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Substitution Effect in NICS Values in Tropylium Ion
Derivatives: An Ab Initio Study
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Fariba Dashtestani,1 Behnoush Alimadadi,2 and Saeed
Abedini Khorrami1
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Branch, Tehran, Iran
2Department of Chemistry, School of Science, Alzahra University,
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Hartree–Fock (HF) and hybrid density functional theory (B3LYP) calculations were
performed on tropylium ion and 19 of its mono- and diheteroatomic derivatives.
The aromaticity in this class of compounds is evaluated based on the nucleus inde-
pendent chemical shift (NICS) values. The NICS values are calculated at the center
of the rings NICS (0) and at 1Å above the molecular plane NICS (1). The geom-
etry optimization and NICS calculations were carried out at the HF/6–311+G∗∗
and at the B3LYP/6–311+G (2d, p) density functional level, respectively. These
calculations in the effects of heteroatoms such as N, B, P, and Si are considered on
aromaticity, molecular properties, NICS values, and structural parameters.

Keywords Aromaticity; DFT; NICS; tropylium ion

INTRODUCTION

Aromaticity is among the most widely used concepts in chemistry.1–9

Molecules with cyclic conjugated π-electron systems have specific mag-
netic properties different from other π-electron systems.10 They have,
in particular, a stronger diamagnetic susceptibility than expected from
additive rules like those of Pascal,11 a pronounced anisotropy of the sus-
ceptibility, and a deshielding of the protons attached to the ring carbons,
as compared to noncyclic conjugated π-systems.12 Their extra stabiliza-
tion, special reactivity, and magnetic properties are associated with the
cyclic delocalization of π-electrons. Aromatic compounds exhibit a dia-
magnetic ring current. Qualitatively, this ring current can be viewed
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as the migration of the influence of the magnetic field in NMR spec-
trometer.13–15 The ring current effect is responsible for a large magnetic
anisotropy in aromatic compounds. The chemical shift phenomenon can
be treated on a quantitative basis by quantum-mechanical calculation
of the chemical shift at the center of the rings. The value of the chemical
shift at a point in the center of the ring can be calculated. These values
are referred to as the nucleus independent chemical shift (NICS).16–18

These values show excellent correlation with other manifestations of
aromaticity. The index is defined as the negative value of the absolute
magnetic shielding computed at ring’s center.19–22 It is based on a probe
with no basis functions (bq), which is placed at or above the geometrical
center of a conjugated ring. NICS values are calculated at the center of
the rings and at 1Å above the molecular plane. Rings with highly neg-
ative values of NICS are quantified as aromatic by definition, whereas
those with positive values are anti-aromatic.23–28 The NICS (1) values
are considered to better reflect the π-electron effects.28–34

We studied the effects of one and two heteroatoms (B, N, P, and Si)
on the tropylium cation and on the change in the properties caused by
these replacements in the ring current and aromaticity.

RESULT AND DISCUSSION

This study systematically evaluates the performance of NICS analysis
in evaluating the aromaticity in tropylium ion (1) and a series that
replaced mono- and diheteroatom with CH groups.

Mono-Substituted Tropylium Ion

When the boron was replaced and hydrogen eliminated, the electron
density was focused inside the ring. So, the sigma effect in NICS (0)
increased.

TABLE I NICS (0) and (1) Values Were Calculated by Ab
Initio Study in B3LYP/6–311+G (2d, p) Level of Theory

B C N Si P

NICS(0) −7.7 −5.3 −4.7 −4.7 −5.3
NICS(1) −9 −9.2 −9.1 −7.3 −8.9
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TABLE II NICS (0) and (1) Value Compared by Tropy-
lium Ion Designed

σ π

P Meager negative effect Meager negative effect
N Negative effect Non effect
B Positive effect Non effect
Si Meager negative effect Negative effect

Reducing of aromaticity and ring current in NICS values involved
negative effect of heteroatom, and increasing with positive effects.

