CHAPTER 3

A mini review article: Aromaticity in the light of magnetic criteria
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3.1.

INTRODUCTION

The history of aromaticity, which is a fundamental concept in chemistry, began in
1825 when Michael Faraday® isolated benzene for the first time. However, the very first
definition of aromaticity was given by Kekulé?? in which he suggested oscillating structures
where synchronous 1, 2-shifts of the three double bonds occur perpetually. Then after six
decades, the works of Hiickel*® and Pauling® explained the role of delocalization of electrons
in the stabilization of aromatic systems, using the quantum mechanics based Molecular
Orbital (MO) approach and Valence Bond (VB) method respectively. Since then, the circular
delocalization of electrons is taken as the genesis of aromaticity.

Aromaticity is developed as an important phenomenon for its close relation with
chemical reactivity.’® The increasing interest on aromaticity persuaded a need to attach a
quantitative character to it. Consequently, a number of quantitative aromaticity indices have
been anticipated starting from the famous (4n+2) =- electron rule of Hiickel to the latest
Shannon Entropy index.'! At present, the molecular property based criteria for aromaticity
can be broadly divided into four basic categories such as magnetic,*? structural,*® electronic,**
and energetic.’® Electron density based indices such as para-delocalization index (PDI),*
fluctuation index (FLU)® and multi-centre bond index (MCBI)" have also been introduced to
characterize aromaticity. Later, Klein and co-workers correlated aromaticity of molecular
benzenoids to a unique type of polynomial, 8 as Clar-2-nomial on the basis of Clar’s concept
of aromatic sextet .1° Later on, this correlation has been extended for radical benzenoids?® and
more recently on polyacenes and beyond.?* However, most of the indices do not provide

direct measure of aromaticity, as the phenomenon is not directly observable.??

After a meticulous revision of structural, energetic and magnetic indices of aromaticity
for many aromatic systems, Cyranski et al. concluded aromaticity as an abstract concept from
philosophical point of view.?? Whereas, from another perspective, the event of aromaticity
can be regarded as multidimensional since it cannot be described definitely by any single
property based index and all indices do not always give consistent results. Due to all these
problems the quantification of aromaticity still remains a challenging and fundamental

problem, and ought to be addressed through a precise phenomenological description.?
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3.2.
CRITERIA FOR DEFINING AROMATICITY
3.2.1. Chemical behavior

Electrophilic aromatic substitution reactions are the characteristic reactions of the
aromatic systems but it is difficult to define aromaticity with the help of the chemical
behavior of the molecule. Since aromaticity is a property of the initial state, and reactivity is
the property of the intermediate states so quantifying aromaticity with the help of chemical
reactivity is not straightforward. The characteristic electrophilic aromatic substitution
reaction also has many exceptions, for example, phenanthrene and anthracene which are
aromatic molecules prefer addition of bromine rather than substitution. Also fullerenes (eg,
Ceo Or C70) are aromatic compounds but since they are devoid of any hydrogen, they do not

undergo aromatic substitution reactions but only undergo addition reactions.?
3.2.2 Structural pattern

Aromatic systems are mainly planar systems. The characteristic property of an aromatic
system is that its bond lengths are all equal and m-electrons are delocalized. The direct
determination of bond lengths gives us valuable information regarding the extent of
delocalization. In contrast, in antiaromatic molecules the alternating double and single bond
lengths differ significantly, generally over 0.2 A in length.?* However, bond length
equalization and the symmetry associated with it cannot be used as the only parameter for
defining aromaticity because some systems possessing equal bond lengths are not aromatic.
Again, borazine which is an isoelectronic system with benzene has roughly equal bond
lengths and considered to be weakly aromatic in nature.!? The degree of aromaticity in
borazine has been a topic of some controversy?® starting soon after its discovery in 1926 by
Stock and Pohland.?® The properties of borazine are in good accordance with a ring structure
of six atoms which ‘‘on-the-average’’ correspond to a sp? hybridized-carbon.?” Also, strain
effects and other contributing factors provide hindrance in predicting aromaticity with the

help of structural criteria.?*
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3.2.3 Energetic criteria

