono-
electronic reduction of dioxygen (O,) during mitochondrial respiration [14],
inflammation [15], or phagocytosis [16] giving rise to an unreactive superoxide
anion radical (O, ") [13]. Dismutation of O, "~ leads to low reactive H,O, that is
able to migrate through the cells before eventually being reduced by transition
metals such as Fe?* ions and converted into highly reactive ‘OH. A large body of
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information is now available on the reaction of “OH with nucleobases [17, 18] and
2-deoxyribose [17, 19, 20] in terms of reactivity, mechanisms involved, and
oxidation products. Thus more than 100 oxidatively generated modifications
including single and tandem base lesions together with oxidized sugar residues
have been characterized in model compounds [17-20]. It may be added that almost
20 modified nucleosides have been accurately measured in cellular DNA, mostly by
using high-performance liquid chromatography (HPLC) coupled with either tan-
dem mass spectrometry (MS/MS) or MS? experiments [21].

Carbonate anion radical (CO5; "), another powerful oxidant, may be generated
during inflammation through, in the initial step, recombination of O, " and nitrite
oxide ("NO), the product of NO synthase [22]. Subsequent reaction of peroxynitrite
thus formed with CO, gives rise to unstable nitrosoperoxycarbonate that decom-
poses with simultaneous release of CO3"~ and nitrating "NO, [23, 24]. CO5;"™ is able
to selectively one-electron-oxidize guanine [25], producing a related radical cation
that efficiently reacts with nucleophiles generating a variety of damage including
single lesions, intra- and inter-strand DNA cross-links, and DNA-protein adducts
[19, 26-28].

Numerous exogenous agents are also able to oxidize DNA either directly or after
metabolic activation. It is well documented that ionizing radiation generates “OH
through radiolysis of water molecules and ionize DNA components via indirect and
direct effects, respectively [17]. Other relevant oxidizing agents include endoge-
nous and exogenous photosensitizers that may act as one-electron oxidants (type I
photosensitization mechanism) and/or generators of singlet oxygen (type II photo-
sensitization mechanism) [29, 30], another important ROS that selectively reacts
with guanine [27]. The main important genotoxic effects of solar radiation on
human skin are explained in terms of direct excitation of nucleobases by the UV
components including mostly the more energetic UVB photons and to a lesser
extent UVA radiation [31, 32]. An excited pyrimidine base is able to react with
vicinal thymine or cytosine via two competitive photoreactions whose efficiency is
strongly primary sequence dependent. The formation of cis-syn cyclobutane pyrim-
idine dimers (CPDs) involves a [2+2] photocycloaddition reaction, whereas
competitive Paterno-Biichi photocycloaddition gives rise to pyrimidine (6-4)
pyrimidone photoproducts (6—4PPs) through either a dioxetane or an azetidine
intermediate [32]. Photoisomerization of the UVB-induced 6-4PPs into related
Dewar valence isomers has been shown to imply mostly UVA radiation in cellular
DNA [33].

The base modifications generated to cellular DNA by deamination, oxidants, or
photochemical reactions are usually removed from double-stranded DNA either by
base excision repair for single lesions [34] or nucleotide excision repair for bulky
DNA damage such as CPDs and 6-4PPs [35-37]. However, if DNA replication
occurs before repair of the modifications, there is a risk of mutation induction in the
newly synthesized DNA strand when the damage is miscoding [38]. This may lead
to deleterious effects including long-term occurrence of carcinogenesis as the result
of incorrect processing of cytosine-containing CPDs that are likely to undergo
deamination [37]. This explains why numerous and extensive investigations have
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been devoted to the characterization, measurement, and biological assessment
(repair, mutagenic potential) of DNA lesions.

More recently, major efforts have been made to complement the above infor-
mation by using theoretical approaches for gaining further insights into the chem-
ical reactivity of the bases. In the present chapter, emphasis is placed on the critical
review of information gained from the use of density functional theory-based
descriptors that shed new light on the endogenous and exogenous formation of
several single and tandem lesions. Deamination of unsaturated and 5,6-saturated
cytosine compounds that involves tautomerization reaction is first considered. In
addition three main types of DNA modifications are reviewed. Two involve radical
reactions initiated by "OH that lead to the formation of tandem base lesions between
two adjacent thymine-purine bases [19, 39] and cross-links between the
2-deoxyribose from the intramolecular cyclization of C5’ radical to either adenine
or guanine at C8 [40, 41]. Lastly the relevance of DFT descriptors for investigating
the reactivity of excited pyrimidine bases has been challenged through consider-
ation of the relative formation of CPDs and 6-4PPs, the main UVB-induced
bipyrimidine photoproducts [32].

2 Theoretical Framework

It is a chemical fact that some molecules are more stable and others more reactive. It
is also often observed that some atomic positions within molecules are more prone
to react than their neighbors. Different chemical theories have the ambition to
rationalize these experimental facts. The most fruitful and elegant framework so
far is certainly the density functional theory of chemical reactivity, also called
conceptual DFT [42, 43]. Conceptual DFT is a subfield of DFT in which one tries to
extract from the electron density relevant concepts and principles that help us to
understand and predict the chemical behavior of a molecule. The aim of this section
is to briefly present the chemical descriptors used in the chapter and the way they
are usually computed.

First an overall picture of the theoretical framework is depicted and discussed.
Section 2.2 gives an introduction to global indexes such as chemical potential and
chemical hardness. In Sect. 2.3 the local counterparts of the global descriptors are
presented. The last section is dedicated to the extension of the local reactivity
descriptor, called dual descriptor, to photoexcited biomolecules.

2.1 Conceptual DFT Framework

Density functional theory is original in the sense that within the DFT framework, a
molecule is considered as an electron density stabilized and shaped by the electric
field created by nuclei. In other words, in DFT a molecule is seen as a whole and not



Characterization of the Chemical Reactivity and Selectivity of DNA Bases. .. 39

as a collection of atoms. This way of considering a molecule simplifies the
modeling of chemical processes. During a reaction, the molecular system
undergoes either a loss or a gain of electrons or both and a relocation of the nuclei.
These modifications of the molecular structure can be monitored through the
successive responses of the energy with respect to the variation of the number of
electrons and to the modification of the external potential [44].

dE= (g;) de+J. [(%]Ndv(r)dr

%(&) dN2+dNJ {5275] dv(r)dr+lJJ {5278} dv(r)dv(r')drdr’
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v N
1/o%\ . 1. ([ &€
+6(W) dN —i—ng J {m} dv(r)dr+ ............

v

(1)

Interestingly, each and every derivative of the energy within this framework has a
chemical meaning generally related to a property already in use by theoreticians and
experimentalists. The identification of the first derivative of the energy with respect
to the number of electrons to the opposite of the electronegativity exemplifies this
statement. It is worth noticing that three sets of derivatives exist. Derivatives with
respect to the number of electrons give rise to global descriptors. Their values are
the same wherever position they are calculated. The global descriptors measure the
chemical reactivity of the system as a whole. The responses of the energy with
respect to the external potential are local descriptors and constitute the second set of
indexes. Their values are dependent on the position where they are evaluated. These
indexes probe the chemical selectivity of the system. Generally, positions exhibiting
the highest values of a local descriptor are more prone to react than positions
exhibiting the lowest values. Finally, second derivatives with respect to the external
potential give rise to nonlocal responses [45]. The values of this kind of descriptors
depend on two sets of spatial variables, and they are likely related to the polarization
of the system. Table 1 summarizes the names and definitions of the main global and
local descriptors. The chemical relevance of the last two entries of Table 1 has not
yet been investigated. As a consequence, they have not been named and will not
been considered further in this chapter.

The two next sections detail the mathematical definition and chemical meaning
of these indexes.
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Table 1 Summary of global and local descriptors as energy derivatives

Derivative order | Mathematical definition Name
0 E[N, V] = Eeteclp) Energy
1 (g_f]) =pu Chemical potential [46]
(5?5)),\, = p(r) Electron density
2 (a%) _ Chemical hardness [47]
oN? ), T n
(a [\;s;:s( I.)) =f(r) Fukui function [48]
2 _ Linear response [49
(51(35%/(;/))]\/ =X (r,r’) P [ ]
3 (&) _ (o _ Hyper-hardness [50, 51]
), ~\on), =7
? _ (o)) _ (o _ (2 ¢, Dual descriptor [50
(ste) = (87), = (&%), =r™) ual descripor 150
i _ (oxr.)\ _ (o)
(aws»(,)m(,/)> - < Xazv’ )v - (6‘(7’))]\[ =¢(r,r)
3 _ (&)
<5v(r”)($v( ')5»1(;-)>N = ( gv(r”) )N =2 (r.1, ")

2.2 Global Descriptions

As already mentioned in the previous section, global DFT-based descriptors con-
nect the electronic features to the reactivity of the system. The very basis of
conceptual DFT has been the identification of the first derivative of the energy
with respect to the number of electrons (called chemical potential for obvious
reasons) to the opposite of the electronegativity as it has been proposed by
Iczkowski and Margrave [46, 52]:
o0&
(55) -» @)

v
Using the finite difference approximation, the chemical potential can be computed
as

p I+ A) @

In Eq. 3, I and A respectively stand for the vertical ionization potential and the
electron affinity. This working equation shows how the chemical potential is
connected to Mulliken [53] electronegativity. By adding a second layer of approx-
imation, based upon the Koopmans’ theorem, one gets
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TR %(SLUMO [N, v] 4 exomo[N, v]) (4)

where €1 ymo and egomo are the energies of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital (HOMO). Just like
the electronegativity, the chemical potential evaluates the escaping tendency of the
electrons.

Another great achievement of conceptual DFT was the proposal by Parr and
Pearson [47] to measure the chemical hardness (concept introduced by the very
same Pearson in the 1960s) using the second N-derivative:

(%)V =1 (5)

Softness [54] has been naturally defined as the hardness inverse (S = 1/n). Chemical
hardness is a versatile concept upon which two quite important principles are built.
Originally, chemical hardness has been designed to rationalize the outcome of
Lewis acid-base reactions. As stated by Pearson [55], hard acids prefer to bind
hard bases, and soft bases preferentially react with soft acids. This statement is the
basis of the hard and soft acids and bases principle. As 90 % of the chemical
reactions belong into this heading, the HSAB principle proved itself quite handy.
Later considerations by Pearson led to believe that hardness is also a strong
indicator of chemical stability. The maximum hardness principle [56, 57] that states
that molecules tend to be as hard as possible is the consequence of the evolution of
the concept.

Later on, another index built upon the chemical potential and the chemical
hardness has been proposed to describe the electrophilicity of a system. The
chemical potential, as first N-derivative, must be negative for an electronically
stable system. Indeed, a positive chemical potential would lead to an autoionization
of the system that would lower its energy. Since the chemical potential is always
negative, all systems are considered as electrophile and their energies decrease as
they acquire electrons. In a seminal publication, Parr and coworkers [58] have
shown that the maximum number of electrons a system can acquire is given by

B
AN = —— (6)

n

The lowering in energy is

2

7
AE = —— 7
5 7)

The electrophilicity index has been defined as



42 V. Labet et al.

O =_— (8)

The higher the value of this descriptor, the more electrophilic the system is.

2.3 Local and Nonlocal Descriptors

Besides global indexes, several local indexes have been defined as derivatives of
the energy with respect to the external potential. Those descriptors whose values are
dependent on the position they are evaluated ascribe the selectivity of atomic sites.
In most cases, three different kinds of energies can control the selectivity of a
chemical process, namely, electrostatic, frontier, and polarization interactions [59,
60]. Each local index happens to describe the corresponding local response.

The first v-derivative is the electron density, which enters the integral describing
electrostatic interactions:

(5o5) =90 o)

Two kinds of second derivatives of the energy including the crossed N,v-derivative
of the energy and the second v-derivative can be defined. The crossed derivative has
been named Fukui function [48] after Kenichi Fukui, the founder of frontier
molecular orbital theory [61, 62]. This function can be roughly approximated by
the density of the frontier orbitals HOMO and LUMO.

(svaw) = (), =70 "

This quantity can be seen as the distribution function of one electron gained or lost
over the system. To really get these two kinds of information, the right and left
derivatives have been actually used. They are called electrophilic/nucleophilic
Fukui functions [63] (f" and f7):

From this function the actual location of the charge transfer can be monitored.

Fukui function has been widely used in the last two decades to predict and

rationalize the regioselectivity or regiospecificity of chemical processes [64—67].
The second v-derivative of the energy is the linear response function [68, 69]:
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(svimen) = (20 =xer 0

This function describes how the electron density is modified at point ' when the
external potential is changed at position r. Descriptors that depend on more than one
set of coordinates are called nonlocal. This function is symmetrical with respect to
the exchange of coordinates. The computation of the latter quantity is quite
cumbersome. Besides, the chemical understanding of a function that depends on
two sets of coordinates is quite difficult. It is therefore easily understandable that
this function has been scarcely used so far. However, its usefulness in the rational-
ization of inductive and mesomeric effects [70] came out lately.

The last local descriptor presented here is the dual descriptor [71, 72], also
known as second-order Fukui function. This index has been introduced in 2005 to
predict whether an atomic site within a molecule is more electrophilic than nucle-
ophilic or the other way around. The definition of the dual descriptor, symbolized
by Af(r) or f ®(r), as the third derivative of the energy is not very meaningful:

(s =) = 470 (13)

An alternative and more useful definition is

%p(r)
(7)) -0 o

Using the finite difference approximation and the Koopmans’ theorem, the dual
descriptor can be computed through

2 (r
<83?V(; )> ! ~fH(r) = f (1) = promo(r) = Promo(r) (15)

From this working definition, it is plain that the sign of this descriptor describes the
philicity of a molecular site. Positions with positive values of dual descriptor are
more electrophilic than nucleophilic. The density of the LUMO at this location is
higher than that of the HOMO. On the contrary, positions with negative values of
dual descriptor are more nucleophilic than electrophilic. In this case, at those
locations, the density of the HOMO is higher than that of the LUMO. This
descriptor has proved quite useful to rationalize both the regioselectivity and the
regiospecificity of chemical processes.

It is quite important to point out that local reactivity indexes described so far are
not suited for a comparison between species. To perform these kinds of studies, one
needs to combine selectivity and reactivity information. Thus several indexes have
been designed to help rationalize the reactivity difference of the same atomic site
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within a molecular family. Historically, the first descriptor proposed was the local

softness [73]:
o-(D -G EL o

Obviously, the local softness contains the same information about selectivity as the
Fukui function. Local softness also contains additional information about the global
reactivity of the molecule. Combined, these pieces of information allow making a
comparison between molecules.

More recently, using a similar line of arguments, the grand canonical dual
descriptor (GCDD), symbolized by As(r) or s @(r), has been developed [74]:

As the derivative of the chemical hardness with respect to the electron number is
supposedly negligible, the GCDD is generally assessed through

Af(r)

772

5 (r) =As(r) =

(18)

2.4 Selectivity Descriptors for Excited States

Descriptors presented in the previous section characterize either the reactivity or the
selectivity for chemical processes that occur in the ground state. A recent extension
of conceptual DFT has been proposed to tackle the selectivity of excited species
[75, 76]. Basically, when an electronic system is excited by an electromagnetic
field, its electron density is distorted. The main assumption is that the predominant
process is the relaxation of the density (geometrical relaxation is overlooked).
Mathematically, the whole extension is based upon a singularity of density func-
tional theory. Indeed for whatever excited state, the electronic chemical potential is
no longer a global quantity but on the contrary a local quantity. This property is due
to the fact that the electron density of an excited species is not stationary. In other
words, the excited electron density is not an optimum of the electron density
functional. Translated into mathematics, this property reads

() -

in which p; is the density of the ith excited state. When the energy is computed using
the true ground state electron density, Eq. 19 becomes
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The chemical potential has then the same value anywhere within the molecular
volume, noted Cst in Eq. 20. The minimization of the integral form of Eq. 19
provides an excellent descriptor of the chemical behavior of atomic site within the
molecule:

5 = J ui(r)op(r)dr (21)

Pi—Po

Indeed, for this equation to be minimum, it is obvious that positions with high
values of the local chemical potential are depleted during the relaxation process,
while positions with low values of the local chemical potential gain electron
density. To reformulate this statement, it can be established that during the relax-
ation process from the excited state to the ground state, an intramolecular electron
flux appears driven by the opposite of the gradient of the local chemical potential.
The main assumption upon which the whole development is based is that the
physical relaxation can be induced by a chemical partner. Following this line, an
electrophile would attack positions which are depleted during the density relaxa-
tion. On the other hand, a nucleophile would attack locations that gain electron
density during the relaxation. If one is capable of getting an analytical expression of
the local chemical potential, one can monitor the electron flux and get a chemical
picture of the selectivity of excited species. From the basics of DFT, it is well
known that

(22)

in which F[p] is the Hohenberg-Kohn universal functional.

The next step is to assume that the excited density can be written as a distortion
of the ground state density. Then, using a Taylor expansion, one gets after several
cumbersome approximations the following expression:

sop(r')
=

) %o+ [ (23)

Specifically, for the first excited state, the quantity 8hp(r) has very recently been
defined as the first-order state-specific dual descriptor [77]. It can be approximated
by the difference between the densities of the LUMO and the HOMO and therefore
is very similar to the usual dual descriptor defined in Sect. 2.3. Therefore, the
second term of the right-hand side of Eq. 23 can be seen as an electrostatic potential
created by the dual descriptor density. This potential constitutes the local response
and has been called dual potential (V). It is quite straightforward to show that the
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Table 2 Chemical behavior for the ground state and the first excited state

Ground state Af(r) Excited state 6(')0(1" )

Sign Character Sign Character Interactions
+ Electrophilic + Nucleophilic Favorable

- Nucleophilic - Electrophilic Favorable
+/— el/nu —/+ el/nu Unfavorable

sign of this dual potential has a chemical meaning opposite to that of the dual
descriptor for the ground state. As a consequence, the best interaction between two
species, one of which being excited, is given in Table 2.

From these sets of descriptors, most of the chemical reactivity and selectivity
can be explained. The next section is dedicated to the use of these indexes for the
rationalization of the formation of several DNA lesions.

3 Application: Reactivity of Nucleic Acid Bases

3.1 Introduction

DNA, though responsible for carrying the genetic information, is characterized by
some chemical instability; this may be particularly important when cellular DNA is
exposed to external aggressions but also occurs under physiological conditions
[1]. DNA is damaged continuously and, hopefully, in most cases efficiently
repaired. Nonetheless, when repair is deficient, or if DNA replication takes place
(mitosis) before repair is achieved, mutation may occur. Therefore genome integ-
rity is lost and errors are susceptible to occur during transcription and translation
processes. These can be responsible for cellular aging and cancers. Among the
different DNA lesions that are known to be generated, many concern the
nucleobases whose structures are depicted in Fig. 1. Despite many structural
similarities — all of them being aromatic nitrogenated heterocycles — nucleobases
show different susceptibilities to chemical or physical damaging agents. In order to
find efficient ways to fight against the generation of DNA damage, it is fundamental
on one hand to understand the mechanisms of formation of the different lesions that
may be produced endogenously or exogenously in cellular DNA and, on the other
hand, to be able to rationalize the differences of reactivity of the nucleobases
toward a given genotoxic agent. The second aspect has been the subject of theo-
retical studies where the reactivity indexes presented in the previous section have
been successfully applied to a number of cases [78—83]. Some of them will be
described below with the aim of showing the wide range of reactivity issues that
conceptual DFT can address.

In a first part, global and local reactivity indexes computed for the five main
purine and pyrimidine nucleobases are gathered in the same place in order to have
preliminary information on the differences between the nucleobases. The second
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Pyrimidine bases
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Fig.1 Structure of DNA bases found in all living beings. Note that uracil is only present in RNA,
contrary to thymine which is found in DNA only

part concentrates on information showing that reactivity descriptors can provide
relevant structural features adopted by the nucleobases (base-pair formation, tau-
tomers). Finally, the third and last part focuses, strictly speaking, on reactivity
differences between the bases in the particular context of the formation of a given
lesion.

3.2 Reactivity Descriptors Computed for Isolated
Nucleobases

All the molecular properties have been computed through DFT methodology by
using the B3LYP functional with the triple-zeta split valence basis set 6-311G(d,p).
All the computations have been performed using the Gaussian package software
[84]. The molecules have been fully optimized. Then the DFT-based descriptors
have been calculated using the two usual sets of approximations, first the finite
difference approximation, then the Koopmans’ theorem. The latter approximation
is questionable, especially for local indexes, but to our best knowledge, it has
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always proved satisfactory for this kind of systems. Practically, the post calcula-
tions and condensations have been performed using the procedure proposed by
Chamorro and Perez through their package “Global and Local Descriptor version
2.0” [85]. In this first part, the reactivity and selectivity descriptors of isolated bases
are presented.

Global Indexes

The global indexes calculated as stated above are gathered in Table 3. It is plain to
note that the chemical potential () of purine bases appears higher (less negative)
than that of pyrimidine bases, making the former components better electron donors
than the latter constituents. More precisely, Gua appears as the base which is the
most easily oxidized, while Ura is the most resistant to oxidants. This is consistent
with the fact that Gua is the preferential target in the formation of oxidatively
generated damage at least when exposed to one-electron oxidants and singlet
oxygen [18, 27]. In particular it can explain that usually Gua is the main target of
ionization giving rise predominantly to 8-oxo-7,8-dihydroguanine (8-oxoGua)
through the transient formation of the guanine radical cation either directly or
after charge transfer from other one-electron oxidized nucleobases [18, 27, 86].

Besides, it is remarkable how close the hardness (1)) of the five nucleobases are to
each other (and thus their softness (S)), suggesting a similar resistance to charge
transfer, though it can be noticed from comparison between Thy and Ura that
methylation on C5 decreases the hardness by about 0.3 eV. Since the electrophi-
licity power is computed through (u/2n), the differences in electrophilicity power
() between the bases are mainly due to differences in their chemical potential. It
appears that the purine bases are being better nucleophiles than the pyrimidine
bases. Descriptors are also able to characterize the selectivity of molecules. This is
the subject the next section focuses on.

Table 3 Global indexes computed from frontier orbitals at the B3LYP/6-311G(d,p) level

Canonical ensemble Grand canonical ensemble
First order | Second order | First order | Second order Other
Bases p (eV) n (V) N SV » (eV)
Pyrimidines | Cyt —3.70 5.38 58 0.186 1.28
Thy —4.16 5.39 66 0.185 1.60
Ura —4.26 5.70 58 0.175 1.59
Purines Ade | —3.40 5.44 70 0.184 1.06
Gua |-3.33 4.58 78 0.179 1.20
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Table 4 Local reactivity indexes computed from frontier orbitals at B3ALYP/6-311G(d,p) level

Second order Third order
fr(r) ) Af(r)
Red: more E than Nu
Base Electrophilic sites Nucleophilic sites Yellow: more Nu than E

Pyrimidine Cyt

J.’J

9
Thy @
J.”‘JJ
° 9%
9
Ura

®

J./.
. S
Purine Ade .p.‘ ..‘
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*%0e” 0% » 0

Gua

Local Indexes of the Canonical Ensemble

Local reactivity descriptors for pyrimidine and purine bases are reported in Tables 4
and 5. Specifically, in Table 4 spatial maps of electrophilic and nucleophilic Fukui
functions along with dual descriptor are displayed, while in Table 5 the
corresponding condensed values are given. From a general point of view, it can
be noted that spatial maps of Fukui functions are not very conclusive, while the
tabulated data are more useful. Indeed the most reactive site, with respect to either
an electrophile or a nucleophile, is respectively obtained by looking at the highest
value of the electrophilic or nucleophilic Fukui function. On the contrary, since the
sign of the dual descriptor carries information about the chemical philicity (elec-
trophilicity/nucleophilicity), the maps are very often self-sufficient for rationalizing
the chemical selectivity.
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Table S Local reactivity indexes of pyrimidine and purine bases condensed through Chamorro

and Perez scheme

Pyrimidine bases Cytosine Atom number f ¥ f Af
N1 0.112 0.157 —0.045
Cc2 0.007 0.015 —0.007
N3 0.127 0.176 —0.049
C4 0.190 0.007 0.183
C5 0.097 0.262 —0.164
Co6 0.393 0.067 0.326
N4 exo 0.001 0.002 —0.001
Thymine Atom number f f Af
N1 0.056 0.231 —0.175
C2 0.014 0.010 0.003
N3 0.061 0.002 0.060
C4 0.185 0.008 0.177
C5 0.158 0.331 —0.173
Co 0.381 0.149 0.233
04 exo 0.122 0.085 0.037
Uracil Atom number f 'y f K Af )
N1 0.059 0.253 —0.194
Cc2 0.019 0.009 0.010
N3 0.059 0.000 0.059
C4 0.160 0.006 0.154
C5s 0.171 0.375 —0.204
Co 0.399 0.123 0.276
04 exo 0.113 0.118 —0.006
Purine bases Adenine Atom number f 'y f Af
N1 0.126 0.149 —0.023
C2 0.185 0.069 0.117
N3 0.005 0.045 —0.040
C4 0.211 0.067 0.144
C5 0.036 0.159 —0.124
Co 0.007 0.056 —0.050
N7 0.073 0.060 0.013
C8 0.246 0.121 0.126
N9 0.038 0.015 0.024
Guanine Atom number f ' f K Af
N1 0.100 0.011 0.089
Cc2 0.277 0.059 0.218
N3 0.008 0.048 —0.040
C4 0.192 0.112 0.080
C5 0.110 0.220 —0.110
Co 0.044 0.017 0.027
N7 0.008 0.048 —0.040
C8 0.028 0.175 —0.147
N9 0.070 0.004 0.066
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Pyrimidine Bases

The substantial contribution of C5 and C6 carbons of pyrimidine bases to the f*(r)
and f~ (r) descriptors indicates that the C5—C6 double bond of the pyrimidine ring is
susceptible to both nucleophilic and electrophilic attacks. Nonetheless, the sign of
the dual descriptor Af(r) indicates than carbon C5 is more nucleophilic than
electrophilic (Af(r) < 0), while this is the reverse for carbon C6 (Af(r) > 0). Thus,
an electrophile will add more efficiently to carbon C5 than to carbon C6, contrary to
a nucleophilic reagent which will add more rapidly to carbon C6. This is consistent
with the fact that the electrophilic "OH, which is responsible for the majority of
oxidatively generated damage to DNA, adds preferentially to carbon C5 of pyrim-
idine bases compared to carbon C6 [87]. It may be pointed out that "OH addition to
the 5,6-pyrimidine double bond is under kinetic control since several computational
studies have shown that addition to carbon C6 leads to a more stable adduct than
addition to carbon C5 [88, 89].

It is well documented that Cyt, Ade, and Gua may spontaneously deaminate
through hydrolysis. Carbons holding the corresponding amino groups (C4 of Cyt,
C6 of Ade, and C2 of Gua) all exhibit an electrophilic character. It will be shown in
the following, in the particular case of Cyt (vide infra), that the reaction mechanism
associated with spontaneous deamination reactions involves nucleophilic addition
of a water molecule to those carbons (see Sect. 3.4).

Another well-documented fact is the chemical stability of the urea moiety of
pyrimidine bases. Thus, position C2 is almost insensitive to both electrophiles and
nucleophiles. All the selectivity indexes corroborate this statement for each pyrim-
idine base. As can be seen in Tables 4 and 5, neither the electrophilic nor the
nucleophilic Fukui function exhibits significant values on C2. It is even clearer
using the dual descriptor for which the value on C2 is roughly seven times lower
than that of the other carbons.

Purine Bases

The most striking feature of purine bases is that two carbons of the 5-membered
imidazole ring of the purine bases exhibit a different sign of the dual descriptor
Af (r). C4 of Ade is nucleophilic only (almost zero contribution tof * (7)), while that
of Gua shows both nucleophilic and electrophilic characters (nonzero contribution
to f7(r) and £~ (r)), the latter prevailing on the former. This is exactly the reverse
for carbon C8 which corresponds to a pure nucleophilic site in Gua and to a
nucleophilic and electrophilic site in Ade though more electrophilic than nucleo-
philic. In the following this difference in reactivity of the C8 carbon of purine bases
is proposed to participate in the difference of reactivity of Gua and Ade toward the
formation of tandem lesions in oxygen-free aqueous solution when DNA is exposed
to "OH generated by radiolysis (see Sect. 3.4).
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Table 6 Comparison of the dual descriptor and the dual potential computed from frontier orbitals
at BBLYP/6-311G(d,p) level

Ground state First excited state
Af(r) VA (r)
Red: more E than Nu Red: more Nu than E
Bases Yellow: more Nu than E Yellow: more E than Nu
Pyrimidines | Cyt (canonical) o @ 9 '
0o o’

JJ 2
@ o)

Cyt (imino tautomer)
J'/‘J

Thy ]
J..“J

S )

r

Ura Q
"] .. -

o’ 9

2

Purines Ade ] JJ
90 ®

Gua # ]

First Excited State

Finally, the latter section deals with the preliminary information that can be
extracted from indexes describing excited states. As already explained in
Sect. 2.4, it can be inferred from the sign of the dual descriptor and that of the
dual potential (see Table 6) that the nucleophilicity/electrophilicity excess of the
reactive sites of the nucleobases is reversed when moving from the ground state to
the first excited state of a base. As a consequence, the chemical behavior toward a
partner is reversed too: sites which most easily give electrons in the ground state
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Table 7 Watson-Crick base pairs
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most favorably accept electrons in the first excited state and vice versa. We will see
that this plays an important role in the regioselectivity observed in the formation of
pyrimidine dimers when DNA is exposed to UVB radiation as discussed in
Sect. 3.4.

3.3 Structural Features of DNA

The results presented so far deal only with isolated DNA bases in their ground and
first excited states. In this context, they are only relevant for the test tube study of
chemical reactions. Within biological environment, the chemical reactivity and
selectivity of DNA bases may change. For instance, what is the impact of
pyrimidine-purine hydrogen bond coupling? Besides, the influence of DNA back-
bone and chemical environment may modify the relative contribution of the
tautomers. In this section, some interesting results regarding the role of such factors
upon the chemical behavior of DNA bases are presented.

Formation of Base Pairs

The influence of the hydrogen bonding on the reactivity of DNA and RNA bases
has been recently investigated by Toro-Labbé et al. [90] (Table 7). Their compu-
tation has been reproduced using B3LYP/6-311G(d,p) level of theory. The results
are given in Tables 8 and 9. It appears that both the global and local reactivity are
affected by the base pairing. Both chemical potential and hardness are of general
lower value. The lowering of chemical potential signifies that, once paired, the
bases are more easily excited and ionized. They are also more prone to react as their
global hardness decreases. The local selectivity is also widely modified since it
appears from the dual descriptor maps that electrophilic and nucleophilic sites are
gathered on only one base. As it can be seen in Table 9, purine bases muster all the
nucleophilic sites, while pyrimidine bases gather the electrophilic sites.
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Table 8 Watson-Crick base pairs global descriptors computed from frontier orbitals at B3LYP/6-
311G(d,p) level

Canonical ensemble Grand canonical ensemble
First order Second order First order Second order Other
DNA base pairs p (eV) n V) N SEev™h o (eV)
Ade Thy —3.57 4.87 136 0.20 1.30
Gua Cyt —3.28 3.74 136 0.27 1.45
Table 9 Watson-Crick base AF(r)

pairs dual descriptor maps

. Red: more E than Nu
computed from frontier

orbitals DNA base pairs Yellow: more Nu than E
Guanine-cytosine 5
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It is also interesting to compare the two base pairs. The couple Ade-Thy has a
lower chemical potential than that of Gua-Cyt, which means that the latter is more
easily ionized for generating a radical cation. As already discussed, nucleophilic
zones are mainly located on the purine moieties. Therefore the generated radical is
also very likely to be located on the purine bases. The couple Gua-Cyt also has a
lower hardness and therefore is more prone to undergo chemical reactions than the
couple Ade-Thy. From this investigation, two main conclusions can be drawn. First,
the effect of pairing can be rather important upon selectivity; the meaning of the
dual descriptor between two species in interaction might be questionable though.
Second, the couple Gua-Cyt is more reactive than the couple Ade-Thy.

Tautomerism

It is generally assumed that DNA bases do not possess tautomers at neutral pH and
that they are always present in DNA in their canonical forms (see Table 10).
However, numerous tautomers can be built by modifying the position of a hydrogen
atom (prototropy). An example is given for cytosine for which four tautomers are
easily identified. Chemical potential, hardness, and electrophilicity values for each
of the tautomers are given in Table 11. As can be seen in Table 11, the hydrogen
shift mildly modifies the chemical reactivity. The chemical potential varies of about
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Table 10 Different forms of cytosine along with dual descriptor maps computed from frontier
orbitals at BALYP/6-311G(d,p) level

Cytosine 5-Methylcytosine
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Table 11 Chemical potential, hardness, and electrophilicity values for the main tautomers of
cytosine computed from frontier orbitals at B3LYP/6-311G(d,p) level

Numbering p(eV) n V) » (eV) Rel. E, (kJ/mol)
(1) Cyt — amino/oxo —-3.70 5.38 1.28 0.0

(2) Cyt — imino/oxo —3.80 5.41 1.34 +4.5

(3) Cyt — amino/enol — 1 —-3.56 5.81 1.09 +3.3

(4) Cyt — amino/enol — 2 -3.57 5.80 1.10 +6.6

0.25 eV. The variations of chemical hardness are larger than that of chemical
potential and go up to 0.40 eV.

From the local point of view, it is worth noticing that the exocyclic N4 atom of
the amino group is predicted as a nucleophile for all the tautomers, while for the
canonical form it is proposed to be electrophile. This modification of the local
reactivity has proved to be useful for understanding the occurrence of pyrimidine
dimer lesions (see Sect. 3.4).

3.4 Reactivity Differences Between the Nucleobases

As mentioned earlier, experimentalists have identified many examples where the
nucleobases show differences in the susceptibility to a given genotoxic agent/
environment, for example, because they measured different rate constants associ-
ated with the formation of a transient damage, or because they observed different
regioselectivities associated with a given set of experimental conditions. In those
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cases where the lesion is formed under kinetic control, conceptual DFT reactivity
descriptors can be helpful in providing rationalizing elements. As the nucleobases
have different numbers of electrons (see Table 3), responses of the grand canonical
potential are expected to be the relevant reactivity descriptors to analyze for this
purpose. The spontaneous deamination of cytosine and its derivatives will be used
to illustrate how such an approach can allow quantifying differences of reactivity.

Nonetheless, it will be shown beforehand that the consideration of the dual
character of some reactivity descriptors of the canonical example can give useful
information as long as one is interested by qualitative differences in reactivity. This
will be illustrated through two examples: one lesion formed on the electronic
ground state potential energy surface and another lesion involving a base in an
electronic excited state.

