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ABSTRACT

While the total aromatic stabilization energies (ASE) of the [n]annulenes, from C6H6 to C66H66, converge to ca. 22 kcal/mol, the ASEs per
π-electron decrease markedly. Bond length alternation (which depends on the theoretical level) only reduces stabilization somewhat but
influences the magnetic properties (NICS, proton chemical shifts, and magnetic susceptibilities) considerably. Nevertheless, these magnetic
criteria, when based on the most realistic structures, agree that the aromaticities of the larger annulenes decrease and then nearly vanish.

The theory1 of bonding in cyclic fully conjugated polyenes
(annulenes)2 predicts “delocalized” structures (highly sym-
metrical) for the smaller aromatic [n]annulenes but “local-
ized” structures with bond-alternating geometries for higher
homologues. Shaik has developed the view that theπ-in-
teractions in benzene favor bond alternation, but theσ-frame-
work imposes D6h symmetry.3 While the bond length
alternation in higher (4n + 2)π-electron [n]annulenes should
set in beyond a certain size,4 the critical value of “n” has
still not been established with certainty.5 Computational
methods including electron correlation favor more sym-

metrical geometries, but the results vary. Using the semiem-
pirical MNDOC method, Yoshizawa found [30]annulene to
prefer a bond-alternatingD3h geometry over theD6h structure
by 4.6 kcal/mol.6 However, Choi and Kertsez (CK) reported
that this energy difference was only 0.1 kcal/mol at B3LYP/
6-31G*.7 Bond-alternating forms generally became progres-
sively more stable in higher [n]annulenes (for example,n )
42, 54, and 66).

Resonance energy8 estimations for [18]annulene have
ranged from Dewar’s9 2.9 kcal/mol to an “experimental
value” (based on an energy comparison with benzene) of
100 kcal/mol!10 Both Siegel and Baldridge11 as well as CK7a

evaluated a RE ca. 18 kcal/mol, by comparing [18]annulene
with hexatriene and butadiene. However, this procedure is
unsatisfactory since the reference molecules do not mimic
the HH repulsions and other strain effects in the constricted
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annulene geometry. Employing the energies of molecular
fragments based on the optimized geometries of [18]-
annulenes, CK obtained 39.1 kcal/mol7a but considered this
ASE to be too high. However, the same fragment method
appeared to give reliable ASE results for the larger, less
strained annulenes, which approached a constant value near
23 kcal/mol. CK also reported NICS12 for the [14]-, [18]-,
[22]-, [26]-, [30]-, [42]-, [54]-, and [66]annulenes.7a We have
now improved and augmented their results significantly.

Our isomerization stabilization energy (ISE) method13

evaluates ASEs14 consistently and reliably for the whole set
of strained and unstrained annulenes (see Figure 1). Both
HF (bond-alternating) and B3LYP (bond-equalized) geom-
etries have been employed for energy and magnetic property
evaluations. Even though ISEs are almost the same for both
sets of structures, NICS, proton chemical shifts, and magnetic
susceptibility exaltations,Λ,15 are very sensitive to the
geometries.

Geometries and Energies.All the [n]annulenes (n g 10)
favor bond-alternating structures at HF//HF (Table 1). In
contrast, lower energy bond-alternating minima are found

only for the higher [n]annulenes (ng 30) at B3LYP//
B3LYP.16 In these annulenes, theD6h forms were obtained
by imposing symmetry.

Notably, theseD6h forms were only between 0.26 [n )
30] and 6.1 kcal/mol [n ) 66] higher in energy than theD3h

minima (Erel, Table 1). In contrast, the B3LYP//HF single-
point relative energies (Table 1) increased steadily from 2.92
[n ) 10] to 28.33 kcal/mol [n ) 66]. However, this increase
was not due solely to the decrease in resonance energy in
bond-localized geometries.Geometrical parameters at HF are
not optimal for B3LYP energy evaluations.

The ISE evaluations are more instructive. The ISEs of
many of the annulenes at HF//HF (Scheme 1) and of all the
annulenes at B3LYP//HF (Table 1) are only slightly smaller
than those evaluated at B3LYP//B3LYP. The deviations, the
ISE data at HF//HF, start at [n ) 10] but then become
progressively smaller asn increases (Scheme 1). Notably,
the ISEs of large annulenes approach plateaus of 18 (HF//
HF) and 22 kcal/mol (B3LYP//B3LYP) (Scheme 1). These
plateaus, which match CK’s,7a are much larger than Dewar’s
predicted ca. 2.8 kcal/mol. However, theISE perπ-electron,
a more important measure of aromaticity of such different
systems, decreases markedly with increasing annulene ring
size (Figure 1).
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(13) Schleyer, P. v. R.; Pühlhofer, F.Org. Lett.2002,4, 2873. The ISE
method compares the computed energy of a methyl derivative of a given
aromatic system with its structurally closely related nonaromatic exocyclic
methylene isomer. See Scheme 1. ISEs were computed at three different
levels: HF/6-31G*//HF/6-31G*, B3LYP/6-31G*//HF/6-31G*, and B3LYP/
6-31G*//B3LYP/6-31G* designated as HF/HF, B3LYP/HF, and B3LYP/
B3LYP, respectively, in subsequent text.