Aromaticity has long been connected to the enhanced resonance energies (REs) and
the aromatic stabilization energies (ASEs). Even the (4n+2) =- electron rule of Hickel is
based on energetic criterion. The energetic measure of aromaticity and antiaromaticity is
based on evaluations of energies relative to the reference systems such as conjugated
polyenes or olefins.2* However, determinations of (REs) and (ASEs) are quite difficult even
for simple systems.'? Since ASE itself is not physically observable, 28 direct experimental
determination of ASE is difficult. However, starting from the pioneering work of Pauling and
Sherman,?® various efforts have been made to estimate ASE from experimental data. Also,
introduction of isodesmic ° and homodesmotic reactions, 3! has made it possible to calculate
the ASE from the energies of reactants and products, obtained experimentally from
calorimetric measurements.®? In a recent work a phenomenological model is discussed to

evaluate ASE without any reference state.??
3.2.4. Magnetic criteria

Primarily, aromaticity was restricted to all carbon, coplanar, delocalized conjugated ©
systems having (4n+2) m electrons according to Huckel’s rule of aromaticity.*® Presently
aromaticity is not only confined to the organic systems, according to Boldyrev, “Aromaticity
has in recent years become an important and powerful unifying concept to describe the
stability and bonding in many chemical species beyond organic chemistry, including
inorganic cations, anions, radicals, and clusters.”,® three dimensional aromaticity involving
o-electrons and multidimensional aromaticity involving d-orbitals have been reported.
Aromaticity has not been confined to ground states but it has been extended to transition
states and excited states. There is possibly no direct way to calculate the aromaticity in a

molecule experimentally.

Magnetic criteria are currently the most popular methods and constitute the most
frequently used aromaticity indices. There are various criteria for defining aromaticity such
as energy, structure, electron density based indices®* and magnetic properties but we focus
our discussions to magnetic properties only. Magnetic properties provide considerable insight
into the concept of aromaticity. The anomalous diamagnetization of benzene has been related
to the delocalization of m-electrons since the early days of quantum chemistry. The aromatic
molecules demonstrate relatively strong diamagnetism when placed in a magnetic field; this

is due to the generation of an opposing magnetic field by the induced ring currents. The
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magnetic criteria of aromaticity are dependent on the specific reaction of the aromatic
compounds to externally applied uniform magnetic field which is placed perpendicular to the
molecular plane. This contribution of w-electrons to the magnetic susceptibility component
which is placed perpendicular to the molecular plane was chosen as an indicator of
aromaticity. While the direction of an induced current in a loop is determined by the relative
orientation of the magnetic field and the loop’s movement but the direction of the current in a
molecule also depends on the type of the system. Generally in a system containing 4nn
electrons, an external magnetic field induces a paratropic ring current (i.e. in the opposite
direction relative to a classic loop) while a system containing (4n+2)xt electrons shows a

diatropic ring current(i.e. in the same direction as a classic loop).®

Magnetic properties are necessary but not sufficient to describe a system as aromatic
or antiaromatic but magnetic criterion has an advantage over other criterion that we can
compare the paratropic and diatropic ring currents to experimental values derived from NMR.
Now, the concept of aromaticity is no longer confined to the organic domain but has been
found in all-metal clusters systems and the existence of an s-aromaticity.*® The most popular
and frequently used aromaticity indices are NMR chemical shifts, magnetic susceptibility
anisotropy, Nucleus Independent Chemical Shift (NICS), Aromatic Ring Current Shielding
(ARCS) and Current Density Analysis (CDA plots).®
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3.2.4.1. NMR chemical shifts

Figure 3.1. Representation of the Ring Current Model in the case of benzene. °

The most widely used NMR chemical shifts method is the H-NMR method.
According to the Ring Current Model (RCM),* for a (4n+2) 7 electrons system, the diatropic
ring current will form an induced magnetic field which is opposite in direction to the applied
external magnetic field at the centre of the ring as depicted in the above diagram (Figure 3.1).
While outside the ring the curved lines of the magnetic field are in the same direction as the
applied external field. Thus protons that are inside the ring experience an upfield shift while
protons that are outside experience a downfield shift. In the case of a 4nm electron system, a
paratropic ring current is induced, so here the induced magnetic field is in the same direction
as the external field at the centre of the ring while outside the ring it is in the opposite
direction to the external field, thus here the internal protons experience a downfield shift
while the external protons experience an upfield shift, that is the effect is exactly the
opposite. Thus, the chemical shifts of protons have been used to characterize aromatic and
antiaromatic compounds. The ring current picture has proven to be powerful in justifying the
magnetic properties of 7 electron systems quantitatively. The concept is so visual “that one
can almost feel when a molecule is subjected to a magnetic field.” The ring current is
connected to the concept of aromaticity experimentally through anisotropy of magnetic
susceptibility or through exaltation of magnetic susceptibility or by chemical shifts methods
in a Nuclear Magnetic Resonance experiment and also individual ring current intensities

which can be computed.3®
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The rings of most aromatic systems are too small to accommodate inner protons, so
the chemical shifts of hydrogen at the bridging positions provide better information regarding
the aromaticity and antiaromaticity of the systems. However, this criterion is not general for
aromatic systems that are devoid of hydrogen like for example Ceo and the oxocarbons (30)
and *C chemical shifts in aromatic hydrocarbons are not deshielded.?*