Qualitative Differences of Reactivity
In the Ground State: Exploiting the Dual Descriptor

When DNA is exposed to ionizing radiation, surrounding water molecules are
subject to radiolysis with the subsequent generation, among several reactive oxygen
species (ROS), of highly reactive "OH [91]. The latter ROS is able to induce several
types of oxidatively generated damage to DNA [18, 27]. Depending on the condi-
tions, typically aerobic versus anaerobic, some lesions are specifically produced or
their formation favored. In anaerobic conditions, a covalent link can be more
efficiently formed between carbon C8 of a purine base and radicals issued from
either its adjoining sugar moiety [40, 41] or the methyl group of an adjacent Thy
[19, 39]. Though both purine bases can be involved in the formation of these
lesions, Gua is experimentally observed to be more susceptible than Ade [92-94].

The general reaction mechanism proposed for the formation of these lesions
involving Gua is shown in Fig. 2. The first step involves "OH-mediated hydrogen
atom abstraction from either the sugar moiety of Gua or the methyl group of a Thy,
leading to the formation of an electrophilic RR’CH," or RR’'R”CH’ radical. Subse-
quently, the carbon-centered radical thus formed adds to carbon C8 of the purine
base by electrophilic radical addition. H" abstraction by a radical from the environ-
ment or through the implication of O, in aerated solutions [40] finally leads to the
formation of the tandem lesion.

This mechanism has been studied computationally by DFT in the cases of Gua
and Ade [95-97].

For both types of lesions (cdG/cdA and GNT/AAT), the electrophilic radical
addition to C8 appears to be responsible for the difference of reactivity observed
between the two purine bases. Computed activation energies associated with this
radical step are reported in Table 12.

First, from the point of view of the relative global reactivity of the purine bases,
since the chemical potential of Gua is higher than that of Ade (see Table 3), an
electrophilic addition to Gua is expected to be less destabilizing (lower activation
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Fig. 2 Reaction scheme for the formation of cross-linked adducts between a purine base and
either an adjacent thymine (GAT) or its sugar moiety (cdG)

Table 12 Activation energies (in kJ/mol) computed by DFT for the radical addition step leading
to the formation of the tandem lesions sketched in Fig. 2

A”E (ZPE Computational
Lesion | included) methodology Reference
GAT 72.3 B3LYP/6-31G(d,p) Xerri et al. [96], Labet et al. [98]
AT 173.5
cdG 41.0 B3LYP/6-31 +G(d,p) Zhang and Eriksson [95]
cdA 55.2

barrier) than to Ade. In addition, from a more local point of view, as we mentioned
earlier, the two purine bases are characterized by different signs of the dual
descriptor Af (7) in the region of their C8 carbon, the site of addition during the
formation of the tandem lesions. Thus, though both nucleophilic, the C8 carbons of
the two purine bases are qualitatively different: carbon C8 of Gua is more nucle-
ophilic than electrophilic (Af(r) < 0), while carbon C8 of Ade is more electrophilic
than nucleophilic (Af(r) > 0) (see Table 4).
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Now the dual descriptor Af(r) has been shown to be closely related to the
maximum hardness principle [72]. When an electrophile approaches a nucleophile
in a region characterized by Af(r) < 0, then the hardness of the nucleophile is
expected to increase, which is favorable. On the contrary, if the electrophile attacks
the nucleophile on a reaction site characterized by Af(r) > 0, the hardness of the
nucleophile decreases, which is unfavorable.

As a conclusion, from both a global and local reactivity points of view, Gua is
expected to be more susceptible than Ade to an electrophilic attack on its carbon
C8. This explains the different formation yields experimentally observed between
the purine bases for the tandem lesions reported in Fig. 2.

In an Excited State: Exploiting the Dual Potential

When DNA is exposed to UVB radiation (290-320 nm), the nucleobases can get
electronically excited, thus allowing photochemical reactions to take place. Cova-
lent links between two adjacent nucleobases can then be formed [32]. This is
particularly frequent at bipyrimidine sites, i.e., when two pyrimidine bases are
adjacent on the same DNA strand. As mentioned previously, the resulting
photocycloadducts are called pyrimidine dimers. They are of two kinds: ) cis-syn
cyclobutane pyrimidine dimers (CPDs) resulting from the [2+2]
photocycloaddition between the C5 and C6 double bonds of two adjacent pyrimi-
dine bases and (ii) pyrimidine (6—4) pyrimidone photoproducts (6-4PPs) resulting
from a Paterno-Biichi [2 +2] photocycloaddition between the C5 and C6 double
bond of the 5’-end pyrimidine base and the exocyclic C4-O/C4-N bond of the 3’-end
thymine/cytosine imino tautomer, followed by opening and rearrangement of the
oxetane/azetidine ring. The two kinds of pyrimidine dimers involving two adjacent
thymines are shown in Fig. 3.

A Regioselectivity Problem

The eight possible bipyrimidine lesions susceptible to be formed (two structural
types of dimers — four different bipyrimidine sites) are produced in very different
proportions as shown in Fig. 4 where the yields of formation of each photoproduct
within isolated DNA exposed to UVB radiation are reported [99].

From the consideration of the formation yields, it can be noticed that at any
given bipyrimidine site, CPDs are produced more efficiently than 6-4PPs. The
effect is more pronounced when the 3’-end pyrimidine base is Thy. To rationalize
this experimental finding, which is merely a regioselectivity issue, reactivity
descriptors can be analyzed. This is indeed possible, despite the fact this concerns
photochemical properties, because a local descriptor that is applicable to the first
excited state (the dual potential presented in Sect. 2.4) is now available in addition
to the “classical” dual descriptor available for the ground state.
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6-4PP

Fig. 3 Reaction scheme for the UV-induced formation of thymine dimers: cyclobutane
pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone photoproduct (6-4PP)

I CPD

2716-4PP

058
0.6 -
0.4 -

0.2 4

0.0 -

Number of lesions / 10* bases / kJ.m”
=

Bipyrimidic site

Fig. 4 Yield of formation of the main photoinduced bipyrimidine products within isolated DNA
exposed to UVB radiation (dose range, 0-3.4 kJ -m’z) [99]
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Table 13 Chemical behavior related to the sign of the dual descriptor for the ground state and the
dual potential for the first excited state

Electronic state Sign of the relevant descriptor Chemical behavior
Ground state Af(?) >0 Electrophile

Af (7) <0 Nucleophile
First excited state VA <7) >0 Nucleophile

VA <?) <0 Electrophile

During the [2 + 2] photocycloadditions involved in both the formation of CPDs
and 6-4PPs, one of the nucleobases is still in the ground state, while the other lies in
the first excited state corresponding to the first 1 — n* transition. Reaction between
the two bases is all the more favorable because electrophilic sites of the excited base
interact with nucleophilic sites of its partner and vice versa. As mentioned earlier
and reminded in Table 13, the chemical behavior of reactive sites of the excited

base is characterized by the sign of the dual potential V4 (7); as for that of the

reactive sites of the base in its ground state, it can be inferred from the sign of the
dual descriptor Af (r). As a consequence interactions between a nucleophilic site of
one base and an electrophilic site of the other base correspond to interactions
between sites where the dual descriptor of one base and the dual potential of the
other base are of the same sign.

About the Number of Stabilizing Interactions

Interacting sites are related to the pyrimidine dimer of interest. Formation of a CPD
involves interaction between carbons C5 of both bases plus interaction between
their carbons C6. The formation of a 6-4PP also involves two interactions: a first
one between carbon C6 of the 5'-end base and carbon C4 of the 3’-end one and a
second interaction between carbon C5 of the 5’-end base and O or N of the 3’-end
base. In Fig. 5 the interactions that develop between the dual descriptor of the
5’-end base and the dual potential of the 3’-end base are shown for each of the eight
potential photoadducts. Note that the fact to have considered the 3’-end base to be
excited rather than the 5'-end one is purely arbitrary. Indeed, since the electrophi-
licity/nucleophilicity excess of the reactive sites is exactly reversed between the
ground state and the first excited state (see Table 13), results would have been the
same if we had considered the another alternative.

Since in a given electronic state the chemical behavior of C5 and C6 carbons is
the same for Thy and Cyt and that this chemical behavior is reversed between the
ground state and the first excited state, formation of CPDs systematically requires
two stabilizing interactions, whatever the sequence of bases involved.
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Fig. 5 Interactions at the four kinds of bipyrimidine sites between the dual descriptor of the 5’-end
base in its ground state and the dual potential of the 3'-end base in its first excited state to form
either a CPD or a 6-4PP lesion (Adapted from Ref. [76])
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Fig. 6 Interactions at 5'-TC-3’ and 5'-CC-3’ bipyrimidine sites between the dual descriptor of the
5'-end pyrimidine base in its ground state and the dual potential of the 3’-end pyrimidine base in its
first excited state to form either a CPD or a 6-4PP lesion. Dashed lines correspond to interactions
leading to formation of the o-bonds during the [2 + 2] photocycloaddition reaction. Dotted lines
correspond to secondary interactions (Adapted from Ref. [76])

The formation of 6-4PPs, as shown in Fig. 5, involves two stabilizing interac-
tions when a Cyt (in its imino form) constitutes the 3’-end base, but only one when
this is a Thy. This is due to the fact that the oxygen linked to carbon C4 in Thy and
the nitrogen linked to carbon C4 in the imino form of Cyt have reversed chemical
behaviors. Therefore, the activation energy associated with the formation of a
6-4PP lesion is expected to be higher when a Thy base is at the 3’-end rather a
Cyt. This explains why the formation of 6-4PP at 5-TT-3' and 5'-CT-3'
bipyrimidine sites is so inefficient compared to the corresponding CPDs.

About Secondary Interactions

The relative orientation of adjacent pyrimidine bases is governed by DNA double-
stranded structure. Reacting bases approach each other in parallel planes (supra-
supra approach). In addition to the interactions mentioned above which are
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responsible for the formation of two covalent links between adjacent pyrimidine
bases, secondary interactions can develop. These are shown in Fig. 6 for the four
dimers formed at bipyrimidine sites with 3’-end Cyt. The approach of pyrimidine
bases to form 6-4PPs does not involve secondary interactions contrary to the
approach giving rise to CPDs. In the latter case, four stabilizing secondary interac-
tions develop (dotted lines in Fig. 6), facilitating the formation of CPDs compared
to that of 6-4PPs, even in cases where the two primary interactions are stabilizing.

As a conclusion, the more efficient production of CPDs compared to 6-4PPs has
two origins: (i) the number of stabilizing interactions responsible for the formation
of covalent bonds between the two adjacent bases, which is 2 for all CPDs and 2 for
6-4PPs involving a 3’-end Cyt but only 1 for 6-4PPs involving a 3’-end Thy and
(ii) the development of stabilizing secondary interactions during the formation of
CPDs which do not exist in the case of 6-4PPs.

Quantitative Differences of Reactivity
Exploiting the Grand Canonical Equivalent of the Dual Descriptor

Spontaneous Cyt deamination by hydrolysis occurs in living organisms. This
hydrolytic reaction gives rise to Ura, the equation being shown in Fig. 7, whose
abnormal presence in DNA is hopefully easily detected and removed by a dedicated
repair enzyme.

Modified forms of canonical Cyt bases are also susceptible to deamination. This
is, for example, the case of 5S-methylcytosine and of 5,6-saturated derivatives of Cyt
such as cytosine-containing pyrimidine dimers formed under UV radiation. These
structural modifications affect strongly the deamination rate constants as reported in
Table 14. Saturation of the C5—C6 bond accelerates considerably the deamination
reaction. Incidentally, methylation at position 5 increases the deamination rate for
5,6-unsaturated cytosine derivatives, while it has exactly the opposite effect on
5,6-saturated derivatives.

A mechanism has been proposed and studied by DFT for cytosine deamination
which is in agreement with the activation energy determined experimentally for the
reaction (117 4 kJ/mol [104]). The deamination pathway involves in a first step a
nucleophilic addition of a water molecule to carbon C4 with the assistance of a
second water molecule from the environment, followed by protonation of the amino
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Table 14 Experimental deamination rate constant (k) of cytosine and some of its derivatives

under various conditions

Bases k Experimental conditions References
Ho M 2.1x107'%s™" | Single-stranded DNA [100]
Zj pH=7.4-T=37°C
5|
" 9.5x107'%s" | Single-stranded DNA [100]
‘ ﬁ/% pH=7.4-T=37°C
'y
M, - 6x107s™" | Free base [101]
ﬁ pH=7.4-T=37°C
A,
M, o 107> min~" Dinucleoside [102]
W Hye - monophosphate
)\ /& pH=7-T=25°C
o N N [+]
HO
o
(+]
|
o=p— B
| °
Ll
OH
Ny e 107> min~! Dinucleoside [103]
monophosphate

CHy HyC

o N M [s]

HO

pH=7-T=25°C

group and finally -NH; departure [98]. The same mechanism happens to hold for
5-methylcytosine deamination [105]. For 5,6-saturated derivatives, it appears that a
tautomerization step leading to the imino form of the cytosine derivative is needed
prior to the nucleophilic addition [106, 107]. In each case, the assisted nucleophilic
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Fig. 8 Rate-controlling step of the mechanism proposed for deamination of 5,6-unsaturated (a)
and 5,6-saturated (b) cytosine derivatives

addition, schematized in Fig. 8, has been identified as the rate-controlling step. It
may be pointed out that the differences in the activation energies associated with
this step for various investigated cytosine derivatives are in agreement with the
deamination rate constants experimentally observed [107].

Since the nucleobases, either in their amino or imino form, constitute the
reactant of the rate-determining step, the origin of the difference in sensitivity of
the different forms of cytosine to the deamination reaction rate has to be searched
among reactivity differences of the bases themselves, either global differences or
local differences of their carbon C4 which undergoes the nucleophilic addition
during the rate-determining step. In that purpose several global indexes and
C4-local indexes computed for the different cytosine derivative are reported in
Tables 15 and 16 respectively, both for the amino and imino forms of each base.

For 5,6-unsaturated forms of cytosine, methylation at position 5 tends to increase
the chemical potential and to decrease, though only slightly for the imino form, the
hardness. As a consequence the electrophilic power is quasi unchanged. It may be
noted that this applies for both the amino and imino forms.

For 5,6-saturated forms of cytosine, methylation at position 5 has almost no
effect, either on the chemical potential or on the hardness. And therefore this is also
true for the electrophilic power. On the other hand, it has to be noted that
5,6-saturated derivatives of cytosine have higher chemical potentials than their
5,6-unsaturated counterparts and also much higher hardnesses, resulting in substan-
tial lower electrophilic powers. This is in contradiction with the fact that methyl-
ation at position 5 and saturation of the C5—C6 bond both enhance the deamination
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Table 15 Chemical potential, hardness, and electrophilic power of cytosine (Cyt),
5-methylcytosine (SmCyt), 5,6-dihydrocytosine (dhCyt), and 5,6-dihydro-5-methylcytosine
(dh5mCyst) in their amino and imino tautomeric forms

Amino form Imino form

p (eV) n (eV) o (eV) p(eV) n (eV) o (eV)
Cyt -3.70 5.38 1.28 Cyt —3.80 541 1.34
SmCyt —3.55 5.25 1.20 SmCyt —3.67 5.38 1.25
dhCyt -3.49 6.08 1.00 dhCyt —3.56 6.72 0.94
dh5SmCiyt —-3.52 6.02 1.03 dh5mCiyt -3.60 6.82 0.95

Table 16 Electrostatic charge on carbon C4 (CHELPG method) [108] and grand canonical dual
Aﬁz“
(Cyt), 5-methylcytosine (SmCyt), 5,6-dihydrocytosine (dhCyt), and 5,6-dihydro-5-methylcytosine
(dh5mClyst) in their amino and imino tautomeric forms

descriptor (= term) condensed (through Chamorro and Perez scheme) on carbon C4 for cytosine

Amino form Imino form
qca He (1072 ev ) qcs M (1072 ev )
Cyt 0.91 0.63 Cyt 0.73 0.29
SmCyt 0.74 0.73 SmCyt 0.63 0.40
dhCyt 0.86 1.03 dhCyt 0.65 0.61
dh5mCyt 0.70 1.02 dh5mCyt 0.56 0.58

rate. In conclusion, the difference in sensitivity of the different forms of cytosine to
deamination must have a local origin.

Methylation at position 5 and saturation of the C5—-C6 bond both tend to decrease
the partial charge hold by carbon C4, indicating that the rate-controlling step is not

under electrostatic control. Saturation of the C5—-C6 double bond increases consid-
Afca

,]2
cytosine undergo deamination much faster than the unsaturated forms.

As mentioned earlier, the grand canonical dual descriptor is a size consistent
local index, suitable for comparing the reactivity of chemical systems of different
sizes (as the different forms of cytosine) for a reaction under charge transfer control.
This suggests that the nucleophilic addition of water to carbon C4 is under charge
transfer control. This is supported by the fact that methylation at position 5 increases
the value for 5,6-unsaturated forms of cytosine, while a decrease is observed for
saturated compounds, in agreement with the effect of C5 methylation on the
deamination reaction rate, which has opposite effects on saturated and unsaturated
forms of cytosine.

Then, it can be concluded that the differences in sensitivity of the different forms
of cytosine derivative to spontaneous deamination are closely related to modifica-
tions of the electrophilic power of their carbon C4 that is attacked during the
reaction.

erably the value, in agreement with the fact that 5,6-saturated derivatives of
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4 Conclusions

This chapter aims to review the use of DFT-based descriptors for understanding the
chemical behavior of DNA bases. This approach can provide important information
about the mechanism of formation of important DNA lesions and their occurrences.
The usefulness of global DFT descriptors for investigating and predicting the
reactivity of the bases is illustrated for several kinds of chemical situations. In
parallel, local descriptors, specially the dual descriptor, help monitor the more
reactive atomic sites within the bases. For instance, for the ground state, the dual
descriptor gives a rationale for understanding the differences in reactivity of carbon
C8 of adenine and guanine. Besides, the evolutions of the condensed values of the
grand canonical dual descriptor of carbon C4 of Cyt derivatives clearly relate to the
deamination rates of these compounds. Reactions between excited and ground state
molecules are investigated by combining the dual potential and the dual descriptor
respectively. This model accounts for the difference in formation efficiency
between the formations of pyrimidine dimers. A general conclusion can be drawn
from these investigations. Basically, the use of conceptual DFT descriptors is
particularly efficient to explain qualitative differences of reactivity and selectivity
between molecules, while quantum computations provide precise information but
solely for a very specific set of chemical reagents. For an overall picture of a
chemical reaction, it is interesting to combine the use of quantitative (computa-
tional reactivity studies) and qualitative (conceptual DFT approach) methods.
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Abstract In this chapter, ring structures are characterised through their calculated
properties within the theory of quantum chemical topology (QCT). QCT properties
of the atoms within a ring can predict the properties at a special point, a so-called
ring critical point (RCP). Both the RCP properties and the atomic properties
according to QCT successfully distinguish between different ring structures.
There are four features of a ring that are responsible for its ring atom properties:
(i) the number of heteroatoms within the ring, (ii) the heteroatom’s element, (iii) the
ring substituent, and (iv) the substituent site. Interestingly, the four features affect
the ring’s properties independently. Therefore, a change in a heteroatom’s element
will always affect the ring’s properties the same amount, irrespective of other ring
features. This is called ring characteristic orthogonality. For substituent types, it is
the atom of the substituent connecting the substituent to the ring that dominates the
effect on the ring, rather than the entire substituent itself. Using these relationships
between ring features and QCT properties opens up the possibility of improving
ring structures in areas such as drug design.

Keywords Molecular similarity « Quantum chemical topology * Quantum theory
of atoms in molecules ¢ Ring critical point * Atomic charge ¢ Substituent effect

1 Introduction

A ring’s structure determines how it behaves in different environments. Whether a
ring is in aqueous solution, inside an organism, or in the presence of reagents for
organic synthesis, it is the (electronic) structure of the ring that determines its
behaviour. Therefore, understanding how the structure and behaviour of a ring
are linked is an attractive prospect, with implications in areas such as drug design,
organic synthesis and protein action. Prediction within the aforementioned areas
becomes much more viable if a link between structure and behaviour can be
explained through a theoretical viewpoint. Such a link can be established by
successfully characterising a ring’s structure through calculated properties. Once
ring systems are successfully characterised, then alterations can be made to rings to
create new molecules with more desirable properties. Such alterations to a mole-
cule’s structure are documented in an extensive literature [1-9]. The structure of a
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ring refers to its electronic and three-dimensional structure. The three-dimensional
structure of a ring includes features such as the number of atoms within a ring, the
element of the atoms, their positions in the rings and their connectivity. The most
complete representation of electronic structure is determined through the quantum
chemical wave function.

The ring structures studied in this contribution are all five-membered heterocy-
clic rings found in a wide range of important molecules including fungicides [10],
sedatives [11], biosynthetic precursors [12], homogeneous catalysts [13], antifungal
drugs [11] and multiple COX-2 inhibitors [14-16].

Quantum mechanical characterisation of a ring provides a potential basis for
quantitative ring similarity and prediction of behaviour. Characterisation can only
be achieved if a relationship is found between structure and properties, which leads
to the question: how do the features of a ring determine its properties? As the three-
dimensional structure (or features) of a ring changes, which includes replacement of
atoms within the ring, then the electronic structure must change with it. Therefore,
changes to the features of a ring must be expressed by changes in the ring’s
electronic structure. A relationship between features and electronic structure can
answer the question posed above because the ring’s properties are dependent on its
electronic structure.

When characterising the structure of a ring, individual atoms of the ring tend to
be ignored and the ring is only considered as a whole. Isolating single atom
properties is desirable when considering the effects of a ring’s features on its
properties. However, such a treatment can be difficult as the ring tends to be
expressed as a single entity only. There are numerous studies on the electronic
structures of rings where only the entire ring is considered such as calculation of
aromaticity [17-21] and studies of delocalisation of electron density throughout the
ring [22, 23]. However, these studies lose information regarding the contributions
of individual atoms within a ring to its properties. This contribution aims to
incorporate individual atom properties into the characterisation of rings to establish
how the features of a ring affect its properties. This is achieved through quantum
chemical topology (QCT), which partitions a molecule into its constituent atoms.

2 Background

2.1 Quantum Chemical Topology

QCT refers to a body of work that uses the idea of a gradient vector field to extract
chemical insight from modern wave functions or high-resolution experimental
electron densities. The name QCT was first proposed [24] in 2003 in an attempt
to bundle results that had been obtained under separate headers, the oldest and most
important being the quantum theory of atoms in molecules (QTAIM). This theory,
proposed by Bader and co-workers, is in fact a generalisation of quantum mechan-
ics to subspaces. Such a subspace can be identified with a topological atom (or QCT
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Fig.1 Gradient vector field
in the molecular symmetry
plane of furan, showing
interatomic surfaces, atomic
interaction lines and critical
points

O ci-3) ® 03,3 O HE-3

BCP (3, -1) A RCP (3, +1)

atom), which naturally arises by the electron density partitioning itself via its
gradient vector field. How this happens is discussed below. The application of
QCT has grown into many fields, including Quantitative Structure Activity
Relationship (QSAR) [25], molecular dynamics [26], free radicals [27], electron
delocalisation [19] and hydrogen bonding [28, 29].

QCT partitions a molecule into (topological) atoms starting from an electron
density, which in this work is calculated ab initio. It is best to refer to an actual
example while explaining the concepts used in this contribution. Figure 1 shows the
electron density in the molecular plane of furan, which is a planar five-membered
heterocyclic aromatic containing a single oxygen atom. Plotting all points in space
with the same electron density value gives isodensity envelopes shown as contour
lines in Fig. 1. We can now trace a network of trajectories that are locally
orthogonal to the set of constant electron density contour lines at any point. This
network is called the gradient vector field, as shown in Fig. 1. This vector field
consists of so-called gradient paths, which are trajectories of steepest ascent in the
electron density. In other words, if one follows a gradient path, then one will reach,
after each step, the highest local electron density in the quickest possible way. Note
that a gradient path has a direction, i.e. it has a starting point and an end point.

The majority of gradient paths start at infinity and terminate at a point where the
gradient of the density vanishes, known as a critical point. These stationary points
are marked as squares, circles or a triangle in Fig. 1, depending on the type of
critical point. The difference between types can be explained as follows. Taking the
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second derivative of the electron density at a critical point gives a three-by-three
matrix known as the Hessian. The Hessian is symmetric and after diagonalisation
yields three eigenvalues denoted A, A, and A3, which are the local curvatures in the
electron density. When summed, they give the value of the Laplacian of the electron
density. The type of critical point can be categorised by the signs (positive or
negative) of the three eigenvalues. Critical points are written in the form (w, Z)
where o is the number of nonzero eigenvalues and Z is the sum of the signs of the
eigenvalues where a negative value is represented by —1 and positive by +1. A
critical point at the nucleus (circle in Fig. 1) has three eigenvalues that are all
negative and therefore summarised as (3, —3). A bond critical point (BCP), shown
as squares, exists at a saddle point in the electron density between two nuclei and is
marked by (3, —1) because it has two negative eigenvalues and one positive
eigenvalue. A ring critical point (RCP) (triangle) or (3, +1) critical point appears
in the centre of the furan ring in Fig. 1. In general, there also exist cage critical
points (3, +3), but they will not be discussed further because they do not feature in
this work.

At an RCP, A, and A3 are both positive while A, is negative, and by convention
the eigenvalues follow the pattern A3 > A, > A. The shape of the electron density at
a given RCP can be calculated by an RCP ellipticity, which we define here. Note
that this ellipticity is analogous to (but not to be confused with) the well-known
ellipticity defined at a BCP. The BCP ellipticity is calculated as ( A/ Ay) — 1,
whereas the ellipticity at the RCP is calculated as ( As/ A,) — 1. The latter attains the
minimum value of 0, when it is evaluated at the centre of a cylindrically symmetric
electron density. The electron density of a benzene ring approaches such an electron
density of this symmetry, as proven by the very low value of the RCP ellipticity of
approximately 2 x 10™*. In previous studies the BCP ellipticity was one of three
properties at the BCP that successfully characterised different bonds [30]. In the
same vein the RCP ellipticity is proposed in this work to characterise a ring.

2.2 Partitioning of the Electron Density

A molecule is partitioned into its constituent atoms through the gradient vector
field, which is a collection of an infinite number of gradient paths. Figure 1 shows
the gradient vector field of furan in its molecular symmetry plane. The vast majority
consists of gradient paths that originate at infinity and terminate at a critical point.
Figure 1 contains numerous special gradient paths that are not part of this majority.
An example of a special gradient path is one that connects two critical points, such
as the (3, —3) at the nucleus (circle) and a BCP (square). Another example is a
gradient path that connects the RCP (triangle) to a BCP (square). Two gradient
paths that each begin at the same BCP but terminate at two different nuclei form a
so-called atomic interaction line (AIL). There are many examples in Fig. 1, and
they collectively form the molecular graph of furan, which recovers the expected
Lewis diagram for this molecule. While most typical gradient paths terminate at a
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Fig. 2 Three-dimensional
representation of
topological atoms in
imidazole with a 0.001 a.u
iso-electron density
boundary cut-off

nucleus, there are gradient paths that originate at infinity but terminate at a BCP.
Collectively these gradient paths form the so-called interatomic surface (IAS). An
intersection of such an IAS with the plotting plane is shown in Fig. 1, for example,
as one of the bold lines that bisects the carbon oxygen AIL at the BCP. An IAS
sharply divides the electron density between the two topological atoms that it
bounds. In other words, the electron density at one of the IAS strictly belongs to
one atom and the electron density at the other side to the other atom. Topological
atoms do not overlap or penetrate each other. Moreover, they leave no gaps between
them. From Fig. 1 it is clear that an atom is a subspace that consists of gradient paths
that are all attracted to its nucleus.

Figure 2 displays the gradient vector field in three dimensions and shows that
each atom has a distinct topological volume (known as the atomic basin) within the
molecule. Note that, topologically, a QCT atom extends to infinity when it is not
bound by other atoms and therefore a cut-off value of 0.001 a.u. iso-electron density
is used to cap the atoms in Fig. 2.

The atomic basin (€2) can be considered as a “volume of influence” of an atom
within a given molecule. Volume integration of a property density over an atomic
basin gives the atom’s property within the molecule. For example, if this property
density is the electron density itself, then the volume integration results in the
atom’s electronic population. If corrected for the nuclear charge, this population
leads to the QCT charge of an atom. This is discussed in more detail below. Clearly,
whichever the property density being integrated, the integral yields the atom’s
contribution towards the molecular property of interest. For example, if the prop-
erty density is simply unity, as in Eq. 1,
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W(Q) = Jdr, (1)

Q

then the atom’s volume is obtained, where dr is an infinitesimal volume element.
The volume of the molecule, or a fragment thereof, is then simply obtained by
adding the relevant atomic volumes. This perfect additivity is very convenient in
any QCT analysis of properties.

A number of other atomic properties feature in this contribution. One type of
atomic kinetic energy is defined by Eq. 2,

1 * *
K(@) = ~{N[a [y Ty Ty ] @
Q

where N J d7' is a shorthand notation referring to an integration (over all space) over
Q

all electrons except one, which is integrated over the topological atom’s volume.
Note that this compact notation also sums over the spins of the electrons. Topolog-
ical atoms have the desirable property that they have a well-defined kinetic energy,
which cannot be said of arbitrary subspaces within a molecule.

Because a topological atom has its own virial theorem [31], which expresses a
balance between its kinetic and potential energy, the tofal energy of an atom can be
expressed using its kinetic energy only, as shown in Eq. 3,

E@Q) = —Jdﬂ((r) (3)
Q

where r is a position vector of the kinetic energy density K(r). Again, summation of
an atomic property over all atoms in a molecule produces the molecular property.
Therefore, a property for a molecular fragment, such as a functional group or the set
of ring atoms, is simply obtained by summing the constituent atoms. Any atomic
property can be calculated by integrating the property function over the basin [32];
this is achieved through different QCT packages [33, 34].

2.3 Electrostatics

The molecular electrostatic potential is an important property, which has been
widely utilised in studies on intermolecular interactions [35-37] and hydrogen
bonding [38—41], for example. The molecular electrostatic potential can be phys-
ically understood by imagining a unit charge that moves around from one position
to another, probing the molecular charge density. We assume that the charge
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density is not polarised by this probing charge. For each position r of the charge, a
new interaction energy will be obtained. This energy, divided by the unit charge, is
the molecular electrostatic potential. It can be written as

N J
Ue/e(r) = Z Ir fiR,\ - Jdr/ o) (4)
i=1

Ir—r'|

where p(r') is the electron density and the first term takes care of the nuclear
potential, for a molecule of N atoms, with nuclear positions R;.

Evaluating the second term in Eq. 4 at every single point is time consuming. A
Taylor series expansion can be used to reduce the cost of evaluating the electrostatic
potential at every point. This expansion essentially factorises the expression | r —r’|
such that a volume integral in r’ can be pre-computed independently of the
r coordinate. The expansion creates terms called “multipole moments”, which are
capable of representing the electrostatics exactly, provided the multipolar series
expansion converges. More precisely, one can place multipole moments on the
nuclear positions and have them generate the molecular potential via the multipolar
expansion. The only disadvantage of this multipolar expansion is possible conver-
gence problems, but an advantage of topological atoms is that they occupy a finite
volume, and hence formal convergence is possible [42]. The higher-order terms
have a smaller effect on the result, so it is possible to accurately represent the
electrostatics using only the first few multipole moments of the expansion
[43]. Each multipole moment can be categorised by its rank “/”, where /=0 for a
monopole moment, /=1 for a dipole moment, / =2 for a quadrupole moment and
SO on.

The first term of the expansion is the monopole moment given by

Qmo,,u<sz>:—j dp(r) (5)

Q

The monopole represents the electronic population of the atom, which when
corrected for the nuclear charge is the atomic charge. The second term of the
expansion involves the three dipole moments, one of which is given by

Qd,»,,,x@):—Jgdrxp(r) (6)

where x is referring to a global frame. The third term of the expansion involves only
five rather than six quadrupole moments because we use the spherical tensor
formalism rather than the Cartesian one. The five components of the quadrupole
moment correspond to the well-known d orbitals from quantum mechanics and read
3z% — 1%, x? —y?, Xy, xz and yz. The quadrupole moment represents how the electron
density deviates from a spherical distribution [44]. The next term involves seven
(i.e. 20+1 =17) octupole moments, but they do not feature in this work.
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2.4 Partial Least Squares (PLS)

The large number of QCT properties makes linear correlations difficult. This
problem is solved with partial least squares (PLS) regression [45, 46]. PLS is a
multivariate linear regression method. A set of independent variables are correlated
to dependent variables. The dimensionality of the independent variables is reduced
by a linear combination of these variables creating so-called latent variables. The
set of latent variables describes the maximum variance in the independent variables
where the first latent variable explains the maximum variance in the data set, the
second latent variable explains the remaining variance in the data set and so on. A
predictive model is created through the combination of these latent variables and
therefore reducing the dimensionality. Through PLS multiple independent proper-
ties can be correlated to dependent properties.

3  Quantum Chemical Topology of Cyclic Molecules

3.1 Ring Atom Properties and the Ring Critical Point

The QCT partitioning of a molecule lends itself to localise chemical information in
rings and their constituent atoms because individual atoms within the ring are
naturally defined. Previous QCT work on rings calculated properties such as the
delocalisation of the electron density onto the ring [18, 23] or the extent of
aromaticity calculated for the ring [17-21], but the QCT atoms themselves are
rarely considered. The properties of a given QCT atom are influenced by other
atoms in the molecule. Atomic properties respond to changes in environment and
therefore the position of an atom within a ring and its neighbours determine the
atom’s properties.

Figure 3 visualises the changes observed in QCT atoms relative to their envi-
ronment (or position in the ring). It is convenient to normalise the monopole
moments of all five ring atoms, by setting the smallest and largest value to 0 and
1, respectively. The normalised monopole moments are represented by a colour on
a scale that progresses through the rainbow from violet (most positive) to red (most
negative).

The carbon in between the two nitrogens is found to be much more positive
relative to the other carbons within the ring, while the -NH nitrogen is more
negative than the = N- nitrogen. Interestingly, a difference in charges also appears
between the two carbons adjacent to each other, although the difference is much
more subtle. The carbon adjacent to the -NH nitrogen is marginally more negative
than the carbon adjacent to the = N- nitrogen. This is because the more negative —
NH nitrogen has a more pronounced effect on its adjacent atoms than the effect of
the = N- nitrogen on its own adjacent atoms. These observations show that an
atom’s element and its environment both affect the atom’s properties and these
observations are reflected within the QCT atoms.
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Fig. 3 Normalised
monopole moments for the
non-hydrogen atoms within
imidazole, represented by
colours in the rainbow
spectrum where

violet = most positive and
red = most negative

Fig. 4 Superposition of
imidazole and imidazole-2-
ol with the change in atomic
basin highlighted for the
carbon upon substitution of
H (blue contour) with OH
(red contour)

QCT atoms of a ring can also reflect any changes in substituents onto the ring
atoms. A substitution onto a ring atom will change this atom’s basin and therefore
affect this atom’s properties as well. As an example, Fig. 4 shows how the atomic
basin of a carbon atom within an imidazole ring changes when the hydrogen bonded
to the carbon is substituted for an alcohol group. The highlighted basin (green) is
crushed upon substitution of the hydrogen with the alcohol, the basin changing from
the blue outline to the red one. The oxygen of the alcohol has a much larger
electronegativity than the hydrogen of the non-substituted imidazole, and, there-
fore, a larger portion of the electron density between the carbon and the oxygen is
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Table 1 Non-substituted Furan Isothiazolin Phosphole Thiazole

five-membered unsaturated 0 . hiazoli

rings in data set A Furazan Isoxazole Pyrazole Thiazoline
Imidazole Isoxazoline Pyrazoline Thiophene
Imidazoline Oxazole Pyrrole 1,2,3-triazole
Isothiazole Oxazoline Tetrazole 1,2,4-triazole

attributed to the oxygen atom. The two nitrogen basins are also affected by the
substitution as the carbon basin is pushed downwards, which causes a noticeable
spread in the basin at either side.

