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The nucleus-independent chemical shifts (NICS) and electron
density profiles along the inner and outer regions defined
by the two stacked aromatic rings of [2.2]paracyclophane
have been analyzed and compared to those of free benzene
andp-xylene and benzene dimers taken as reference models.
It is found that stacked aromatic rings show a reduction of
the NICS indicator of aromaticity as compared to the same
free aromatic systems. This decrease of the NICS values upon
stacking is not due to an increase of the electron density in
the inner region between the rings (as claimed in a previous
work) but is related to the magnetic couplings between
superimposed rings that affect this measure of local aroma-
ticity. The increase of local aromaticity in superimposed
aromatic rings indicated by NICS is not real but the result
of the coupling between the magnetic fields generated by
the two stacked rings. This result warns about the use of
NICS as a descriptor of aromaticity for species having
superimposed aromatic rings.

Cyclophanes are organic compounds having phenylene groups
connected by -[CH2]n- bridges.1,2 The relevance of cyclophanes
relies on their applications in different chemical fields such as

asymmetric synthesis, selective catalysis, or supramolecular
chemistry, as well as in biology.3 [2.2]Cyclophanes (i.e., [2.2]-
paracylophane, [2.2]metacyclophane, and [2.2]metaparacyclo-
phane) are particularly interesting because the two benzene rings
are held at short distances. Also remarkable in these systems
are the boat-type deformation of the aromatic rings caused by
the large strain induced by the short aliphatic bridge connecting
the two phenylene groups. For these reasons, [2.2]cyclophanes
have been used as probes to discuss the relation between
aromaticity and strain, theπ-π interactions, and the substituent
effects.2,3 However, despite the chemical relevance of these
species, few theoretical studies have been devoted to the analysis
of the molecular structure and aromaticity of [2.2]cyclophanes.
Noticeably, very recently, Caramori, Galembeck, and Laali
(CGL) have published the first high-level theoretical study3 in
which geometries, conformations, strain, and relative aromaticity
have been concisely examined for a series of isomeric [2.2]-
cyclophanes, together with benzene and xylene dimers as
reference models. By means of the harmonic oscillator model
of aromaticity (HOMA)4,5 and the nucleus-independent chemical
shift (NICS)6,7 measures, CGL have found that phenyl rings in
[2.2]cyclophanes are aromatic, even though these rings are not
completely planar and present alternant C-C bond lengths. The
authors have also reported that when aromatic rings are stacked,
as in [2.2]paracyclophane or in the benzene and xylene dimers,
the NICS of the aromatic rings decreases, thus indicating an
increase in their aromatic character. The observed NICS
reduction has been attributed to an increase in the electronic
density in the inner region of the stacked aromatic rings.
However, our previous experience points out that the decrease
of NICS upon stacking is caused by the coupling between, i.e.,
the sum of, the magnetic fields created by the electron current
densities of the two rings one placed above the other and is not
due to an increase of the electron density in the inner region of
the rings. Our hypothesis emerges from a recent study8 in which
we have analyzed the aromaticity of a series of [n]helicenes. In
this work, we have observed a particular behavior of NICS that
has been attributed to the magnetic couplings between super-
imposed rings, which completely modify the trends in local
aromaticities as compared to other aromaticity criteria.
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To clarify the origin of the NICS reduction in stacked rings,
we have chosen benzene,p-xylene, the benzene dimer, and [2.2]-
paracyclophane (see Scheme 1) optimized at the MP2/6-31+G-
(d,p) level. For these systems, we have calculated the NICS
values at different points along thez-axis of these compounds
at the B3LYP/6-31+G(d,p) level of theory with the GIAO
method.9 The perpendicular component to the ring plane of
NICS (NICSzz) has also been reported, as it has recently been
considered to better represent the effect of the induced magnetic
field.10 Moreover, at the same points where NICS have been
measured, values of the electron density, at the MP2/6-31+G-
(d,p) level, have been calculated. Geometry optimizations and
NICS calculations have been carried out by means of Gaussi-
an03,11 and electron density values have been obtained with
the AIMPAC package.12,13

Figure 1 shows the evolution of NICS when moving along
the z-axis of the four systems under study.R ) 0 corresponds
to the center of the ring and will be referred as NICS(0), whereas
positive values ofR correspond to the inner region between
aromatic rings (NICS(in)) and negative R correspond to the outer
region (NICS(out)). It is seen how dimerization of benzene
causes a decrease of NICS along the wholez-axis, more
pronounced in the inner region between the two phenyl rings
(positiveRvalues). This decrease is expected from the empirical
model of shielding for benzene determined by Johnson and
Bovey using a current loop model.14 Stacking of the two rings

to give [2.2]paracyclophane causes an additional decrease of
NICS in the inner region; however, in the outer region NICS
unexpectedly increases. This increase of NICS in the outer
region of [2.2]paracyclophane is likely due to the not completely
parallel disposition of the two benzene units in this compound
(vide supra). Figure 2 represents the corresponding values of
NICSzz, which should better describe the ring current due to
theπ-electrons as being the out of plane component of NICS.10,15

