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ABSTRACT

The isomers of the [n]annulene cation series (n = 13, 17, and 21) were systematically scrutinized by DFT, SCS-MP2, and coupled-cluster
methods. Only in the case of the [13]annulene cation the global minimum is clearly a Mébius structure. According to our theoretical predictions,
the [13]annulene cation should also be kinetically stable. Thus, the [13]annulene cation is the most promising candidate for the synthesis of
a parent Mébius aromatic system among the neutral and cationic annulenes.

After Heilbronner’s prediction in 1964 that a 180° twist in
[4nJannulenes should lead to stable Mobius 7 systems,*
several theoretical groups presented hypothetical [4n]electron
Madbius annulenes that are almost as strongly aromatic as
benzene.? It is now generally accepted that the Mobius twist
reverses the Hiickel rules. However, it took until 2003 when
the first Mobius annulene was synthesized.®> Meanwhile
Osuka et al. prepared a number of extended Mdobius
porphyrins that are strongly aromatic with 4n electrons
delocalized in the cyclic & conjugation path. Mdbius aro-
maticity even seems to be a driving force inducing the twist
in larger systems where the twist in the ring can be
accommodated without building up too much strain.* How-
ever, in simple unsubstituted neutral annulenes the energy
gained from Mdbius aromaticity does not outmatch the strain
induced by the twist. The most stable isomer in the series of
[12]-, [16]-, and [20]annulenes each is a Hickel (antiaro-
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matic) structure. Unfortunately, there is little chance to
synthesize a (higher energy) Mdbius isomer, even at very
low temperatures. [4nJAnnulenes are extremely flexible
structures that undergo very fast cis—trans isomerizations
and bond shifts.> A hypothetical Mébius structure, driven
by the relief of ring strain, would rapidly untwist, losing
Maobius aromaticity. In our search for a stable Mobius
annulene we therefore systematically scrutinized the [13]-,
[17]-, and [21]annulene cations.® Whereas the smallest
[4n]annulene cation, the cyclopentadiene cation, is obviously
too small to include a twist in the ring, a strongly aromatic
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Madbius [9]annulene cation was considered to be an inter-
mediate in the solvolysis of 9-chlorobicyclo[6.1.0]nona-2,4,6-
triene.” However, more recent calculations revealed that the
most stable Hiickel and the most stable Mobius monocyclic
(CH)o* isomer are almost isoenergetic.® In LFP experiments
only the Hickel isomer was identified. Moreover, the
[9]annulene cation intermediate is extremely short-lived since
it rapidly undergoes electrocyclic ring closure to form a
[4.3]bicyclic cation. So far it escaped direct observation by
NMR and even trapping reactions.

We now present evidence based on theoretical calculations
that the next higher homologue in the series of [4n]annulene
cations, the [13]annulene cation, probably is the only
unsubstituted annulene that is thermodynamically and kineti-
cally stable enough to be synthesized or at least to be
identified by trapping reactions.

Energy required to “twist" [n]Jannulene cations
BALYP/B-3114G™
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Figure 1. Relative energies of the most stable Hiickel and Mdbius
isomer of [9]-, [13]-, [17]-, and [21]annulene cations at the B3LYP/
6-311+G** level of theory. The structures are two-dimensional
representations of the optimized geometries (B3LYP/6-311+G**)
of the most stable isomer of both topologies in each series of
annulenes. The hydrogen atoms are omitted for clarity. The positive
charge is almost equally delocalized in the aromatic Mdbius
annulenes but more or less localized in an allyl- or pentadienyl
unit in the antiaromatic Hickel systems.

