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A Haigh—Mallion-Based Approach for the Evaluation of the Intensity Factors
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A novel method for the determination of intensity factors of
benzenoid systems based on the Haigh-Mallion (HM) theory
has been developed. In this paper, the magnetic anisotropy
generated by the ring-current effect in polycondensed ar-
enes has been quantitatively calculated as nuclear indepen-
dent chemical shieldings (NICSs) in a three-dimensional grid
of points using the B3LYP/6-31G(d) method implemented in
the Gaussian 98 program. The fitting of the calculated values

to the HM model gives intensity factors for each ring. A com-
parison of the obtained values with Schleyer's NICS, is
given. The obtained intensity factors may find application in
software using 'H NMR chemical shifts for structure determi-
nation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The concept of aromaticity is still a topic of intense
study.l'l Although the thermodynamic and geometric prop-
erties of benzene are well defined, they become difficult to
generalize for benzenoid rings. In recent years one method
for the evaluation of aromaticity has been the measure of
the characteristic anisotropy generated by the n-system.[>#
This effect arises from the m-electrons circulating around
the ring in response to an applied magnetic field. This “ring
current” generates a local magnetic field, which opposes the
applied magnetic field. This phenomenon produces the
characteristic low-field shifts of aromatic protons and the
high-field shifts of protons positioned in close proximity to
the centre of the aromatic systems.

In order to measure the intensity of the ring current,
Schleyer has used Nucleus Independent Chemical Shifts
(NICSs) calculated in the centre of the ring system
(NICS,).BI This approach has emerged as a good indicator
of aromaticity and has been widely adopted. This is due to
the simplicity of the involved calculations, the reliability of
the values and their ease of interpretation. However, some
objections have been directed towards Schleyer’s method.[®!
In particular, the magnetic anisotropy of neighbouring
groups, which can be of great importance for systems pres-
enting a certain degree of distortion from planarity, is ne-
glected,[’ and this may often gives spurious results.

In the present study, a method which takes into account
the contributions of neighbouring rings has been devel-
oped. It adopts the common strategies for the evaluation of
magnetic anisotropy of functional groups.®! The outcome
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can be inserted into the software for structure determi-
nation that uses '"H NMR information. This technique re-
lies on the variation of chemical shifts experienced by pro-
tons close to functional groups possessing magnetic anisot-
ropy. Common software usually approximates the anisot-
ropy of fused aromatic rings to the sum of the anisotropy
of isolated benzene rings (e.g. naphthalene as a sum of two
benzene rings). The aim of this paper is a detailed quantifi-
cation of intensity factors that can be used for the calcula-
tion of the anisotropy effect of polycyclic aromatic hydro-
carbons (PAHs).

Results and Discussion

Recently, we have been involved in the development of
software for structure determination using '"H NMR chemi-
cal shifts.’) NMR structure determination is becoming an
important source of information for supramolecular and bi-
omolecular structures. It is based on the estimation of the
effects of different functional groups on chemical shifts.
Three theories are commonly used to describe the effect
arising from aromatic rings: the quantum-mechanical
method of Haigh and Mallion (HM), the semi-classical
method of Johnson and Bovey and the classical point-di-
pole model of Pople.l'% These theories describe the effect
on the chemical shift of a proton in proximity to an aro-
matic ring (d,.) by the general formula:

Sre = I'B-G(1)

where [ is the intensity factor that varies with the character-
istics of the aromatic ring, B is a constant and G(r) is the
spatial function that describes the coordinates of the pro-
ton. As shown recently by Scott, the accuracy of these
methods is similar.''l Recently, Gomes and Mallion have
proposed a comparison between NICS and ring currents
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calculated semi-empirically for a series of molecules.[*! This
study represents a further investigation in the subject.

NICS values were calculated for shielding points in prox-
imity to the aromatic ring and then fitted to the HM model
allowing for variation of the intensity factor 7.2 In mul-
tiple-ring systems, the simultaneous fitting of the different
intensity factors takes into account the contribution of ev-
ery single ring to the shielding values. In this way the ap-
proach reproduces the ring anisotropy without neglecting
the contribution of nearby rings, thereby taking into con-
sideration all rings for each point.