(14) Geometry optimizations, energy evaluations (with ZPE corrections),
and frequency analyses, of all the structures in Scheme 1 and in Table 1,
were carried out first at HF/6-31G* and then at B3LYP/6-31G*, using
Gaussian 98 (reference in Supporting Information). Planar conformations
of methyl annulenes and their respective nonaromatic isomers were forced,
in order to compute the ISEs andΛ, since the ISEs using their nonplanar
analogues were not different (e.g., ISE of 22.2 for nonplanar vs 27.4 kcal/
mol for planar methyl[18]annulene at B3LYP/6-31G*).

(15) (a) Dauben, H. J.; Wilson, J. D.; Laity, J. L.Nonbenzenoid
Aromaticity; Snyder, J. P., Ed.; Academic Press: New York, 1971; Vol. II,
and references therein. (b) Jiao, H.; Schleyer, P. v. R.Angew. Chem., Int.
Ed. Engl.1993, 32, 1763. (c) Herges, R.; Jiao, H.; Schleyer, P. v. R.Angew.
Chem., Int. Ed. Engl.1994,33, 1376. (d) Schleyer, P. v. R.; Jiao, H.Pure
Appl. Chem.1996,68, 209.
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at [30]annulene.

Figure 1. ISE per π-electron, computed using Scheme 1 (at
B3LYP//B3LYP), versus the ring size for annulenes.

Scheme 1. ISE and ISEHF (in kcal/mol, ZPE corrected) at
B3LYP/6-31G*//B3LYP/6-31G* and HF/6-31G*//HF/6-31G*

energies, respectivelya

a Cs geometries were used.
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Note that the HF//HF ISEs (Scheme 1) are almost as large
as those at B3LYP//B3LYP, despite the differing preferences
for bond-alternating geometries, [n > 6] at HF//HF and [n
g 30] at B3LYP//B3LYP. Consequently, “bond localization”
in these B3LYP-optimized large annulenesdoes notresult
in a major loss of stabilization energy. The same conclusion
has been reached for benzene, after imposition of Kekulé
cyclohexatriene geometries (Table 1).12a,b,17

The computed B3LYP ISEs of [18]annulene, 27.4 kcal/
mol on the more regular //B3LYP structures and 21.9 kcal/
mol on the //HF geometries (Table 1), lie between CK’s two
ASE estimates, 16.4 and 39.1 kcal/mol. Although our
B3LYP//B3LYP ISEs for [42]-, [54]-, and [66]annulenes
(22.9, 22.5, and 22.4 kcal/mol, respectively, Table 1) are in
remarkably good agreement18 with CK’s B3LYP values
(23.2, 22.6 and 23.1 kcal/mol, respectively). Because of the
close relationship of the structures involved, the ISE method
deals with strained molecules more effectively.14

Magnetic Properties. Arguably, magnetic criteria (Λ,19

1H NMR chemical shifts,20 as well as NICS and its dissection
into π-contributions) provide the best measures of aromaticity

since they are based directly on the special “ring current”
effects due to cyclic electron delocalization. More than the
energies, the magnetic properties are influenced by the
geometries dramatically (see Table 1).

Magnetic susceptibility exaltations,Λ, are closely associ-
ated with aromaticity.13 Evaluations (Λ) øM - ø′M) are
based on the magnetic susceptibilities of an annulene (øM)
and its nonaromatic model (ø′M). The annuleneΛ values
computed via the ISE equations of Scheme 119 (values in
parentheses in Table 1) agree well with those using incre-
ments.21 Due to the greater ring area,Λs for the large
B3LYP-optimized annulenes are much greater than those for
the small annulenes. The ring current contribution to the total
ø of a cyclic compound is proportional to the product of the
square of the ring area (θ2) and ASE.2a,22 Indeed, we find
that Λ follows this expectation, but only for [n e 30]. The
curve falls off forD3h [42]-, [54]-, and [66]annulenes (see
Figure A in Supporting Information), but the much larger

(17) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.; Mühlenkamp, V.J.
Am. Chem. Soc.1994,116, 5298.

