
  

 

Visualisation of counter-rotating ring currents in kekulene
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Current-density maps for kekulene 1 computed using an ab
initio all-electron distributed-origin method show global
diamagnetic and paramagnetic circulations around outer
and inner perimeters (‘rim’ and ‘hub’), subsuming six local
benzenoid diamagnetic p circulations, in qualitative agree-
ment with the Hückel–London pmodel, but in contradiction
of an [18]-in-[30] concentric-annulene description of 1.

Even before its synthesis in 1978 the cyclic polyacene kekulene
(1, C48H24),1 which consists of twelve annelated benzene rings,
was already a subject of debate. Qualitative considerations
suggest that 1 may be represented either as a D6h Clar structure
containing six benzenoid sextets2 (1a) or an [18]annulene-
within-a-[30]annulene corresponding to superposition of two
D3h Kekulé resonance structures (1b, Fig. 1). The proposal3 that
circularly conjugated 1 possesses superaromaticity, i.e. en-
hanced stabilisation energy, led to controversy4 resolved by a
recent ab initio study.5 A comparison of the computed
geometric, energetic and magnetic properties6 of 1 with those of
anthracene, phenanthrene, 1,2:7,8-dibenzanthracene and
[18]annulene, showed no enhanced stabilisation energy, dia-
magnetic exaltation or magnetic anisotropy, all as would be
expected from the qualitative graph theoretical analysis,4
indicating that 1 is not superaromatic, and is realistically
described by the D6h structure 1a.5 These conclusions are
compatible with the single-crystal X-ray structure of 1. They
also match the 1H NMR data: the downfield-shifted d(1H) of the
inner protons [H(3); 10.45/10.47]7 differs markedly from that of
the corresponding protons in [18]annulene (23.08), as expected
from the positive (paramagnetic; 5.05) and negative (diamag-
netic; 213.45) NICS6 values calculated for the geometric
centres of 1 and [18]annulene, respectively (III, Fig. 1).

In a recent paper9 the general picture of the ‘annulene-within-
an-annulene’ model10 for planar coronene (2, C24H12) and
bowl-shaped corannulene (3, C20H10) was rejected on the basis
of direct computation using ab initio all-electron distributed-
origin methods and mapping of the current densities induced by
a uniform magnetic field.† For 2 and 3, two strong counter-
rotating ring currents, a diamagnetic (anti-clockwise) and
paramagnetic (clockwise) circulation around the rim and hub,
respectively, were found.

To address the question of the electronic structure of
kekulene 1, ab initio all-electron current-density maps were

calculated using the same distributed-origin methods.† Here we
report the results, which support the Clar and Hückel pictures
(cf. 1a, Fig. 1).

The geometry of 1 was optimised using the 6-31G** basis
set;11 the planar, structure of 1 [D6h symmetry (1a)] agrees with
single-crystal X-ray data (Table 1).3,5,7

Fig. 2 shows the computed current-density maps† of 1a for
(a) the s, (b) p and (c) total (s + p) electrons at 1a0 above the
molecular plane. The s map demonstrates the characteristic
superposition of diamagnetic circulations centred on s bonds,
giving rise to a cumulative net central paramagnetic circulation
within each hexagonal ring. The p map shows a pattern of
current density dominated by intense diamagnetic and para-
magnetic circulations around outer and inner perimeters (‘rim’
and ‘hub’), respectively. Residual benzenoid diamagnetic
circulations within the central hexagons of the anthracene-like
sub-units, are also visible (1a; rings I, Fig. 1). No diamagnetic
circulations are observed in the hexagons at the six corner
positions (1a; rings II, Fig. 1). This pattern is reminiscent of the
computed ab initio current-density maps for anthracene and
phenanthrene.12 Thus, when placed in a perpendicular magnetic
field, 1 has induced counter-rotating ring currents with a
diamagnetic rim and a paramagnetic hub, in flat contradiction of
the prediction of the [18]annulene-within-a-[30]annulene
model, which would give diamagnetic rim and hub ring
currents.4

The quality of the current-density maps is established by the
calculated CTOCD-PZ2 integrated magnetic properties,† which
are consistent with available experimental7 and previous ab
initio data acquired using different methods.5

The computed magnetic anisotropy Dx (2153.9 a.u.) of 1a,
which tends to correlate9 with the conventional exaltation of
isotropic magnetic susceptibility L,13 is ca. 10 times that of
benzene. Thus, the CTOCD results support the conclusion that
1a is not superaromatic.3–5 The calculated Dx is in qualitative
agreement with an estimate of L (178 3 1026 cm3 mol21 14).