Other NMR chemical shifts methods are Li* and 3He chemical shifts method.
Chemical shifts of “Li were used to investigate the electron delocalization. Aromatic and
antiaromatic compounds of Li* complexes show significant shielding and deshielding
respectively of the Li NMR signals due to the induced ring currents.’Li chemical shifts
obtained by modern computations technique match well with the ‘Li NMR chemical shifts
that are obtained experimentally. So, one of the advantages of using Li* NMR chemical shifts
as a computational tool is that it can be compared with the experimental Li NMR data of Li*
complexes.?* However, a major drawback is that the ring currents are relatively small. Also,
the number of Li* complexes is limited therefore the use of Li* NMR chemical shifts as a
magnetic criterion is also limited. An extension of the use of NMR to assess aromaticity was

developed mainly by Mitchell.*®

3.2.4.2. Magnetic susceptibility anisotropy

This method provides another magnetic criterion of aromaticity. The tensor normal to
the aromatic ring is much larger than the average of other tensors and this difference is
termed as exaltation. Magnetic susceptibility exaltation (A) is the difference between the
observed bulk magnetic susceptibility value and the susceptibility that is evaluated on the
basis of an increment system (A=ym—ym’). The exaltation of magnetic susceptibility is mainly
due to the induced ring currents and is a widely employed magnetic criterion especially for
the characterization of metal clusters. In the 1996 review article entitled “What is
aromaticity”, Schleyer and Jiao suggested that “compounds which exhibit significant exalted
diamagnetic susceptibility are aromatic. Those compounds with exalted paramagnetic

susceptibility may be antiaromatic.”**

However, this method is applicable for planar or nearly planar aromatic molecules

and is not applicable in the case of spherical systems. Also, in some cases, high magnetic
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anisotropy does not necessarily imply aromaticity. In addition, the contribution to the
magnetic susceptibility component which is perpendicular to the molecular plane provides a
more consistent aromaticity criterion than that which is dependent solely on magnetic
anisotropy.*® This method was popular earlier, but recently it is not much in use because it is
difficult to quantify aromaticity using this method. Nowadays, computational methods are
more developed and provide a better qualitative and quantitative understanding of the

magnetic properties.

It is interesting to note that ring currents and aromaticity are theoretical properties and
neither are measurable quantities but both NMR chemical shifts and magnetic susceptibility
exaltation methods are experimentally measurable quantities that result from ring currents.

3.2.4.3. Current Density Analysis Plots (CDA)

Figure 3.2. Plot of the current density induced in the molecular plane of the benzene by a

perpendicular external magnetic field.%®

This method is purely a computational method. It is the visualization of the ring
currents with the help of arrows and the direction of the arrows gives us the idea of whether
the ring current is diatropic or paratropic. Clockwise direction represents paratropic ring
current while anticlockwise direction represents diatropic ring current. Also the size of the
arrows indicates the strength of the ring current. The CDA plot of benzene ring is depicted in

the above figure (Figure 3.2).

According to the Ring Current Model (RCM)® in the presence of an external

magnetic field, a diatropic ring current is generated in aromatic systems and a paratropic ring
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current is generated in antiaromatic systems. Thus, the aromaticity of a planar or a nearly
planar compound when placed in an external magnetic field perpendicular to the molecular
plane can be obtained directly, either by calculating the intensity of the current or by
calculating the current density in a given system. New computational methodologies are now
developed that provide a visual representation of the current density field induced in a
molecule. These current density maps provide relevant information and help in understanding

features of aromatic compounds.

The main advantage of this method is that it provides pictorial representation of the
ring currents in the systems. However, the major drawback of this method is that it is very
difficult to quantify and also the pictures that are obtained through this method are not easily
separable into their individual components. Also, in some cases, high magnetic anisotropy
does not necessarily imply aromaticity. In addition, second order magnetic properties; such as
polarizability, magnetizability, and nuclear shielding were not calculated accurately by the
original methods which can generally be obtained by the integration of first order current
density. The most popular CDA methods are: Continuous Transformation of Current Density

— Diamagnetic Zero (CTOCD-DZS) ** also known as the ipsocentric method.*+4

3.2.4.4. Nucleus Independent Chemical Shift (NICS)

It is the most popular method for quantifying the magnetic properties of molecules
mainly due to its simplicity and efficiency. NICS has been popularized by Schleyer and his
co-workers.*” NICS is defined as the negative value of the absolute magnetic shielding. NICS
method uses a ghost atom namely Bg (named after the ghost Banquo from Shakespeare’s
Macbeth), it is devoid of any electrons, protons and neutrons. Initially it was placed at the
centre of the system [NICS (0)], then later at a distance of 1 A above the plane [NICS
(1)]-This ghost atom is like a sensor for the magnetic environment at the position at which it
is placed. The ghost atom senses this magnetic environment and reports the chemical
shielding values through the use of computational technique like GIAO. %9 The NICS
values were reported with reversed signs, in agreement with NMR chemical shift convention.
Positive NICS value indicates a paratropic magnetic field whereas a negative NICS value
indicates a diatropic magnetic field, thus a negative NICS value would mean that a system is
aromatic and a positive NICS value would correspond to an antiaromatic system. In some

cases, the negative value indicates the 3D-aromaticity of the molecule.*® The chemical shift is
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used as an indicator of the direction and magnitude of the induced magnetic field. From
Figure 3.3 it can be noted that NICS corresponds well with the aromatic stabilization
energy.?*