Several classes of aromatic compounds were considered
for the calculations, such as the aromatic conjugated sys-
tems 1-7, the strained aromatic ring 8, the non-aromatic
rings 9-12 and the non-planar aromatic rings 13-18
(Scheme 1). All these molecules were geometry-optimised at
the B3LYP/6-31G(d) DFT level using Gaussian 98.[1]
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Scheme 1. Molecules used for the calculation of the aromatic ring
current.

Shielding points were positioned in a cube utilizing a
Fortran-based routine, with the considered ring occupying
its centre. Shielding points were rejected within 2.4 A from
a proton or 3.0 A from a carbon (given a van der Waals
radius of 1.2 A for a proton, this is the closest distance for
a proton without significant repulsion effects). Similarly, to
produce a homogeneous distribution, shielding points were
rejected if positioned at a distance shorter than 1.6 A from
each other. In the case of multiple-ring systems, the same
procedure was repeated for each ring. For example, 178
points were associated with the three rings of anthracene 3
(Figure 1). NICS values were then calculated at the B3LYP/
6-31G(d) DFT level implemented in Gaussian 98 and fitted
to the HM model allowing for the variation of the intensity
factors /. In the case of multiple rings for every single point
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the contribution of each ring was calculated and the inten-
sity factors optimised to reproduce the NICS values.['* The
level of accuracy is represented by R?, which is the corre-
lation between NICS and HM calculated values. The calcu-
lation results are summarised in Table 1.

Figure 1. Distribution of shielding points for 3. a) Three cubes con-
taining 178 shielding points are generated in correspondence of the
six-membered rings of anthracene (3). b) Section showing the
shielding points outside the van der Waals surface of the molecule.

A good correlation factor (R?) was observed between
NICS and HM calculated anisotropies in the case of poly-
benzenoid systems, thus confirming the ability of the HM
model to reproduce the aromatic anisotropy. It is also worth
mentioning that a lower correlation was obtained for com-
pounds containing non-aromatic units (9, 11, 12). These re-
sults reveal the poorer ability of the HM model to repro-
duce paratropic systems. Moreover, the modest correlation
displayed by the trisannelated compound 8 can be ascribed
to the anisotropy of the bicyclic structure.

The HM intensity factors give an indication of the rings’
aromatic character. These values were normalised to the
value of benzene (1,,). A comparison of the intensity factors
(1,) with the Schleyer NICS, values showed a linear corre-
lation (Figure 2).'1 Among the 39 rings investigated in the
current work, a linear correspondence between the two
methods was found. Small deviations were observed in the
aromatic region. However, the only point presenting a no-
table error was that associated with biphenylene 12. This
low correlation can be ascribed to the poor ability of HM
to reproduce cyclobutadiene-type systems.

It is also worth noting that the aromatic character of
systems 13-15 is not affected by the non-planar arrange-
ment. For example, sumanene (14) displays intensity factors
(and NICS, values) similar to triphenylene 6. A good corre-
lation has been similarly observed for the helicene series.

Furthermore, it should be noted that the practice of ap-
proximating the anisotropy of polybenzenoid systems as a
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Table 1. Intensity factor for the set of compounds in Scheme 1
compared with Schleyer’s NICS, values.