In the aza derivative, because of withdrawing of electron and the
small size of nitrogen, the electron density and resonance focused on
nitrogen and NICS (0) decreased.

In the sila tropylium ion, by reducing of electronegativity and in-
creasing size of Si and bond length (C-Si), we observed decreasing of
value of NICS (0) and (1).

In the phospha tropylium ion, the value of NICS (1) in comparison
with the tropylium ion decreased.

According to these results, which are given in Tables I and II,
by increasing the size of heteroatom and increasing the value of
electronegativity, we observe a decreasing of NICS values, which is
shown Scheme 1.

SCHEME 1

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



2736 S. Moradi et al.

TABLE III NICS (0) and (1) Values Were Calculated
by Ab Initio Study in B3LYP/6–311+G (2d, p) Level of
Theory

NICS (0) NICS (1)

N, N 1, 2 −4.7 −10.1
1, 3 −4.0 −8.8
1, 4 −3.9 −9.1

N, B 1, 2 −6.0 −8.0
1, 3 −8.5 −9.9
1, 4 −7.5 −8.9

N, Si 1, 2 −3.5 −6.2
1, 3 −4.1 −7.4
1, 4 −4.6 −7.3

N, P 1, 2 −3.9 −8.4
1, 3 −4.4 −9.1
1, 4 −4.4 −8.8

P, P 1, 2 −5.50 −9.49
1, 3 −3.69 −8.10
1, 4 −3.93 −7.78

Disubstituted Tropylium Ion

When two nitrogen atoms were replaced with CH groups, delocalization
of the electron was decreased by focused electron density of ring on two
heteroatoms, and NICS value decreased. That result is given Table III.

In the nitrogen and boron derivatives, nitrogen decreases aromatic-
ity and boron increases it. Hence, the properties of these structures
were between the tropylium ion and the boron tropylium ion.

When the nitrogen and phosphorous were replaced in tropylium ion,
the NICS values are the same as in the mono nitrogen substituted ion.
The effect of the phosphorous atom in aromaticity is meager.

By replacing nitrogen and silicon in the tropylium ion, the NICS val-
ues decreased. As a result, nitrogen decreased σ-portion in aromaticity
and silicon decreased π-portion.

In two phosphorous atom derivatives, the aromaticity decreased be-
cause increasing of phosphorous size and bond length caused the ring
structural disruption.

COMPUTATIONAL METHOD

Optimization of all species was carried out by the HF/6–311+G∗∗ level
of theory. The GIAO/B3LYP/6–311+G (2d, p) method was used for the
NICS calculations. NICS is the negative value of absolute magnetic
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shielding calculated at revealing point in or near an aromatic system.
All calculations were performed by using the GAUSSIAN 98 suite of
programs.35

REFERENCES

[1] T. M. Krygowski and M. K. Cyranski, Chem. Rev., 101, 1385 (2001).
[2] P. v. R. Schleyerand Special Editor, Chem. Rev., 101, 1115 (2001).
[3] R. Breskow, Chem. Eng. News, 90 (1956).
[4] R. Breskow, Acc. Chem. Res., 6, 393 (1973).
[5] T. M. Krygowaski, M. K. Cryanski, Z. Czarnocki, G. Hafelinger, and A. R. Katritzky,

Tetrahedron, 56, 1783 (2000).
[6] V. Minkin, B. Simkin, and M. Glukhotsev, Aromaticity and Antiaromaticity: Elec-

tronic and Structural Aspects (Wiley, New York, 1994).
[7] P. J. Garratt, Aromaticity (Wiley, New York, 1986).
[8] P. v. R. Schleyer, C. Maerker, A. Dransfled, H. Jiao, and N. J. R. v. E. Hommes, J.

Am. Chem. Soc., 118, 6317 (1996).
[9] M. K. Cryanski, T. M. Krygowski, A. R. Katritzky, and P. v. R. Schleyer, J. Org.