A Monte Carlo algorithm was used to generate a large
number of isomers of each [4nJannulene cation.® After
eliminating redundancy, PM3*° calculations were performed.
Energy cut-offs were set to reduce computational cost. The
most stable isomers** were optimized using the DFT methods
KMLYP,*? BH&HLYP," and B3LYP* and a 6-311+G**
basis set.’®> The [13]annulene cation structures were also
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Figure 2. Geometries of the most stable Mdbius structure 2a (Cy),
the most stable Hiickel isomer 2b (C), and the second and third
most stable isomers of the [13]annulene cation 2c (C;) and 2d (C,).
C—C bond lengths are given in angstroms for different levels of
theory. The binary numbers indicate the cis (0), trans (1) config-
uration of each bond in each structure.

calculated using the cc-pVTZ® basis set.>’ It is known that
DFT methods suffer from the self-interaction error that leads
to the overestimation of the stability of delocalized systems.*®
Therefore, we optimized the most stable Hiickel and M&bius
structure of the [13]annulene and [17]annulene cation at the
B2PLYP/6-311+G**' and SCS-MP2/def2-TZVP?2! |evel
of theory. The [21]annulene cations were optimized at
B2PLYP/6-31G*. According to previous calculations on the
[9]annulene cation” B3LYP/6-311+G** was closest in
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Table 1. Relative Energy of the Most Stable Mdbius (2a) and Hiickel (2b) Conformation of the [13]Annulene Cation. The Relative
Energies of the Second (2c¢) and Third (2d) Most Stable Isomer (Both Mdbius) Are Also Included

2a 2b 2¢ 2d
topology® M H M M
Cy C; (o Cq
level basis set E.q E.q E.q E.q
B3LYP® 6-311+G** 0.00 11.0 5.20 7.61
BH&HLYP? 6-311+G** 0.00 7.68 2.68 5.40
KMYLP® 6-311+G** 0.00 8.03 3.49 5.89
B3PW91 6-311+G** 0.00 11.9 5.71 7.87
B2PLYP* 6-311+G** 0.00 12.8 6.69 9.06
B3LYP® cc-pVTZ 0.00 11.1 5.13 7.54
BH&HLYP? cc-pVTZ 0.00 7.74 2.61 5.30
KMLYP® cc-pVTZ 0.00 8.73 3.62 5.99
SCS-MP2¢ def2-TZVP 0.00 14.0 8.63 11.4
CCSD(T)*SCS-MP2 cc-pVTZ//def2-TZVP 0.00 9.97
HOMA? 0.73 0.49 0.55 0.59
NICS® —-8.95 -9.19 —5.35 —5.35
4 -111.4 —83.3 -91.9 -97.7
AE —28.1 0.00 -8.6 —-14.4

aTopology of the isomers: M = Mobius, H = Hiickel. ® E, (kcal/mol): relative energy with respect to the energetically most stable structure after ZPE
corrections at the same level of theory. © E: relative energy with respect to the energetically most stable structure includig ZPE corrections at the B3LYP/
6-311+G** level of theory. “ HOMA index (BH&HLYP/6-311+G**//BH&HLYP/6-311+G**). ©NICS was computed at GIAO/BH&HLYP/6-311+G**//
BH&HLYP/6-311+G** .22 T Magnetic susceptibility (cgs-ppm) calculated with CSGT as implemented in GO3 at BH&HLPY/6-311+G**//BH&HLYP/6-311+G**.

9 Magnetic susceptibility exaltation (cgs-ppm) relative to 2b.

energy to the “gold standard” CCSD(T)/CBS among several
other DFT methods. Unfortunately, the [13]-, [17]-, and
[21]annulenes are too large systems to be optimized by
coupled cluster methods. Therefore, the corresponding
B3LYP/6-311+G** energies are given in Figure 1.
[13]Annulene Cation. The global minimum 2a is an
aromatic penta-trans structure with Mébius topology (NICS
= —8.95) (see Figures 1 and 2, and Table 1).
Interestingly, besides the C,-symmetric Mébius isomer
there are two different penta-trans Mobius species 2c and
2d that are 5.20 and 7.61 kcal/mol higher in energy (B3LYP/
6-311+G**). Their negative NICS values (—5.35 and —5.35)
indicate Mdbius aromatic properties. The most stable Hiickel
annulene,?® the C, symmetric tetra-trans isomer 2b, is 11.0
kcal/mol higher in energy as the (global) Mobius minimum

(18) (a) Schreiner, P. R. Angew. Chem. 2007, 119, 4295—4297; Angew.
Chem. Int. Ed 2007, 46, 4217—4219. (b) Lundberg, M.; Sigbahn, P. E. M.
J. Chem. Phys. 2005, 122, 224103. (c) Mori-Sanchez, P.; Cohen, A. J.;
Yang, W. J. Chem. Phys. 2006, 125, 201102. (d) Ball, T.; Sastry, G. N. J.
Phys. Chem. A 1997, 101, 7923-7925.