ASE

Figure 3.3. Plot of NICS (0) (ppm) vs. the ASE (kcal mol™?) for a set of five-membered ring

heterocycles, C4HsX (X = as shown).?*

According to an article in 2005 by Schleyer and his coworkers, “NICS has several
advantages over many other aromaticity criteria: (i) NICS does not require reference
standards, increment schemes, or calibrating (homodesmotic) equations for evaluation. (ii)
Unlike A which depends on the square of the ring area, NICS only shows a modest
dependence on the ring size. It does depend on the number of electrons. The 10 © electron
systems give significantly higher values than those with six m electrons, for example, the
cyclooctatetraenedication and dianion. (iii) Importantly, in several sets of related molecules,
NICS correlates well with other aromaticity indexes based on energetic, geometric, and other
magnetic criteria (iv) NICS can becomputed easily using standard quantum chemical

programs such as Gaussian 09, Gaussian 98, Gaussian 03, ADF, and deMon.”*2
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After their initial publication, Schleyer and his co-workers noted the problem in using
NICS for 3-membered systems due to the local shielding effects of the neighboring ¢-bonds.
So they introduced two modifications in the following year. 5! The first modification was that
the bq was raised 1 A above the molecular plane, which was termed as NICS (1). Since o-
contributions are short ranged, so NICS (0) has greater o-contributions, so by raising the bq
by 1 A, the o-contributions are effectively reduced. Secondly, the total NICS value was
separated into o and 7 contributions. Since aromaticity results from © contributions, so NICS

(1) is a better aromaticity criterion than NICS (0).

However, the major drawback of NICS is that it reports only a single value at a given
position, without any information regarding the magnetic field. Also, there are other magnetic
shielding contributions from the local circulation of electrons in bonds, lone pairs and interior
electrons, so the reliance on the m-system is not pure. In fact the ¢ framework of the CC and
CH bonds affects the chemical shifts of organic molecules, as a result of this; the NICS value
is non-zero for non-aromatic, saturated and unsaturated hydrocarbon rings. Sometimes NICS
is considered as a local index rather than a global, aromatic index because contributions from
remote parts of molecule are small. Later refinement of the original NICS technique offered
better understanding of the aromatic systems which include the Dissected NICS technique
which consists of the LMO-NICS method and the CMO-NICS method.'? Other modifications

like NICS rate and NICS scan are also known.

The major difficulty in quantifying aromaticity may be due to the fact that aromaticity is
not a property of the ground state energy of molecules but is rather dependent on the excited
7 electron state. So a recent and a fresh approach, i.e., Quantitative Structure Aromaticity
Relationships (QSArR) in relating aromaticity with physico-chemical molecular properties
such as chemical hardness and electronegativity are reflected in the works of Putz. His works
focuses on the connection of aromaticity with a reactivity index. If successfully applied, “It
may provide both conceptual new insight on the aromaticity concept as well as generalization
of the chemical reactivity theory and principles grounded on structural indices as
electronegativity and chemical hardness that have been intensively considered in the last

decades within density functional theory and quantum chemistry.” 24
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3.3.
CONCLUSIONS

Aromaticity is now no longer confined to the domain of organic chemistry and
various inorganic clusters are found to be aromatic considering the delocalization of the n
electrons as the genesis of aromaticity. The ease with which aromaticity bridges the gap
between traditional aspects of organic chemistry and latest discoveries in inorganic chemistry
are truly fascinating. Aromaticity is not a physically observable quantity so defining it
precisely is still a challenge. Quantification of aromaticity is a major challenge to the
theoretical and the computational chemists till date. Whether aromaticity is a
multidimensional phenomenon or it can be defined by a universal single unique criterion is a
debatable topic. The journey of aromaticity from Kekulés definition of benzene has been
extensive and the recent developments in this field provide a considerable better insight into
the concept. It is aptly said by Schleyer that, “aromaticity has been a time-dependent
phenomenon.” The perception of aromaticity is different in terms of its properties and
characteristics to chemists with diverse backgrounds.®® The magnetic criterion for defining
the concept of aromaticity has become very prominent surpassing the other criteria. VVarious
developments in this field have occurred in the recent years and most of the developments
were in the magnetic domain. So we can conclude by saying that the magnetic criterion is the
most important criterion and provides a plethora of opportunities of future work on

aromaticity.
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