The mean absolute shielding (s) at the geometric centres of
the distinct rings (1a; I 14.6, II 8.0 and III23.2, Fig. 1), which
with the required sign change are NICS6 values (I 210.8, II
24.3 and III 5.05), are consistent with the sense and strength of
the calculated current densities (Fig. 2).

The computed mean absolute shieldings of the protons
positioned on rim [H(1)/H(2)] and hub [H(3)] show good
agreement with experiment (Table 1). The substantial down-
field shift of H(3) with respect to H(1) [Dd 1.62 (2.08/2.027)]

Fig. 1 Alternative Clar (1a) and Kekulé (1b) structures for 1.

Table 1 Computed bond lengths (in Å) and shifts d(1H) and d(13C) for 1

Bonda 6-31G**b,c Atoma d(1H)calc
b d(13C)calc

a 1.339 [1.347–1.351] 1 8.07 [8.37/8.45] 127.6
b 1.453 [1.438–1.449] 1a — 131.5
c 1.394 [1.391–1.397] 1b — 130.1
d 1.410 [1.415–1.421] 2 7.58 [7.95/8.01] 127.4
e 1.466 [1.453–1.461] 3 9.69 [10.45/10.47] 117.6
f 1.383 [1.381–1.390]
a See 1a, Fig. 1. b d(1H)calc = 30.8 2 1026s(1H) and d(13C)calc = 185.6 2
1026s(13C).† Experimental values in square brackets.7 c See ref. 3.
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and H(2) [Dd 2.11 (2.50/2.467)] is in line with the strong
paramagnetic hub ring current along the hub. Unfortunately, the
extreme insolubility of 1 thwarted acquisition of its 13C NMR
spectrum. The d(13C) values of 1 compare with those of the
corresponding position in anthracene and phenanthrene. We
note that for C(3) an upfield shift of ca. 5 ppm is predicted
(Table 1).

It is interesting to compare the results with the predictions of
two simple models for the response of 1 to a uniform magnetic
field. The annulene-within-an-annulene10 picture of 1 (cf. 1b,
Fig. 1) considers the 48p-electron system as two separate 4n +
2 circuits, an outer 30p and an inner 18p cycle. As disjoint
aromatic monocycles, each would therefore carry a uniform
induced diamagnetic ring current, and hence 1 would have con-
rotating currents. In contrast, when the Hückel–London
model15 is applied of 1, a more complex pattern of induced
currents in all 60 bonds is predicted. Application of symmetry
constraints and current conservation at each vertex of the graph
(as in electrical circuits16) shows that in fact all bond currents
are functions of just three independent parameters, which
govern the inner, outer and radial current flow. In the simplest
version, where all bonds have equal resonance integrals,
counter-rotating circulations on rim and hub are predicted,4 in
qualitative agreement with the ab initio p map, though with
much weaker currents in the radial bonds connecting inner and
outer perimeters (Fig. 3). If the resonance integral of the radial
bonds is reduced to zero, the interior current slows down and
reverses recovering the (physically incorrect) annulene-within-
an-annulene model.‡

We gratefully acknowledge travel grants from the Council for
Chemical Sciences of the Netherlands Organisation for Scien-

tific Research and the British Council and thank the European
Union TMR Network scheme, contract FMRX-CT097-0126
(support for A. A., University of Bologna).

Notes and references
† For procedures see ref. 9.
‡ With all bond lengths set to 1.4 Å, perimeter resonance integrals set to the
benzene b, and integrals for radial bonds to bA, the variation 1 ! bA/b ! 0
covers the range from 1 to a fully decoupled [18]-in-[30] annulene. All
current strength parameters (Fig. 3) are monotonic: 1.18 @ A @ 3.64, 0.18
@ d @ 0, 0.99 ! B ! 22.24, in units of the benzene ring current. The hub
has a paramagnetic current for 0.424 < bA/b, a diamagnetic current for bA/b
< 0.407.
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Fig. 2 Computed current-density maps of 1 [(a) s, (b) p and (c) s + p electrons].

Fig. 3 Induced bond currents in the Hückel–London p model of 1.‡
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