Chem., 67, 1333 (2002).
[10] T. M. Krygowski, J. Chem. Inf. Comput. Sci., 33, 70 (1993).
[11] P. Pascal, Ann. Phys. Chem., 19, 5 (1910); 25, 289 (1912); 29, 218 (1913); W. Angew.

Chem., 78, 277 (1966); Angew. Chem. Int. Ed. Engl., 5, 277 (1966).
[12] U. Fleischer, W. Kutzelnigg, P. Lazzeretti, and V. Muhlenkamp, J. Am. Chem. Soc.,

116, 5298 (1994).
[13] P. v. R. Schleyer, H. Jiao, N. J. R. vanEikema Hommes, V. G. Malkin, and O. L.

Malkina, J. Am. Chem. Soc., 119, 12669 (1997).
[14] P. v. R. Schleyer, M. Manohran, Z. X. Wang, B. Kiran, H. Jiao, R. Puchta, and N. J.

R. van Eikema Hommes, Org. Lett., 3, 2465 (2001).
[15] J. Juselius and D. Sundholm, Phys. Chem. Chem. Phys., 1, 3429 (1999).
[16] F. A. Carey and R. J. Sundberg, Advanced Organic Chemistry, 4th ed. (New York,

1937).
[17] A. Ligabue and P. Lazzeretti, J. Chem. Phys., 116, 964 (2002).
[18] P. W. Fowler, R. W. A. Havenith, and E. Stener, Chem. Phys. Lett., 342, 85 (2001).
[19] F. London, J. Phys. Radium, 8, 397 (1937).
[20] J. A. Pople, J. Chem. Phys., 24, 1111 (1956).
[21] D. W. Davies, The Theory of the Electric and Magnetic Properties of Molecules (Wiley,

London, 1967).
[22] T. Heine, P. v. R. Schleyer, C. Corminboeuf, G. Seifert, R. Reviakine, and J. Weber,

J. Phys. Chem. A, 107, 6470 (2003).
[23] H. Jiao and P. v. R. Schleyer, J. Phys. Org. Chem., 11, 655 (1998).
[24] P. v. R. Schleyer, B. Kiran, D. V. Simion, and T. S. Sorensen, J. Am. Chem. Soc., 510,

122 (2000).
[25] D. Quinonero, C. Garau, A. Frontera, P. Ballaster, A. Costa, and P. M. Deya, Chem.

Eur. J., 8, 433 (2002).
[26] S. Patchkovski and W. Thiel, J. Mol. Modelling, 6, 67 (2002).
[27] M. L. McKee, In Structures and Mechanisms from Ashes to Enzymes, G.

R. Eaton, D. C. Wiley, and O. Jardetzky, Eds., ACS Symposium Series, No.
827 (American Chemical Society, Washington, DC, 2002), Chapter 8, pp. 135–
149.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



2738 S. Moradi et al.

[28] T. M. Krygowski, K. Ejsmont, B. Stepien, M. K. Cyranski, J. Poater, and M. Sola, J.
Org. Chem., 69, 6634 (2004).

[29] A. Saieswari, U. D. Priyakumar, and G. N. Sastry, J. Mol. Struct., 663, 145 (2003).
[30] C. Corminboeuf, T. Heine, and J. Weber, Phys. Chem. Chem. Phys., 5, 246 (2003).
[31] L. Nyulaszi and P. v. R. Schleyer, J. Am. Chem. Soc., 121, 6872 (1999).
[32] H. Kim, Bull. Korean Chem. Soc., 26, 4 (2005).
[33] M. Zora and I. Ozkan, J. Mol. Struct., 638, 157 (2003).
[34] S. M. Bachrach, J. Org. Chem., 643, 39 (2002).
[35] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-

man, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S.
Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clif-
ford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G.
Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W.Chen, M. W. Wong, J. L.
Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle, and J. A. Pople, Gaussian,
Inc., Pittsburgh, PA, 1998.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