(18) When applied to the HF//HF geometries, CK’s procedure gives ASEs
[see Supporting Information] in gross disagreement with our ISEs. CK did
not evaluate the ASEs of [10]-, [14]-, [22]-, and [26]annulenes.

(19) Λ evaluated at CSGT-B3LYP/6-31+G*//B3LYP/6-311+G**.
(20) NICS and1H NMR chemical shift employed the PW-91 functional,

the IGLO-III TZ2P basis set, and the Pipek-Mezey σ,π-localization
available in the deMon NMR program.

(21) Our increment scheme was based on magnetic susceptibilities of
ethylene and butadiene. The CH2d anddCH- increments are-7.3 and
-5.1 cgs ppm, respectively.

(22) Maoche, B.; Gayoso, J.; Ouamerali, O.ReV. Roum. Chem.1984,
29, 613.

Table 1. Relative Energies (Erel, kcal/mol), Total NICS(0) and Dissectedπ-Contributions (at the ring centers), Magnetic Susceptibility
Exaltations (Λ, cgs ppm), and Averaged Inner and Outer1H NMR Chemical Shifts of the [n]Annulenesa

[n] method/6-31G* Erel
b ISEc NICS(0)d NICS(π)d Λe(Λf) δ Hinner

d δ Houter
d

[6] D3h B3LYP//HF 4.50g -8.3 -20.1 -17.0 7.5
D6h B3LYP//B3LYP 0.00 (34.6) -8.8 -20.7 -17.6 (-15.8) 7.5

[10] Cs B3LYP//HF 2.92 (31.1) -28.8 -17.7 -52.4 (-54.0) -5.7 8.4
C2v B3LYP//B3LYP 0.00 (32.6) -28.6 -17.7 -54.8 (-64.2) -5.9 8.7

[14] C2v B3LYP//HF 10.39 (20.9) -7.5 -10.7 -71.2 (-79.9) -1.8 8.5
D2h B3LYP//B3LYP 0.00 (26.7) -13.4 -15.7 -118.0 (137.3) -7.5 10.1

[18] D3h B3LYP//HF 12.03 (21.9) -5.9 -8.4 -99.0 (-105.9) -1.6 8.8
D6h B3LYP//B3LYP 0.00 (27.4) -15.9 -15.9 -232.7 (-257.4) -11.2 11.8

[22] C2v B3LYP//HF 13.12 (21.2) -4.9 -6.8 -113.9 (-122.1) -0.8 8.8
D2h B3LYP//B3LYP 0.00 (26.3) -15.2 -16.2 -390.3 (-416.7) -14.1 13.3

[26] C2v B3LYP//HF 13.87 (20.5) -3.9 -5.0 -123.3 (-131.4) 0.1 8.7
D2h B3LYP//B3LYP 0.00 (24.9) -15.8 -16.1 -631.7 (-599.1) -17.0 15.2

[30] D3h B3LYP//HF 14.78 (20.1) -3.0 -3.9 -125.7 (-133.2) 1.1 8.5
D3h B3LYP//B3LYP 0.00 (23.6) -13.8 -14.4 -755.4 (-741.2) -16.1 15.6
D6h B3LYP//B3LYP 0.26 -16.2 -16.5 -978.0 -20.0 17.2

[42] D3h B3LYP//HF 18.61 (20.7) -1.1 -89.3 (-89.3) 3.6 7.7
D3h B3LYP//B3LYP 0.00 (22.9) -5.6 -916.6 (-940.9) -6.5 10.8
D6h B3LYP//B3LYP 1.88 -16.7 -2636.2 -28.8 21.7

[54] D3h B3LYP//HF 23.32 (20.8) 0.0 -51.8 (-46.7) 4.8 4.9
D3h B3LYP//B3LYP 0.00 (22.5) -2.6 -893.9 (-900.0) -1.3 8.7
D6h B3LYP//B3LYP 3.84 -17.0 -5564.8 -37.2 28.0

[66] D3h B3LYP//HF 28.33 (20.8) 0.1 -30.0 (-21.1) 5.0 4.8
D3h B3LYP//B3LYP 0.00 (22.4) -1.2 -758.3 (-760.3) 1.7 7.2
D6h B3LYP//B3LYP 6.10 -17.1 -10125.0 -45.0 34.5

a Values in parentheses are the isomerization stabilization energies (ISE, kcal/mol) and magnetic susceptibility exaltations (Λ, cgs ppm), evaluated using
the [n]annulene derivatives in Scheme 1.b Computed at B3LYP/6-31G*//.c Evaluated at B3LYP/6-31G*//+ ZPE (at the same level) forn < 30 and without
ZPE correction forn g 30. d NICS(0), NICS(π), Houter, and Hinner at IGLO/TZ2P// forn g 30 and at GIAO-B3LYP/6-31G*// forn > 30. e Λ ) øM - ø′M.
Magnetic susceptibilities of aromatic annulenes,øM, at CSGT-B3LYP/6-31+G*// (for n g 30) and at CSGT-B3LYP/6-31G*// (forn > 30); magnetic
susceptibilities of nonaromatic annulenes,ø′