In this case, it is seen how NICS values follow basically the
same trend as NICSzz. It should be pointed out that the particular
behavior of NICS and NICSzz in [2.2]paracyclophane could be
caused by the benzene rings not being completely planar. This
might bias the in- and out-plane components of NICS, thus
reducing the meaning of NICSzz.15 In this sense, it is worth
mentioning that electron current densities contain more informa-
tion than the simple NICS measure that can be obtained from
the electron current densities by integration. For this reason,
they are more useful to discuss aromaticity than the NICS value
itself.15

NICS values have been widely commented on in the paper
by CGL,3 and thus no further comment will be done in the
present work. Nevertheless, it is worth mentioning that for
benzene dimer we have used the fully optimized geometry
(distance between rings≈ 3.8 Å), whereas CGL constrained
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SCHEME 1

FIGURE 1. Evolution of NICS along thez-axis of benzene,p-xylene
and benzene dimer, and [2.2]paracyclophane.R represents the distance
from the center of the ring; positiveR values correspond to NICS(in)
and negativeR values correspond to NICS(out).

FIGURE 2. Evolution of NICSzz along thez-axis of benzene,p-xylene
and benzene dimer, and [2.2]paracyclophane.R represents the distance
from the center of the ring; positiveR values correspond to NICS(in)
and negativeR values correspond to NICS(out).
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the phenyl rings at the same distance as for [2.2]paracyclophane
(≈ 3.1 Å). The result of this difference is that for our benzene
dimer geometry the NICS(1) (NICS calculated at 1 Å above
the center of one benzene ring toward the inner region between
the two benzene rings) is lower than NICS(-1) (NICS calculated
at 1 Å below the center of one benzene ring toward the outer
region of the dimer), the opposite to what CGL have obtained.
This can be better seen by means of Figure 3 in which NICS-
(0), NICS(1), and NICS(-1) are calculated for the benzene
dimer at different distances between the phenyl rings (from 3
to 5 Å). This figure clearly shows that the NICS of a certain
ring is largely affected by the presence of another ring above
and that this effect depends on the distance at which it is
located.8 It is clearly seen also that atR ≈ 3.2 Å there is a
crossing in the values between NICS(1) and NICS(-1) that
explains the differences in the benzene dimer NICS values
reported by CGL and us. The large reduction of NICS(0) and
NICS(1) for distances between the benzene rings smaller than
3.2 Å may be likely due to the influence of the overlap between
the π orbitals of the two benzene units.

The next step of the study is to prove that the above decrease
in NICS(in) and also in NICSzz(in) observed for the dimers
cannot be attributed to an increase of the electron density in
this inner region.3 To check this hypothesis, we have computed
the electron density along thez-axis, and the corresponding
values can be visualized in Figure 4. As it can be seen from the
graph, the electron density for the dimers in both inner and outer
regions is almost identical for the same(R distance and also
equivalent to that of the benzene andp-xylene rings alone.
Therefore, no increase of the electron density is observed in
the inner region of the dimers, thus confirming our hypothesis
that the decrease of NICS and NICSzz in the inner region has
to be associated only to magnetic couplings with neighboring
rings placed above8 and not to significant electron density
changes in the aromatic rings. Thus, the apparent increase in
local aromaticity in superimposed aromatic rings indicated by
NICS is not real but rather the result of the magnetic field
generated in one ring by the electron current density of the other
ring placed above it. This result is reinforced by other aroma-
ticity descriptors such as HOMA that shows, for instance, a
small reduction of aromaticity when going from benzene to [2.2]-
paracyclophane.3

Finally, the present results reveal a limitation of the NICS
indicator of aromaticity6,7 and suggest that NICS values should
be used carefully to discuss local aromaticity in systems having

superimposed aromatic rings.8,15 Thus, it is not only that the
NICS indicator of aromaticity can potentially incorporate some
spurious information arising from the electron flow perpen-
dicular to the molecular plane15,16 and/or that ring currents of
neighboring rings in polycyclic compounds can produce a large
effect on the NICS values of a given ring,17 but also that the
NICS values of the studied ring can be largely affected by
paratropic (or diatropic) ring currents of rings located above or
below. In our opinion, this proves that, for some systems, the
assessment of local aromaticities based on NICS values only
must be made with great care. Indeed, it has been recently shown
that ring current analyses are more reliable than integrated
properties such as NICS, magnetizability measures, or1H
magnetic shieldings for planar conjugated hydrocarbons, as these
last properties are biased by other parallelπ-ring currents.18,19

Nevertheless, it must be also stressed that NICS works properly
for many other systems and is easier to compute and to deal
with than other magnetic criteria.
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for partial funding of computer time.

Supporting Information Available: Cartesian coordinates and
total energies of the four systems. This material is available free
of charge via the Internet at http://pubs.acs.org.

JO052095Z

(16) Lazzeretti, P. InProgress in Nuclear Magnetic Resonance Spec-
troscopy; Emsley, J. W., Feeney, J., Sutcliffe, L. H., Eds.; Elsevier:
Amsterdam, 2000; Vol. 36, p 1.
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FIGURE 3. Evolution of NICS(0), NICS(1) (inner region), and NICS-
(-1) (outer region) for the benzene dimer when increasing the
separation between the two phenyl rings fromR ) 3 to 5 Å.

FIGURE 4. Evolution of the electron density along thez-axis of
benzene,p-xylene and benzene dimmers, and [2.2]paracyclophane.R
represents the distance from the center of the ring; positiveR
corresponds to the inner region between the rings and negativeR
corresponds to the outer region.
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