Compounds 1 I NICS,®! Pointslcl R,
Benzene (1) 1.12  1.00 -11.5 109 0.99
Naphthalene (2) 1.10 098 -11.4 144 0.99
Anthracene (3) outer 1.09  0.97 -9.6 178 0.99
central  1.20 1.07 -14.3
Phenanthrene (4) outer  1.14 1.02 -11.7 164 0.99
central  0.86  0.77 -7.4
Pyrene (5) outer  1.35 1.20 -12.8 161 0.99
central  0.79  0.70 -5.0
Triphenylene (6) central  0.73  0.65 -3.0 183 0.98
outer 1.14  1.02 -10.8
Azulene (7) 7-ring 090  0.81 -8.3 141 0.99
S-ring  1.60  1.43 -21.5
Trisbicyclo[2.1.1](8)! 0.81  0.73 -1.5 64 0.90
Cyclobutadiene (9) -1.20 -1.07 28.8 125 0.87
Acenaphthylene (10)  6-ring  1.02 091 -9.8 156 0.99
S-ring  0.34  0.30 2.1
Pyracyclene(11) 6-ring  0.33  0.29 0.1 168 0.47
S-ring 045 -0.40 16.8
Biphenylene (12) 6-ring 034  0.30 -6.5 154 0.84
4-ring  -0.46 -0.41 18.2
Corannulene (13)! .03 1.02 6.7 194 0.99
Sumanene (14)! central  0.70  0.62 2.9 182 0.99
outer 1.04 093 -9.8
6-Helicene (15)f1 A .13 1.01 -10.2 227 0.99
B 0.95 0.85 6.8
C 098  0.87 -7.1
7-Helicene (16)1f1 A .10 0.98 -10.8 232 0.99
B 097  0.86 -1.5
C 094 0.84 6.3
D 0.88  0.79 -6.6
8-Helicene (17)1 A .14 1.02 -10.9 234 0.99
B 097  0.87 -9.0
C 0.96  0.86 -7.2
D 0.87  0.78 -5.8
9-Helicene (18)f A .12 1.00 ~11.1 240 0.99
B 0.96  0.86 -8.2
C 094 0.84 -7.8
D 0.89  0.79 -6.6
E 0.82  0.73 -5.0
[a] Intensity factors normalised to benzene. [b]See ref>

[c] Number of sampling points associated with each structure.
[d] Correlation factor between the calculated NICS value and the
values computed with the HM model. [e] NICS, value calculated
at the B3LYP/6-31G(d) DFT level at the centre of the ring. [f] NICS
values calculated in ref.[7"!

30 1 NICS,

Figure 2. Plot of the aromatic factor calculated using Schleyer
NICS, values vs. the normalised intensity factors, I, calculated
using the HM model. The correlation factor for the equation y =
~18.9x + 8.0 is 0.95.
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sum of benzene rings could lead to poor estimates of the
generated anisotropy. As a demonstration of the higher ac-
curacy obtained with this method, the case of phenanthrene
(4) is exemplary (Figure 3). We used the ring factors re-
ported in Table 1 for the reproduction of the three-dimen-
sional anisotropy as shown in Figure 3a. All the NICS cal-
culated points were well reproduced by the HM method.
However, when the calculation for the same system was exe-
cuted approximating the anisotropy as the sum of the ring
factors of benzene, a poor correlation was observed. The
discrepancy increases for more-deshielded points, as shown
in Figure 3b.
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Figure 3. Plot of the NICS calculated values vs. the HM calculated
values for the phenanthrene system using: a) ring factors reported
in Table 1 and b) ring factors of 1.12 (I of benzene) for each ring.
The black lines represent the linear correlation.

Conclusions

In conclusion, a method for the calculation of intensity
factors has been developed. The HM method correlates well
with Schleyer’s NICS,. The calculated intensity factors
could complement current software for NMR structure de-
termination and NMR drug discovery.!']

Experimental Section

Computational Methods

All molecular structures in Scheme 1 were optimised at the B3LYP
hybrid density functional method (DFT) level in the 6-31G(d) basis
set with the Gaussian 98 program.['*l The gauge-including atomic
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orbital (GIAO) method was used to perform B3LYP/6-31G(d) cal-
culations of NICSs using the Gaussian 98 software. Schleyer’s
NICS, values were computed at the ring centres.”!

The molecule was placed in the centre of a grid of points ranging
from —4.0 A to +4.0 A.'7! Shielding points were rejected if within
van der Waals radius from the molecule (2.4 A from a proton,
3.0 A from a carbon) or if positioned at a distance shorter than
1.6 A one from another.'8! NICS values were then calculated at
the B3LYP/6-31G(d) level and fitted to the Haigh-Mallion model
allowing for the variation of intensity factors. Ghost atoms have
been used efficiently by others for the prediction of through-space
shielding effects on chemical shifts.['”? They have shown good cor-
relation with 'H shieldings outside the van der Waals surface of
aromatic rings.'”! R? represents the correlation between NICS and
HM calculated anisotropies. The size of the cubic box (+4.0 A,
+6.0 A, #8.0 A) and the shielding points minimum allowed dis-
tance (1.4-1.8 A) were found to have no influence on the size of
the ring-current effect in a determination of the intensity factor of
benzene.
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