M evaluated by using increments (see ref 21).f Λ based on Scheme 1 at CSGT-B3LYP/6-31+G*// for n g 30
and at CSGT-B3LYP/6-31G* forn > 30. g With fixed 1.449 and 1.350 Å C-C bond lengths.
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Λs for their D6h forms (e.g.,-10 125 for [66]annulene!)
continue the initial trend.

The computed proton chemical shifts also are extremely
sensitive to the geometry. As is well-known,2a the δ 1Hs of
the inner and the outer annulene protons can differ dramati-
cally (Table 1) from those of normal alkenes (δ ) 5.6 for
cyclohexene). The outer Hs are downfield (also from
benzene,δ ) 7.2), but the inner Hs are upfield, evidently
due to the strong diatropic ring currents in these annulenes.
The δ 1Hs computed on the most symmetrical B3LYP
geometries (Table 1) increase steadily to very large negative
(Hinner) and positive (Houter) values, but these are far away
from the experimental2a δ 1Hs. The HF geometries also do
not give reliableδ 1Hs either.

The behavior of the computedδ 1Hs using the bond-
localized HF-optimized annulene geometries is quite differ-
ent. The inner-outerδ 1H difference is the largest for [n )
10] but then decreases with increasing ring size, slowly at
first and then rapidly to the vanishing point. There is noδ
1H difference between the olefin-like outer and the inner
proton chemical shifts for [54]- and [66]annulenes using the
D3h HF geometries. The less bond length-alternating B3LYP-
optimized D3h [n > 30]annulene geometries (details in
Supporting Information) result in intermediate behavior: the
inner-outerδ 1H differences decrease steadily with ring size.

The NICS values (Table 1) also depend markedly on the
geometry for [n > 10]. Understandably, NICS(0) in the
annulene centers (as well as its dissectedπ-contribution,
NICS(π)) mirrors the behavior of the inner proton chemical
shifts: the magnitudes are largest for theD6h geometries
(where they reach a constant value of about-17), smaller
for the //B3LYPD3h minima, and smallest to negligible for
the //HF geometries.

The NICS(0) values for theD3h B3LYP and especially
the HF-optimized minima decrease rather rapidly with
increasing size. This follows the ISE/π-electron behavior of
Figure 1 and also theΛ andδ 1H trends. However,Λ, ISE,
andδ 1H, butnotNICS(0), predict that the B3LYP-optimized
D3h “bond-alternating” structure of [66]annulene retains
“significant aromatic character”. The HF-optimized bond-
alternating [54]- and [66]annulenes have small ISE/π-electron
values,Λs, δ 1H NMR differences, and NICS (Table 1);
evidently these annulenes behave more like cyclized long-
chain polyenes.

We conclude that the best interpretations of the criteria
investigated all establish the decrease in aromaticity along
the [n]annulene series. The trend toward greater bond
alternation increases with ring size; its onset occurs at [n )
10] at HF/6-31G* but at [n ) 30] at B3LYP/6-31G*.
However, this DFT level may favor the higher symmetry
annulene structures excessively.23 The ISE method gives
consistent and evidently reliable energies, particularly for
the strained systems where other ASE evaluations are
problematic. The ISE perπ-electron decreases to very small
values with increasing ring size (Figure 1). TheΛ, NICS,
and 1H NMR chemical shifts depend markedly on the
annulene geometries, but the more realistic lower-symmetry
structures also follow the trend toward smaller aromaticity.
The HFD3h forms of the largest annulenes show nonaromatic
δ 1H behavior; also, their ISE/electron,Λ, and NICS values
are quite small.

The ISE differences, based on bond-equalized (B3LYP)
and bond-localized (HF) optimized structures, are small. In
contrast, the magnetic criteria are very sensitive to the
geometries. Neither B3LYP nor HF geometries give com-
puted proton chemical shifts in agreement with experiment.
We intend, in the future, to employ this sensitivity, along
with experimental data comparisons, to establish the reli-
ability of structures computed at various theoretical levels.
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tional output information for all of the structures in Scheme
1 and Table 1, as well as Figure A demonstrating thatΛ is
proportional to the product ofθ2 and ISE for [n g

30]annulenes. This material is available free of charge via
the Internet at http://pubs.acs.org.
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