4 Results and Discussion

4.1 Calculation of RCP and Ring Atom Properties

A series of five-membered heterocyclic ring structures were geometry optimised at
the B3LYP/6-311+G(2d,p) level of theory with GAUSSIANO3 [47]. The QCT
properties were calculated from the resulting wave functions for the five atoms in a
ring only. Note that the atomic ring properties listed below are always referring to
the sum of these properties over all five atoms in the ring. Data set A consists of
20 molecules, which are shown in Table 1 as a series of five-membered ring
structures without substituents. The structures in the set contain rings consisting
of C, O, N, S and P atoms only, and all are unsaturated heterocyclics. The QCT
atomic properties calculated were the volume, the total atomic energy E, the
monopole moment and the magnitudes of the atomic dipole and quadrupole
moments. The RCP properties calculated were the electron density p; its Laplacian
Vzp; the curvatures A, A, A3; and the RCP ellipticity e.

4.2 Non-substituted Rings (Data Set A)

Finding a relationship between the ring atom properties and the RCP properties is
achieved through partial least squares (PLS) regression. PLS reduces the compli-
cated multivariable problem to a clearer picture, and the quality of the relationship
is quantified through r* values for the predicted output variables correlated with the
observed output variables. A series of PLS models were created, which differed in
the selection of the input and output variables. For the first PL.S model (Table 2), all
five atomic properties were selected as inputs and all six RCP properties as the
output variables.

Figure 5 focuses on the prediction of only one property, made by this first PLS
model, which is the RCP electron density. This figure plots the actual observed RCP
electron density against the predicted one, with an r* value of 0.91. This shows that
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Table 2 1* values for PLS models with different selected input and output variables

r’ of data r? of data

Model Input variables Output variables setA setB
1 AP RP 0.83 0.80
2 AP RP except ellipticity 0.96 0.90
3 RP AP 0.59 0.57
4 RP except ellipticity AP 0.59 0.56
5 RP except ellipticity Ellipticity 0.93 0.90

For clarity the RCP properties are highlighted. The third and fourth entries are the reverse of the
first two entries

AP atom properties, RP RCP properties

0.065 |

0.060 |

0.055 |

0.050

0.045 |

Actual RCP electron density

0.040 |
0035 ¢ - - - - . —J
0.035 0.040 0.045 0.050 0.055 0.060 0.065
Predicted RCP electron density

Fig. 5 Correlation (> =0.91) between the observed (actual) RCP electron density and the one
predicted by the first PLS model (Table 2) for non-substituted five-membered heterocyclic
molecules (data set A)

a clear relationship exists between the ring atom properties and the RCP properties.
Therefore, it is possible to predict the RCP properties if the ring atom properties are
known. The separate contributions towards the prediction of the output variables of
the electrostatic and energy variables were determined through two different
models, one model containing only electrostatic input variables and the other
only energy input variables. For both models the output variables selected were
all six RCP properties. The “electrostatic only model” (i.e. monopole, dipole and
quadrupole moments) has an r of 0.89. The “energy only model” has an r* of only
0.71. Therefore, it is the electrostatic variables that provide the greatest contribution
towards predicting the RCP properties from the ring atom properties. This result is
also confirmed by analysing the components of the first PLS model (combined
electrostatic and energy model), which shows that the first component is dominated
by the electrostatic terms.
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4.3 Substituted Ring Systems (Data Set B)

Data set B is an expansion of data set A, which now includes mono-substituted
rings. For each of the 20 molecules, the hydrogen atoms were sequentially replaced
by a simple functional group. The substituents were —OH, —NH, and —OCH3,
creating a set of 178 mono-substituted ring molecules. As an example, Fig. 6
shows all six possible substituted rings (3 substitutions times 2 positions) for
furan. The symmetry of furan makes substitution at the two remaining substitution
sites unnecessary. The alcohol and amine groups were chosen because they are the
simplest substituents that are found readily in many biologically relevant mole-
cules. The methoxy group was chosen to elucidate both the effect of replacing the
hydrogen of the alcohol with a methyl and the perception of this replacement by the
ring atoms and RCP properties. Therefore, it is possible to determine the physical
distance in 3D at which the atoms of the substituent cease to significantly affect the
ring atom and RCP properties. This distance allows for truncation of the sub-
stituents and therefore reducing the number of substituents required for modelling.
For example, if the effect, of a butyl and longer alkyl substituents, on the ring
properties is comparable to the effects of a propyl, then the propyl is sufficient to
represent all larger alkyl substituents. Note that the number of possible substituted
sites varies from two to four, depending on the symmetry of the ring structure itself
and the number of available substitution sites (determined by the atoms in the ring).

The PLS analysis was repeated for a new dataset (B) containing both
non-substituted and substituted rings. As with the PLS models for data set A,
variables included in the models were altered to assess the relationship of RCP
properties to ring properties. The effect of reversing the ring atom and RCP
properties as input and output variables of the model was also explored (PLS
models 3 and 4).

Fig. 6 The six possible

(0] (O]
substitution patterns in OH ©
furan. Note that the \ / \ / \ /
symmetry of furan would

create unwanted duplicates
if it were substituted on the

two remaining sites Q Q Q
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Fig. 7 PLS results for alcohol, ether, amine and non-substituted five-membered heterocyclic
molecules

4.4 The Effects of a Ring’s Atomic and RCP Properties

Figure 7, which is the counterpart of Fig. 5, shows the PLS model for all five atom
properties as inputs and all six RCP properties as outputs for the data set B (PLS
model 1).

The corresponding r* value is 0.80, whereas before, for dataset A (Fig. 5) it was
0.83. Table 2 shows the 1* values for a variety of PLS models (constructed in sets
A and B), which differ in their selected input and output variables. The r* values of
the data set that includes substituted rings (B) are always lower correlation than
those of the data set without substituents (A), but only by 0.03 on average. The
models show that prediction of the ring atom properties from the RCP properties is
much more difficult than the reverse, as the largest r* of these models is only 0.59.
However, the r? value never falls below 0.80 for any model (PLS models 1 and 2)
that predicts RCP properties from the ring atom properties. This suggests the
existence of some relationship between the atomic properties of the ring atoms
and the RCP properties, but the information contained in the RCP properties is not
enough to predict the ring’s atomic properties. Further discussions regarding the
models will always refer to the r* values of data set B only because correlations for
larger data sets are more reflective of the model of interest.

4.5 The Role of Ellipticity

Of the first four models that relate the atomic and RCP properties, the model with
the largest r* is PLS model 2 (0.90) which has atomic properties as inputs and RCP
properties as outputs, with ellipticity excluded. This suggests that the ellipticity at
the RCP is the most difficult RCP property to predict. However, predicting the
ring’s atomic properties from the RCP properties both with and without the
ellipticity produces similar correlations of 0.57 and 0.56, respectively. But then
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again, an r* value of 0.57 is rather poor and prevents one to be sure about causality
in the first place. The high r* value of 0.9 for the model with RCP properties (except
ellipticity) as inputs and the ellipticity as an output (PLS model 5) is anticipated
because the ellipticity is a nonlinear function of the curvatures A, and A3 as
explained in Sect. 2.1, that is, egcp= (A3/ Ay) — 1. Although PLS is a linear
correlator, it manages to capture most of this nonlinearity. In summary, the decrease
in the r* value when ellipticity is included in the output variables suggests that it
must be more sensitive, or receptive, to changes in the ring atoms.

To determine the relationship of the ellipticity and ring atom properties, a series
of plots were constructed comparing a single RCP property to a single atomic
property. Figure 8 compares each three (out of a total of six) RCP properties to two
(out of a total of five) atomic properties, leading to 3 X 2 =6 panels. Panels (a),
(b) and (c) show the kinetic energy K(€2) (which is more convenient than E(Q2); see
Eq. 3) versus the electron density, its Laplacian and the ellipticity. Panels (d),
(e) and (f) show the monopole against the same three RCP properties. Figure 8a—e
shows that the electron density and its Laplacian have similar relationships to the
ring atom properties. Indeed, the corresponding panels (8a and 8b; 8d and 8e) have
the same general shapes. The general shape consists of three clusters: one small (top
of panel), one medium (middle of panel) and one large (bottom of panel). The
middle cluster has a subcluster directly beneath it and to the left of its centre. The
small cluster (top) has the lowest RCP property (electron density or its Laplacian)
followed by the medium cluster and finally the largest cluster. The increased spread
in the ellipticities stretches the graphs along the horizontal axis and distorts the
shape relative to the top four panels (8a, 8b, 8d and 8¢). This increased spread
marks a heightened sensitivity of the ellipticity towards the ring atom properties. In
other words, if the ellipticity is predicted, it will demand a more accurate model
than the electron density or its Laplacian will demand. This observation may
explain why the r* value for a PLS model with the ellipticity included (model
1 in Table 2) is lower than a PLS model without it (model 2).

In order to discover if relationships between ring scaffolds can be extracted from
the RCP properties and ring atom properties, the raw data were examined “locally”,
through four types of rings. Indeed, analysis of the whole of data set B can mask any
local information, which may not be apparent when examining the data set in its
entirety. The four types of rings are 1,2,3-triazole, 1,2,4-triazole, isoxazole and
imidazole. The two triazoles were chosen because they differ by the position of
their heteroatoms in the ring. Imidazole was chosen because it only has two
nitrogens in the ring compared with the three in triazole and oxazole because it
has two different heteroatoms in the ring (N and O).

Figure 9a—d shows the overall monopole moment of the whole ring (i.e. number
of electrons) for the four ring types as a function of three possible RCP properties.
Figure 9a shows that each ring type is discernible from the three others as there is no
overlap between the four clusters. In other words, each ring type has a distinct
signature of monopole moment and RCP electron density. For example, all 1,2,3-
triazole molecules lie within a range 33.0-33.6 a.u. for their monopole moment and
0.059-0.063 a.u. for their electron density, while none of the other three rings have
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Fig. 8 Comparison of RCP properties with two different ring atomic properties (kinetic energy
(K) and monopole) for data set B

any data points within this range. This unique range of properties for each ring also
occurs for the Laplacian in Fig. 9b. However, there is an overlap between the 1,2,3-
triazoles and 1,2,4-triazoles, which is not unexpected due to their close structural
relationship. Again, the ellipticity recreates the general shape of the graphs for the
other RCP properties but the shape is again stretched out (see Fig. 8). This
stretching leads to a greater overlap between the ring clusters, due to the ellipticity’s
increased sensitivity to the variation of ring atoms, thus confirming the ellipticity’s
difficulty in discerning between ring types and also explaining why PLS models
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struggle to predict the ellipticity. Figure 9d determines the effect of the substituents
on a ring’s properties. Figure 9d plots the same data as Fig. 9a but recoloured
(or relabeled) such that data points are grouped by substituent type rather than by
ring type. The patterns of the different substituents within each ring type are
remarkably similar throughout all four ring types. This repeated pattern begins
with a non-substituted ring at the top, followed by a set of amines just below it and
followed again by the alcohol and methoxy substituents, further down. Interest-
ingly, each alcohol data point is paired with a methoxy data point. These pairs are
both substitutions onto the same available substitution site on the ring. Therefore,
the RCP and ring atoms see the alcohols and ethers (i.e. methoxy) as very similar,
suggesting that it is the atom of the substituent directly bonded to the ring that
affects the properties more than the entire substituent.
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5 Ring Atoms

5.1 Ring Atom Properties

In this section the ring’s composition (marked by four indicators: number and type
of heteroatoms, internal bonding structure and substitutions onto the ring) is related
to the atomic ring properties. Only the contributions of the five ring atoms towards
the atomic ring properties are considered. In other words, all properties were
calculated using only the five atoms in the ring (excluding hydrogens and the
atoms of the substituents). Confining the calculations to these five atoms enables
one to explore the extent of distortion to a ring atom’s basin upon change of its
environment, as explained in Sect. 3.1.

Figure 10 shows the net charge for the ring atoms of a new selection of
16 heterocyclic rings each with eight different substituents, which were substituted
onto the rings in the same manner as outlined in beginning of Sect. 4.2. The eight
substituents were OH, OMe, NO,, NH,, NHMe, CN, F and COOH. The rings were
selected as four groups of four, totalling 16. Within each group of four, the rings
only differed in the element of one of the heteroatoms. For example, pyrrole (N),
furan (O), thiophene (S) and phosphole (P) are the first group of four (panel a). The
second group of four differs from the first group by an additional nitrogen at the
second position of the ring (panel b). For the third group the additional hydrogen is
now at the third position of the ring (panel c). The fourth group has two nitrogens in
addition to the heteroatom at the first position of the ring. For this group, the two
nitrogens are at the second and fifth positions in the ring.

Each profile line in any panel of Fig. 10 represents the average net charge of
rings for the substituent of interest. For example, the average net charge for the
nitro-substituted pyrrole rings is —0.2 a.u. (panel a). The average is over the three
possible substitution sites. The ninth profile line in each panel refers to the
non-substituted rings.

For each substituent the net charge follows the same profile as the heteroatom at
the first position of the ring is changed, for all four panels. This shows that a change
of the elements within the ring has the same systematic effect on the net charge,
such that replacing a nitrogen with an oxygen increases the net charge by approx-
imately 0.4 a.u. irrespective of the ring. Moreover, this systematic nature is also
found for substituents because each substituent again has the same consistent effect
on the net charge, regardless of the ring characteristics. This regularity expresses
itself through the nine parallel profiles found in each panel, one profile for each
substituent. For example, substituting an F with NO, decreases the net charge by
approximately 0.2 a.u. for all rings.

In summary, there are two “characteristics” of the rings that are independently
responsible for the ring’s net charge. The first is changing the element of the ring,
i.e. moving horizontally between rings, and the second is changing the substituent,
i.e. moving vertically between substituents. This introduces the concept of ring
characteristic orthogonality, where different characteristics of a ring affect the
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ring’s properties orthogonally. In other words, each characteristic is independently
responsible for the ring’s properties. The concept of ring characteristic orthogonal-
ity is extended to four characteristics as the data set is expanded to include a larger
variety of rings.

5.2 Characterising Ring Features

Figure 11 shows the net charges for 572 ring molecules separated into 9 substitu-
tions (8 substitutions + H [non-substituted]). The net charges were obtained in the
same manner as for Fig. 10, i.e. summed over the five ring atoms. The 572 consist of
20 different ring scaffolds, totalling 69 rings separated by possible substitution site.
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For example, furan, from the set of 20 ring scaffolds, becomes furan-2 and furan-3
(see Fig. 6). Table 3 shows all 69 possible scaffolds. Each of the 69 rings is
substituted with 8 substitution types, and the 20 non-substituted rings give
(69 x 8)+20 =572 unique ring structures. The rings were ordered along the
x axis of Fig. 11 by a hierarchy of characteristics to maintain the orthogonality of
the ring characteristics. The first separation in the hierarchy is into the elements of
the rings, in a manner analogous to Fig. 10. The first rings contain nitrogen as their
only heteroatom, followed by rings with an oxygen atom, then rings with sulfur and
finally rings with phosphorous. The second separation of the hierarchy divides the
rings of each element into single then double n-bond rings. The third hierarchy
separation orders the rings within each n-bond group by increasing number of
heteroatoms in the ring, from lowest to largest.

Each of the characteristics of the hierarchy is examined in turn to determine their
effect on the net charge and if they remain within the scope of ring characteristic
orthogonality. The first separation in the hierarchy is for the heteroatom elements.
This separation is already known to be orthogonal with respect to substituents based
on Fig. 10. Where Fig. 10 created a profile from four rings at a time, Fig. 11
recreates the same profile but for all 69 rings simultaneously. In Fig. 11 three bands
appear, where each band corresponds to the element of the ring. For example, the
range of net charges (of all ring atoms) for the nitrogen band is —0.6 to 0.2 a.u., that
of the oxygen and sulfur band is —0.3 to 0.5 a.u. and that of the phosphorous band is
0.2 to 0.8 a.u. These ranges are the same as those found in Fig. 10. Therefore, if each
band is considered as a single point on the profile, then the bands match up to the
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Table 3 Data set of 69 unsaturated ring scaffolds separated into the different substitution sites
possible for each ring scaffold

1 Pyrazoline-1 24 1,2,4-triazole-3 47 Isothiazoline-4

2 Pyrazoline-3 25 1,2,4-triazole-5 48 Isothiazoline-5

3 Pyrazoline-4 26 Tetrazole-1 49 Thiazole-2

4 Pyrazoline-5 27 Tetrazole-5 50 Thiazole-4

5 Imidazoline-1 28 Oxazoline-2 51 Thiazole-5

6 Imidazoline-2 29 Oxazoline-4 52 Isothiazole-3

7 Imidazoline-4 30 Oxazoline-5 53 Isothiazole-4

8 Imidazoline-5 31 Isoxazoline-3 54 Isothiazole-5

9 Pyrrole-1 32 Isoxazoline-4 55 Thiophene-2

10 Pyrrole-2 33 Isoxazoline-5 56 Thiophene-3

11 Pyrrole-3 34 Furan-2 57 1-thia-2,5-diazole-3
12 Pyrazole-1 35 Furan-3 58 1-thia-2,4-diazole-3
13 Pyrazole-3 36 Oxazole-2 59 1-thia-2,4-diazole-5
14 Pyrazole-4 37 Oxazole-4 60 Phosphole-1

15 Pyrazole-5 38 Oxazole-5 61 Phosphole-2

16 Imidazole-1 39 Isoxazole-3 62 Phosphole-3

17 Imidazole-2 40 Isoxazole-4 63 Phosphazole-2

18 Imidazole-4 41 Isoxazole-5 64 Phosphazole-4

19 Imidazole-5 42 Furazan-3 65 Phosphazole-5

20 1,2,3-Triazole-1 43 Thiazoline-2 66 Isophosphazole-3
21 1,2,3-Triazole-4 44 Thiazoline-4 67 Isophosphazole-4
22 1,2,3-Triazole-5 45 Thiazoline-5 68 Isophosphazole-5
23 1,2,4-Triazole-1 46 Isothiazoline-3 69 1-Phospho-2,5-diazole-3

profile of Fig. 10. The orthogonality of heteroatom element successfully extends
from the 16 scaffolds of Fig. 10 to all 69 rings in Fig. 11. In other words, the first
data set of four ring types (Fig. 10) is already representative for the full data set
(Fig. 11).

The second separation in the hierarchy divides each element’s band into rings
with a single © bond and a double n bond. The single & bond rings occupy the first
half of a band, while the double n-bond rings occupy the second half. There are no
discernible differences between the first half (single n-bond) and the second half
(double = bond) of this hierarchy separation. However, the first halves show erratic
spikes within the net charge. These spikes are caused by substitutions onto nitro-
gens or sp> carbons. Note that the single n-bond rings also have sp2 carbons and
therefore some net charges are similar to the net charges of the double & bond rings,
because substitutions occur onto the same type of carbon. This shows that the
internal bonding structure of the ring indirectly affects the net charge profile as a
single m-bond ring introduces sp’ carbons that affect the net charge differently to sp*
carbons. Even though the removal of one n-bond from the ring does not directly
affect the ring’s net charge, the effect of substituting onto an sp® carbon relative to
an sp> carbon is still orthogonal to the other characteristics. The orthogonality
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remains because the same spikes are found throughout all the element bands and are
relatively parallel.

The third stage of the hierarchy is the ordering of rings within the single or
double m-bond separations by increasing number of heteroatoms within the ring.
For example, in the nitrogen double n-bond separation, the rings are ordered from a
single nitrogen in the ring (pyrrole) to four nitrogens in the ring (tetrazole). The
effect of the number of heteroatoms within the ring is best observed in double
n-bond separations. This is because the erratic spikes found in the single © bond
separation (discussed above) are greater than any changes in net charge due to the
number of heteroatoms and therefore mask the effect. So, if the oxygen double ©
bond separation is examined, a small increase in net charge is found as the number
of heteroatoms in the ring increases. Again, the effect of the number of heteroatoms
within a ring on the net charge is orthogonal to changes due to other characteristics.
However, the change in net charge due to the number of heteroatoms in a ring is
occasionally masked by changes due to the n-bond structure of a ring.

It is also worth noting that for any ring pattern with an N-H, substitutions at this
position tend to give very different ring net charges relative to substitutions at any
other position in the ring. However, the change in net charge for substitutions onto
this position is consistent.

Unexpected net charges occur when an NO, is substituted onto sp> carbons,
producing net charges similar to or lower than NH, and NHMe where the NO,’s net
charge is expected to be larger than both. This explains why the pink and blue
profiles in Fig. 11 occasionally cross each other.

The three characteristics (hierarchy separations) discussed above and the parallel
profiles of the substituents total four orthogonal characteristics that determine a
ring’s net charge. In other words, each characteristic independently affects the ring
net charge. For example, replacing the F with an OH in a mono-substituted pyrrole,
where either F or OH can be on any position of the ring, decreases the net charge by
0.1 a.u. Furthermore, if this new ring requires a net charge increase of 0.3 a.u., this
is achieved through replacing the nitrogen with oxygen and forming furanol. This
orthogonality of the four characteristics allows one to traverse the net charge
landscape by manipulation of any of the ring’s four characteristics.

5.3 Substituent Effects on &t Electron Density

The order of the substituents (Fig. 11: highest profile line, F, to lowest profile line,
H) expresses to what extent they alter the electronic charge of the ring. An
interesting question is whether this order matches the order of functional groups
of the corresponding Hammett constants. Starting with the most electron withdraw-
ing, they are ordered as follows: NO, > CN > F > H > OMe > NH,. On the other
hand, the order of the substituents by decreasing ring net charge is
F > OMe > NO, > NH, > CN > H. Clearly, the net charge variation of the
substituents does not follow the order of their Hammett constants. A more informed
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way of answering the question above realises that Hammett constants may correlate
much better to the charge due to the rings’ & electron density only [48]. In order to
test this, the © molecular orbitals were determined for each molecule by visual
inspection of the molecular orbitals using the program GAUSSVIEW. The program
MORPHY was modified to recalculate the net charge of all ring atoms, but now
from electrons occupying © orbitals only. This exclusion of o molecular orbitals
was tested for furan and imidazole. It turned out that the ring net charges for the
substituents in both furan and imidazole now matched the order of the Hammett
constants, when only the & electrons were considered. This confirmed that the
substituents were having the correct effect on the ring electron density, which
was not confirmed by initial calculations.

5.4 Ring Substitution Effects

The effect of substitutions on the net charge has already been explored with regard
to the parallel profiles. However, the substituents themselves have so far been
ignored. In other words, the significance of the positions of the profile lines with
respect to each other demands attention. Examining the profiles with respect to each
other can determine if a pattern between the substituents exists or which features of
a substituent affect the change it imposes on the net charge. All substituents
generally form parallel profiles, and, therefore, each substituent causes a systematic
effect on the net charge specific to the substituent. However, strictly speaking, there
are three other cases where the substituent breaks from this parallel arrangement.
Fluorine remains parallel throughout but the changes in the net charge tend to be
less pronounced, i.e. the F profile is flatter than that of other substituents. Con-
versely, rings substituted with a CN group tend to vary more than for other sub-
stituents, but this is only observed in the nitrogen band (first third of Fig. 11). The
oxygen, sulfur and phosphorous ring patterns with a CN substituent behave in a
parallel fashion similar to other substituents. The third case is NO,, where its profile
occasionally drops below the NH, and NHMe profiles, but this case has been
discussed in the previous section.

Interestingly, the plots for OH and OMe almost follow each other exactly. The
net charge of the ring does not seem to see the effect of a replacement of H by Me on
the oxygen of the substituent. This case also occurs with NH, and NHMe. These
observations call for further calculations attempting to generalise this phenomenon.
The substitutions were chosen to explore three aspects of a substituent’s effect on
the ring’s net charge:

1. Replacement of a hydrogen atom with a methyl group — This replacement
determines the effect of extending the substitution fragment and has already
been witnessed for the substitution of OH to OMe and NH, to NHMe.

2. Inserting a methylene group between the ring and original substituent — This
addition determines if the methylene group acts as a “buffer” for the interaction
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Fig. 12 Effects of substitution on ring atom properties. Substitutions were chosen to represent the
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with the cyano group are highlighted in bold

of the substituent with ring. In other words, the extent to which the effect of the
original substituent permeates through the additional CH,.

3. Replacement of a hydrogen atom by CN — This replacement determines the
effect of a second functional group on the ring’s net charge as this effect has to
permeate through the original substituent, similarly to point 2. However, this
replacement also determines if a second functional group will have a significant
effect on the original substituents and alter how the ring’s net charge responds to
the original substituent.

The ten possible substituents are COOH, COOMe (applying point 1. to COOH),
C=N, OH, OMe (applying point 1. to OH), OC=N (applying point 3. to OH),
NHC =N (applying point 3. to NH,), NHCH,C =N (applying points 2. and 3. to
NH,), CH,OH (applying point 2. to OH) and CH,CH,OH (applying point 2. twice
to OH).

Figure 12 shows the net charges of all the substituents onto all available
substitution sites of imidazole. The substitutions are divided into three sets: the
top set (between 0 and —0.15 a.u.), the middle set (between —0.17 and —0.35 a.u)
and the lowest set (between —0.4 and —0.65 a.u.). The top set consists of OH, OMe
and OC =N, which are all the substituents connected to the ring through an oxygen.
The middle set consists of NHC =N, NHCH,C =N and NH,, which are all the
substituents connected to the ring through a nitrogen. The bottom set consists of
COOH, COOMe, C=N, CH,0OH and CH,CH,OH, which are all the substituents
connected to the ring through a carbon. This separation into sets based on
connecting element rather than substituent becomes more remarkable when exam-
ining all four substituents that contain the cyano group: C=N, OC=N, NHC=N
and NHCH,C = N. Naturally, one would expect the four CN substituents to form a
set; however, they are separated into three sets by their connecting atom. Therefore,
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it is the element of the atom connecting the substituent to the ring that dominates the
effect of the substituent on the ring’s net charge rather than the substituent itself.

The addition of the methyl onto a substituent (point 1.) has very little effect on
the ring’s net charge. The alterations of COOH to COOMe or OH to OMe cause
little to no difference in the ring’s net charge. Indeed, OH and OMe are almost
identical. The effect of inserting a CH, between the ring and substituent (point 2.) is
relatively small. The profile lines of CH,OH and CH,CH,OH are almost identical.
However, the OH substituent does differ greatly from its CH,OH and CH,CH,OH
counterparts. This large difference can be attributed to the connecting atom chang-
ing from oxygen to carbon. The OH belongs to the top set (oxygen connection to
ring), but when the CH, is inserted between OH and the ring, the connecting atom
changes to carbon. Therefore, CH,OH and CH,CH,OH belong to the bottom set
(carbon connection to ring). The large difference between the OH profile line and
the CH,OH and CH,CH,OH profile lines cannot be attributed to the effect of the
CH, because it shows a small effect between CH,OH and CH,CH,OH. While
effects from the three separate alterations (points 1., 2. and 3.) are displayed in
Fig. 12, it is the element of the atom connecting the substituent to the ring that
dominates the substituent’s effect on the ring’s net charge.

6 Practical Use of Ring Properties: A Case Study

6.1 Imidazoleglycerol-Phosphate Dehydratase

Section 4 has shown how the QCT atom and RCP properties can reflect or capture a
ring’s characteristics. An important application of this characterisation is its use in
ligand design. As all rings can be successfully characterised by the QCT properties,
comparison of QCT properties between rings leads to powerful ligand design
capabilities. The potential for ligand design through RCP and ring atom properties
is explored with imidazoleglycerol-phosphate dehydratase (IGPD), an enzyme
found only in plants. Figure 13 shows the structure of the strongest inhibitor of
IGPD, which has the lowest inhibitor constant (K;). The inhibitor constant is the
concentration of the inhibitor required to displace 50 % of the agonist from the
binding site. Therefore, if the K; value of an inhibitor is small, then a small
concentration is required to inhibit the target (by displacing the agonist), in which
case the inhibitor is considered as stronger. IGPD was chosen because it is a well-
studied system where it is known that the ring of the inhibitor is directly involved
with binding to the protein [49]. Alterations to the ring dramatically change the K;
value of the molecule. Through crystal structures, it is known that the inhibitors that
have the strongest binding have hydrogen bond acceptors at the second and fourth
positions of the ring (Fig. 13).
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Fig. 13 Strongest inhibitor of IGPD. The ring positions of the ring of interest are shown and the
rest of the molecule (R) is highlighted
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Fig. 14 Nine different rings for IGPD inhibitor molecule where R denotes the rest of the molecule
as shown in Fig. 13. Ring positions are shown on molecule (1)

6.2 Method

The nine inhibitors in Fig. 14 were geometry optimised at the B3LYP/6-311 + G(2d,
p) level. The optimised structures were verified by eye to ensure that in each
molecule the ring retained its orientation relative to the rest of the molecule (R in
Fig. 13). The ring’s initial orientation is determined by the dihedral angle between
ring atom 2, ring atom 1, the carbon (within R, i.e. outside the ring) adjacent to ring
atom 1 and the oxygen of the alcohol. For a ring to retain its original orientation,
this dihedral angle must lie in the interval [—20°, +20°]. If the ring rotated out of its
original orientation during the geometry optimisation, then the structure was not
considered and the calculation was restarted.

QCT properties were calculated with the program MORPHYO1 [50, 51]. It should
be noted that the multipole moments such as the dipole moment (and higher rank
moments) are direction dependent. Therefore, it is important to express the moments of
all the rings in a global axis system, common to all molecules, so that the moments are
comparable between molecules. Such a comparison can be made conveniently through
a single distance score. However, because the components contributing to this distance
are physical properties with different units, all properties were normalised.

The global axis system in which the multipole moments are expressed in this
work is fully defined by three atoms. First, the origin is defined as the carbon atom
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Fig. 15 Quantum Isostere 6
Database (QID) distances S o4
from best IGPD inhibitor *6
calculated with the electron 4 *2
density, its Laplacian and .’5 9 o7
ys its Lap K 3 o3

RCP ellipticity 4 *8

1 01

O 4 "' - - o

0.0 1.0 2.0 3.0 4.0 5.0

Euclidean distance from best inhibitor

Table 4 Euclidean distances  Nolecule |RCP distance | RCP and atom distance | K;

from strongest IGPD inhibitor

and their corresponding K; 1 0 0 1.08

values 2 4.10 8.91 3.95
3 1.46 2.73 2.78
4 2.07 4.89 4.93
5 0.02 7.26 3.5
6 0.32 5.16 4.42
7 2.01 4.46 3.46
8 0.11 2.65 2.48
9 1.50 3.22 3.21

adjacent to the ring. Next, the x axis is defined by the bond between the carbon atom
at the origin and the ring atom (N1) it is bonded to. Finally, the xy plane is defined
by these two atoms and a third atom, which is the oxygen of the alcohol group
bonded to the origin carbon. From the xy plane the z axis protrudes perpendicularly
forming a right-handed axis system. This global axis system is chosen because the
ring plane now approximately lies in the xy plane of the global axis system, by
virtue of the geometry optimisation characteristics mentioned just above.

6.3 Results

First, the Euclidean distance from the best inhibitor (1) was calculated for rings 2-9
using only three RCP properties, which are the electron density, its Laplacian and
the RCP ellipticity. Figure 15 plots the calculated distances against the K; values for
all nine molecules. All values are also given in Table 4.

The best inhibitor (ring 1) has a K of 1.08 and, naturally, a Euclidean distance of
0. According to the Euclidean distance, the ring closest to ring 1 is ring 5, the K; of
which is 3.5 but the distance only 0.02. The distance of ring 5 is too small for its K;
value because it does not have hydrogen bond acceptors at positions 2 and 4 of the
ring. However, the distance is small because it is the same ring as ring 1, except for
a different orientation with respect to the rest of the molecule. The difference in
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orientation is not seen by the RCP properties because they are expressed in a local
axis system that “travels” with the ring in 3D space, as discussed in Sect. 2.1.
Therefore, the RCP properties of rings 1 and 5 are almost identical, but not quite
because the distance is not exactly 0. Therefore, the influence of the rest of the
molecule on ring 5 is different to that on ring 1, due to the different orientations of
the rings with respect to the rest of the molecule. Ring 6 is a similar case to ring
5, where the ring structure is similar to that of ring 1 but its orientation differs.
Hence, ring 6 has a distance (from ring 1) of only 0.32 because of the similar ring
structure, but the K; value of ring 6 differs substantially from that of ring 1, by 3.34.
The relatively small distance of 0.32 places ring 6 much closer to the best inhibitor
(ring 1) than it should, according to its K; value, because the ring lacks a hydrogen
bond acceptor at its ring position 4 (see Fig. 14). However, the distance is small
because it is an isomer of ring 1 (ring 1 is a 1,2,4-triazole while ring 6 is a 1,2,3-
triazole), and, therefore, the RCP properties are similar. Excluding the cases (rings
5 and 6) where it is the ring’s orientation that affects the K; value (by not having the
hydrogen bond acceptors at the correct position), there is a general increase in
distance as the K; increases.

6.4 A Combined RCP and Ring Atom Property Approach

QCT ring atom properties were incorporated into the distance calculation to
determine if the ring atom properties can improve the relationship between K;
and distance. The following ring atom properties were calculated: the ring mono-
pole, dipole, quadrupole moments and their respective magnitudes; the kinetic
energy K; and the volume (0.001 a.u. cut-off). The ring properties were calculated
by summing the individual atom properties for only the atoms within the ring. The
moments for the atoms were taken with respect to the defined global axis system.

Figure 16 shows the distances for the ring atom and RCP properties combined
(green triangles) compared to those of the RCP properties only (red square). The
incorporation of the ring atom properties into the distance calculation increases the
distance of ring 5 from 0.02 to 7.26. Now the new distance for ring 5 is not too small
for its K; value. Although rings 1 and 5 are very similar and their ring atom
properties as well, expressing the multipole moments in the global axis system
successfully differentiates between the two rings. Ring 5 can be seen as a “flipped”
ring 1. Therefore, the moments flipped with the ring and their direction component
is different. If the moments were expressed in a local axis system instead of the
global axis system, this flip would not be observed and the moments would be
almost identical for both rings. Although the ring pattern is identical, the flip is seen
in the change of the moments with respect to the global axis system.