(19) (a) Grimme, S. J. J. Chem. Phys. 2006, 124, 34108. (b) Schwabe,
T.; Grimme, S. Phys. Chem. Chem. Phys. 2007, 9, 3397.

(20) Grimme, S. J. Chem. Phys. 2003, 118, 9095-9102.

(21) (a) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem, Phys. 2005, 7,
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also the case for NICS(1) (1.328 A). (c) Martin, N. H.; Brown, D. Int. J.
Mol. Sci. 2000, 1, 84, and references cited. (d) Wannere, C. S.; Schleyer,
P.v. R. Org. Lett. 2003, 5, 865-868. (e) Pelloni, S.; Ligabue, A.; Lazzeretti,
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A.; Lazzeretti, P. J. Phys. Chem. A 2002, 106, 11806.

(23) At the BH&HLYP/6-311+G** level (and only at this level)
an additional Huckel isomer 2i was located which is 4.54 kcal/mol
higher in energy than the global M6bius minimum (see the Supporting
Information).
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2a. This Hiickel isomer 2b revealed nonaromatic properties
such as a HOMA value of 0.49. The magnetic susceptibility
of the Mobius structure 2a is —28.1 (cgs-ppm) relative to
Hickel isomer 2b indicating strong aromaticity (HOMA of
2a: 0.73).

Furthermore, CCSD(T) single-point calculations®* for the
SCS-MP2 optimized isomers (2a and 2b) were carried out.
With an energy difference of 10.0 kcal/mol in favor of the
Mobius isomer 2a the thermodynamical stability of the
Maobius relative to the most stable Hiickel species (2b)
determined at the DFT levels is corroborated (Table 1).

The distinct relative stability of the Mdbius structure not
withstanding, the reactivity of this species might be very high
and its synthesis and characterization thus could turn out to
be difficult or even impossible. The [9]annulene cation
escapes characterization and trapping by a very rapid
electrocyclic ring closure forming a thermodynamically more
stable bicyclic structure. Most favorable in case of the
[13]annulene cation is the formation of [8.3.0]bicyclic system
which could undergo further ring closing to a [7.4.0.0%6]
tricyclic ring (Scheme 1). We calculated a number of
electrocyclic ring closure reactions (starting from different
isomers of the [13]annulene cation). The thermodynamically
most favorable reaction is shown in Scheme 1 (for more
details, see the Supporting Information). With a barrier of
more than 23 kcal/mol toward ring closure for all calculated
modes of electrocyclic reactions, 2a should be kinetically

(24) (a) Bartlett, R. J. Phys. Chem. 1989, 93, 1697. (b) Raghavachari,
K.; Trucks, G. W.; Pople, J. A.; Head Gordon, M. Chem. Lett 1989, 157,
479-483. (c) Scuseria, G. E. Chem. Phys. Lett. 1991, 176, 27-35.
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Scheme 1. Kinetically Most Favorable Electrocyclization of the
[13]Annulene Cation®

‘\ffiie * 375‘.“

2aE,=00 2eE, =148 5a E, =207 6a E, =-10.2

@ - relative energy in kcal/mol compared to the most stable structure
2a after ZPE corrections. AH*: activation barrier in kcal/mol relative to 2a
at B3PW91/6-311+G**.

stable enough for isolation and characterization, at least at
low temperatures (compare to 8.1 kcal/mol in case of the
[9]annulene at B3LYP/6-311+G**).”®

A direct electrocyclization pathway was found for 2a,
which, however, is energetically unfavorable. Several isomers
higher in energy (such as 2c,f—h, see Supporting Informa-
tion) also undergo ring closure. The bicyclic products each
are more than 14.8 kcal/mol higher in energy than 2a. Final
products that are thermodynamically more stable than 2a are
formed via a second electrocyclization giving rise to tricyclic
structures. The most stable tricyclic structure is 10.2 kcal/
mol more stable than 2a.