A similar case occurs with ring 6, where the distance increases from 0.32 to 5.16
upon incorporation of ring atom properties into the distance calculation. It is
remarkable that the summed ring atom properties are able to create more suitable
distance scores because the summed properties still have no information as to the
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ideal positions of the hydrogen bond acceptors. Individual atom properties are not
expressed, and it is through the directional dependence of the moments that it is
possible to distinguish between rings 1 and 5.

Whether using only RCP properties or RCP and ring atom properties, ring 2 has
the largest distance. Ring 2 differs most to ring 1 in ring pattern, with the exception
of ring 8, but the amine substituent affects the properties of the ring as seen in
Sect. 3.1, and so has the largest distance and the distance may be over-penalising.
Rings 2, 4 and 8 are the only ring patterns with fewer than 3 nitrogens in the ring,
and these rings are the three highest scoring distances using only RCP properties.
Ring 4 has a better score than ring 2 because the two nitrogens are adjacent, and
therefore the ring pattern matches more closely that of ring 1. Ring 8 has the
influence of the amine on the ring, so the RCP properties decide that ring 2 is has
the largest distance of any ring. When the ring atom properties are included in the
distance calculation (rather than just the RCP properties), then ring 2 retains it
extreme position, and its distance increases to 8.91.

In summary, distances calculated with only the RCP properties correlate quite
reasonably with K; values where rings with similar RCP properties exhibit similar
activities. The few outliers that occur are expected and can be explained. When ring
atom properties are added to the distance calculation, then the outlier better fits the
correlation.

7 Conclusions

From a series of PLS models, it turned out that ring atom properties can be obtained
from RCP properties but not the reverse. However, the ellipticity proved to be the
most difficult to predict. This is because the ellipticity is the most sensitive to the
changes in the ring atoms and therefore more difficult to predict accurately.

Four features were found to determine a ring’s net charge. These features are
(i) the element of the heteroatom within the ring, (ii) the number of heteroatoms
within the ring, (iii) the substituent itself and (iv) the substituent site. Each feature
causes a signature change to the ring’s net charge, independent to any changes
caused by other ring features. This phenomenon was called ring characteristic
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orthogonality, where different characteristics of a ring affect the ring’s properties
orthogonally. It was found that the substituent’s atom connecting this substituent is
more important in determining the substituent’s effect on the ring’s net charge than
the remaining atoms in the substituent.

Finally, the RCP properties and ring atom properties were tested against the
IGPD inhibitor molecule. The RCP properties produced a mediocre correlation and
struggled with certain cases where the ring’s orientation altered its activity. When
ring atom properties were included, then these outliers fell back into the correlation
and the general trend was improved.
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Abstract This chapter deals with the application of valence bond theory in
heterocyclic chemistry. A short introduction to the different valence bond methods
is given, followed by illustrative results obtained by valence bond calculations. The
illustrations show the applicability of the valence bond theory to obtain detailed
information on the electronic structure of molecules in terms of chemical concepts.

][

Keywords Heterocyclic chemistry ¢ Valence bond theory ¢ Aromaticity

1 Introduction to Valence Bond Methods

Computational chemistry is a very powerful tool for the study of the electronic and
geometric structure of molecules as it provides independent knowledge on struc-
ture, reactivity and properties. A main advantage of applying theory is that it does
not only yield an accurate description of the electronic structure but also allows an
interpretation in terms of chemical concepts, like chemical bonds. Currently,
molecular orbital methods [1-5], such as Hartree-Fock theory, density functional
theory and correlated wavefunction-based methods, such as the coupled cluster
approach, are standard methods for studying the electronic structure of molecules.
In these molecular orbital methods, the molecular orbitals (MOs) are expanded as
linear combinations of atomic orbitals, i.e. of atom-centred basis functions. These
MOs are orthogonal to each other, and each MO spans the entire molecule rather
than being localised on particular atoms or in certain bonding regions. These
delocal MOs do not give the intuitive chemist’s picture of a bond. They may be
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transformed to localised orbitals [6-9] without affecting the total wavefunction;
however, there is no unique way to do that.

An alternative approach to find the solutions of the electronic Schrodinger
equation for molecular systems is the use of valence bond (VB) theory (for reviews,
see Refs. [10, 11]), which is closely related to the chemist’s idea of molecules as
being composed of atoms and held together by chemical bonds. Actually, the idea
that atoms combine by sharing their valence electrons to form molecules predates
modern quantum mechanics [12]. Heitler and London [13], using the principles of
quantum mechanics, showed for the first time how the sharing of electrons holds the
atoms together in a covalent molecule like H,, thus providing the quantum mechan-
ical basis for this viewpoint. Pauling and Slater introduced the idea of maximum
overlap between the orbitals and the “changed quantisation” (hybridisation), which
became very popular among the organic chemists. Further efforts by Heitler and
Rumer [14], Slater [15], Pauling [16, 17] and many others [18] developed the
Heitler-London methods into a general theory of electronic structure which is
now known as the valence bond theory.

In the valence bond (VB) theory, the starting point is that atoms form bonds to
make a molecule. Singly occupied atomic-like non-orthogonal orbitals are used to
form a bond, by spin coupling the orbitals. The wavefunction for one particular
bonding pattern is written as an antisymmetrised product of the spin-coupled bonds.
This wavefunction consists of multiple determinants and is called a VB structure. In
general, more than one structure can be formed, and the final VB wavefunction is
written as a linear combination of such structures. These structures bear close
resemblance to Lewis structures, and the wavefunction can thus be interpreted in
terms of structures and resonances between structures. Delocalised bonding can be
distinguished from localised bonding in this picture through the importance of
multiple structures in the description of a molecule. For example, for the descrip-
tion of the n-system of benzene in VB terms, there are six singly occupied atomic
p-orbitals, one on each carbon atom, which lead to five different singlet spin
functions, thus to five different structures. These five structures correspond to the
two Kekulé structures and the three Dewar structures. A VB wavefunction for
benzene can thus be written as a linear combination of these five structures:

Ce
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In the VB calculation, the structure coefficients ¢; are variationally optimised.
Once the structure coefficients are known, a weight can be assigned to each of the
structures. In the case of benzene, the dominant structures are / and 2, so one
expects ¢} =c3 > ¢} =cj = c2. However, as the atom-centred orbitals that are used
to build the structures are mutually non-orthogonal, the structures are also not
orthogonal. Thus, their sum ), l-ciz is not equal to 1, and this hampers the use of ci2
as a weight of structure i in the VB wavefunction. Weights for each structure that do
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sum up to 1 can be assigned, according to different definitions. One definition is
according to Chirgwin and Coulson [19]:

Wj:ZCiCjSU; ZWj: 1 (1)
i J

A disadvantage of these weights is that individual weights can be negative or larger
than 1, which makes the interpretation rather cumbersome. Gallup and Norbeck
(GN) [20] defined the weights of each structure according to

W= N/ (878" =3Il /(87), )

An advantage of this definition for the weights of structures is that these weights do
not only sum up to 1 but also are always positive.

A major application area for the VB theory is the study of systems with delocal
electrons, for example, (poly)cyclic aromatic hydrocarbons. In such cases, it is not
one or two Kekulé structures that dominate the wavefunction, but a qualitatively
correct picture can only be obtained by using several VB structures. Then the
weight of the different structures and the energy that is gained by resonance
between the structures with respect to one (reference) structure, the resonance
energy [17, 21], are of great importance. This resonance energy can be used as an
indicator for aromatic character.

In this chapter, first, a short overview of the VB theory is given, followed by
illustrative VB calculations on heterocyclic systems.

2 Valence Bond Methods

2.1 Classical Valence Bond Theory

The first application of the VB theory was published by Heitler and London in a
paper treating the chemical bond in the H, molecule. In the approach that is
nowadays called the Heitler-London method [13], a bond is described as a
singlet-coupled pair of singly occupied atomic orbitals. For example, for the H,
molecule, the 15, orbital of hydrogen atom A is singlet coupled to the 1s;, orbital of
hydrogen atom B. The antisymmetrised Heitler-London wavefunction for the H,
molecule can be represented by a linear combination of two Slater determinants:

O = N{|15a() 15 2)| = [T, 155(2)| } (3)

or, alternatively, as a product of a spatial and a spin wavefunction
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Dy = N{Ls,(1)1s55(2) + Lsp(D1s,(2) Ha(1)BR) — p(Da(2)}  (4)

where N is the normalisation constant. The above wavefunction consisting of only
one covalent structure gives a qualitatively correct picture of the bonding at
equilibrium internuclear distance. For obtaining quantitative results, it must be
improved. This can be done by adding configurations, which correspond to ionic
structures:

Dionic = N{1sa(1)154(2) 4 155(1)15(2) H{a(1)B(2) — f(1)a(2)} (5)

The total VB wavefunction is then taken as a linear combination of the covalent
Heitler-London structure and the ionic structures:

Yy = c1Pur + c2Pionic (6)

and c,/c; is variationally adjusted in a non-orthogonal CI (VBCI) (see also
[22, 23]).

2.2 The Coulson-Fisher Approach

In the classical form of the VB method, the atomic orbitals are not allowed to distort
freely as the atoms approach each other in forming a molecule. To compensate for
this restriction, a large number of ionic structures are required to obtain an accurate
VBCI wavefunction. Once the number of ionic structures becomes large, the simple
predictive and interpretative power of the VB wavefunctions is obscured. Coulson
and Fischer [24] suggested the use of optimal (slightly deformed atomic) orbitals.
For the H, molecule, a Coulson-Fischer wavefunction can be represented as

Yer = N{¢1(1)$2(2) + > (1)¢1 (2) Ha(1)5(2) — (1)a(2)} ()
where ¢, and ¢, are now deformed “atomic” orbitals:
¢, = ls, + Als, and ¢, = s, + Als, (8)

where A is a variationally adjustable parameter. The resulting orbitals are predom-
inantly atomic in character; however, they are slightly delocal. Since this deforma-
tion of the orbitals automatically includes the effect of the ionic structures, an
obvious advantage of the Coulson-Fischer approach is that the number of structures
in the wavefunction can be kept to a minimum. The total number of covalent
structures is given by
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N N

N=11 -1
Is 5N+S EN+S+1 ©)

where N is the number of spin-coupled electrons and S is the total spin of the
system.

2.3 Generalised Valence Bond Method

The first computational VB method based on the Coulson-Fisher approach is the
generalised valence bond (GVB) method [25-27]. In the GVB method, two
non-orthogonal orbitals are used to describe a pair of electrons in a bond. Each
pair of electrons in a bond is coupled to a singlet. The singlet-coupled pairs of
orbitals are then combined to give the total wavefunction of a system with an
overall singlet spin state. This is known as the GVB perfect pairing (GVB-PP)
approach. Such two-electron two-orbital pairs are called geminal pairs. These
orbitals are optimised variationally. The computational cost is reduced by forcing
the orbitals from different geminal pairs to be orthogonal, i.e. by imposing strong
orthogonality (SO) between different pairs. The SO-GVB-PP approach is a
restricted form of VB where only one single spin-coupling pattern is allowed. In
another form called unrestricted SO-GVB method [28], multiple spin couplings are
allowed for a given number of singly occupied orbitals. The restriction on orbitals
of different pairs to remain orthogonal, while computationally advantageous, leads
in some cases to artefacts [29].

2.4 The Spin-Coupled Valence Bond Method

The spin-coupled valence bond (SCVB) method [30-33] uses a more generalised
form of the Coulson-Fisher wavefunction for molecules. In the SCVB approach, the
N electrons which are involved in the bonding are described by N singly occupied
non-orthogonal orbitals. These orbitals are then spin coupled in all possible ways to
give the overall spin S of the system. The general form of an SCVB wavefunction is

/3
Wscvs =NY_ cgiA [¢1¢2¢3' ~PNOF (10)
k=1

where N is the normalisation factor, A is an antisymmetriser, @g Mk describes a
particular spin-coupling pattern between the orbitals and cg; is the spin-coupling
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coefficient. The different spin-coupling modes are generally referred to as the VB
structures. The total number of these structures, fg] ,is given by Eq. 9. In SCVB, both
the orbitals and the spin-coupling coefficients are optimised. An inexpensive
alternative to SCVB is the coupled cluster valence bond method [34, 35].

2.5 The Valence Bond Self-Consistent Field Method

The valence bond self-consistent field (VBSCF) method [36—38] is the most general
form of the modern VB approaches. Mathematically, it can be viewed as the
non-orthogonal equivalent of the MCSCF methods. In VBSCF approach, the VB
wavefunctions can be constructed using any number of VB structures and
non-orthogonality among all orbitals is allowed. Both the orbitals and the VB
structure coefficients are variationally optimised. The resulting wavefunctions are
compact and can be easily interpreted in terms of chemical concepts. The orbitals
used to build the VB structures may be fully optimised as in the SCVB approach, or
they may be restricted to a subspace of the full orbital space, e.g. centred on only
one particular atom. The expressions for the analytical molecular energy gradients
[39, 40] and second-order response properties [41] have also been developed for the
VBSCF wavefunctions. Recently, a new approach, called the atoms in valence bond
(AIVB) method [42] has been developed within the framework of the VBSCF
method. In this approach, instead of the traditional VB structures, the wavefunction
is constructed as a linear combination of all possible atomic states of the different
atoms in a molecule. The advantage of this approach is that the VB wavefunction
contains information about the atomic states of the atoms that form the molecule,
without any preconceptions.

As has been noted, the VB orbitals may be restricted to a subspace or may be
fully optimised (Fig. 1). Orbitals can thus be kept strictly centred on one atom
(strictly atomic or “local” model), all atoms (“delocal” model, no orbital restric-
tions) or on a group of atoms (“partial delocal” model) [43]. Note that, for example,
for H, in a minimal atomic basis set, the HL. wavefunction including ionic contri-
butions (Eq. 6) and the CF wavefunction (Eq. 7) are identical. The ionic structures
in the strictly atomic wavefunctions are the so-called Brillouin structures (structures
that are singly excited states with respect to the ground state wavefunction [37]) of
the delocal wavefunction.

|

Strictly atomic Partial "delocal" "Delocal"
or "local"

Fig. 1 Schematic representation of the orbital models used in VBSCF
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The use of these orbital restrictions to keep orbitals strictly atomic has concep-
tual advantages: with strictly atomic orbitals, the interpretation of the structures is
clear. A major disadvantage of these restrictions is that the wavefunction usually
has not enough degrees of freedom to fully adopt to the molecular situation, and the
danger exists that the outcome of the calculation is determined by the restrictions
put into the input of the computation (except for the case that all possible (or many)
structures are taken into account, but this is usually too expensive and due to the
large number of structures also not interpretable). The delocal model has more
freedom to adapt to a molecular situation; the orbitals are allowed to delocalise over
the entire molecule. As a result, it might even happen that the final orbitals after
orbital optimisation have lost all resemblance with the orbitals of the original
structure, so that the meaning of the VB structures has also changed. Forgetting
to include an important structure is lethal in the local model but less lethal in the
delocal model, although orbital optimisation cannot recover everything! A second
disadvantage of applying orbital restrictions is that the result becomes more basis
set dependent: in the case of very large basis sets, the local or partial delocal orbital
restrictions are not tenable, and the VB local answers converge with increasing
basis sets to those of the delocal model.

An improvement of the standard VB model can be obtained by using the
so-called breathing orbitals [44—47], i.e. each structure has its own optimised
orbitals. For example, in ionic structures, the fragments bearing the negative charge
probably have more diffuse orbitals than they have in the neutral structures. This
makes the calculations more difficult, but higher accuracy is obtained.

2.6 Block Localised Wavefunction Approach

A special type of electronic structure theory which shows similarities with the VB
theory and that has become rather popular recently is the block-localised
wavefunction (BLW) approach [48-50]. In the VB methods, bonds are formed by
spin coupling two singly occupied orbitals. In the BLW approach, a bond is formed
by doubly occupying an orbital that is localised between two atoms (Fig. 2).

a b

Fig. 2 Symbolic representation of 1,3,5-cyclohexatriene in (a) the VB method, where the three
n-bonds are made by spin coupling six singly occupied p-orbitals, and (b) the BLW method, where
the three bonds are described by three localised, doubly occupied orbitals
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The similarity with the VB theory is that these doubly occupied orbitals are not
required to be mutually orthogonal. They are only restricted to remain localised on
a particular set of atoms. The wavefunction in this case is one single determinant,
built from localised, non-orthogonal, doubly occupied orbitals. The BLW approach
relates to the Hartree-Fock method as the spin-coupled and VBSCF methods relate
to the CASSCF method. The BLW approach measures a delocalisation energy
rather than a resonance energy, which are subtly different [51].

2.7 Orthogonal Valence Bond Methods

The close resemblance between the VB methods that use orthogonal optimised
orbitals and the CASSCF method [52] makes the decomposition of the CASSCF
wavefunction in terms of the orthogonal VB (OVB) structures rather straightfor-
ward [53, 54]. Within the OVB framework, the structures are built from orthogonal
“atomic” orbitals, which can be deduced from a preceding CASSCF calculation
[48, 49] or, in an alternative approach, be obtained by Lowdin orthogonalisation
[55, 56] of non-orthogonal atomic orbitals. For H,, it was found that in the
orthogonal VB approach, the singlet neutral structure behaves similarly to the
triplet state, which means that it is dissociative. Bond formation is due to mixing
with the bound ionic state [53]. The advantages of this method are its flexibility and
generality and the fact that one can think in terms of non-overlapping, exclusive
bonding situations. A conceptual advantage is that the neutral singlet configuration
is really neutral and close to the intrinsically pure neutral triplet state.

3 Illustrative Results

3.1 [Inorganic Benzenes

The inorganic analogue of benzene, borazine (B3;N3Hg), has been the subject of
different VB studies [57-60]. In these studies, the central question is the aromatic
character of borazine. Aromaticity is not a well-defined concept, and various
mutually differing criteria for aromaticity exist; one of these criteria is the reso-
nance energy [17, 21], which is the extra energetic stabilisation with respect to a
hypothetical system [61]. Using VB, not only the localised charge distribution can
be described, but also models may be constructed to describe the hypothetical
localised charge distributions, which serve as references for further analysis. The
resonance energy can be defined as the energy difference between the localised and
the delocal description. This resonance energy is dependent on the model used to
describe the localised hypothetical charge distribution.
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Fig. 3 VB structures considered for borazine in various VB calculations

For a VBCI wavefunction with strictly atomic orbitals, where structures with
three (structure A, Fig. 3), two (structure C), one (structure D) and no (structure B)
lone pairs are included among other (Dewar) structures (30 structures in total), a
considerable resonance energy of 54 kcal/mol was found, relative to the energy
obtained with a wavefunction consisting of localised borazine structures (8 in total)
[57]. For benzene, with a similar treatment, a resonance energy of 46 kcal/mol was
found, indicating that borazine has as much aromatic character as benzene. In
borazine, the dominant structure A has a weight of 0.17. Each of the six symmetry
equivalent structures C has a weight of 0.08. The two benzene-like structures
B have only low weights of 0.02 each, and the structures D have a weight of 0.04
each. If only four structures are considered in the VBCI calculation (structures A,
B and another structure with the three lone pairs on the B atoms), a resonance
energy of 15 kcal/mol is found [58]; structure A has a weight of 0.90 in this
calculation, while the structures B have each a weight of 0.05. The major difference
between these two calculations that can explain the differences in resonance
energies and weights is the number of structures included in the two VB
wavefunctions. The former calculation included 30 structures, while in the latter,
only 4 structures were considered in the VB wavefunction. At first sight, these two
sets of results suggest that either or both are inadequate to give a qualitatively valid
picture of the aromaticity of borazine.

Improving the 4-structure VB calculation by including orbital optimisation
without any restrictions, either by using the spin-coupled VB method [60] or by
using the VBSCF delocal method [58, 59], yields another set of substantially
different results: the resonance energy now becomes negligible (0.2 kcal/mol),
and the orbitals distort significantly (Fig. 4). The two sets of p,-orbitals are now
both centred on nitrogen, one p,-orbital is very localised, while the other p,-orbital
is delocal onto the neighbouring boron centres and is in fact a correlating orbital. In
the wavefunction, only one structure is important, which corresponds to A. In
contrast to the findings with local orbitals, borazine does not exhibit any apprecia-
ble stabilisation through resonance and should therefore be considered as
nonaromatic. This last conclusion, based on the spin-coupled VB calculations, is
also in line with computational studies of the magnetic properties of borazine:
according to ring current calculations, the lone pairs of borazine are intrinsically
localised [58, 59, 62]. The results described above also demonstrate the danger of
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Fig. 4 The delocal VBSCF
orbitals on nitrogen in
borazine

applying orbital restrictions; constrained calculations may lead to the wrong
conclusions.

Other six-membered heterocycles B;P;Hg, Al3N3Hg, AlzP3Hg, B3;O3;H3; and
B;S;H; have also been considered [58, 60]. All but Bs;Ps;Hg showed similar
behaviour as borazine: very small resonance energies were found using the
VBSCEF delocal method, and only one VB structure contributed significantly to
the wavefunction, and all can be best described as being essentially nonaromatic.
B3P;Hg has more resemblances to benzene: with local orbitals, the benzene-like
structures B have a considerable weight of 0.21 each, while structure A has a weight
of 0.58. The resonance energy is 32 kcal/mol. In a spin-coupled description, the
resonance energy drops to 13 kcal/mol. The spin-coupled VB orbitals distort not as
severely as they did in the case of borazine: the p,-orbitals on phosphorus are very
localised, but there are also p,-orbitals localised on boron centres, though these are
delocal onto the neighbouring phosphorous centres. These findings are again in
agreement with the calculated current density maps: localised currents around the
formal lone pairs are found for all considered inorganic benzenes, except for
B;P3;Hg, which shows a diatropic ring current [58]. It should be noted that these
VB calculations for B;P;Hg were performed on the D3;, symmetric geometry, which
is not a real minimum (1 imaginary frequency of 96i cm ™', a,” symmetry). Current
density calculations on the local C;, minimum geometry showed that current
changes from a global circulation to a set of localised islands, corresponding to
the axial lone pairs of the phosphorus atoms [58].

Four (B,N,H,) and eight (B4N4Hg) membered azabora-heterocycles showed
similar characteristics as borazine. The most important structure in the VB calcu-
lations is the structure with two and four lone pairs on nitrogen for B,N,H, and
B4N4Hg, respectively. The spin-coupled wavefunction can best be described in
terms of lone pairs on nitrogen, each with a correlated pair of n-electrons. There is
neither resonance nor resonance energy in these molecules.

3.2 Borabenzene

Borabenzene (CsHsB, Fig. 5), which has six n-electrons, just like benzene, has also
been studied using the spin-coupled VB method [63]. Here, not only the n-bonds
have been studied using VB but also the 6-bonds around the boron atom.
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Fig. 5 The VB structures of borabenzene (CsHsB) together with the Gallup and Norbeck weights

The spin-coupled wavefunction accounts for ca. 90 % of the correlation energy
recovered by the n-electron CASSCF(6,6) calculation [63], indicating that the spin-
coupled wavefunction provides a reliable source of information about the
n-electron system. The spin-coupled n-orbitals resemble those of benzene. There
are, however, small differences; especially the boron p,-orbital is more diffuse and
more delocal onto its neighbouring carbon atoms, whereas the carbon p,-orbitals
centred on the carbon atoms next to the boron atom are more localised and have
only delocalisation tails to their neighbouring carbon atoms.

The spin-coupled wavefunction also provides information about the importance
of the different spin-coupling patterns: according to the Gallup and Norbeck
weights [20], the two Kekulé-benzene-like structures contribute the most to the
wavefunction (Fig. 5). The structure weights and orbital shapes of the n-system of
borabenzene are similar to those of benzene, leading to the conclusion that the
n-system of borabenzene should be considered as aromatic and the high reactivity
of this molecule is therefore not caused by the n-system.

To further inquire about the high reactivity of this molecule, the 6-B-C bonds
have been considered by the spin-coupled method. Surprisingly, it was found that
the orbitals that form the B-C bond are not oriented along the B-C axes but tend to
bend to the outer side of the hexagon formed by the B and C atoms. The bending of
these orbitals leads to the formation of an electron-deficient site on the ring, which
is the preferred attachment site for Lewis bases.

3.3 Nitrogen-Containing Aromatic Heterocycles

The spin-coupled VB description of the nitrogen-containing analogues of benzene
(Fig. 6) is remarkably similar to each other [64] and similar to that of benzene
[65]. For all but 2, the two Kekulé structures are equally important (Table 1). For 2,
the Kekulé structure with the double bond between the two nitrogen atoms is less
important, and the structure with C = N bonds is preferred. The resonance energy of
2 is also considerably lower than that of 1, 3 and 4 (Table 1), which have a similar
resonance energy as benzene. The spin-coupled orbitals on carbon and nitrogen of
1, 3 and 4 are predominantly atomic in nature (2p-orbitals) but have small
delocalisation tails on neighbouring atoms. The 2pc-orbitals of 2 are slightly
differently distorted: the 2pc-orbitals next to a nitrogen atom are more distorted
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Fig. 6 The nitrogen-containing six-membered rings 1-4, together with the spin-coupling schemes
A and B

Table 1 The weights of the Compound W Wg > Wewar Epe.

Kekulé structures A and

B (Fig. 6) and the resonance 1 0.400 0.400 0.200 22

energies (kcal/mol) for 1-4; 2 0.205 0.540 0.255 13

for comparison, the values for 3 0.400 0.400 0.200 23

benzene are also included 4 0.400 0.400 0.200 23
Benzene 0.405 0.405 0.190 22

towards their neighbouring nitrogen atoms, and the 2py-orbitals are more localised
on nitrogen.

In this work [64], it had been concluded that the special stability of these
aromatic molecules arises from the mode of coupling of the electron spin, as
shown by the resonance energies, and not from any supposed delocalisation of
the orbitals. The small distortions of the orbitals have the further consequence that
the contribution of ionic structures disappears almost completely.

Pyrazine (4) has also been studied using the BLW approach, together with other
azaacenes (Fig. 7) and the corresponding dihydroazaacenes [66]. The azaacenes all
have 4n + 2 n-electrons, while the dihydroazaacenes have 4n n-electrons. In Table 2,
the BLW resonance energies (defined as the energy difference between the fully
conjugated compound and its most stable resonance contributor; thus actually, it is
a delocalisation energy) are listed together with the extra cyclic resonance energies
(ECRESs). The latter is defined as the difference between the resonance energies of a
cyclic conjugated compound and an acyclic polyene either with the same number of
double bonds or with the same number of diene conjugations. The ECRE measures
the aromatic stabilisation (destabilisation) energy for cyclic conjugated compounds
[50]. Positive ECREs indicate aromaticity and negative ECREs indicate anti-
aromaticity.

Using the BLW procedure, large resonance energies are found for 4-8. Note that
the BLW resonance energy of 4 is substantially higher than the resonance energy
obtained using the spin-coupled approach (Table 1), but also note that these two
resonance energies cannot be directly compared, due to the different natures of the
approaches. The BLW resonance energies of the dihydro counterparts are also
considerable. The ECREs, which measure only the aromatic stabilisation, are
considerably lower and, for 4, more in line with the spin-coupled resonance energy.
For all considered compounds, except 4-H,, the ECREs are positive, indicating
aromatic character. This would imply that the dihydro derivatives, even though they
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Fig. 7 Structure of the studied azaacenes [66]

Table 2 Block-localised- Compound |RE |ECRE |Compound |RE |ECRE
wavefunction resonance
(delocalisation) energies (RE, 4 60 30 |4-H, 57 —12
kcal/mol) and extra cyclic 5 111 49 |5-H, 124 20
resonance energies (ECRE, 6a 157 59 | 6a-H, 179 39
kcal/mol) for compounds 4— 6b 154 59 | 6b-H, 191 52
8.and their (planarised) 7a 202 68 | 7a-H, 227 52
dihydro counterparts [66]
7b 200 70 | 7b-H, 244 68
8a 246 71 |8a-H, 274 65
8b 243 70 | 8b-H, 291 83
8c 242 77 | 8c-H, 296 85

have an anti-aromatic (4n) m-electron count, are stabilised by aromaticity
[66]. Unfortunately, the systems 5-8 have not yet been investigated by the spin-
coupled VB or VBSCF delocal method.

3.4 Heterocyclic Five-Membered Rings

The n-electron systems of five-membered ring molecules 9-12 (Fig. 8) have been
the subject of a spin-coupled study [67]. In 9-11, five of the spin-coupled orbitals
are localised, one on each carbon atom and one on the heteroatom; the sixth spin-
coupled orbital is also associated with the heteroatom, but this orbital showed
significant delocalisation onto the neighbouring carbon atoms. Thiazole (12)
shows, like pyrrole, five localised orbitals, one on each atom. The sixth orbital,
mainly associated with the sulphur atom, shows a very large distortion and is
significantly delocal onto the neighbouring carbon atoms. In the series, it was
found that only two of the five possible Rumer structures are important, viz. the
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Fig. 8 The resonance structures A and B considered for the five-membered rings 9-12

Table 3 Weights of the structures A and B, the resonance energy (E,., kcal/mol), the BLW
resonance energy (RE, kcal/mol) and the extra cyclic resonance energy (ECRE?, kcal/mol) for
compounds 9-12 and other selected five-membered rings

Compound Wa Wg E.cs RE ECRE Compound RE ECRE
9 0.80 0.20 7 78 18 X=BH 16 -8
10 0.85 0.15 3 62 13 X=PH 73 18

11 0.88 0.12 6 51 13 X =SiH" 23 —16
12 0.85 0.11 8 X=SiH" 96 17

X =AIH 13 —4 X =SiH, 17 —1

“The ECRE values are the ECRE2 values of reference [50]

structures A and B (Fig. 8). In all four cases, structure A has the highest weight
(Table 3). These five-membered rings are also stabilised by resonance; resonance
energies between 3 kcal/mol and 8 kcal/mol are found. Furan (10) showed the
lowest resonance energy. The orbitals associated with the oxygen atom are more
localised than those of pyrrole (9). The orbitals associated with the sulphur atom of
thiophene (11) are more delocal than those of pyrrole. Although structure A is more
dominant in thiophene, its resonance energy is somewhat higher. It seems that there
is no simple relation between the resonance energy and the weights of the struc-
tures; apparently, the interaction matrix elements between the structures are differ-
ent for different compounds. In conclusion [67], the spin-coupled descriptions of 9—
12 are very similar to those of benzene and for other six-membered heterocycles.
The n-system is adequately described by six non-orthogonal orbitals that turn out to
be rather localised, and the stability results from the mode of spin coupling. The
orbitals on the heteroatoms show very significant distortions towards its neigh-
bours; this distortion depends on the electronegativity of the atom. Furthermore, the
ionisation potentials of these molecules were accurately predicted using the spin-
coupled theory.

The five-membered rings 9-11, together with other five-membered heterocycles
(Table 3), were also the subject of a study of the resonance energy, calculated with
the BLW approach [50]. The BLW resonance energies (RE, Table 3) are substan-
tially higher than the resonance energies calculated using the spin-coupled VB
method. The calculated stabilisation due to aromaticity (ECRE, Table 3) is consid-
erably smaller, and the latter value relates better to the aromaticity of the molecules.
The ECRE of the five-membered compounds showed satisfactorily a correlation
with nucleus-independent chemical shift (NICS) [68] values. Note that neither the
RE nor the ECRE show the same trends as the spin-coupled resonance energies.
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3.5 Three-Membered Rings

The o-bonds of a series of three-membered rings (Fig. 9) have also been studied
using the spin-coupled VB approach [69] in order to explain the unusual properties,
such as a low strain energy and short carbon-carbon bond lengths. Two different
models to describe the bonding in cyclopropane (13) have been proposed. In the
model proposed by Walsh [70], the carbon atoms are sp> hybridised, with one of the
three sp> hybrids pointing towards the centre of the ring, and these orbitals form
three molecular orbitals, all concentrated within the interior of the ring (Fig. 10a) of
which one is doubly occupied. Each carbon atom has in addition to the sp” hybrids a
p-orbital oriented tangentially with respect to the ring (Fig. 10a); these orbitals form
three molecular orbitals of which the lowest two are occupied. This type of
configuration has been described as a closed-shell system with Hiickel and Mobius
aromatic subshells [71]. In the second model, suggested by Coulson and Moffitt
[72], three bent C-C bonds are formed from six equivalent hybrids (Fig. 10b).
Molecular orbital theory cannot distinguish the different models. The spin-coupled
VB study would give the definite orbital description of the bonding in these strained
three-membered rings.

It was demonstrated that the spin-coupled description, based on a single orbital
product, accounts for the most important correlation effects [69]. The optimised
spin-coupled orbitals resemble hybrid orbitals. The bending is visible as these
hybrids are not directed along the C-C bond axes. The degree of bond bending is

NN A A A

Fig. 9 The three-membered rings under study. Cyclopropane (13), aziridine (14), ethane oxide
(15), phosphirane (16) and thiirane (17)

Fig. 10 Proposed bonding models for cyclopropane. (a) The bonding model of Walsh [70], with
an inner two-electron Hiickel subshell and an outer four-electron Mobius aromatic subshell. (b)
The model of Coulson and Moffitt [72], with three bent carbon-carbon bonds constructed from six
equivalent hybrid orbitals
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dependent on the heteroatom: for 16 and 17, the deformation is not discernible by
eye. This observation can be related to the geometries of 16 and 17, in which the
heteroatom is placed at a longer distance from the C-C moiety. The shapes of the
orbitals of the heteroatoms differ from those of carbon: the heteroatom hybrids have
less s-character and have predominantly p-character. The weights of the different
spin functions revealed that the wavefunctions of all molecules 13—17 were dom-
inated by one spin-coupling pattern, viz. the one that corresponds to “perfect
pairing”. These spin-coupled calculations show that the bonding in the heterocycles
is very similar to the bonding in cyclopropane. The o-bonding in these three-
membered rings does not differ much from ordinary c-bonds, except that, due to
the geometry, the orbitals have to bend in order to reduce strain and to be able to
enhance the overlap.

3.6 Four-Membered Nitrogen-Containing E,N, (E =S, Se,
Te) Rings

The 6m-electron four-membered heterocycles E,N, (E=S, Se, Te) have been
studied by Braida, Lo and Hiberty using the standard VB and breathing orbital
VB (BOVB) methods to settle the controversies on their diradical character and to
elucidate the nature of the radical sites [73]. In their calculations, they use strictly
atomic orbitals, in contrast to the previous spin-coupled VB [74] and CASVB [75]
calculations of Cooper and co-workers. The considered resonance structures are
depicted in Fig. 11. Two of these six structures are diradical structures. According
to the spin-coupled calculations [74], the diradical structure b best describes the
bonding in S;N,.

In contrast, in the VBSCF calculations [73] for the series of molecules, the
largest weight is obtained for structure a (Table 4), with the radical centres on the
nitrogen atoms. The structure a becomes more dominant with increasing atomic
number down the series. The structure b, with the radical centres on E, is less
important. Upon inclusion of dynamic electron correlation via the breathing orbital
VB approach, the weights of structure a decrease, the weights of the covalent
structures c—e increase, and the weights of structure b increase.

The most stable structure in the series is structure a. The molecules possess
significant resonance energies, which is largest for S;N,, confirming the aromatic
nature of these species. The stability in these molecules comes from the resonance
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Fig. 11 The VB structures for the four-membered E,N, (E =S, Se, Te) rings
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Table 4 The weights of the VB structures for E,N, and the resonance energy (kcal/mol)
calculated with VBSCF and with BOVB

VBSCF BOVB
Compound a b c—e E.es a b c—€ Ees
S>N, (18) 0.473 0.075 0.113 53 0.349 0.097 0.139 73
Se,N, (19) 0.567 0.052 0.095 37 0.415 0.085 0.125 53
Te,N, (20) 0.649 0.034 0.079 27 0.468 0.074 0.115 40

Fig. 12 The structure of ®

1,3-diphospha-2,4- PH(R+)2 CH,

diboretane diradicals (21 BR2 21: Ry=R,=H / \CH

and 22) and of \ /@ 22: Ry=/-Pr;R,=t-Bu \ /

1,3-cyclobutanediyl (23) @ CH,
23

between all VB structures, the diradical and covalent ones. This study shows that
aromaticity and diradical character can coexist. The interpretation of the VBSCF
and BOVB studies seems to contradict the interpretation of the spin-coupled
results: however, the authors argue that the obtained VBSCF/BOVB wavefunction
does not differ much from the spin-coupled wavefunction but that the delocal nature
of the spin-coupled orbitals obscured the interpretation [73]. Note that the reso-
nance energies of the VBSCF and BOVB studies show the same trend in the series.

3.7 1,3-Diphospha-2,4-Diboretane Diradicals

The isolation of stable singlet diradicals containing boron and phosphorus
(22, Fig. 12) [76] prompted theoretical studies of the electronic structure of these
species [77-79]. It was found that 21 has much less diradical character than the
carbon analogue 23, based on the natural orbital populations. Whereas the natural
orbital occupation numbers of 23 were found to be 1.14 and 0.86, indicating
substantial diradical character, for 21, the natural orbital occupation numbers
were only 1.78 and 0.22 [77, 78], which is considerably smaller than would be
obtained for a pure diradical. The larger interaction between the radicals on the
boron centres was explained in terms of through-bond interactions.

The stabilisation of the diradicals by the through-bond interactions was further
investigated using local (strictly atomic) and delocal VBSCEF [80] calculations on
21 and 23. For the local model, delocalisation of the singly occupied p-orbitals
centred on BH/CH to the PH,/CH, is prohibited. The analysis of the natural orbital
populations showed that both 21 and 23 are essentially pure diradicals (Table 5).
The overlap between the p-orbitals for both compounds is similar. This situation
reflects the case when the through-bond interaction is “switched off””. Removing the
restriction of strictly atomic orbitals, thus allowing for delocalisation of the
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Table S The total energies, natural orbital occupation numbers and the overlap between the
singly occupied p-orbitals, calculated at the delocal VB/6-31G, and strictly atomic VB/6-31G
levels of VBSCF

21 Delocal VBSCF Strictly atomic VBSCF
Total energy (Hartree) —734.071659 —734.027702

Occupation numbers 1.6522 0.3478 1.1553 0.8447
Overlap 0.37 0.14

23

Total energy (Hartree) —154.762964 —154.738316

Occupation numbers 1.0596 0.9404 1.0937 0.9063
Overlap 0.03 0.12

0.01

Fig. 13 Contour plots of
the delocal VBSCF
optimised singly occupied
p-orbitals, together with the
Mulliken population on the
atoms for 21 and 23 [80]

p-orbital to the neighbouring atoms, of course gives an energy lowering for both
compounds. Compound 23 lowers 15.5 kcal/mol in energy, while for 21, the energy
lowering is 27.6 kcal/mol. The overlap between the final VBSCF p-orbitals is
substantially higher for 21 than for 23; for 23 even a decrease in overlap is found
compared to the local VB calculation. According to the natural orbital occupations,
23 remains a pure diradical, but the closed-shell character of 21 re-emerges. The
final delocal VBSCEF orbitals of 21 are more delocal onto the PH, groups (Fig. 13)
than those of 23 onto the CH, groups. This is also corroborated by a Mulliken
population analysis: the p-orbital of CH in 23 is much more localised than the
p-orbital of BH in 21.

3.8 Bis(nitronyl) Nitroxide: Ullman’s Biradicals

In the field of molecular magnets, the organic nitroxide radicals have attracted
considerable attention due to their stability. In a theoretical study of the magnetic
coupling between the radical centres in coupled nitronylnitroxide radicals (Fig. 14),
the CASSCF wavefunction was interpreted in terms of the orthogonal VB structures
[81]. First, a study of the radical 24 was performed. The CASSCF(3,3) orbitals were
localised, and the CASSCF(3,3) wavefunction was written in Slater determinants
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Fig. 14 The structure of the nitronylnitroxide radical (24) and the simplest variant of Ullman’s
biradicals (25)
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Fig. 15 Graphical representations of the VB structures of 24

expressed in these localised orbitals. The localised orbitals could be interpreted as
two antibonding NO 7 -orbitals and a 2pr-orbital centred at C; (Fig. 14). The
analysis showed that the neutral structures (Fig. 15) are lowest in energy, and
their combined weight in the wavefunction is 0.66. This analysis has been used to
obtain model Hamiltonian parameters for the study of magnetic interactions.

Both the singlet and triplet states of the biradical 25 were analysed. The triplet
state can be described as an antisymmetrised product of the two fragment
wavefunctions: structures that do not result from combining the structures of the
fragments turn out to have a negligible weight. The singlet state was, surprisingly,
found to be quite similar to the triplet state: the energy and the weights of the
structures are well approximated by the antisymmetrised product of the
wavefunctions. A correlation between the spin density on C;/C, and Heisenberg
exchange parameter J was found, indicating that the interaction of the spin excess
on these carbon atoms is responsible for a large part of the magnetic coupling. The
results have been used to extract a set of parameters for the fragment which can be
of use for larger magnetic systems in studies based on model Hamiltonians.

3.9 Hpyperconjugation and Anomeric Effects

The so-called anomeric effect is the preference for electronegative substituents
bonded to the carbon atom to occupy the axial position (Fig. 16) in the chair
conformation of a monosaccharide. This preference for the axial position can be
explained by the invocation of the hyperconjugation model: delocalisation from the
oxygen lone pair to the empty antibonding 6y -orbital provides extra stabilisation.
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Y Yy
Y L
m_ o o Y = F, OH, Cl, NH,, CH,

eq ax

Fig. 16 The equatorial (eq) and axial positions (ax) in the considered tetrahydropyrans. In the
right figure, the hyperconjugation model that is based on the stabilising interaction between the
lone pair of the oxygen and the antibonding ocy " is depicted

However, an alternative explanation can be given in terms of an electrostatic model
and dipole-dipole interactions. An extensive block-localised wavefunction study
was undertaken to discriminate between these two models [82]. In this study, the
BLW approach was used to calculate the electron delocalisation effects and steric
effects for substituted tetrahydropyrans and dimethoxymethane and the reference
molecules dimethylether and substituted cyclohexanes. The reference molecules
have no anomeric effects.

For different conformers of dimethoxymethane, the BLW resonance energy
(i.e. the delocalisation energy) was calculated, and it was found that the overall
stabilisation by delocalisation in the trans conformer was slightly larger than in the
gauche conformer, while the gauche-gauche conformer is the most stable one. This
finding suggests that the stability of the gauche-gauche conformer is not caused by
hyperconjugation.

The BLW study of the substituted tetrahydropyrans showed that the relative
stabilities of the axial and equatorial conformers were not changed by the exclusion
of the delocalisation effects, even though the molecules have a substantial
delocalisation energy. Thus, the anomeric effect is still present when intramolecular
delocalisation is quenched: the hyperconjugation model is unable to explain the
anomeric effect [82]. A detailed energy analysis revealed that the steric effect
dominates the conformational preferences, and an alternative explanation such as
the electrostatic model must therefore be introduced to interpret the anomeric
effect.

4 Concluding Remarks

The illustrative results presented here show that the valence bond theory is able to
give detailed information about the electronic structure of heterocyclic systems and
is therefore a strong tool for the interpretation of the electronic structure in terms of
chemical concepts like bond bending, hyperconjugation and aromaticity. These
concepts can then be used to explain observed properties and reactivity. An
example discussed here is the anomeric effect.

Advances in modern supercomputing allow the treatment of larger molecules
using the valence bond method with optimised orbitals. Advances in valence bond
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theory, such as the incorporation of electron correlation in valence bond methods
[83-85], the Atoms in Valence Bond method [42] and quadratically convergent
VBSCF methods [86], enhance the applicability of the valence bond methods to
solve new, electronic structure-related, chemical problems.

In the heart of the valence bond theory, it is the spin coupling of orbitals that
yields bond formation. Stabilisation by resonance in the valence bond theory is a
result of the lowering of the total energy due to the interaction of different spin-
coupled structures. As such, valence bond wavefunctions are multi-determinant
wavefunctions and bear a close resemblance to MCSCF wavefunctions. Although
one refers to the block-localised wavefunction approach as the simplest form of the
valence bond theory, the BLW approach measures the effect of delocalisation of
the orbitals in a single Slater determinant. This is an effect caused by limiting the
one-electron space. The BLW approach thus relates to the Hartree-Fock method.

Acknowledgement RWAH and RB acknowledge the Zernike Institute for Advanced Materials
for the financial support (“Dieptestrategie” programme).
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Abstract Heteroaromatic rings are present in many organic molecules. They can
be found as part of the core of drugs or agrochemicals and in many important
biochemical molecules. The last three centuries have brought important advances in
heteroaromatic chemistry. Indeed, the first organic molecules with heteroaromatic
rings were already synthesized in the middle of the nineteenth century. Then, the
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twentieth century witnessed the first inorganic heteroaromatic compound produced
in the laboratory. And at the beginning of the present century, the first all-metal
heteroaromatic cluster was detected. Here, we discuss the aromaticity of some of
these heteroaromatic compounds using different descriptors of aromaticity, with
special emphasis in those measures based on electron delocalization properties of
the aromatic rings.

Keywords Aromaticity  Heteroaromaticity ¢ Nucleus-independent chemical
shifts ¢ Electronic indices ¢« Multicenter electronic indices ¢ Harmonic oscillator
model of aromaticity « Aromatic fluctuation index  Para delocalization index

1 Introduction

In 1856, August W. von Hofmann used for the first time the term aromatic applied
to a chemical compound [1]. Ten years later, after his celebrated dream of the snake
that seizes its own tail, August Kekulé proposed the molecular structure of benzene
consisting in a six-membered carbon ring with alternating single and double bonds
[2]. The first heteroaromatic molecules were synthesized already at that time. Thus,
pyridine was synthesized by Thomas Anderson [3] in 1868 through studies on the
distillation of bone oil and other animal matter. For many years, the study of
aromaticity was limited to the realm of purely hydrocarbon chemistry, the
so-called polycyclic aromatic hydrocarbons (PAH), and of heteroaromatic organic
compounds. Interestingly, this latter group of compounds provides the main source
of aromatic species. Balaban et al. reported that among the 20 million chemical
compounds known to date, approximately half are heteroaromatic [4]. Some of
these heterocyclic aromatic species are very important in biochemical processes,
drugs, and agrochemicals.

The first synthesized inorganic heteroaromatic compound was borazine, B;HN;
[5]. It was obtained in 1926 by a reaction of diborane with ammonia. It results from
the triple substitution of C = C bonds in benzene by isoelectronic and isostructural
B - N units and, consequently, it is considered the inorganic analogous of benzene.
Interestingly, single C=C by B -N substitution in benzene to form 1,2-dihydro-
1,2-azaborine, a hybrid organic/inorganic benzene, was elusive and was achieved
only 5 years ago [6]. On the other hand, metallabenzenes are heteroaromatic
analogues of benzene or PAHs where one (or more) of the CH groups is (are)
formally replaced by a transition metal with its ancillary ligands. In 1982 Roper
et al. [7] synthesized the first metallabenzene, an osmabenzene, thus initiating a
new group of heteroaromatic rings that contain metals in their structure, the
so-called metalloaromatic compounds.

Boldyrev, Wang, and coworkers [8] detected in 2001 a series of bimetallic
clusters containing Al,”>~, face capped by an M* cation (M = Li, Na, Cu) having
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all-metal aromaticity. These all-metal aromatic clusters were synthesized using a
laser vaporization technique and characterized with their experimental and theo-
retical photoelectron spectra. The last decade has brought tremendous advancement
in the field of all-metal and semimetal aromatic compounds [9-12]. In most of the
cases, the aromatic rings of these new all-metal clusters are constituted by a single
type of atom, like in Al,>~. However, some all-metal heteroaromatic rings were
also described. In fact, the first detected all-metal heteroaromatic cluster,
XAl;7(X=Si, Ge, Sn, and Pb), was also reported by Boldyrev, Wang, and
coworkers [13] in the same year of the discovery of Al,”". Other interesting
examples of recently observed all-metal heteroaromatic compounds are M3;0q ™
and M30¢>~ with M =W and Mo (the first compounds showing d-orbital aroma-
ticity) [14], Ta3O05~ (the first metallic cluster showing d-aromaticity) [15], and the
more recent Te,As,”~ species with conflicting aromaticity [16]. From a theoretical
point of view, Tsipis et al. found f orbital aromaticity in heteroaromatic rings
U, —X), (n = 3, 4; X = C, CH, NH) as well as in E@ [¢ — Uy(pr — C)4]
(E = H(#), C, Si, Ge) and U@ [c — Us(p, — C)s] clusters [17]. The discovery of
the Al,C™ is also remarkable, a heteroaromatic cluster with a tetracoordinated
planar carbon atom [18, 19].

The research on heteroaromatic compounds started about 150 years ago, and it
has continued with important contributions to science up to this date. There are
several reviews devoted to organic heterocyclic chemistry where one can find quite
complete revisions of the organic heteroaromatic chemistry [4, 20]. The aim of this
chapter is much less ambitious. Here we simply summarize the computational
works carried out in the last years in our group in relation to the application of
different indicators used to quantify heteroaromaticity, both in organic and inor-
ganic aromatic compounds.

2 The Problem of Measuring Aromaticity

We cannot unambiguously define the term aromaticity. However, it is generally
accepted that aromaticity originates from the cyclic electron delocalization of
electrons in a close circuit. Interestingly, aromaticity is often measured from the
consequences of this peculiar electronic feature. For instance, the nucleus-
independent chemical shift (NICS) measures the shielding, which originates from
the circulation of electrons along the aromatic ring. The harmonic oscillator model
of aromaticity (HOMA) [21] compares the bond distances in the ring with those of
an aromatic molecule taken as a reference. Our group has been intensively involved
in the design and calculations of several electronic aromaticity indices. In particular
we have designed (a) FLU [22] that measures the electron fluctuation differences
with respect to aromatic molecules by comparing contiguous electron delocaliza-
tion indices [23] along the ring structures, (b) the para-delocalization index (PDI)
which measures the electron delocalization across the six-membered ring structures
[24], and (c) Ing and Iyp that are the normalized versions of /,;,, and MCI,
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respectively. /,;,,, Which was developed by Giambiagi and coworkers [25], mea-
sures the multicenter delocalization index [26] which includes all the atoms in the
ring, as they are connected in the ring. On the other hand, the MCI, which was
developed by Bultinck et al. [27], sums up all the possible /,;,,, values arising from
the permutations of the atoms in the ring.

As compared to classical organic aromatic compounds, the evaluation of aro-
maticity in heterocyclic compounds is much more complex. This complexity is due
to many different factors. First, at variance with aromatic organic compounds,
which only exhibit 7 — electron delocalization, inorganic compounds present
o—,n — and & — or even ¢ — electron delocalization, thus giving rise to multifold
aromaticity. This feature comes from the different chemical bonds arising in
inorganic compounds that include s, p, d, and f orbitals.

Second, the concept of aromaticity was originally invoked (and used for many
years exclusively) on the context of organic molecules. As a result, most of the
methods to quantify aromaticity were developed for aromatic organic molecules,
and they cannot be employed straightforwardly in inorganic clusters. For instance,
all those methods that are based on reference values taken from organic molecules,
such as HOMA and FLU, cannot be used in inorganic molecules, simply because
the bonding patterns (e.g., the distance or the electron sharing) of many aromatic
inorganic molecules have not been established. Furthermore, anyone would agree
that the quintessential organic aromatic molecule is benzene and thus this molecule
is taken as the paradigmatic example of how an organic aromatic should be in terms
of geometry, electronic structure, or representative properties. Unfortunately there
is no such a reference aromatic molecule in the inorganic realm. Other methods
such as resonance energies (RE) or aromatic stabilization energies (ASE) are also
very difficult to compute because of the lack of appropriate reference systems
[28]. Altogether, there are very few methods to quantify aromaticity for inorganic
compounds.

Among inorganic aromatic compounds, the most interesting compounds
recently discovered are all-metal clusters. A few years ago, when the first
all-metal clusters were synthesized, the aromaticity was assessed by means of
simple electron counting based on 4n+2 Hiickel’s rule or the calculation of
NICS. Unfortunately the electron counting alone does not always provide evidence
of aromaticity. For instance, Al,> ~ contains four ¢ electrons in spite of the fact that
this molecule is ¢ - aromatic. In addition, NICS values are also known to provide
the incorrect answer for some particular systems [29]. Recently, our group has been
working on the use of multicenter aromaticity indices, which turn out to be the most
reliable indicators of aromaticity both in the organic and inorganic realms [29, 30].

For the indices of aromaticity discussed in this chapter, the more negative the
NICS, the lower the FLU or FLUUZ, and the higher the PDI and MCI values, the
more aromatic the ring is.
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3 Computational Details

The calculations of the systems studied in this chapter have used many different
computational methods and basis sets and the details are thus given in each section.
However, all the electronic structure calculations were carried out using Gaussian
09 package [31] or the Amsterdam Density Functional (ADF) software [32, 33].

On the other hand, the calculation of the aromaticity indices has employed a
plethora of programs. The NICS values have been calculated using the gauge-
including atomic orbital (GIAO) [34, 35] implemented in Gaussian 09. The com-
putation of the aromaticity indices calls for the calculation of the atomic overlap
matrices (AOM) for the atomic partition employed. Two different atomic partitions
have been used in these works: the quantum theory of atoms in molecules (QTAIM)
partition due to Bader [36] and the Becke-rho partition that uses Becke’s fuzzy
partition scheme. The former has been calculated using AIMPAC software, while
the latter uses the APOST-3D code [37, 38]. Finally, these AOMs are read and used
by ESI-3D program [22, 39, 40] to generate the delocalization indices, the FLU, the
PDI, and the various multicenter indices calculated in these works.

On the other hand, the Morokuma-like energy decomposition analysis (EDA)
[41-43] was performed using the ADF package.

4 Aromaticity in Heterocyclic Organic Compounds

4.1 Six-Membered Heterocycles

In this section we analyze the performance of a set of well-known aromaticity
indices to predict the aromatic character of a series of six heterocyclic rings that
include benzene and other six-membered rings (6-MRs) that replace one, two, or
three carbon atoms by nitrogen with respect to benzene’s structure [30]. We
anticipate a decrease of the aromaticity of these species as the number of replace-
ments increase, i.e., the order given in Scheme 1.

This is exactly the trend obtained using the resonance energy (RE) criterion
except for triazine. For the set of molecules with the same number of nitrogen
atoms, the most aromatic are those with the largest number of N-N bonds
[44]. Among the different tests suggested in Ref. [30] to assess the performance
of aromaticity indices, reproducing the order given in Scheme 1 was the most
difficult one for the aromaticity indices. None of the aromaticity indices was
actually able to pass this test (Table 1).

The FLU fails only on finding pyrimidine more aromatic than pyridazine. The
PDI fails to reproduce the expected aromaticity trend in the 6-MR heteroaromatic
series. It considers pyrazine and pyridazine more aromatic than benzene itself.
Since PDI measures the electron delocalization across the ring, the lone pairs of
nitrogen, which do not account for the aromaticity of the ring but are part of
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N N N N N
| N N N
S F N/ F NF
Benzene Pyridine Pyridazine Pyrimidine  Pyrazine Triazine

Scheme 1 Six-membered ring heteroaromatic species

Table 1 PDI, FLUY?, HOMA, NICS(0), NICS(1), and NICS(1),, results. NICS values in ppm

System PDI FLU'? |HOMA |[NICS (0) |NICS (1) |NICS(1),, |RE"
Benzene 0.103 | 0.000 0.989 —8.05 —10.22 —29.25 48.7
Pyridine 0.103 | 0.022 0.995 —6.82 —10.12 —28.59 44.1
Pyridazine |0.105 | 0.041 0.981 —5.35 —10.52 —28.28 43.9
Pyrimidine | 0.101 0.032 0.999 —5.53 —10.00 —27.36 40.1
Pyrazine 0.108 | 0.042 0.996 —5.36 —10.24 —28.37 38.8
Triazine 0.096 | 0.043 1.000 —4.07 —9.66 —25.54 44.9

From Ref. [21] in kcal mol ™!

nitrogen’s basin, may increase the delocalization of C—N pair and give artificially
larger PDI values. The HOMA, which uses only geometrical parameters, fails
completely on giving a reasonable trend for the series. Apparently, the electronic
effects on this series are more important than the geometrical features in order to
describe the aromaticity of these species.

The NICS indices also fail on reproducing the aromaticity of these 6-MR
heteroaromatic species. NICS(0) and NICS(1),, find benzene and triazine the
most and the least aromatic species of the series, but they fail to give the correct
trend for the species with one or two nitrogen atoms. NICS(1) only identifies
triazine as the least aromatic compound.

Similarly to FLU, the multicenter indices (MCL, /,;,q,InG,Inp) fail only on
finding pyridazine more aromatic than pyridine. This result was obtained at the
B3LYP/6-311++G(d,p) level of theory; however, the ordering gets completely
messed up if MP2/6-311++G(d,p) is used [30]. On the other hand, if we use
CCSD/6-311++G(d,p), the trend is perfectly reproduced, although some com-
pounds in the series are found equally aromatic (see Table 2) [45]. The multicenter
indices perform better than other aromaticity indices, but they are quite sensible to
the level of theory for small differences as those reported in this heteroaromatic
series [45].

4.2 Five-Membered Heterocycles

In this section we assess the performance of a set of well-known aromaticity indices
to predict the aromatic character of a series of six heterocyclic 5-MRs,
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Table 2 Multicenter indices (MCL, /) at various levels of theory (HF, B3LYP, MP2, and CCSD
with 6-311++G(d,p) basis sets) for the heterocyclic species in Scheme 1

MCI Ling

HE  |B3LYP |MP2 [CCSD |HF B3LYP |MP2 |cCCSD
Benzene 0.068 |0.072  |0.049 |0.048 0.0451 |0.0477 |0.0339 |0.0325
Pyridine 0058 |0.068 |0.046 [0.044 0.0392 |0.0456 |0.0317 |0.0304

Pyridazine 0.056 | 0.069 0.045 ]0.044 0.0384 |0.0469 |0.0315 |0.0304
Pyrimidine 0.049 | 0.065 0.046 |0.042 0.0333 |0.0440 |0.0315 |0.0291
Pyrazine 0.054 | 0.065 0.043 10.042 0.0349 |0.0435 0.0291 | 0.0285
1,3,5-triazine | 0.040 | 0.063 0.046 |0.040 0.0275 |0.0427 |0.0315 |0.0275

X

)

X =CH’, NH, O, CH,, BH, CH"

Scheme 2 5-MR heteroaromatic species C4H4X (X = CH™, NH, O, CH,, BH, CH")

C,H,X (X=CH ,NH, O, CH,, BH, CH") [30] depicted in Scheme 2. According to
the electron counting based on molecular orbital occupation, for X = CH™, NH, O
we have heterocycles with six m-electrons and, thus, these three rings should be
considered aromatic. Moreover, since the nitrogen atom is less electronegative than
the oxygen atom, a lower reduction of the electron delocalization for the NH group
than for the O with respect to the totally delocalized cyclopentadienyl anion (CH ™)
[4] is expected. Therefore, pyrrole is more aromatic than furan. On the other hand,
the system with X = CH, is predicted to be a nonaromatic ring, whereas X = BH
and CH" are both four r-electron antiaromatic compounds, with X = CH" being the
one that presents the strongest paratropic ring currents and, thus, the most
antiaromatic of the series. Thus, the expected order of aromaticity for these 5-MR
heterocyclic systems is CH™ > NH > O > CH, > BH > CH". All the calculations
have been carried out with Gaussian package [31], at the B3LYP/6-311++G(d,p)
level of theory. The performance of ten descriptors of aromaticity based on differ-
ent properties, i.e., FLU, MCL, Iyg, I ine, Ing, HOMA, ASE, NICS, NICS(1), and
NICS(1),,, has been evaluated.

All the results obtained are gathered in Table 3. As can be seen, electronic
multicenter descriptors of aromaticity, i.e., MCIL, Iyg, I in,, and Ing, perform in
general remarkably well to reproduce the aromaticity trends along this series. The
FLU index fails predicting CH, as the most antiaromatic of the series instead of
CH", while HOMA values incorrectly predict that pyrrole ring is more aromatic
than the cyclopentadienyl anion (CH ). Among the three magnetic descriptors of
aromaticity used in this work, NICS(1),, is the only one that reproduces the
expected order, whereas NICS(0) and NICS(1) assign the stronger aromatic char-
acter of the series to the pyrrole ring. Finally, the ASE calculations of Cyranski and
coworkers also succeeded in giving the anticipated order [46]. According to these
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results, it is recommended to use either electronic multicenter indices or NICS(1),,
when studying the aromaticity of heterocyclic 5-MRs [30]. It is worth noting that
the Euclidean distance between neurons in a self-organizing map also gives the
expected order of aromaticity for this series [47].

4.3 Substituted Pyrazoles and Imidazoles

In the following work we studied the aromaticity of a series of 1,2-azoles
(pyrazoles) and 1,3-azoles (imidazoles) with N-substituents, in order to gain a
better comprehension on the influence of the N-substitution on the aromaticity of
azoles, a subject that has not been addressed much in detail yet, in contrast to the
good understanding of the corresponding C-substitution [48].

For such  purpose, the influence of different N-substituents
(NH,, CI, NO,, CN, OH, SH, SO,F, SO,CF;, and N(SO,CF3),) on the aromaticity
of both pyrazoles and imidazoles (see Scheme 3) was analyzed through the geo-
metrical HOMA index, the magnetic NICS, and the electronic FLU and MCI
aromaticity criteria.

First, in all cases, the imidazole appears to be more stable than the pyrazole, with
AG ranging from 6.5 (X=NH,) to 11.5 kcal mol™ ](X = CN). In addition, the
energy difference decreases for m-donor substituents that suffer steric hindrance
with the H atom attached to the C2 atoms of the imidazole ring.

The reason for the higher stability of the imidazole ring could first be attributed
to its possible higher aromaticity. However, as can be observed from Tables 4 and
5, which enclose the aromaticity criteria values for imidazole and pyrazole, respec-
tively, both rings appear to present similar aromaticities, with the pyrazole system
being somewhat more aromatic than the imidazole one according to HOMA,
NICS(1),,, NICS(1)y,,, and FLU"? (but not MCI). This behavior is equivalent to
that pyrazine or pyrimidine with respect to pyridazine, the two former being more
stable than the latter, even though their aromaticities are quite similar [30, 44,
49]. In such case, the lower stability of the pyridazine structure is usually related to
the weakness of the N—N bond present in this molecule (vide infra). And this
weakness of the N-N bond can also be assigned to the pyrazole ring [49].

It is also observed how the reduction of aromaticity in both rings due to
N-substitution is larger for the substituents having larger m-acceptor character
(X=NO,, CN, SO,F, and SO,CFj3; see Scheme 4b), which subtract m-electron
density from the ring and produce a clear decrease in aromaticity. This is not the
case for X =N(SO,CFj3), for which the m-acceptor capacity is partially blocked
(Scheme 4c). On the other hand, n-donor substituents (X = NH,, OH, CI, and SH;
see Scheme 4a) have a minor influence in the aromaticity of the rings, as n-electron
donation is disallowed in these rings because the lone pair of N cannot be
delocalized in the ring.

Finally, for comparison purposes, the equivalent series of substituted benzenes
was also included (see Table 6). Compared to the significant change upon substi-
tution of imidazole and pyrazole rings, it is again proven that the aromaticity in
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Scheme 3 The imidazole
and pyrazole rings (the X
substituent is at position 1).
The substituents examined
are shown according to the
minimum-energy structures
obtained for the two rings
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Table 4 HOMA, NICS(1),, and NICS(1),,, (in ppm), MCI (in au), and FLU"? (in au) values for
substituted imidazole systems calculated at the B3LYP/6-311++G(d,p) level

X HOMA NICS(1),, NICS(1)2," MCI FLU'?
NH, 0.873 —28.45 —22.76 0.049 0.115
OH 0.893 —29.03 - 0.049 0.118
cl 0.863 —28.87 —22.74 0.048 0.123
SH 0.821 —28.72 - 0.046 0.127
H 0.880 —31.68 —23.98 0.051 0.109
NO, 0.757 —22.24 —-17.01 0.034 0.165
CN 0.729 —26.87 —19.72 0.036 0.159
SO,F 0.709 —25.86 - 0.034 0.163
SO,CF; 0.718 —26.63 - 0.035 0.160
N(SO,CF5), 0.749 —25.97 - 0.035 0.163

*NICS(1),,, values reported only for substituted imidazoles with C; symmetry

Table 5 HOMA, NICS(1),, and NICS(1), 5 (in ppm), MCI (in au), and FLU"? (in au) values for
substituted pyrazole systems

X HOMA NICS(1),, NICS(1),:," MCI FLU'?
NH, 0917 —29.83 —23.82 0.045 0.109
OH 0.966 —29.64 - 0.047 0.088
Cl 0.931 —29.95 —23.84 0.044 0.104
SH 0.859 —29.77 - 0.041 0.122
H 0.913 —32.79 —24.97 0.046 0.100
NO, 0.839 —25.24 —19.64 0.032 0.142
CN 0.756 —28.21 —20.88 0.029 0.154
SO,F 0.781 —27.95 - 0.029 0.147
SO,CF; 0.793 —28.47 - 0.030 0.142
N(SO,CF;), 0.802 —27.65 - 0.030 0.154

“NICS(1),,, values reported only for substituted pyrazoles with C; symmetry
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Scheme 4 The mechanism of substituent delocalization in N-substituted five-membered rings: (a)
n-donation partially blocked, (b) m-acceptation allowed, and (c¢) n-acceptation for an N-amino acid
substituent partially blocked

Table 6 NICS(1),, and NICS(1),,, (ppm), HOMA, MCI, and FLU"? (au) values for benzene
derivatives

X HOMA NICS(1),, NICS(1),, MCI FLU'?
NH, 0.976 —25.02 —24.87 0.060 0.040
OH 0.989 —26.76 —26.26 0.063 0.039
cl 0.993 —27.40 —27.32 0.068 0.014
SH 0.985 —26.05 —25.95 0.065 0.017
H 0.989 —29.25 —29.07 0.072 0.000
NO, 0.994 —27.51 —26.90 0.064 0.029
CN 0.977 —27.80 —27.44 0.063 0.031
SO,F 0.992 —28.51 - 0.066 0.016
SO,CF; 0.991 —28.78 - 0.065 0.017
N(SO,CF;), 0.992 —27.77 - 0.062 0.032

*NICS(1),,. values reported only for substituted benzene molecules with C; symmetry

benzene is a robust property that remains almost unchanged upon ring substitution.
Indeed, aromaticity changes due to substitution are much larger in imidazole and
pyrazole than in benzene [50-53].

4.4 1,2 and 1,3-Diazasubstituted Four-, Five-,
and Six-Membered Rings

This study is related to the previous systems [48], but now the heteroaromaticity of
these systems is considered from another point of view; instead of geometric,
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Scheme 5 Formation of (a) 1,2- and 1,3-diazacyclobutadiene, (b) pyrazole/imidazole, and (c)
pyridazine/pyrimidine structural isomers from two triplet biradical fragments with the turn-upside-
down approach

magnetic, and electronic aromaticity criteria, we focused on the isomerization
energies. In particular, our aim was to better understand the different stability of
the referred isomers pyrazole/imidazole and pyridazine/pyrimidine as well as that
of 1,2- and 1,3-azacyclobutadiene isomers. Thus, first, we must remind that in many
cases, both structural and stereoisomers can be constructed from the same frag-
ments, but just connecting the two fragments in different ways. Let us consider, for
instance, the 1,2- and 1,3-azacyclobutadiene isomers. They can be constructed from
the same NC fragments just rotating one of the fragments (red fragment in
Scheme 5a). In this case, we can analyze the bonding energy for the formation of
each isomer from the same fragments, by means of a Morokuma-like energy
decomposition analysis (EDA), to discuss the origin of the energy difference
between the two isomers. This method is known as the turn-upside-down approach
[54], and through it we get a deeper insight into the origin of isomerization energies
(see Scheme 5) [55].

The AG isomerization energies, calculated at the BP86/TZ2P level, confirm that
1,3-diazacyclobutadiene, imidazole, and pyrimidine are more stable than their
corresponding 1,2-isomers by 10.6, 9.4, and 20.4 kcal molfl, respectively
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[55]. Previously, the lower stability of the latter was attributed to the lone-pair
repulsion in N—N bonds in these systems [56, 57], although lone-pair protonation
and deprotonation of pyridazine and pyrimidine barely change its isomerization
energy [49]. Therefore, it seems that lone-pair repulsion cannot be the only cause
that explains the higher stability of 1,3-isomers. The values of the turn-upside-down
approach of these isomers are enclosed in Table 7.

For the particular case of 5-MR isomers (for the 4- and 6-MR isomers the
conclusions are similar), imidazole/pyrazole (see Table 7), their formation is
analyzed from azaethendiyl A and 1-azapropendiyl B fragments (triplet states).
The fragments A and B that can be obtained from imidazole (3) and pyrazole (4) are
slightly different, and thus 3 and 4 can be generated using fragments derived from
3 (A(3) and B(3)) or originated from 4 (A(4) and B(4)). The 9.4 kcal mol ™! higher
stability of 3 can be mainly attributed to the better electrostatic interactions
(9.0 kcal molfl), due to the better orientation of the dipole moments of the
corresponding fragments, but especially to the 6-component of the orbital interac-
tion term (AE,), which gives 30.3 kcal mol ! stabilization due to the larger energy
release in the formation of two C—N bonds as compared to the constitution of C—C
and N-N bonds.

As a whole, from the rest of the values of Table 7 above, we observe how
although the large Pauli repulsion explains the weaker N-N bond, it does not
account for the higher stability of the 1,3-isomers. The 1,2-isomers have in fact a
lower Pauli repulsion than the 1,3-forms, which are more stable, not because of a
lower Pauli repulsion of the two C—N bonds as compared to the C—C and N-N
bonds, but due to the more favorable electrostatic and c-orbital interactions
involved in the formation of two C-N bonds in comparison with the generation
of C—C and N-N bonds in 1,2-isomers.