[17]Annulene Cation. Calculations on the PES of the
[17]annulene cation revealed 3a as the most stable Mdbius
and 3b as the most stable Hiickel isomer (Figure 3). NICS

1.368 ¢
1.362

1444 |
1444 A 1.458)
1447 © 1.458

B3LYP/6-311+G** 1
BH&HLYP/6-3114G*
B2PLYP/6-311+G*"
3a SCS-MP2/def2-TZVP
00011001111000111 00110110011011011

Figure 3. Geometries of the most stable Mdbius structure 3a (Cy,
left) and the most stable Hiickel species 3b (G, right) of the
[17]annulene cation. C—C bond lengths are given in angstroms for
different levels of theory. The binary numbers indicate cis (0) or
trans (1) configuration of each bond in each structure.

(—9.40) and HOMA (0.757) values of 3a (C,) (BH&HLYP/
6-311+G**) clearly indicate strong Mdbius aromaticity. In
sharp contrast, the Ce-symmetrical, almost planar Huickel
configuration 3b exhibits a HOMA value of 0.585 and a
NICS value of 17.6 and thus is clearly antiaromatic.
However, our calculations performed at different levels
of theory disagree whether the Hiickel or the Mobius isomer
is the global minimum of (CH);;". BH&HLYP favors the
Hickel structure by 1.85 kcal/mol. B3LYP/6-311+G**,
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B3PW91/6-311+G**, B2PLYP/6-311+G**, SCS-MP2/
def2-TZVP predict the Mdbius structure to be more stable
by: 2.63, 3.73, 6.01, and 9.60 kcal/mol. Hence, the question
remains open whether the [17]annulene is a Hiickel or
Mabius structure. Unfortunately, coupled cluster methods are
(still) too expensive to be applied to the larger annulenes.

[21]Annulene Cation. A thorough investigation of the
(CH),,™ potential hypersurface revealed 4a (C,, HOMA =
0.727, NICS = —6.20) as the most stable Mdbius and 4b
(Cs HOMA = 0.668, NICS = 22.2) as the most stable
Hickel isomer (BH&HLYP/6-31G*) (Figure 4). As in the

1.380 1390 1.402
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:352§ 1,39 HOJ ) 1383
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1403 1.401 1 387

1,307 (51.385 ’
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Figure 4. Geometries of the most stable Mdbius structure 4a (C,,
left) and the most stable Hiickel species 4b (C, right) of the
[21]annulene cation. C—C bond lengths are given in angstroms for
different levels of theory. The binary numbers indicate cis (0) or
trans (1) configuration of each bond in each structure.

case of the [17]annulene cation our calculations do not
exhibit a clear picture whether the Hiickel or the Mdbius
structure is the global minimum among the isomers of the
[21]annulene cation. B3LYP/6-311+G** and BH&HLYP/
6-311+G** are in favor of the Hiickel structure (0.98 and
4.56 kcal/mol), and B3PW91/6-311+G**, B2PLYP/6-31G*
predicts the Mobius isomer to be 0.18 kcal/mol, 3.49 kcal/
mol more stable.

In conclusion, our calculations predict that among the [9]-,
[13]-, [17]-, and [21]annulenes the [13]annulene is by far
the most promising candidate for the synthesis of a stable
unsubstituted Mobius annulene. Even though several Mobius-
extended porphyrins have been recently synthesized* such
a prototype Mobius annulene is still elusive. According to
our calculations on potential electrocyclic reactions (which
are experimentally observed for the [9]annulene cation), the
[13]annulene cation should also be kinetically stable enough
for isolation or at least trapping.

Acknowledgment. We gratefully acknowledge financial
support from the Deutsche Forschungsgemeinschaft. We
thank one of the reviewers for support.

Supporting Information Available: Details of compu-
tational methods, absolute energies, and Cartesian coordi-
nates. This material is available free of charge via the Internet
at http://pubs.acs.org.

0OL1002384

1711