4.5 Aromaticity in the Guanine-Cytosine Base Pair
Interacting with Metal Cations (M = Cu*, Ca*?,
and Cu*?)

In this work [58], we analyzed the aromaticity in the rings of the guanine-cytosine
(GC) base pair and its changes due to the interaction of GC with the cations Cu™,
Ca”*, and Cu®". The analysis was carried out with the NICS, PDI, and HOMA
indicators of aromaticity using the B3LYP functional with a mixed basis set of
double-{ quality with polarization functions.

The results for the GC complex 1 shown in Table 8 indicated that the 5-MR of
guanine is clearly aromatic, while the 6-MRs of guanine and cytosine are only
partially aromatic. To have a reference, it is worth noting that the values of benzene
at the same level of theory are NICS=-9.7 ppm, PDI=0.101 e, and
HOMA =0.981. The results obtained for the free GC base pair are in line with
previous results of Cyranski et al. [59] on the same system and was also confirmed
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Table 8 NICS, PDI, and HOMA aromaticity measures of the five- and six-membered rings of
guanine (G), and the six-membered ring of cytosine (C)

NICS PDI HOMA
System G-5 G-6 C-6 G-6 C-6 G-5 G-6 C-6
GC —11.94 —4.10 —1.86 0.036 0.040 0.848 0.795 0.703
[GCT™ —5.41 —0.31 —2.49 0.023 0.042 0.829 0.550 0.773
Ca®*-GC | —10.67 —4.76 —2.53 0.044 0.045 0.843 0.886 0.797
Cu*-GC —10.64 —4.59 —2.25 0.040 0.043 0.869 0.898 0.761
Cu**-GC —7.37 —2.00 —3.07 0.022 0.040 0.915 0.760 0.822

NICS in ppm and PDI in electrons

KM Op=-------- H——N4H
A4 \

\N{'—H ----------- N3/
NH N4< / NH

HNy—H -=-=-=---- 0,

1 2
M:"
N, 0
K ) H—N,H

:<HN2_—H ---------- (/27"‘“

M™.GC

Scheme 6 The two main resonant structures of the guanine-cytosine base pair (fop) and schematic
representation of the interaction of the GC complex with the metal cation (bottom)

by some of us in a subsequent study [60]. Let us now focus on the 6-MR of guanine.
All indices point out an increase in the aromatic character of this 6-MR when Cu™*
and Ca®" interact with the GC pair through N; and Og4 atoms. This increase in
aromaticity is consistent with the fact that metal cations increase the weight of the
resonant structure 2 in the GC pair (see Scheme 6). In this resonant structure, the
6-MR of guanine has six m-electrons and, therefore, matches the Hiickel’s 4n+2
rule [61]. This 6-MR in resonant structure 2 is more aromatic than the same ring in
the resonance structure 1. Because interaction with the metal cation increases the
importance of resonant structure 2, the guanine 6-MR of the GC pair is more
aromatic when GC interacts with a metal cation. In contrast, there is a strong
decrease of aromaticity of this 6-MR for the Cu®*-GC structure. Interaction of
GC with Cu®* causes the removal of a n-electron from the guanine ring, generating
[GC]" and reducing the aromaticity of its 6-MR [62]. As can be seen in Table 8, the
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guanine 6-MR in the cation radical GC base pair has a low or nonaromatic
character.

According to HOMA and NICS, the 6-MR of the cytosine base is less aromatic
than the 6-MR of guanine. However, the PDI index indicates that the 6-MR of
cytosine is somewhat more aromatic than that of guanine. In this situation, it is
unsafe to reach definite conclusions on the relative aromatic character of these two
rings [63]. What is important, however, is that the aromaticity of the cytosine 6-MR
does almost not change due to the interaction of guanine with metal cations. Finally,
for the 5-MR of guanine, both NICS and HOMA (PDI cannot be applied to 5-MRs)
consider that this ring is more aromatic than the 6-MRs of guanine and cytosine.
This 5-MR has six n-electrons and, therefore, follows the Hiickel’s 4n + 2 rule. The
aromaticity of this 5-MR remains also almost unaffected by the interaction of the
GC base pair with the metal cations.

4.6 Porphyrins and Metalloporphyrins

Metalloporphyrins are heterocyclic macrocycles that play an important role in
biology and catalysis [64—67]. A large variety of porphyrins with different metal
centers and peripheral substituents are found in nature displaying a wide range of
biochemical functions. One of the most popular metalloporphyrins is formed by the
heme group usually complexed to iron(II) or iron (III) metal ion which takes part in
several biochemical processes such as transport, catalysis, and electron transfer
reactions [68]. In this section we study the aromaticity patterns of a large group of
porphyrins complexed to distinct metal ions with multiple spin states (see Table 9)
[69]. As a metal center, we have considered all first-row transition metals (Sc-Zn),
alkaline earth metals (Mg, Ca), and several second-row transition metals (Ru, Pd,
Ag, Cd). This series of metalloporphyrins has been observed experimentally [64—
67, 70]. Here, we focus on the “naked” metalloporphyrins, i.e., without peripheral
substituents (see Scheme 7). As we previously said, measuring the aromatic char-
acter of big macrocycles like porphyrins or metalloporphyrins is a complex task,
because some of the most popular aromaticity descriptors cannot be used [30,
71]. Geometry optimizations of these systems were carried out with the ADF
suite of programs [32] using OPBE functional and basis set of triple-{ quality
containing diffuse functions and one set of polarization functions (TZP). OPBE
functional has been shown to perform remarkably well for spin states [72].

First, most of the geometry optimizations led to metalloporphyrins with Dy
symmetry. In some cases, however, the most stable configuration was with the
metal atom slightly out of the porphyrin plane (see Table 9). In particular, scan-
dium- and calcium-porphyrins show this distortion in the ground state (doublet and
singlet, respectively), while in chromium- and nickel-porphyrins, this displacement
occurs in their respective triplet states, which for these two molecules are signifi-
cantly less stable than their corresponding ground states (see Table 9). The most
significant out-of-plane distortion is observed on the calcium system where the ion
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Table 9 Metal-nitrogen (M-N) and out-of-plane distances (A), and relative spin-state energies
(kcal - mol™") for metalloporphyrins studied

Metal-nitrogen distance Out-of-plane distance® Spin-state energy
Metal Low Interm. | High Low Interm. | High |Low Interm. | High
’Ag 2115 |- - - - - - - -
Ca 2274 |- - 0.857 |- - - - -
'cd 2154 |- - - - - - - -
24Co 1972 2043 |- - - - 0 19.5 -
135Cr 12,001 [2.044 2038 |- 0119 |- 83.5° 403 0
’Cu 2021 |- - - - - - - -
I35Fe [ 1975 |1.983 2055 |- - - 30.2° 0 6.4
' Mg 2065 |- - - - - - - -
24OMn {1997 2006 |2.087 |- - - 47.9 0.6 0
3Ni 1963 |2.029 |- - 0.043 |- 0 20.6 -
13pg 2041 [2056 |- - - - 0 45.0 -
I35SRu [2.034 (2043  [2.042 |- - - 19.5° 0 33.5
2S¢ 2107 |- - 0270 |- - - - -
13T 2051 [2064 |- - - - 12.4° 0 -
24y 2.031 2050 |- - - - 332° |0 -
Zn 2.055 |- - - - - - - -

#Out-of-plane distance only given for those systems with C4, symmetry, within Dy, this distance is
zero because of symmetry
°Corrected for spin contamination

vinyl Me

Me vinyl

propionate propionate

"naked" metalloporphyrin heme-group

Scheme 7 The naked and with the heme-group metalloporphyrins

is significantly displaced 0.86 A from the porphyrin ring plane. In addition, the
calculated spin ground states correspond to those observed experimentally, i.e., a
quintet state for chromium, a triplet state for iron, a sextet for manganese, and a
doublet for cobalt [68]. In most cases, the spin density was mainly localized on the
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inner-ring outer-ring pyrroles

Scheme 8 Inner ring, outer ring, and pyrrole patterns

metal center; however, we found that the quintet state of ruthenium-porphyrin is
effectively a coupling between Ru(IIl)-quartet state and porphyrin®~ doublet. To
understand the nature of the interaction between the metal center and the hetero-
cyclic porphyrin ring, we carried out the energy decomposition analysis of this
series of metalloporphyrins. EDA showed that the interaction between the metal
(M2+) and the ligand (Porzf) is largely electrostatic in nature. However, in all cases
with the only exception of the calcium-porphyrin, the contribution of covalent
interaction that arises from the orbital interaction term is crucial to stabilize the
metalloporphryin. The purely electrostatic contribution obtained from the EDA
analysis help to explain why the calcium atom is displaced almost 1 A out of the
porphyrin plane.

Second, we investigated the aromatic character of these complex heterocyclic
compounds coordinated to a metal with different spin states. To this end, we
explored the aromatic patterns of metalloporphyrins using three well-known aro-
maticity indices such as HOMA, FLU, and MCI. As can be seen in Scheme 8, we
analyzed a number of different aromaticity patterns, i.e., the inner ring made by
16 members including the N atoms of the pyrrole groups (N16), the outer ring with
20 carbon atoms (N20), and finally the pyrrole rings (N5). HOMA and FLU have
been calculated for all three N20, N16, and N5, while MCI could only be computed
for N5 because of the elevated computational cost of generating up to 16! and 20!
permutations of the members of the N16 and N20 rings.

To understand the aromaticity patterns of metalloporphyrins, we first started
assessing the aromatic character of the free-based porphyrin (PorH,) where two out
of four pyrrole rings are protonated (see Table 10). In previous studies, it was
shown that the aromaticity of the two protonated pyrrole rings in PorH, is higher
than in the remaining two deprotonated rings [73]. This observation is attributed to
the fact that when the nitrogen atom is protonated, the pyrrole ring possesses
6 m-electrons and, thus, the system is aromatic according to the (4n+2)
n-electron rule, while with the nitrogen deprotonated, the ring has formally 5 -
n-electrons. As Table 10 shows, HOMA, FLU, and MCI predict higher aromatic
character for the NH pyrrole rings of the PorH, system. These trends were also
observed by aromatic ring current shielding (ARCS) analysis [74] and induced ring
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Table 10 HOMA, FLU, and MCI measures for pyrrole, porphyrin(PorH,), Por, and Por >

HOMA HOMA HOMA |FLU FLU MCI
(N16) (N20) (N5) (N16) | (N20) |FLU(N5) |(N5)
Pyrrole 0.860 0.006 0.046
Por, |0.923 - 0.723(H) |0.006 |- 0.017(H) | 0.029(H)
0.421 0.023 0.020
Por 0.701 0.118 0.255 0.018  0.035 0.034 0.018
Por 2 |0.897 0.330 0.399 0.005 0.027  |0.024 0.029

current calculations [75, 76]; both studies indicated that protonated pyrrole rings
present a stronger local diamagnetic ring current than pyrrole rings without the H
atom. Interestingly, both FLU and HOMA values point to a large aromatic character
for the inner N16 ring of PorH2 that can be related to strong electron delocalization
through the N16 atoms leading to bond length equalization typical of aromatic
systems. These results agree with previous studies based on NICS calculations and
ring currents [73, 75, 76]. The metalloporphyrins studied in this work contain an M+
center and a dianionic porphyrin ligand (Por®"). Thus, deprotonation of PorH, leads
to its dianion (Por®"), where the charge is distributed over the whole porphyrin, and
the molecule adopts a Dy, symmetry. HOMA and FLU values gathered on Table 10
for inner N16, and pyrrole N5 rings are similar to those observed for PorH,, pointing
out the aromatic nature of these cycles, while the outer N20 ring is clearly
nonaromatic according to HOMA and FLU indices. Both PorH, and Por*~ have
18 m-electrons contributing to the inner N16 ring, consistent with (4n+2) rule for
aromatic monocycles. To obtain the neutral porphyrin, we removed two electrons
from Por®~, leading to m-electron localization (the symmetry of the system becomes
D,y,). Such localization of charge prompts a significant decrease of aromaticity in the
inner N16 and pyrrole N5 rings. These results are in agreement with previous ring
current studies of Steiner and coworkers that assigned diatropic (aromatic) ring
current to PorH, and paratropic (antiaromatic) ring current to Por [76].

Next, we studied how the aromaticity of the porphyrin ring changes upon
complexation of the metal cation (M?* + Por’~ — MPor). First, we focused our
attention on the aromatic character of inner N16 and outer N20 circuits in
metalloporphyrins compared to the free-based porphyrin. As can be seen in
Table 11, the aromaticity of N16 keeps practically unchanged upon complexation
of the metal center; HOMA values are close to 1 and FLU is close to 0 in all cases.
Therefore, the inner N16 ring retains the aromatic character of the Por’>~. On the
other hand, results on Table 11 show that the presence of a metal center induces a
significant enhancement of aromaticity with respect to the outer N20 ring in Por®~.
As we explained before, the outer N20 ring of Por® ™~ is nonaromatic because the C—
C bonds of the pyrrole rings are strongly localized. The presence of the metal in the
center of the porphyrin triggers an increase of aromaticity in the outer ring,
reducing the alternation pattern observed in the free-based porphyrin (Por®™).
This observation is attributed to two main factors: polarization of the n-cloud and
charge transfer. First, the divalent positive charge of the metal moves the more
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Table 11 HOMA, FLU, and MCI values for Por—2 and MPor. MCI values in a.u.

HOMA HOMA HOMA FLU FLU FLU MCI
Metal | (N16) (N20) (N5) (N16) (N20) (N5) (N5)
Por 2 |0.897 0.330 0.399 0.005 0.027 0.024  |0.029
’Ag 0938 0.598 0.605 0.004 0.020 0.020 |0.025
'ca  |0.906 0.574 0.591 0.003 0.020 0.018  |0.026
'cd  [0.879 0.525 0.579 0.004 0.020 0.019 |0.026
2Co  [0918 0.726 0.672 0.004 0.018 0.018 |0.024
‘Co  |0.944 0.683 0.644 0.004 0.018 0.016 |0.025
'cr |0.892 0.798 0.711 0.005 0.016 0.017 |0.023
*cr - 0.906 0.803 0.750 0.006 0.021 0.027 0.024
Scr 0934 0.710 0.663 0.004 0.018 0.018  |0.025
2Cu | 0.951 0.695 0.656 0.004 0.019 0.018  |0.026
'Fe  |0.909 0.745 0.680 0.004 0.017 0.018 |0.024
Fe 0912 0.752 0.687 0.005 0.016 0015 |0.025
SFe 0933 0.696 0.656 0.004 0.018 0.019 |0.024
"Mg |0.934 0.658 0.637 0.003 0.019 0.017 |0.026
Mn | 0911 0.734 0.666 0.005 0.016 0.020 |0.022
‘Mn | 0.904 0.782 0.706 0.006 0.016 0.020 |0.022
°Mn |0.926 0.641 0.630 0.004 0.019 0018 |0.026
Ni  |0.917 0.724 0.677 0.005 0.018 0.019 |0.024
Ni 0948 0.689 0.650 0.004 0.019 0.018 |0.026
'Pd  [0.954 0.692 0.656 0.005 0.019 0.019  [0.025
pd 1 0.930 0.794 0.770 0.007 0.016 0.019  |0.025
'Ru | 00911 0.754 0.684 0.004 0.017 0.018 |0.024
Ru |0.923 0.734 0.676 0.004 0.017 0.015 |0.024
SRu | 0.871 0.883 0.783 0.009 0.010 0.009 |0.027
2S¢ |0.867 0.775 0.717 0.006 0.013 0011 |0.027
'Ti  [0.869 0.797 0.699 0.007 0.014 0.022 |0.018
Ti 0.890 0.749 0.677 0.005 0.015 0.017  |0.023
v [0.869 0.797 0.699 0.007 0.014 0022 |0.018
‘v [0.890 0.749 0.677 0.005 0.015 0.017 |0.023
Zn | 0.944 0.671 0.642 0.004 0.019 0.018 |0.026

polarizable n-electrons near to the N atom, increasing the aromaticity of the pyrrole
ring, as HOMA and FLU values show. This trend was also observed by Steiner
et al. for MgPor, where they reported a bifurcation of the ring current that makes
both inner and outer rings aromatic [76]. Second, there are also significant
two-electron two-orbital interactions between the metal cation and the porphyrin
ring. These interactions are basically c-donation from the N lone pair to the empty
d-orbitals of the metal and then m-retrodonation from the filled d-orbitals of the
metal atom to the zw-electron system of the porphyrin. Thus, these charge transfer
processes increase the m-electron populations of the 5-MR pyrrole rings, leading to
an increase of the aromaticity of the outer N20 ring. In almost all the systems, the
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aromatic character of the inner N16 ring is higher than the one observed for the
outer N20 ring. The case of Ru’ is particularly interesting because, as we said
before, the quintet state of the ruthenium-porphyrin is obtained from the coupling of
Ru(IIl) quartet with porphyrin®~ doublet. In this molecule the electron delocaliza-
tion patterns show a particular behavior with respect to all the other
metalloporphyrins studied on this work. The outer N20 ring shows similar aroma-
ticity as the inner N16 ring (see Table 11). In summary, the aromatic character of
outer (N20) and 5-MR pyrrole (N5) rings is significantly enhanced by the presence
of the metal center, while the inner ring (N16) is hardly affected. We also showed
that both HOMA and FLU indices perform really well to assess the aromaticity of
large heterocyclic macrocycles such as porphyrins, metalloporphyrins, and related
systems. Other works, however, pointed out that the HOMA index has to be applied
with care to the quantification of aromaticity in hexaphyrins since both antiaromatic
and aromatic porphyrins have similar values [77, 78].

5 Aromaticity in Heterocyclic Inorganic Compounds

5.1 A Test to Evaluate the Performance of Aromaticity
Descriptors in All-Metal and Semimetal Clusters

In this section we have chosen the 4-MR series of valence isoelectronic species that
have a predictable trend of aromaticity ([XnY4,n]qi; X,Y =Al, Ga, Si and Ge;
n=0-4) [29]. The most aromatic species are those with only one kind of atoms
(X,9% or Y,9%), while the least aromatic are the X,Y,%* species. For instance, in the
series X = Al and Y =Ge, one can predict a steep decrease of aromaticity when
going from Al4*~ to heteroaromatic GeAl;~ due to the reduction of symmetry and
the more electronegative character of Ge atom. The transition from GeAl;™ to
Ge,Al, carries a smooth reduction of aromaticity. The two isomers Ge,Al, should
have similar aromaticity, and when passing to Ges;Al™ there should be a smooth
increase of aromaticity. Finally, passing from the latter species to Ge,** shall occur
with an important increase of the aromaticity. When X and Y belong to the same
group, the changes are subtler because their electronegativity and geometry are
more similar. In general, we expect an aromaticity trend that goes like this:

X, 9% > X379 > X,Y,9F < XY39F < v,4t

Let us first discuss the series [Al,Ge,4 _ n]2 ~ " (n=0-4) in detail, and afterwards the
results for the rest of the [XnY4_n]qi series are briefly analyzed. The number of
valence electrons is the same for all members of the series. Figure 1 depicts the
trends observed along the series Al to Gey>* for the MCI and NICS indices. Both
total MCI and MCI,, curves have a clear concave U shape providing the expected
order of aromaticity. We have recently shown that the cross-contributions, the
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Fig. 1 Several MCI and NICS values (ppm) at the B3LYP/6-311 + G(d) level for the [XoYa_nl%E
(X,Y = Al, Ga, Si, and Ge; n = 0-4) series

electron sharing indices (ESI) values of nonbonded atoms in 4-MRs (8" and 8'3)),
also reproduce this finding. On the other hand, NICS(0)*P [calculated at the ring
critical point (RCP)] yields the anticipated order of aromaticity, but NICS(0) [cal-
culated at the geometrical ring center] shows an incorrect steady increase of
aromaticity when going from Al,>~ to Ge4>* species, thus indicating the importance
of the point selected to compute the NICS value also in inorganic clusters. Actually,
the distance between the geometrical ring center and the RCP is 0.19 A,0.28 A, and
0.39 A in AlGe™, ALGe,, and AlGe;", respectively, resulting in significant
differences between the NICS(0) and NICS(0)*P. In order to avoid the strong
influence of the atoms nearby, it is thus recommended to calculate the NICS
value at the point of lowest density in the ring plane, i.e., the RCP. The NICS
out-of-plane (zz) component behaves somehow better, and it is less affected by the
position where the NICS is calculated. In both cases, NICS(0),,, and NICS(0),,"P,
the trend along the series is correct except for Al;Ge™ that is found to be slightly
less aromatic than Al,Ge,. In addition, the NICS values computed at 1 A above the
ring plane (NICS(1), NICS(1)*P, NICS(1),,, and NICS(1),,"P) show the expected
U behavior along the series. In order to shed more light into NICS(0) failure, we
dissected NICS values for the different molecular orbitals in order to study the
separate © and o contributions (see Scheme 9). Interestingly, radial o-orbital
(HOMO-2 in Al,*") and the m-orbital (HOMO in Al,*>") reproduce the predicted
concave shape, while the tangential ¢-orbital (HOMO-1) shows the wrong trend.
Indeed, summing up orbital contributions, we see that NICS(0), gives the correct
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Scheme 9 Canonical molecular orbital contribution to NICS(0)™ (ppm) for the series Al,%~
AlGe™, AL Ge,, AlGe;™, and Ge,**

trend, and we can thus conclude that the ¢ contribution is responsible for the
NICS(0) failure. It is interesting to see that NICS(0), gets smaller as more alumi-
num atoms are replaced by germanium atoms, indicating that the size of the atom is
particularly relevant in this case.

The summary of the results obtained for the series analyzed in this work are
collected in Table 12. In this table, we write “yes” for those indices that follow the
expected trend for a given series, “no” otherwise, and “NC” (non-clear) when the
failure of the index is minor (for instance, the index falls short only for the ordering
of one species in a given series). The most complicated series for the aromaticity
indices are those involving phosphor atoms. The P/S series is discussed with greater
detail in the Sect. 5.3. Results in Table 12 show that the multicenter indices perform
generally better than NICS, and they reinforce the superior behavior of NICS(0),; as
compared to NICS(0), NICS(1), and their corresponding out-of-plane components.
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Table 12 Summary of the results obtained at the B3LYP/6-311 + G(d) level for the six series
studied with seven descriptors of aromaticity analyzed

Series | MCI | MCI® | NICS(0)*P | NICS(1)*P | NICS(0),,”P |NICS(1),,"? | NICS(0),"?
Al/Ge | Yes | Yes Yes Yes NC* Yes Yes
Al/Si |NC* | Yes NC?* Yes Yes Yes Yes
Ga/Si | Yes | Yes NC* NC* Yes Yes Yes
Ga/Ge |Yes |Yes Yes Yes Yes Yes Yes
P/S Yes | Yes No No No No Yes
P/Se Yes | Yes No No No No NC?*

“Fails only in ordering one molecule

The series analyzed constitute a new set of tests to evaluate the performance of
aromaticity descriptors in all-metal clusters, the first to the best of our knowledge.

5.2 The Aromaticity of MZNZZ (M and N =B, Al, and Ga
with M #+ N) Clusters

In this work we analyzed the molecular structure, relative stability, and aromaticity
of the cis (Cyy) and trans (Dyy,) heteroaromatic isomers of M,N,>~ (M and N =B,
Al, and Ga with M # N) clusters [79]. We found that the C,, structures with boron
atoms, A12B22_ and Ga2B22_, which present a short B-B bond, are more stable than
the Dy, alternate systems. On the other hand, for GazAlzzf the Dy, isomer is
marginally more stable than the C,, structure (see Fig. 2). The same energy
ordering is found for same rings incorporating a Li* counterion, i.e., the
LiM,N,”™ (M and N =B, Al, and Ga with M # N) species. To better understand
the origin of the different relative stability of these isomers and the nature of the o-
and n-bonding in these systems, energy decomposition analysis (EDA) calculations
were carried out. The M,N 227 clusters were constructed from MN™""" fragments in
their quartet open-shell valence configuration (three spins up in the bonding orbitals
Gpy» Tpx, and 1, of one of the diatomic fragments and three spins down in the same
orbitals of the other) to build the o;, o,, and © molecular orbitals of M2N22*.
Therefore, in the formation of the MoN,>~ cluster by combination of two MN ™"
fragments, two o- and one n-bonds are formed. We analyzed the bonding situation
in Dy, isomers obtained from D,;, fragments and C,, isomers generated by means of
fragments derived from the C,, isomer. The results are collected in Table 13.
ALB,>" and Ga,B,> " have similar trends. The C,, structure is the global minimum
due to larger attractive orbital interactions despite the higher Pauli repulsion as
compared to the D,, counterpart. Both the AE., and AE, terms are more
stabilizing for the C,, symmetry, but the main difference stems from the
o-component of the AE,; term as a result of the strong B-B c-bond formed in the
C,, symmetry. The Al,B,>~ and Ga,B,>~ molecules energetically prefer to keep a
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Fig. 2 Optimized

structures of C,, and D,y
M,N,2~ species (where M

and N =B, Al, Ga with

M #N). Pink, blue, and
yellow spheres represent

boron, aluminum, and

gallium atoms, respectively.
The relative energies for the
isomers were computed at
CCSD(T)/6-311G* level

theory for the MP2/6-

311G* optimized structures.
The bond distances are in A

ALB,”

Gaszz-

Ga,AlL,”

1.570

2.070

167

AE = 0.0 keal mol!, Cy,

AE=0.0 kcal-mol, C,,

2.582

AE=0.0 kcal-mol, Dy,

2.128

153

AE =27.1 keal-mol’',

2.153

D2h

AE=30.1 kcal-mol”, D,

AE=2.0

Table 13 BP86/TZ2P energy decomposition analysis for the cyclic molecules

keal mol!, Cyy

ALB,*~ Ga,Al,”~ Ga,B,>~

C2va ])2hb C2vC DZhd CZVe Dth
AEpuii 294.3 228.1 134.2 117.0 296.5 260.8
AV st —98.9 —82.5 —524 —47.8 —93.3 —97.2
AE,; —244.7 —-162.5 —-79.8 —68.1 —244.4 —165.8
AE,;, —210.0 —139.6 —68.0 —58.1 —209.9 —142.8
AE,;x —34.7 —229 —11.8 —10.0 —34.5 —23.0
AE, —493 —16.9 2.0 1.1 —412 —22
N 0.3 0.1 0.0 0.0 0.1 0.2
AE —49.0 -16.8 2.0 1.1 —41.1 -2.0

Energies are in kcal - mol ™'

3(Al-B) =2.064 A, r(B-B) =1.559 A, r(Al-Al) =2.871 A
°{(Al-B)=2.125 A
°r(Ga—Al) =2.612 A, r(Al-Al) =2.617 A, r(Ga-Ga) =2.625 A
Ir(Ga-Al) =2.608 A
°r(Ga-B) =2.124 A, r(B-B) = 1.561 A, r(Ga—Ga) =3.260 A
H(Ga-B)=2.197 A
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a, b .
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r vy 4 —  AlLGa, Cp P @ / — ALGat, Gy,
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Fig. 3 The (a) B™,, and (b) B"™,; components of B, plotted along the principal axis
perpendicular to the molecular plane of the C,, and D,;, isomers of the GazAlzz’, Alszz’, and
Ga2B227 and of the Dy B427, Al427, and Ga427 clusters analyzed by this methodology. The
external field is IB'|=1.0 T applied in the z (out-of-plane) direction

short B-B bond and a long M-M (M = Al, Ga) one, and this leads to a partial
breaking of the M-M bond (d(Al-Al)=2.767 A in ALB,?>" and d(Ga—Ga)=
2.834 Ain Ga2B227). On the other hand, for Ga2A1227 the two isomers show almost
the same values, and the difference in their respective AE;, is less than
1 keal -mol™'. The AE,;, stabilization remains almost constant for the two forms,
and the slightly larger stability of the D,y cluster comes from smaller Pauli
repulsion, which is mainly attributed to the existence of the Ga—Ga direct bond in
the C,, cluster (Ga has more electrons than Al).

The aromaticity of cis (C,,) and trans (Dy;,) isomers of M2N227 (Mand N=B, Al,
and Ga with M #N) clusters was investigated using the induced magnetic field
(B™,) and the MCI. B™, . is the same as NICS,,,. A profile of the & contribution
of the B™, (B™,)) that includes M,>~ (M =B, Al, and Ga) clusters is plotted in
Fig. 3. All M,N,>~ (M and N =B, Al, and Ga) isomers present a similar trend as
expected due the presence of the 1-MO similar to the presence of Al,>". Only the
B>~ cluster shows a more diatropic character from the ring center up to 1.5 A over
the ring, and this is likely due to the well-known ring size dependence of NICS
values. The profile of the ¢ contribution of the B¢, (B plotted in Fig. 3 shows a
different behavior. In the C,, isomers of AIZBZZ_ and Gaszz_, the radial molecular
orbital present in these molecules does not cover all the atoms because of the large
Al-Al and Ga—Ga distances, and this affects the c-aromaticity that is smaller than for
the rest of the species. As can be seen in Fig. 3, the diatropic character decreases
about 10 ppm along the z-axis if it is compared with their respective D,;, isomers.

We also calculated the MCI and its ¢ and & components (MCI, MCI,,, and MCl,)
to discuss aromaticity from an electronic point of view. The results listed in
Table 14 show that the two cyclical GaZAlzzf, both C,, and D, isomers, are
more aromatic than Ga,B,”~ and ALB,> . Basically, the two isomers of the
GazA1227 present almost the same total MCI values, and, therefore, the reason for
the larger stability of the Dy, species in Ga,Al,?~ cannot be attributed to higher
aromaticity. The MCI,, is the same in both isomers. Interestingly, MCI results show
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Table 14 The B3LYP/6-311 + G* MCI, MCI,,, and MCI, values (in a.u.) of the M2N227 clusters
(where M and N =B, Al, and Ga with M # N)

ALB,*~ ALB,*~ Al,Gay>~ AlLGa,?~ Ga,B,>~ Ga,B,>~

(Ca) (Dan) (Cay) (Dan) (C2) (Dan)
MCI 0.202 0.240 0.367 0.359 0.273 0.321
MCI, 0.129 0.155 0.187 0.185 0.149 0.187
MCI, 0.073 0.085 0.180 0.174 0.124 0.134

that the more stable C,, isomer of Ga,B,>~ and Al,B,* is less o- and w-aromatic
than the D,;, form. While the reduction in c-aromaticity when going from D,;, to Cs,,,
is in agreement with B™,, trends given in Fig. 3, the reduction in the t-aromaticity
is less evident from the profiles of Bi“dm. On the other hand, whereas the MCI
descriptor gives similar weights to the o- and n-aromaticities of these clusters, B™,
results indicate that the 6-aromaticity is much more important than the n-one in the
systems analyzed.

In summary, induced magnetic field and MCI results confirm the double aro-
matic behavior of all these species. Interestingly, for A12B22_ and Ga2B22_, the less
aromatic isomer (C,,) is the global minimum in the respective potential energy
surface. The reason is the short and strong B-B bond formed in these C,, structures.

5.3 The Aromaticity of Ps _ ,,S,,(” - (n=1-5) Clusters

In this section we measure the aromaticity of a series of isoelectronic mixed
phosphor and sulfur clusters [Ps_ ,S," " (n=1-5)] by different methods. Since
these clusters contain unusual P-P, S-S, and P—S bonds, we cannot use any method
based on reference molecules such as FLU or HOMA. We employ multicenter
indices, NICS, and a model based on classical electrodynamics to measure the
intensity of the ring currents (I) and characteristics of ring current loops (ring
current radii, R, and height of the current loops above/below the ring plane, r)
[29, 80]. These systems with six n-electrons are n-aromatic systems [81, 82]. They
do not have o-(anti)aromaticity. The values of I, R, and r are obtained using
equations derived from classical electrodynamics and the Biot—Savart law by fitting
NICS,,, values calculated at several perpendicular distances from the center of the
ring located in the molecular xy plane. In the process, it is assumed that two
electronic currents are flowing in infinitely narrow superconductor wires of ring
current radii R and at a distance r above and below the ring plane.

From the NICS results in Table 15, only NICS(0), and its zz component
(NICS(0),,,) indicate the expected change in aromaticity along the Ps _nSn(nf b
(n=1-5) series of clusters, i.e., Ps~ > P4S > P3S," ~P,S;** < PS,>* < S5**. The
n-ring current intensity for Ps ™ is the largest and decreases with the substitution of P
by S* until the PS>t species is reached, in a similar way as NICS(0),,, values. Ring
current loops radii are larger than the distance r of the current loops above/below
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the ring plane. Interestingly, both the R and r values decrease with the increase of
the total positive charge.

6 Conclusions

In this chapter we discuss the molecular structure, chemical bond, and aromaticity
of a series of heteroaromatic molecules studied in our research group. The examples
analyzed include both organic and inorganic species. As to the organic heterocy-
cles, we study the series of six-membered heterocycles that result from the single to
triple substitution of a CH group in benzene by an N atom, the effect of substitution
in five-membered heterocycles C4H4X and substituted pyrazoles and imidazoles, as
well as the 1,2- and 1-3-diazasubstituted four-, five-, and six-membered rings.
Changes on the heteroaromaticity of organic compounds as a result of the interac-
tion with metals are investigated in the guanine-cytosine base pair and in porphyrin
rings. In the last decade aromaticity has moved well beyond the realm of purely
aromatic and heteroaromatic classic molecules to encompass all-metal and semi-
metal aromatic compounds. The heteroaromaticity in these clusters is less known
due to two main reasons: first, all-metal and semimetal heteroaromaticity is exper-
imentally still a relatively unexplored field of research, and, second, there is a lack
of reliable measures of aromaticity for all-metal and semimetal clusters. We discuss
here the results for the series [XnY4_n]qi; X,Y = Al Ga, Si, and Ge (n=0-4) and
Ps_nSn('P D (n=1-5) both having an expected trend in aromaticity along the
series and the heteroaromatic isomers of M,N,>~ (M and N = B, Al, and Ga with
M # N) clusters. Our results point out the need to use several indicators of aroma-
ticity to get reliable orderings of aromaticity. The use of a single indicator of
aromaticity is discouraged because we found many cases in which some indicators
do not provide the correct aromaticity ordering for the systems under study. Our
results also indicate that the electronic multicenter indices are among the most
reliable indicators of aromaticity, and they are clearly recommended in studies
involving heteroaromatic compounds.
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Abstract This chapter is devoted to a theoretical analysis of the nature of chemical
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compounds which have recently been synthesized including the sulflowers and
derivatives. The novel concept of disk aromaticity proposed as a measure of the
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1 A Brief Overview

Aromaticity is one of the most popular and widely used concepts in chemistry. Its
enduring influence on the chemical thinking is witnessed by, among others, the
special issues of Chemical Reviews in 2001 and 2005 [1, 2] and a recent book
[3]. Initially introduced to interpret the high thermodynamic stability of planar and
n-conjugated monocyclic hydrocarbons [4], the concept has nowadays extensively
been applied to other types of compounds such as heterocyclic [5-8] and polycyclic
organic [9—11] compounds, inorganic complexes, clusters of elements [12—19], and
three-dimensional and spherical structures [20-32]. However, despite its universal
interest, aromaticity is rather a qualitative concept, and there are no direct measures
to quantitatively evaluate it. Alternatively, aromaticity is usually associated with
some characteristics of compounds such as closed-shell electronic configurations,
highly symmetrical geometries, high thermodynamic stability, large resonance
energy, and diatropic magnetic property [1, 2]. As a consequence, various measures
have been proposed on the basis of these characteristics, such as the Hiickel rule of
(4N +2) electrons [33], the nucleus-independent chemical shift (NICS) [34-36],
ring-current theory [37, 38], resonance energies [39—42], etc. The theoretical and
methodological backgrounds of these measures have been well described in the
literature [1, 2], thus, we only summary in this context some outlines of the most
popular approaches.

1.1 The Hiuckel and Mobius Aromaticity

In 1825, benzene was for the first time isolated by Faraday as a stable organic
compound, despite its unsaturated electronic configuration [43]. Forty years later,
the cyclohexatriene formula of benzene was proposed by Kekulé and was ever since
considered as a structural basis of aromaticity [4]. In 1931, Hiickel marked a great
breakthrough when he proposed a rule for electron count to evaluate the aromatic
character of monocyclic organic compounds [33]. Accordingly, a cyclic compound
will be aromatic if it contains (4N + 2) m-electrons and antiaromatic if it contains 4N
n-electrons. Probably Hiickel did not expect that his proposition would become one
of the most important structural indexes in chemistry, as the Hiickel rule can
extensively be applied for many different types of chemical compounds. It is thus
extended to o-electron systems [44, 45], and some new concepts were subsequently
proposed, such as doubly (x and o) and conflicting (x and o) [12, 46], triple [47],
and three-dimensional [48] aromaticity.

A compound whose both n- and o-electron systems satisfy the Hiickel rule of
(4N +2) will be doubly (r and o) aromatic. If one of two n- and c-electron systems
of a compound contains (4N +2) electrons, the other one only has 4N electrons; it
will be conflicting aromatic. Subsequently, a compound will be doubly (n and o)
antiaromatic if both n- and o-electron systems contain each 4N electrons.
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For instance, the charged boron (B) cluster Bs> is a typical doubly (r and o)
aromatic species [49] (Fig. 1).

The Bg*~ cluster dianion contains in total 26 valence electrons which can be
divided into three different subsets. The first subset contains 16 valence o-electrons
and is responsible for 8 two-electron-two-center bonds between boron atoms. The
second subset has 6 valence n-electrons (HOMO, HOMO', and HOMO-4) and the
third subset has 6 valence c-electrons (HOMO-1, HOMO-1’, and HOMO-3)
(Fig. 1). The valence electrons of both latter subsets are delocalized over the
whole Bg”~ structure and subsequently make the Bg>~ doubly (r and o) aromatic
with N = 1. Similar observations can be found for an abundant number of atomic
clusters such as B; ™, B427, A1427, etc. in the literature [50].

On the other hand, the Mobius systems emerge as an interesting different type of
aromaticity, called the Mobius aromaticity that was first proposed by Heilbronner
[51]. This term was named to the memory of the German mathematician August
Ferdinand Mobius (1790-1868) since he and Johann Bebedict Listing published for
the first time their work on projective planes and one-sided surfaces, being now
known as the Mobius strip (Fig. 2a) [52, 53]. Detailed descriptions about this
concept and its applications were abundantly discussed in recent reviews [54,
55]. Generally, compounds that display a Mobius aromaticity should have rigid
frameworks that enforce a smoothly twisted conjugation. A Mobius structure can be
considered as a combination of a “normal” aromatic structure and a belt-shaped
aromatic structure as shown in Fig. 2b [56]. Based on simple the Hiickel molecular
orbital theory, it was shown that the Mobius systems containing 4N w-electrons will
be stable as they possess a closed-shell electronic configuration. This is in contrast
to the Hiickel systems where systems containing 4N m-electrons often have open-
shell electronic configurations. As a consequence, the Mobius compounds are
aromatic when they have 4N m-electrons and antiaromatic when they contain 4N
+ 2n-electrons.

A typical example for a Mobius system is the cyclononatetraenyl cation (CH)o*.
Scheleyer and coworkers [57] found that the cyclononatetraenyl cation possesses a
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An idealized Mébius strip bearing an evenly distributed p-atomic-orbital basis set.

b
@:@g *@@: m"
planar belt Mdbius

Construction of a Miibius structure

Fig. 2 Shape of an idealized Mobius strip and schematic construction of a Mobius structure
(Reproduced with permission from Refs. [55] and [56])
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Fig.3 Shapes of conformations of (CH)". NICS values were calculated at the B3LYP/6-311 + G(d)
level (Ref. [57])
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Mobius conformation A which is 22 and 26 kcal/mol more stable than the second
isomer B and the planar isomer C, respectively. Interestingly, they indicated that
the Mobius structure A exhibits an aromatic feature with the value of
NICS = —13.4, whereas both conformers B and C are antiaromatic, with positive
values NICS(B) = 8.6 and NICS(C) =42.0 (Fig. 3).

1.2 Magnetic Criteria and Nucleus-Independent Chemical
Shift (NICS)

Magnetic criteria-based indexes are also used to evaluate aromaticity [1, 2]. Among
the indexes proposed such as the exalted magnetic susceptibilities (A) [58, 59] and
the proton and Li" NMR chemical shifts [60], the nucleus-independent chemical
shift (NICS) is more popularly used, owing to its friendly evaluation and efficiency.
The NICS was proposed as a better alternative for indexes of proton and Li* NMR
chemical shifts by Schleyer and coworkers in 1996 [34]. By using a virtual nucleus
(called as ghost atom) placed at a center of structure, the “absolute” chemical
shielding obtained avoids effects which are caused by perturbation of wave func-
tions of H and Li nuclei and systems considered. As a consequence, NICS provides
more realistic values to quantify aromaticity. However, subsequent studies found
that chemical shifts of chemical compounds do not only depend on the n-electron
systems of compounds, but they are also affected by other magnetic shielding
contributions from the o-electrons, lone pairs, and also core electrons. Thus,
NICS value calculated at points 1 A above the ring center (being labeled as NICS
(1)) was suggested as an improved measure of n-electron delocalization [35, 36]. In
order to gain more insight into distributions of o- and zn-electron systems, some
dissected NICS techniques were introduced, including localized molecular orbital
(LMO)-NICS [61] and canonical molecular orbital (CMO)-NICS methods [36]. In
the LMO-NICS method based on the IGLO formalism, chemical shielding of
molecules is only calculated on the localized n-electron systems which are sepa-
rated from the c-electron systems using the Pipek-Mezey localization procedure.
The LMO-NICS is effective to evaluate n-aromatic feature of planar molecules, but
its applicability to nonplanar molecules is less convenient. In other ways, the
CMO-NICS based on GIAO method provides us with distribution of chemical
shielding of all canonical MOs, and the - and n-aromatic features are subsequently
evaluated. Additionally, it can conveniently be calculated, since the GIAO method
is available in most quantum chemical codes such as the Gaussian, ADF, Gamess,
etc. In spite of its shortcomings, the CMO-NICS technique becomes nowadays one
of the most widely used (magnetic) indexes to quantitatively determine the aro-
matic character of different chemical compounds.

The ring-current model is another magnetic criterion which is effectively applied
for evaluation of aromaticity. The first proposition of a “ring current” was initiated
by London [38] and Pauling [62] in the 1930s and then further developed by Pople
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[63] and McWeeny [64] in the 1950s. However, the ring-current model has only
widely been used to evaluate aromaticity of compounds since Lazzeretti and Zanasi
and coworkers had put considerable efforts to improve the rigorous ab initio
methods to calculate molecular magnetic properties [65, 66]. These authors used
a coupled Hartree-Fock method with large basis sets to study electron current
density of several aromatic molecules. Following works by Lazzeretti [67], Fowler
[68] and Sundholm [69], etc. gave not only more insights into this magnetic
criterion but also presented visualization of the ring currents of molecules. We
would refer to the comprehensive reviews by Lazzeretti [67] and Gomes and
Mallion [70] that described in detail the theory and applications. In general, in an
external magnetic field oriented along the main symmetry axis of the molecule,
molecules will sustain induced ring currents whose strengths can be used as a
measure of aromaticity. On a map of current densities, a diamagnetic circulation
presented by counterclockwise arrows corresponds to an aromatic character. Oppo-
sitely, a paramagnetic circulation which is presented by clockwise arrows corre-
sponds to an antiaromatic feature.

2 Method of Electron Localization Function (ELF)

The electron localization function (ELF) has become an effective tool for describ-
ing the nature of chemical bond and thereby aromaticity of a wide range of
compounds, from novel organic compounds to elemental clusters, to inorganic
and organometallic complexes [6, 11, 15, 16, 18, 71]. To get a better understanding
about this intriguing function and its applications, let us briefly describe the
theoretical backgrounds on which the concept was developed.

The ELF was originally introduced by Becke and Edgecome in 1990 [72] as a
local function which measures the probability of finding an electron in the neigh-
borhood of another electron with the same spin. Thus, the ELF is basically a
measure of the Pauli repulsion at a given point of a molecular space. Some years
later, the ELF was re-interpreted by Silvi and Savin [73] using arguments based on
the excess of kinetic energy density due to Pauli repulsion. Accordingly, the ELF is

defined by Eq. 1:
_ i) 7P\
FLE= {” o) } W

where tp(r) presents the excess of local kinetic energy due to Pauli restriction and
tp 5(r) stands for the tp(r) value for a homogeneous electron gas with the same
density. The ELF values thus lie in the range of 0 <ELF <1 in which the upper
limit ELF=1 corresponds to the perfect localization and the ELF=0.5 to an
electron gas-like pair probability. Theoretically, the above formula (1) only applies
to closed-shell single-determinant wave functions. However, it was practically



Chemical Bonding and Aromaticity in Poly-heterocyclic Compounds 167

showed that the ELF also gives meaningful results for open-shell systems in both
Hartree-Fock MO and density functional theory-based approximations [74].

Silvi and Savin [73] proposed a topological analysis of the molecular space
using the gradient field of ELF. On the one hand, when electrons either are lone pair
or form anti-spin pair such as localized bonds, the effect of Pauli principle on their
behavior and the excess local kinetic energy are very little, and the ELF value is
thus close to 1. On the other hand, at the boundaries of such regions, the probability
of finding electrons with the same spin is rather high. Consequently, the excess
local kinetic energy is higher and the ELF value is smaller. The topological analysis
is performed in order to partition the molecular space into basins €, of attractors.
Each basin is characterized by an attractor which is a local maximum of ELF. The
synaptic order of each basin is defined as the number of core basins included. For
instance, lone pairs are associated to monosynaptic basins, whereas localized
two-electron-two-center bonds can be described by disynaptic basins. Integration
of the electron density of a basin Q4 will give us with its electron population. To
have an efficient visualization tool, the authors [73] introduced an f-localization
domain which is defined as formal bodies bounded by a given isosurface n(r) =f
and enclosing points for which ELF >f. These domains are considered to be
reducible when they contain more than one contractor and irreducible when they
contain only one contractor. At low ELF value, only one reducible f-localization
domain is presented for molecular space and covers all its populations. This
reducible f~domain will be partitioned into many smaller irreducible and reducible
f-localization domains when the ELF value is increased.

The topological analysis of the ELF of benzene shown in Fig. 4 is a typical
example. At low value of ELF=0.5, all populations are included into only one
reducible domain. At ELF =0.65, this domain is separated into one “aromatic”
domain containing populations of all carbon atoms and six disynaptic V(C;,H;)
domains. When the ELF value is increased to 0.70, the “aromatic” domain is split
into six V(C,C) domains, each of which corresponds to a single C—C bond of
benzene. We would refer to a previous report for a detailed analysis on the ELF
of benzene and its derivatives [75].

The analysis of the separation of f~localization domains along the increase of
ELF value gives interesting information about the location of electrons and thereby
the nature of chemical bond in a molecule. Additionally, it is the basis on which
quantitative aromaticity of a molecule can be evaluated. On the basis of topological
analysis of ELF, Santos and coworkers [76] proposed a proper method to evaluate
aromatic character. They performed an analysis over the separate ELF, and ELF,,.
Accordingly, a molecule is -/c-aromatic when its bifurcation value of ELF,/ELF,
is high. Oppositely, it is antiaromatic when the ELF value is low.
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Fig. 4 Separation of f~localization domains (a), shape of molecule (b), and plot of total ELF (c) of
benzene

3 Aromaticity of Thiophene and Its Derivatives

Thiophene and derivatives are important materials that form the basic units in
different types of polymers and n-conjugated organic materials. Characteristics of
aromaticity and chemical bonding of these cyclic molecules were reported in recent
literature [36]. According to total NICS calculations, thiophene and all
heteroatomic derivatives which are constructed by either substituting n CH-
group by n atoms of other hetero-elements such as nitrogen (N) and phosphorus
(P) or replacing S by oxygen (O) and selenium (Se) are aromatic. Total NICS values
obtained at the centers of rings and at positions of 1 A above these centers are highly
negative and are comparable to the typical value of NICS(1) = —10.2 of benzene
(Fig. 5).

Concerning the D, [n]-annulenes and hetero-derivatives, detailed description
about their aromatic features is quite limited. It is well known that the total NICS of
a molecule depends on many factors. Analysis of aromaticity based on dissected
NICS techniques is thus necessary to gain more insight into distributions of - and
n-electron subsystems. For instance, based on CMO-NICS analysis for [n]-
annulenes, Heine et al. [77] showed that the largest NICS distributions come
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Fig. 5 Aromatic five-membered heterocyclic compounds (NICS(0) values obtained at B3LYP/6-
311+ G(d,p) are taken from Ref. [36])

from the lowest-energy o- and m-orbitals. Accordingly, the diatropic character will
be decreased as the number of nodes around the ring is increased. These observa-
tions disagree with those of Fowler et al. [78], who previously found that frontier
orbitals of [n]-annulenes are mainly responsible for the ring-current density. How-
ever, subsequent studies recognized that the distributions of frontier orbitals are
dominating by the zz-component of the shielding tensor [79]. The latter authors
concluded that the NICS,, values describe the aromatic character better than the
total NICS. A legitimate question thus arises as to whether similar characters can be
found for thiophenes.

We performed the dissected CMO-NICS analysis on thiophene and some deriv-
atives using the GIAO method at the B3LYP/6-31 + G(d)//B3LYP/6-31 + G(d,p)
level. The shapes of MOs and CMO-NICS distributions of thiophene are depicted in
Fig. 6.

There is a large difference between NICS,,(0) and NICS,,(r)(0) values obtained
at the center of thiophene (Fig. 6). The NICS,,(r)(0) is equal to —26.8 that is much
more negative than the NICS,,(0) of —7.6. Interestingly, at position of 1 A above
the center where distribution of c-electron system is small, this gap is remarkably
decreased for NICS,,(1) and NICS,,(x)(1), namely, NICS,,(1)=—-18.9 and
NICS,,(1)(nr) = —26.0. Two NICS,,(m)(0) and NICS,,(n)(1) values are close to
each other (Fig. 6). These computed results clearly show that thiophene is a highly
n-aromatic molecule. Additionally, Fig. 6 also reveals that the lowest-lying
w-orbital (MO-19) gives larger contribution to m-aromatic character of thiophene
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than the higher-energy m-orbitals (MO-21 and MO-22). Similar observation is also
found for c-electron system that the lowest-energy 6-MOs (from MO-10 to MO-15)
have diatropic shielding, whereas distributions of the higher 6-MOs are paratropic.
Our predictions are similar to those of Heine et al. [77] derived for [n]-annulenes.
However, it is worthy to note that the zz-component of the shielding tensor (NICS,,)
and total NICS of thiophene give the same trend.

Our dissected CMO-NICS analysis for furan and selenophene shows similar
predictions. The lowest-energy n-MOs (MO-12 for furan and MO-28 for
selenophene) have the largest diatropic shielding. Similar computed results are
found for o-electron systems where the lowest-lying MOs give diatropic
CMO-NICS, whereas higher-energy 6-MOs induce paratropic shielding. Table 1
also reveals the large difference between NICS,,(0) and NICS,,(0)(r) obtained at
the ring centers, whereas their NICS,,(1) and NICS,,(1)(n) values at 1 A positions
are close to each other. Consequently, both furan and selenophene are, as expected,
strong m-aromatic species. Although earlier reports showed that furan exhibits
aromaticity somewhat weaker than thiophene and selenophene [80], such a trend
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Table 1 Individual CMO-NICS contributions of furan and selenophene (in ppm unit) obtained at
the GIAO-B3LYP/6-31 + G(d)//B3LYP/6-31 + G(d,p) level. Bold and italic values correspond to
contributions of 1-MOs

Furan Selenophene

MO NICS,,(0) NICS,.(1) MO NICS,.(0) NICS,.(1)

6 c —11.8 -5.3 19 c —16.8 -79

7 Iy —12.0 —6.4 20 c -9.6 —6.7

8 c —8.6 -5.7 21 c —10.6 -7.2

9 c -9.5 —7.1 22 c —4.6 —4.0

10 c —6.1 —4.2 23 c —9.6 —5.8

11 c —11.5 —49 24 c —10.2 —4.5

12 b4 —11.8 -9.2 25 c 26.6 11.5

13 c 17.7 6.6 26 c 20.1 9.1

14 c 23.4 9.3 27 c 5.2 0.4

15 c 28.1 9.1 28 b4 —13.1 —11.3

16 c 18.6 6.3 29 c 333 13.5

17 n -85 -7.2 30 b4 -9.0 -7.1

18 b4 -7.1 —4.4 31 b4 -3.0 —24

NICS(w) —274 —20.8 —25.0 —20.8

Total NICS -7.5 —26.9 —4.5 —26.6

is not clearly found in this context. We should note that previous reports evaluated
aromaticity of five-membered heterocycles using NICS(0) and NICS(1) values. As
stated above, these NICS values are less accurate to describe aromaticity of
molecules due to the effects of components along the x- and y-axes of shielding
tensors.

In order to gain more insights into individual CMO-NICS contributions in
heterocyclic compounds, we performed a CMO-NICS analysis for some derivatives
such as oxazole, thiazole, and selenazole. Table 2 showed that the lowest-energy
n-MOs of all these molecules (MO-12 for oxazole, MO-18 for thiazole, and MO-27
for selenazole) give the largest diatropic CMO-NICS values, which are similar to
the predictions observed above for furan, thiophene, and selenophene. Similarly,
the low-lying energy 6-MOs of all these molecules also reveal diatropic characters,
whereas their higher-energy 6-MOs have paratropic CMO-NICS. These molecules
are accordingly aromatic systems with high negative NICS,, values (Table 2).

Generally, based on dissected CMO-NICS analysis, we can conclude that all the
five-membered heterocycles considered are m-aromatic. The diatropic characters
tend to be decreased from the lowest- to the highest-energy MOs. The same trend is
holds for both n- and 6-electron systems. Such an observation is in variance with the
case of [n]-annulenes, where their highest-energy n-MOs give larger contribution
on NICS,, () values.

As for a better understanding about the chemical bonding and aromaticity of
hetero-monocycles considered, we now performed a topological analysis of their
ELF picture. The ELF,, plots for these molecules and their bifurcation values shown
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Fig. 7 The ELF, plots and their bifurcation values for five-membered heterocycles

in Fig. 7 are in good agreement with our above discussion about their aromatic
features. All molecules reveal high bifurcation values of 0.96-0.97 that are com-
parable to the ELF,=0.91 of benzene. Consequently, these molecules are
aromatic.

There are similar characters about total ELF plots of the cycles considered and
also their electron distributions. Figure 8 reveals monosynaptic basins of oxygen
(O), sulfur (S), and selenium (Se) with electron populations of ~4.2—4.6 electrons,
which correspond to their lone pairs. For furan, thiophene, and selenophene, two
different types of disynaptic V(C,C) basins are equally present. The electron
populations of the first type corresponding to V1(C,C) basins contain each ~3.5
electrons, which are responsible for double C=C bonds. The electron populations
of the second type that corresponds to V2(C,C) basins only vary in a range of 2.1—
2.5 electrons. These basins are responsible for the formation of single C—C ring
bonds. In addition, each of these molecules contains two disynaptic V(C,X) basins
(with X =0, S, and Se). Each of these basins is populated by ~1.8 electrons, which
are responsible for single C—X bonds. Similar observations are found for heterocy-
cles containing nitrogen. A considerable difference concerns the presence of mono-
synaptic V(N) basins in these cycles.
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Fig. 8 Total ELF plots of molecules at bifurcation values of 0.80-0.83

4 Aromaticity of Poly-heterocycles Containing Sulfur

and Their Derivatives

Oligomers and polymers containing heterocyclic units of chalcogen elements have
greatly been attractive as promising units for n-conjugated organic semiconductors,
which are at the heart of the fabrication of high-performance organic devices such
as organic light-emitting diodes (OLEDs), organic field-effect transistors (OFETS),
and organic photovoltaic cells (OPVs) [81-83]. We have shown in the previous
section that possessing six delocalized n-electrons similar to that of benzene, the
five-membered heterocyclic units such as furan, thiophene, selenophene, etc.
exhibit highly aromatic features. Additionally, materials containing thiophene
fused rings usually are more stable against oxidation reagents as compared with
those containing the corresponding acenes [84]. Moreover, the compounds
containing furan or thiophene are found to have high-packing crystallized structures
in solid state, which is a very important property to gain effective charge transport
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[85, 86]. During the past decades, numerous compounds having such features have
extensively been synthesized in the laboratory, and their electronic and optical
properties were carefully investigated [87—89]. In this context, we give hereafter
some details about their chemical bonding.

Let us first consider the family of [n]-circulenes which are composed of a central
n-membered carbon ring and a full saturation of fused benzene rings on their edges.
This class emerges as a special type of polyaromatic hydrocarbons (PAHs). The [n]-
circulenes containing 5-, 6-, and 7-membered central rings were experimentally
synthesized, and their electronic structure, aromaticity, and chemical bonding
features were extensively studied by theory [90-94]. Both the [5]-circulene
(known as bowl-shaped corannulene) and [6]-circulene (known as planar coronene)
are found to be hub-antiaromatic and rim-aromatic systems [92]. Interestingly, the
[7]-circulene has a saddle-shaped structure of C, symmetry in the solid state and a
time-averaged planar structure of D, symmetry in solution. Both structures of this
molecule were found to exhibit aromatic characters similar to each other
[93]. Using the ipsocentric CTOCD-DZ/6-31G(d,p)//RHF/6-31G(d,p) method,
Jenneskens et al. [93] found that the structures sustain rim-diatropic and
hub-paratropic currents, which are similar to those of corannulene and coronene.
From the viewpoint of heterocyclic chemistry, analogous compounds of [n]-
circulenes are of interest. In fact, many heterocyclic circulenes in which n fused
benzene rings are replaced by n fused thiophene rings were experimentally synthe-
sized [95, 96]. In what follows we analyze a few typical systems.

4.1 Aromaticity of the Sulflower C;4Sg

Ever since the sulflower C;¢Sg was experimentally prepared in 2006 by
Chernichenko et al. [96], the annulated oligothiophenes and their derivatives have
received much attention. C;6Sg was found to be a good p-type semiconducting
material for application in organic electronic devices [97]. Subsequently, its deriv-
atives C14Xg with X =0, Se, PH, PF, and NH were extensively studied [98]. We
should note that while [n]-circulenes with n=5-7 were clearly established by
experiment [90, 91], the [8]-circulene was theoretically probed to be unstable
molecule with rim and hub antiaromaticity [99]. Thus, the existence of C;4Sg has
marked a great breakthrough in PHAs chemistry. C;¢Sg contains eight n-electrons
which are populated at inner Cg ring and 24 m-electrons populated at the outer
hetero ring. In the view of “annulene within an annulene” model, it is the inner and
outer antiaromatic molecule. Based on NICS calculations at the centers of the inner
and outer rings, the C;sSg is however considered as a hub-nonaromatic and
rim-aromatic molecule [98]. To probe the distribution of - and c-electron systems,
we performed a CMO-NICS analysis using the GIAO-B3LYP/6-31G(d)//B3LYP/
6-31 + G(d,p) method.

The computed values listed in Table 3 reveal that larger differences between the
NICS,,()(0) and NICS,,(0) values occur at the ring centers. Similar to the cases of
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Fig. 9 Shape and total ELF plot of the sulflower C;¢Sg

mono-heterocycles such as furan, thiophene, and selenophene, these gaps are
considerably decreased between the NICS,,(n)(1) and NICS,,(1) values obtained
at positions of 1 A above centers. Additionally, all NICS,,(r) values obtained at the
outer five-membered rings are consistently negative. However, while NICS,,(x)
values of inner eight-membered ring are highly positive (NICS,,(n)(0) =+13.1 and
NICS,,(m)(1) =+9.9), its NICS(n) values are close to zero. Since NICS,, is con-
sidered as more realistic than total NICS, our computed results suggest that the
sulflower C;4Sg also exhibits hub-antiaromatic and rim-aromatic character. Thus, it
appears that the “annulene within an annulene” model is again failed in evaluating
the aromatic character of poly-heterocyclic compounds.

A more interesting information from CMO-NICS analysis is perhaps the contri-
butions of orbitals to the global aromaticity. Table 3 reveals that NICS values tend
to be decreased with increase of energy levels of m-orbitals, especially for NICS
values obtained at the center of inner ring. The low-lying m-orbitals (MO-82,
MO-87, MO-88, MO-94, MO-95, and MO-104) give larger diatropic distributions
than the others. Importantly, the highest-energy =-orbitals (from MO-108 to
MO-112) give remarkably paratropic contributions to the antiaromatic feature of
the inner ring.

For a better understanding about aromaticity and chemical bonding of C;¢Sg, we
also performed a topological analysis of its ELF (Fig. 9). Firstly, a good electron
delocalization is effective over the entire structure of C;4Sg. Eight monosynaptic
basins V(S) are localized on total ELF plot where each of these basins contains 4.6
electrons. Additionally, 16 disynaptic basins V(C,S) are present, each of them
contains 2.0 valence electrons which are responsible for two-electron-two-center
bonds between sulfur and carbon atoms. The C—C bonds between carbon atoms of
the inner eight-membered ring are presented by eight disynaptic basins V1(C,C),
each being populated by 2.1 valence electrons. Finally, the ELF plot shows eight
disynaptic basins V2(C,C) with each containing 2.9 electrons. These electrons
together with contributions from lone pairs of sulfur atoms are responsible for the
aromaticity of Cy4Ss.

More interestingly perhaps, our analysis reveals that both NICS calculations and
topological analysis of ELF agree with each other in the evaluation of aromaticity.
The first bifurcation value of ELF,, is observed at ELF, = 0.57 that corresponds to a
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Table 3 Individual CMO-NICS contributions of valence molecular orbitals of C;¢Sg. Values are
calculated at the B3LYP/6-31G(d)//B3LYP/6-31 + G(d,p) level

Inner C8 ring

Outer rings

NICS(0) NICS(1) NICS(0) NICS(1)

NICS,, |NICS |NICS,, |NICS |NICS,, |NICS |NICS, |NICS
MO-57 |o |-78 —32 | -63 23 | =30 | =20 | —21 |-06
MO-58 |o |-83 -33 | -66 —24 | —27 -15 | —23 [-08
MO-59 |c |-83 -33 | -66 —24 | =55 -35 | 33 [-08
MO-60 |c |—58 —23 |-53 -19 | -63 -31 | =37 |-11
MO-61 |c |-58 —23 |-53 -19 | —63 -31 | =37 |-11
MO-62 |o |-55 21 |-50 |-18 | =59 —25 | -35 |-12
MO-63 |c |-55 21 |-50 [-18 [-130 | =55 | =59 [-16
MO-64 |o |-79 |-30 |-58 -16 | —28 -13 | =26 [-10
MO-65 |o |—64 |-22 |[-56 -19 |-110 | —45 | —50 |-14
MO-66 |c |-88 —29 |-61 —19 | —11 -06 | —14 |-06
MO-67 |c |-—88 —29 |-6.1 -19 | —16 | —09 | —25 [-10
MO-68 |c |-54 |-19 |-42 ~15 0.4 01 | —1.0 |-05
MO-69 |6 |-54 |-19 |[-42 -15 0.4 01 | -10 [-05
MO-70 |o | 08 0.2 0.4 01 | =54 | —19 | =30 [-11
MO-71 |6 |-03 00 |-03 -0.1 | —02 0.0 02 |-01
MO-72 |o |-03 00 |-03 —01 | —40 | -10 | —26 |-10
MO-73 |o |-8.1 -39 |-50 [-17 0.8 01 | —04 [-03
MO-74 |6 |-60 |-22 [-55 2.1 04 | —04 | —24 [-009
MO-75 |6 |-60 |-22 [-55 21 | =26 | —-14 | =39 |-15
MO-76 |6 |—02 05 |-02 0.1 1.0 0.3 0.3 0.0
MO-77 |o¢ |-02 05 |-02 01 | —14 | —07 | —07 |-05
MO-78 |o | 08 0.0 04 | -0.1 -13 —07 | -13 [-07
MO-79 |c | 08 0.0 04 |-01 | -13 —07 | —-13 [-07
MO80 |6 |-60 |-1.1 |[-57 -1.6 53 1.5 0.3 0.0
MO8l |6 |—14 |—01 |[-16 —03 | —44 | —10 | -38 |-13
MO-82 |m |-84 |-46 |-73 32 | -23 —31 | —22 |-15
MO-83 |6 | 9.0 35 7.6 2.7 8.4 3.0 48 1.6
MO-84 |c | 9.0 35 7.6 2.7 22.6 83 9.8 33
MO-85 |6 | 5.0 2.9 2.9 14 | —49 -15 | =17 [-o06
MO86 |o | 5.0 2.9 2.9 14 | —49 -15 | =17 [-o06
MO-87 |m |-72 |-32 |-63 —25 | —29 | -19 | —27 |-12
MO-88 |m |-72 |-32 |-63 —25 | —40 | —49 | -39 |-23
MO-89 |6 | 80 2.8 4.7 1.6 | —06 02 | —03 0.0
MO9 |c | 80 2.8 47 1.6 | -38 -03 | —-19 [-07
MO91 |6 | 27.1 95 | 245 8.5 48.1 16.8 25.7 8.6
MO92 |6 | 62 32 4.6 2.0 0.3 0.1 1.4 0.4
MO93 |c | 62 32 4.6 20 | —59 -17 | —04 |-02
MO-94 |m |-53 |-20 |-48 |-17 | —48 | —34 | —45 |-20
MO-95 |m |-53 |-20 |[-48 -17 | -48 | 34 | -45 |-20

(continued)
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Table 3 (continued)

Inner C8 ring Outer rings

NICS(0) NICS(1) NICS(0) NICS(1)

NICS,, |NICS |NICS,, |NICS |NICS,, |NICS NICS,, |NICS
MO-96 c 0.0 —0.6 0.5 —0.2 7.9 3.9 23 1.0
MO-97 c 8.1 3.6 6.2 2.4 —0.1 0.0 2.1 0.6
MO-98 c 9.3 2.7 7.5 22 9.3 3.7 4.9 1.7
MO-99 c 9.3 2.7 7.5 22 15.3 6.8 7.5 2.7
MO-100 |o | 20.0 6.4 13.9 4.4 3.0 1.9 32 1.1
MO-101 |o | 20.0 6.4 13.9 4.4 3.0 1.9 32 1.1
MO-102 (= |34 -1.1 |-3.1 -1.0 -2.7 -1.5 —2.5 -0.9
MO-103 |(n |34 -1.1 | -3.1 -1.0 -5.3 -3.3 =50 |-2.0
MO-104 (m | —6.9 —-44 | -6.0 -3.0 —2.2 -1.0 22 | —0.6
MO-105 |(mt |—4.0 -23 |-33 —1.5 —1.4 —0.6 -1.2 | -0.3
MO-106 (& |—4.0 -23 |-33 —1.5 1.1 —0.1 1.0 0.6
MO-107 (= |-1.2 —-04 |-1.1 -0.3 -1.6 -1.2 -14 | —-0.5
MO-108 | & 3.9 1.5 3.2 1.3 -1.7 —0.7 -14 | -0.2
MO-109 (= | 18.1 6.0 154 52 5.2 1.6 5.4 2.1
MO-110 | | 18.1 6.0 154 52 5.2 1.6 5.4 2.1
MO-111 |n | 14.8 5.1 12.6 4.3 12.0 4.1 11.1 4.1
MO-112 |n | 14.8 5.1 12.6 4.3 —5.3 -1.6 —4.6 |11
NICS(n) 13.1 -3.0 9.9 04 |-154 |-193 |—-133 —5.7
NICS 31.7 52 15.9 2.6 59 |—-139 |-149 |-73

separation of basins of inner ring. This value of ELF,, is quite low and indicates that
the polycycle C;6Sg is a hub-antiaromatic system. The second bifurcation value of
ELF,, which corresponds to a separation of the basins of outer five-membered rings,
amounts to 0.89. This value is very high and is comparable to the ELF, =0.91 of
benzene. Consequently, C;4Sg can be considered as rim-aromatic system.

4.2 Annulated Heterocycles Containing an Inner
Eight-Membered Cg Ring

Derivatives of C;4Sg have also recently drawn much attention in theory and
experiment. Previous studies showed that seleno-[8]-circulene and P-flowers
C6(PH)g and C,4(PF)g in which all S atoms of C,4Sg are replaced by Se and —PH
and —PF groups, respectively, are the most promising candidates [7, 98]. The
seleno-[8]-circulene C;sSeg was also synthesized in experiment by Chernichenko
et al. [95] using tetraselenophene as a precursor. This procedure was also used
effectively to synthesize sulfur-selenium [8]-circulene C;¢S4Se,4 (Fig. 10).

Our theoretical predictions agree well with earlier studies that all above mole-
cules are planar similarly to C;4Sg. Because N-C and O-C bond lengths are quite
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Fig. 10 Shapes of some eight-membered poly-heterocycles

shorter than C—S distance, the molecules such as C;,0g and C;,(NH)g were found
to have a bowl shape rather than a planar structure. We also performed computa-
tions on the oxygen derivative C;5540, (sulfur-oxygen [8]-circulene). However,
the optimized geometry of C;6540, is again bowl shaped.

All planar molecules C;Seg, C14(PH)g, C16(PF)9, and C;¢SesS,4 turn out to have
aromatic features similar to that of sulflower C;¢Sg (Table 4). They are found to be
in the mean time hub-antiaromatic and rim-aromatic systems. The compounds
containing sulfur and selenium have similar aromatic features. In fact, NICS values
obtained at the center of the inner Cg rings are similar, whereas NICS values
obtained at the center of fused selenophene rings are somewhat less negative than
those obtained at the center of fused thiophenes. Interestingly, the molecules
C,6(PH)g and C,4(PF)g showed smaller magnetic characters than those of com-
pounds containing sulfur and selenium. While NICS values obtained at the center of
their Cg rings are smaller than those of C;4Sg, the five-membered rings containing
phosphorus have weaker aromatic character than the five-membered rings of sulfur
and selenium.



180 T.B. Tai et al.

Table 4 NICS and NICS,, values of poly-heterocycles obtained at the centers of rings and
position of 1 A above centers. The values are calculated at the B3LYP/6-31G(d)//B3LYP/6-31
+G(d,p) level

Inner C8 ring Outer rings

NICS(0) NICS(1) NICS(0) NICS(1)

NICS,, |NICS |NICS,, |NICS |NICS,, |NICS NICS,, NICS
C16Ss 31.7 5.2 15.9 2.6 59 —13.9 —14.9 -7.3
ClgSeg 30.9 5.2 15.7 2.5 14.2 —10.7 —11.3 —6.8
Ci1654Ses | 31.2 5.1 15.8 2.5 8.8% —11.4* —14.0° -7.0°*

14.0° -10.8> | —146" |-6.8°

Cis(PH)s |24.7 4.6 11.6 1.8 11.8 —8.6 —6.9 —4.2
C16(PF)g 17.6 1.9 4.6 0.1 12.6 —7.6 -39 —-1.5

“NICS values obtained at center of outer thiophene rings
PNICS values obtained at center of outer selenophene rings

5 Disk Aromaticity of Poly-heterocycles

As discussed above, the classical Hiickel rule of (4N +2) electrons is beyond any
doubt the most applied model to probe aromaticity. Let us state again that a planar
system containing (4N +2) delocalized n-valence electrons exhibits aromaticity,
whereas a planar system that contains 4N delocalized n-valence electrons has an
antiaromatic feature [33]. This rule has consistently been proven to be effective in
examining the aromaticity of planar monocycles, including organic compounds,
inorganic complexes, and metal clusters. However, this rule seems to be failed
when applied to polycyclic compounds. For instance, Wang et al. [100] reported a
combined theoretical and experimental investigation on the anionic boron cluster
By . Their findings showed that B9~ exhibits a beautiful planar structure that is
composed of two boron rings with one central B atom. Although this anionic cluster
has an aromatic feature on the basis of negative NICS,, value, its molecular orbital
(MO) pattern does not follow the Hiickel rule of (4N +2) at all. The anion contains
in fact 12 delocalized m-electrons. In order to rationalize this feature, the authors
[100] proposed that the anion has a concentric doubly n-aromaticity corresponding
to two concentric delocalized m-electron systems, with six electrons each. In a
recent communication, we found that the anionic B,y~ and B2027 clusters also
exhibit polycyclic planar structures, being composed of 1 outer 13-membered ring,
1 inner 7-membered ring, and one central B atom [14]. The B,o>~ dianion is also
found to be an aromatic system whose MO pattern is similar to that of the Bjo~
anion. More fundamentally, we pointed out that the energy levels and shapes of
MOs of Bzozf, and also of By, match well with those obtained from the simple
model of a particle in a circular box. The solutions of the Schrodinger equation for
the model are constructed using the Bessel functions as basic wave functions. These
anions are proposed to have a disk aromaticity, and concretely, each disk-aromatic
system bears 12 valence r-electrons. A legitimate question arises here as to whether
this represents only a special case for systems containing 12 delocalized valence
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n-electrons or it is associated with a more general feature of polycyclic compounds.
Let us first give a short introduction to the disk aromaticity model.

5.1 Theoretical Backgrounds

The “particle in a box” is the simplest example for the solution of the Schrodinger
equation and widely used in textbooks of elementary quantum chemistry to show
the ways of constructing wave functions, thereby of qualitatively explaining many
basic phenomena related to electronic structure. The “particle in a circular box” is
another simple but more basic quantum chemical model. This model can be
considered as a two-dimensional problem in which the particle is moving in a
potential well with the perimeters having infinite height. The particle is restricted to
be within =R, where R is a constant. In polar coordinates, the Schrodinger
equation for this problem is written as follows:

- (0 10 10
o (W + ’—E—F’—zw) w(0,r) =Ew(0,r) (2)

where 7 is the Plank constant and g is the mass of particle.

Because this is a circular symmetry and polar coordinate problem, the wave
function y (@, r) can be written as R(r).0(8). The solution for this equation will be
w =R(r) ¢™’. Substitution of the latter into the Schrodinger equation gives us

O°R(r) | 10R(r)

E2u
or? +r or

L/, m\ ., o
+3(K =77 JRO) =0 with & == 3)

This equation is known as the Bessel differential equation [101], and its solutions
are the Bessel functions J;(x).
The Bessel functions J,(x) for integer / have the form

10 = () o) “

This is the Bessel function of the first kind of order /. This function is finite and
converges for all values of x. The values of x for which J,(x) =0 is called the zeros
of the functions.

The energy of a particle in this circular box can thus be obtained as
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Tabl‘e 5 Radial (n) and n 1 E Number of n-electrons
rotational (/) quantum
number, energies (£, in unit of 1 0 5.783 2
12/2ma®) of the lowest 1 +1 14.682 6
eigenstates, and 1 +2 26.374 10
corresponding number of 2 0 30.472 12
m-clectrons 1 £3 40.707 16

2 +1 49.219 20

1 +4 57.582 24

2 +2 70.849 28

3 0 74.887 30

2 +3 95.277 34

3 +2 103.502 38
Fig. 11 Maps of node
characteristics of the wave 30.472 12
functions for the lowest
eigenstates of a circular box

n=2,1=0
n=1,1=1%+2
n=11=+1
5.783 2
n=11=0
Energy Level E  Number of n-electrons
2 z 2 :
E,. =0, —=x,—— n=1,2,3...and /=0, £1, +2 ... 5
! 1 om 1 2ma? )

where x,,; is the zeros of the Bessel functions Jy(x), a is the radius of box, and n and
[ are the radial and rotational quantum numbers, respectively.

By replacing the zeros of the Bessel functions into Eq. 5, the energies (in unit of
7%/2ma®) of the lowest-lying states of a particle can be determined and are given in
Table 5. The maps of the signs and nodes of the wave functions determined from the
use of the Bessel functions for some lowest-lying states are sketched and
represented in Fig. 11.
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It turns out that this simple model of a particle in a circular box offers an
amazingly accurate description of the m-states in the cyclic boron structures. The
eigenstates in the box model are characterized by a radial (n=1, 2,...) and a
rotational (/ =0, 7, 8, ¢, v,... or [=0, £ 1, £ 2, £ 3, &+ 4,...) quantum number,
and the energies are determined by the zeros of the cylindrical Bessel functions.
The lowest eigenstates in ascending order are lo, 1w, 18, and 26. The nodal
characteristics of these cylindrical waves exactly match the sequence of the occu-
pied delocalized m-orbitals of boron-based clusters. Accordingly, the molecules
containing the number of 2, 6, 10, 12, 16. .. delocalized valence m-electrons that
fully occupy the circular shells of the model exhibit an enhanced stability that we
proposed as to arise from a disk aromaticity. Consequently, the molecules
containing the numbers of 4, 8, 14, 18. .. delocalized valence m-electrons exhibit
a disk-antiaromatic character.

5.2 Some Applications

As for a crucial test, we re-examine the cases of boron-carbon wheels CsB;;* and
C6B1227 [102, 103] whose structures and shapes have well been established. They
were in fact reported as stable structures with interesting fluxional features and
beautiful symmetrical geometries.

While the cation CsB;," was found to be aromatic with ten delocalized valence
n-electrons, the dianion C¢B,>~ is antiaromatic despite the fact that CeB12>™
contains 14 delocalized valence m-clectrons [103]. From this observation, the
authors [98] claimed that the Hiickel rule of (4N +2) is inefficient for polycyclic
wheels, but a further explanation was not given.

Let us reconsider these structures on the basis of the model of a particle in a
circular box. For the purpose of comparison, the species CsB;;~ and C¢B, are also
examined. The shapes of the valence n-MOs of these structures are given in Fig. 12
together with the node characteristics of the model. It is interesting to see that both
charged species CsB;;* and CsB;,” are disk-aromatic systems that satisfy the
model of a particle in a circular box. Their pictures of 1-MOs agree well with the
node characteristics of the model (see above). The cation CsB;;" contains ten
delocalized n-MOs that doubly occupy the eigenstates of (1o1x1d). Adding two
excess electrons to T-HOMO of the cation CsB;", the anion CsB{;~ now has
12 delocalized m-electrons that occupy the eigenstates of (lolnl1d25). Conse-
quently, they both exhibit disk-aromatic features.

More interestingly, while the neutral C¢B, is aromatic, its dianion C6B122_ is
antiaromatic. It can be seen in Fig. 10 that the dianion C¢B;,>~ only possesses
14 valence m-electrons that thereby cannot fulfill the eigenstates of the model (n =1
and /== 3). Consequently, it exhibits an anti-disk-aromatic character. Following
detachment of two electrons from HOMO of the C¢B;,> ", the picture of MOs of
CeB 15 is similar to that of the BsC;; and BZOZ* and the whole feature makes it disk
aromatic.



184 T.B. Tai et al.

QLoD
QYWY ©L

n=21=+1

HOMO-1 HOMO

VISP

HOMO-16 HOMO-9 HOMO-8 HOMO-2

HOMO-2 HOMO-1

4

CsB12?" (Cen)

HOMO-8 HOMO-4' HOMO-4 HOMO-2*

Fig. 12 Shapes of the valence m-orbitals of CsBy;~ and C¢B1,>~ and the lowest-lying wave
functions for a particle in a circular box

It is worthy to note that there is a concurrence in the number of valence electrons
between the Hiickel rule of (4N +2) electrons and the disk aromaticity model at
small systems (N < 2). While the Hiickel rule is not realistic for polycyclic com-
pounds, the planar monocyclic compounds whose number of valence n-electrons is
larger than 10 is rather rare. Thus, the proposed concept of disk aromaticity is also
expected as an effective measure of aromaticity for both planar monocyclic and
polycyclic compounds.
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6 Conclusion and Perspective

In this chapter, we reviewed some of the characteristics of aromaticity and chemical
bonding of a few known mono- and poly-heterocyclic compounds containing sulfur
and their hetero-derivatives. The inherent aromaticity was carefully considered
using the topological analysis of the dissected CMO-NICS and electron localization
function (ELF). The novel concept of disk aromaticity has been applied to some
poly-heterocycles. We would hope that the theoretical approaches described in this
chapter will be helpful for the heterocyclic chemists.

Acknowledgments The authors are indebted to the KU Leuven Research Council for continuing
support (GOA, IDO, and PDM programs). We thank FWO Vlaanderen for a research grant on
non-classical aromaticity and a postdoctoral fellowship (TBT).

References

Schleyer PR (2001) Chem Rev 101:1115-1118
Schleyer PR (2005) Chem Rev 105:3433-3435
Chattaraj PK (2012) Aromaticity and metal clusters. CRC Press, London
Kekulé A (1865) Bull Soc Chim Paris 3:98-110
Radenkovic S, Gutman I, Bultinck P (2012) J Phys Chem A 116:9421-9430
Krygowski TM, Cyranski MK (2009) Aromaticity in heterocyclic compounds in topic hetero
chemistry, vol 19. Springer, Berlin
Huong VTT, Tai TB, Nguyen MT (2012) Phys Chem Chem Phys 14:14832-14841
Huong VTT, Nguyen MT, Tai TB, Nguyen MT (2013) J Phys Chem C. doi:10.1021/
jp401191a
9. Watson MD, Fechtenkétter A, Miillen K (2001) Chem Rev 101:1267-1300
10. Randic M (2003) Chem Rev 103:3449-3605
11. Tai TB, Nguyen MT (2012) Angew Chem Int Ed 52:4554-4557
12. Boldyrev AL, Wang LS (2005) Chem Rev 105:3716-3757
13. Tai TB, Nguyen MT, Nguyen MT (2012) Theor Chem Acc 131:1241
14. Tai TB, Ceulemans A, Nguyen MT (2012) Chem Eur J 18:4510-4512
15. Tai TB, Nguyen MT, Nguyen MT (2012) Chem Phys Lett 530:71-76
16. Tai TB, Kadiubanski P, Roszak S, Majumdar D, Leszczynski J, Nguyen MT (2011) Chem
Phys Chem 12:2948-2958
17. Tai TB, Nguyen MT (2010) Chem Phys 375:35-45
18. Tai TB, Grant DJ, Nguyen MT, Dixon DA (2010) J Phys Chem A 114:994-1007
19. Tai TB, Nguyen MT (2009) Chem Phys Lett 483:35-42
20. Hirsch A, Chen Z, Jiao H (2000) Angew Chem Int Ed 39:3915-3917
21. Chen Z, King RB (2005) Chem Rev 105:3613-3642
22. Biihl M, Hirsch A (2001) Chem Rev 101:1153-1183
23. Tai TB, Nguyen MT (2013) Chem Commun 49:913-915
24. Tam NM, Tai TB, Nguyen MT (2012) J Phys Chem C 116:20086-20098
25. Tai TB, Nguyen MT (2012) J Comput Chem 33:800-809
26. Tai TB, Tam NM, Nguyen MT (2011) Chem Phys 388:1-8
27. Tai TB, Nguyen MT (2011) J Phys Chem A 115:9993-9999
28. Tai TB, Nguyen MT (2011) J Chem Theory Comput 7:1119-1130
29. Tai TB, Hue NTM, Nguyen MT (2011) Chem Phys Lett 502:187-193

QNGB L=

® =


http://dx.doi.org/10.1021/jp401191a
http://dx.doi.org/10.1021/jp401191a

186

30.
3L
32.
33.
34.

35.

36.

37

42
43

49

50.
51.
52.
53.

54.
55.
56.
57.
58.
. Dauben HJ Jr, Wilson JD, Laity JL (1968) J Am Chem Soc 90:811-813

. Paquette LA, Bauer W, Sivik MR, Biihl M, Feigel M, Schleyer PR (1990) J Am Chem Soc

59

61.
62.
63.
64.
65.
66.
67.

68.
69.
70.
71.
72.
73.
74.

T.B. Tai et al.

Tai TB, Nhat PV, Nguyen MT (2010) Phys Chem Chem Phys 12:11477-11486

Tai TB, Nguyen MT (2010) Chem Phys Lett 489:75-80

Tai TB, Nguyen MT (2010) Chem Phys Lett 492:290-296

Hiickel E (1931) Z Phys 70:204-286

Schleyer PR, Maerker C, Dransfeld A, Jiao H, Hommes NJRE (1996) J] Am Chem Soc
118:6317-6318

Schleyer PR, Jiao H, Hommes HJRE, Malkin VG, Malkina O (1997) J Am Chem Soc
119:12669-12670

Chen Z, Wannere CS, Corminboeur C, Puchta R, Schleyer PR (2005) Chem Rev 105:3842—
3888

. Pauling L (1936) J Chem Phys 4:673-677
38.
39.
40.
41.

London F (1937) J Phys Radium 8:397-409

Pauling L, Sherman J (1933) J Chem Phys 1:606-617

Dewar MJS, Gleicher GJ (1965) ] Am Chem Soc 87:685-692
Schaad LJ, Hess BA (2001) Chem Rev 101:1465-1476

. Aihara J (1976) J Am Chem Soc 98:2750-2758

. Faraday M (1825) Philos Trans R Soc Lond 115:440-466.
44,
45,
46.
47.
48.
. Zhai HJ, Alexandrova AN, Birch KA, Boldyrev Al, Wang LS (2003) Angew Chem Int Ed

Dewar MJS, McKee ML (1980) Pure Appl Chem 52:1431-1441

Dewar MJS (1984) ] Am Chem Soc 106:669-682

Chandrasekhar J, Jemmis ED, Schleyer PR (1979) Tetrahedron Lett 20:3707-3710
Baird NC (1972) J Am Chem Soc 94:4941-4948

Aihara J (1978) J Am Chem Soc 100:3339-3342

42:6004-6008

Alexandrova AN, Boldyrev Al, Zhai HJ, Wang LS (2006) Coord Chem Rev 250:2811-2866
Heilbronner E (1964) Tetrahedron Lett 1923-1926

Mobius AF (1865) iiber die Bestimmung des Inhaltes eines Polyéders. 17: 31-68

Listing JB (1861) Abhandlungen der Mathematischen Classe der Koniglichen Gesellschaft
der Wissenschaften zu Gottingen 10:97-182

Herges R (2006) Chem Rev 106:4820—4842

Rzepa HS (2005) Chem Rev 105:3697-3715

Kawasw T, Oda M (2004) Angew Chem Int Ed 43:4396-4398

Mauksch M, Gogonea V, Jiao H, Schleyer PR (1998) Angew Chem Int Ed 37:2395-2397
Pascal P (1910) Ann Chim Phys 19:5-70

112:8776-8789

Bohmann JA, Weinhold F, Farrar TC (1997) J Chem Phys 107:1173-1184
Pauling LJ (1936) Chem Phys 4:673-677

Pople JA (1958) Mol Phys 1:175-180

McWeeny R (1958) Mol Phys 1:311-321

Lazzeretti P, Zanasi R (1981) J Phys Chem 75:5019-5027

Lazzeretti P, Zanasi R (1981) Chem Phys Lett 80:533-536

Lazzeretti P (2000) Ring currents, vol 36, Progress in nuclear magnetic resonance spectros-
copy. Elsevier, Amsterdam, pp 1-88

Steiner E, Fowler P (1996) Int J] Quantum Chem 60:609-616

Juselius J, Sundholm D (1999) Phys Chem Chem Phys 1:3429-3435
Gomes JANF, Mallion RB (2001) Chem Rev 101:1349-1383

Poater J, Duran M, Sol M, Silvi B (2005) Chem Rev 105:3911-3947
Becke AD, Edgecombe KE (1990) J Chem Phys 92:5397

Silvi B, Savin A (1994) Nature 371:683-686

Melin J, Fuentealba P (2003) Int J Quantum Chem 92:381-390



Chemical Bonding and Aromaticity in Poly-heterocyclic Compounds 187

75

76.

77

78.
79.

80.

81
82

83.
84.
85.

86
87

88.
89.
90.
91.
92.

93

94.

95.
96.

97.

98.
99.
100.

101.
102.
103.

. Nguyen MT, Kryachko ES, Vanquickenborne LG (2003) In: Rappoport Z (ed) The chemistry
of phenols, Patai series, The chemistry of functional groups, part 1. Wiley, Hoboken, pp 1-198
Santos JC, Tiznado W, Contreras R, Fuentealba F (2004) J Chem Phys 120:1670-1673

. Heine T, Schleyer PR, Corminboeuf C, Seifert G, Reviakine R, Weber J (2003) J Phys Chem
A 107:6470-6475

Steiner E, Fowler PW (2001) J Phys Chem A105:9553-9562

Corminboeuf C, Heine T, Seifert G, Schleyer PR, Weber J (2004) Phys Chem Chem Phys
6:273-276

Nyulaszi L, Schleyer PR (1999) J Am Chem Soc 1121:6872-6875

. Dimitrakopoulos CD, Malenfant PRL (2002) Adv Mater 14:99—-117, and references therein
. Nelson SF, Lin YY, Gundlach DJ, Jackson TN (1998) Appl Phys Lett 72:1854/01-03
Cicoira F, Santato C (2002) Adv Funct Mater 17:3421-3434

Laquindanum JG, Katz HE, Lovinger AJ (1998) J] Am Chem Soc 120:664—672

Garnier F, Yassar A, Hajlaoui R, Horowitz G, Deloffre F, Servet B, Ries S, Alnot P (1993) J
Am Chem Soc 115:8716-8721

. Wang C, Dong H, Hu W, Liu Y, Zhu D (2012) Chem Rev 112:2208-2267

. Anthony JE (2006) Chem Rev 106:5028-5048

Murphy AR, Frechet JMJ (2007) Chem Rev 107:1066—-1096

Mishra A, Ma CQ, Bauerle P (2009) Chem Rev 109:1141-1276

Barth WE, Lawton RG (1966) J Am Chem Soc 88:380-381

Robertson JM, White JG (1945) J Chem Soc: 607-617

Steiner E, Fowler PW, Jenneskens L (2001) Angew Chem Int Ed 40:362-365

. Acocella A, Havenith RWA, Steiner E, Fowler PW, Jenneskens LW (2002) Chem Phys Lett
363:64-72

Yamamoto K, Harada T, Nakazaki M, Nakao T, Kay Y, Harada S, Kasai K (1998) J] Am
Chem Soc 110:3578-3584

Chernichenko KY, Balenkova ES, Nenajdenko VG (2008) Mendeleev Commun 18:171-179
Chernichenko KY, Sumerin VV, Shpanchenko RV, Balenkova ES, Nenajdenko VG (2006)
Angew Chem Int Ed 45:7367-7370

Dadvand A, Cicoira F, Chernichenko KY, Balenkova ES, Osuma RM, Rosei F, Nenajdenko
VG, Perepichka DF (2008) Chem Commun 5354-5356

Gahungu G, Zhang J (2008) Phys Chem Chem Phys 10:1743-1747

Salcedo R, Sansores LE, Picazo A, Sanson L (2004) J Mol Struct THEOCHEM 678:211-215
Huang W, Sergeeva AP, Zhai HJ, Averkiev BB, Wang LS, Boldyrev Al (2010) Nat Chem
2:202-206

Steiner E (2008) The chemistry maths book. Oxford University Press, Oxford, pp 391413
Erhardt S, Frenking G, Chen Z, Schleyer PR (2005) Angew Chem Int Ed 44:1078-1082
Wu YB, Yuan CX, Yang P (2006) J Mol Struct THEOCHEM 765:35-38



Index

A
2-Alkylaziridinium ions, 11
Amines, 3-12
Amino alcohols, 9
4-Amino-3-bromobutanenitrile, 15
Annulenes, 168
Anomeric effect, 122
Antifungal drugs, 73
Aromatic fluctuation index, 129
Aromaticity, 73, 79, 103, 129, 161

harmonic oscillator model, 129
Aromatic ring current shielding (ARCS), 146
Aromatic stabilization energies (ASE), 132
Atomic basin, 76
Atomic charge, 71
Atomic overlap matrices (AOM), 133
Atoms in valence bond (AIVB) method, 109
Azaacenes, 116
Azacyclobutadiene isomers, 140
Azetidines, 3
Aziridine, 5, 118
Aziridinium ions, 1

DFT, 12

B

Base pairs, 53

Benzene, 105, 134, 141, 174, 178

N-Benzyl-2-(cyanomethyl)aziridine, 12

1-Benzyl-1-(a(R)-methylbenzyl)-2(S)-
(phenoxymethyl)aziridinium ion, 12

Bessel differential equation, 181

Biosynthetic precursors, 73

Bis(nitronyl) nitroxide, 121

Block-localised wavefunction (BLW)
approach, 110

© Springer-Verlag Berlin Heidelberg 2014

Bond critical point (BCP), 75
Borabenzene, 113

Borazine, 111, 130

Boron-carbon wheels, 183
Breathing orbital VB (BOVB), 119
2-(Bromomethyl)aziridines, 17

C
CASSCEF, 111, 114, 121
Catalysts, homogeneous, 73
Chemical bonding, 161
Chemical potential, 40
Circulenes, 175
Conventional strain energy (CSE), 5
Corannulene, 175
Coulson-Fisher approach, 107
COX-2 inhibitors, 73
1,3-Cyclobutanediyl, 120
Cyclobutane pyrimidine dimers (CPDs),
35,37,58

Cyclohexane, 5
Cyclononatetraenyl cation, 163
Cyclopentadienyl anion, 135
Cyclopropane, 5, 118
Cytosine, 141

deamination, 35, 63

D
Density functional theory (DFT), 1, 12
conceptual, 35, 38, 46
Descriptors of chemical reactivity, 35
Diazacyclobutadiene, 140
N,N-Dibenzyl-2-(cyanomethyl)aziridinium
ion, 12

189

F. De Proft, P. Geerlings (eds.), Structure, Bonding and Reactivity of Heterocyclic
Compounds, Topics in Heterocyclic Chemistry 38, DOI 10.1007/978-3-642-45149-2



190

Dihydroazaacenes, 115
1,2-Dihydro-1,2-azaborine, 130
5,6-Dihydrocytosine (dhCyt), 66
5,6-Dihydro-5-methylcytosine, 66
Dimethoxymethane, 123
Dimethylformamide (DMF), 18
1,3-Diphospha-2,4-diboretane, 120
Disk aromaticity, 161, 180
DNA, bases, 47

damage, 35
Dual descriptors, 35

E

Electron density, partitioning, 75

Electronic indices, 129

Electron localization function (ELF), 161, 166

Electrostatic potential, 77

Ellipticity 84

Energy decomposition analysis (EDA), 133,
140, 152

Ethane oxide, 118

Extra cyclic resonance energies (ECREs), 115

F

Fukui function, 15, 42, 49, 51
Fungicides, 73

Furazan, 81, 91

G

Gauge-including atomic orbital (GIAO), 133
Generalised valence bond (GVB), 108
Global indexes, 48

Grand canonical dual descriptor (GCDD), 44
Guanine-cytosine (GC), 141

H

Harmonic oscillator model of aromaticity
(HOMA), 129, 131

Hartree-Fock theory, 104

Heitler-London wavefunction, 106

Heme, 145

Heteroaromaticity, 129

Heterocycles, five-membered, 134

six-membered, 133

Highest occupied molecular orbital
(HOMO), 41

Hohenberg-Kohn universal functional, 45

Hiickel aromaticity, 162

Hyperconjugation, 122

Index

1

Imidazoleglycerol-phosphate dehydratase, 95
Imidazoles, 76, 80, 85, 94, 137, 157
Interatomic surface (IAS), 76

Isoxazole, 85

K
Koopmans’ theorem, 40

L

Local reactivity descriptors, 49

Lowest unoccupied molecular orbital
(LUMO), 41

M

Magnetic criteria-based indexes, 165
Metallabenzenes, 130
Metalloporphyrins, 144
5-Methylcytosine, 63

Mobius aromaticity, 162

Molecular orbitals (MOs), 104
Molecular similarity, 71

Multicenter electronic indices, 129

N

Nitronylnitroxide radicals, 121

Nucleobases, reactivity, 46, 55

Nucleus-independent chemical shifts (NICS),
117, 129, 165

(0]

Oligothiophenes, 175

Organic field-effect transistors (OFETs), 174
Organic light-emitting diodes (OLEDs), 174
Organic photovoltaic cells (OPVs), 174
Orthogonality, 72, 88

Orthogonal valence bond (OVB) methods, 111
Osmabenzene, 130

P

Ps .S,V 155

Para delocalization index (PDI), 129, 131
Partial least squares (PLS) regression, 78
Paterno-Biichi photocycloaddition, 37
Perfect pairing, 119

4-Phenyl-1,2 4-triazoline-3,5-dione, 24
Phosphirane, 118

Photocycloadditions, 60



Index

Photoisomerization, 37

Piperidine, 7, 17

Piperidinium, 7

Pitzer strain, 5

Polycyclic aromatic hydrocarbons (PAH),
130, 161, 175

Porphyrins, 144

Purine bases, 51

Purine 5’ ,8-cyclonucleosides, 35

Pyrazine, 115, 134

Pyrazoles, substituted, 137

Pyridazine, 134

Pyridine, 134

Pyrimidine, 51, 134

Pyrimidine (6—4) pyrimidone photoproducts,

35, 37
Pyrrole, 117, 146
Pyrrolidines, 17

Q

Quantitative structure activity relationship
(QSAR), 74

Quantum chemical topology (QCT), 71

Quantum theory, atoms in molecules
(QTAIM), 71,73

R
Reactive oxygen species (ROS), 36, 56
Regioselectivity, 1
Ring critical point (RCP), 71, 75, 150
Ring current, 165
Rings, nonsubstituted, 81
substituted, 83
Ring strain, 1
Rumer structures, 116

S

SHN,, 119

Sedatives, 73

Selenazole, 171
Seleno-[8]-circulene, 178
Selenophene, 170

Solvation, 1

Spin-coupled valence bond (SCVB), 108
Stretching strain, 5

Substituent effects, 71

Sulflower, 175

Sulfur-oxygen [8]-circulene, 179
Sulfur-selenium [8]-circulene, 178

T

Tandem base lesions, 35
Tautomerism, 54
Tetrahydropyrans, 123
Tetramethylethylene, 25
Tetraselenophene, 178
Thiirane, 118

Thiophene, 117, 168
Triazine, 134

Triazoles, 85
Triazolinedione ene reactions, 23
Triazolinediones, 2, 3, 23

U
Ullman’s biradicals, 121

\%

191

Valence bond self-consistent field (VBSCF)

method, 109
Valence bond (VB) theory, 103



	Preface
	Contents
	Reactivity of Aziridinium Salts in Different Solvents Unraveled by a Combined Theoretical and Experimental Approach
	1 Introduction
	2 Ring Strain
	3 Reactivity of Aziridinium Ions
	3.1 Rearrangement of beta-Amino Alcohols via Aziridinium Ions
	3.2 Ring Opening of Nonactivated Aziridines via Aziridinium Ions
	3.3 Theoretical Investigation of the Reactivity of Aziridinium Ions
	Nucleophile-Dependent Regioselectivity in the Ring Opening of 2-Substituted N,N-Dibenzylaziridinium Ions
	Different Regioselectivity in the Ring Opening of N,N-Dibenzyl-2-(cyanomethyl)aziridinium Ion and Protonated N-Benzyl-2-(cyano...


	4 Bicyclic Aziridinium Intermediates in Ring-Expansion Reactions
	4.1 Investigation of the Ring Expansion of Aziridines to Azetidines via Bicyclic Aziridinium Intermediates
	4.2 2-(Bromomethyl)aziridines With and Without an Extra Substituent at the 2-Position
	4.3 Solvent-Dependent Reactivity of 2-Bromomethyl-2-methylaziridines Toward Different Nucleophiles

	5 Aziridinium Intermediates in Triazolinedione Ene Reactions
	5.1 Experimental Section
	5.2 Theoretical Investigation

	6 Conclusions
	References

	Characterization of the Chemical Reactivity and Selectivity of DNA Bases Through the Use of DFT-Based Descriptors
	1 Introduction
	2 Theoretical Framework
	2.1 Conceptual DFT Framework
	2.2 Global Descriptions
	2.3 Local and Nonlocal Descriptors
	2.4 Selectivity Descriptors for Excited States

	3 Application: Reactivity of Nucleic Acid Bases
	3.1 Introduction
	3.2 Reactivity Descriptors Computed for Isolated Nucleobases
	Global Indexes
	Local Indexes of the Canonical Ensemble
	Pyrimidine Bases
	Purine Bases
	First Excited State


	3.3 Structural Features of DNA
	Formation of Base Pairs
	Tautomerism

	3.4 Reactivity Differences Between the Nucleobases
	Qualitative Differences of Reactivity
	In the Ground State: Exploiting the Dual Descriptor
	In an Excited State: Exploiting the Dual Potential
	A Regioselectivity Problem
	About the Number of Stabilizing Interactions
	About Secondary Interactions

	Quantitative Differences of Reactivity
	Exploiting the Grand Canonical Equivalent of the Dual Descriptor



	4 Conclusions
	References

	Characterising Heterocyclic Rings Through Quantum Chemical Topology
	1 Introduction
	2 Background
	2.1 Quantum Chemical Topology
	2.2 Partitioning of the Electron Density
	2.3 Electrostatics
	2.4 Partial Least Squares (PLS)

	3 Quantum Chemical Topology of Cyclic Molecules
	3.1 Ring Atom Properties and the Ring Critical Point

	4 Results and Discussion
	4.1 Calculation of RCP and Ring Atom Properties
	4.2 Non-substituted Rings (Data Set A)
	4.3 Substituted Ring Systems (Data Set B)
	4.4 The Effects of a Ring´s Atomic and RCP Properties
	4.5 The Role of Ellipticity

	5 Ring Atoms
	5.1 Ring Atom Properties
	5.2 Characterising Ring Features
	5.3 Substituent Effects on pi Electron Density
	5.4 Ring Substitution Effects

	6 Practical Use of Ring Properties: A Case Study
	6.1 Imidazoleglycerol-Phosphate Dehydratase
	6.2 Method
	6.3 Results
	6.4 A Combined RCP and Ring Atom Property Approach

	7 Conclusions
	References

	Valence Bond Theory in Heterocyclic Chemistry
	1 Introduction to Valence Bond Methods
	2 Valence Bond Methods
	2.1 Classical Valence Bond Theory
	2.2 The Coulson-Fisher Approach
	2.3 Generalised Valence Bond Method
	2.4 The Spin-Coupled Valence Bond Method
	2.5 The Valence Bond Self-Consistent Field Method
	2.6 Block Localised Wavefunction Approach
	2.7 Orthogonal Valence Bond Methods

	3 Illustrative Results
	3.1 Inorganic Benzenes
	3.2 Borabenzene
	3.3 Nitrogen-Containing Aromatic Heterocycles
	3.4 Heterocyclic Five-Membered Rings
	3.5 Three-Membered Rings
	3.6 Four-Membered Nitrogen-Containing E2N2 (E=S, Se, Te) Rings
	3.7 1,3-Diphospha-2,4-Diboretane Diradicals
	3.8 Bis(nitronyl) Nitroxide: Ullman´s Biradicals
	3.9 Hyperconjugation and Anomeric Effects

	4 Concluding Remarks
	References

	Aromaticity of Organic and Inorganic Heterocycles
	1 Introduction
	2 The Problem of Measuring Aromaticity
	3 Computational Details
	4 Aromaticity in Heterocyclic Organic Compounds
	4.1 Six-Membered Heterocycles
	4.2 Five-Membered Heterocycles
	4.3 Substituted Pyrazoles and Imidazoles
	4.4 1,2 and 1,3-Diazasubstituted Four-, Five-, and Six-Membered Rings
	4.5 Aromaticity in the Guanine-Cytosine Base Pair Interacting with Metal Cations (M=Cu+, Ca+2, and Cu+2)
	4.6 Porphyrins and Metalloporphyrins

	5 Aromaticity in Heterocyclic Inorganic Compounds
	5.1 A Test to Evaluate the Performance of Aromaticity Descriptors in All-Metal and Semimetal Clusters
	5.2 The Aromaticity of M2N22- (M and N=B, Al, and Ga with MN) Clusters
	5.3 The Aromaticity of P5-nSn(n-1) (n=1-5) Clusters

	6 Conclusions
	References

	Chemical Bonding and Aromaticity in Poly-heterocyclic Compounds
	1 A Brief Overview
	1.1 The Hückel and Möbius Aromaticity
	1.2 Magnetic Criteria and Nucleus-Independent Chemical Shift (NICS)

	2 Method of Electron Localization Function (ELF)
	3 Aromaticity of Thiophene and Its Derivatives
	4 Aromaticity of Poly-heterocycles Containing Sulfur and Their Derivatives
	4.1 Aromaticity of the Sulflower C16S8
	4.2 Annulated Heterocycles Containing an Inner Eight-Membered C8 Ring

	5 Disk Aromaticity of Poly-heterocycles
	5.1 Theoretical Backgrounds
	5.2 Some Applications

	6 Conclusion and Perspective
	References

	Index

