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ABSTRACT

Aromatic Mobius [4n]annulenes with 4n & electrons, originally conceived by Heilbronner, are characterized computationally. These (CH);»,
(CH)16, and (CH)2o minima have nearly equal C—C bond lengths, small twist angles around the rings, and magnetic properties (NICS, nucleus-
independent chemical shifts—see above at various positions in [16]annulene—and magnetic susceptibility exaltations) indicating significantly
diatropic ring currents. The Mdbius forms are not the most stable isomers but may contribute significantly to the chemistry of these annulenes.

Heilbronner conceived “Mébius aromaticity” in 19624He s

suggested that large cyclicifannulenes might be stabilized
if the ot orbitals were twisted gradually around a Md&bius
strip (Figure 1)}2 Soon afterward, Zimmerman generalized
this idea and applied the “Hlckel—Md&bius concept” to the
analysis of ground-state systems such as barrelene, as well
as to allowed pathways of electrocyclic reactidn&ndeed,
geometric, energetic, and magnetic criteria show that both
(4n+ 2)-electron Hiickel andrtelectron Mébius transition ~ Figure 1. Hypotheticalzr system with Mdobius topology.
states of a variety of concerted reactions are aromatic.
However, no neutral, fully conjugated annulene with Mébius
topology exhibiting aromatic character in the original Heil- in 1998 by a computational reinterpretation of existing
bronner sense has been reported. Interest was rejuvenate@ixperimental evidence for (Chf) as a Mdius aromatic
cyclic annulene with B electrons’ Bond length equaliza-
; University of San Francisco. Email for C.C.: castroc@usfca.edu. 5 |arge negative nucleus-independent chemical shifts
Institute of Organic Chemistry, University of Erlangen-Nuremberg. . . o .
8 University of Georgia. schleyer@chem.uga.edu. (NICS)# and a substantial magnetic susceptibility exalt&tion
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Very recently, Rzepa and his group have explored ap- I

plications of the Mébius concept to smaller homocyclic and
heterocyclic rings extensively and imaginativély.

Our goal was to locate computationally the first examples
of [4n]annulenes with significant aromatic charactétot
surprisingly, the recent ab initio results of Havenith and co-
workers ontrans-cyclooctatetraene suggested that this for-

mally M&bius species is nonaromatic as a result of, at least

in part, poorr overlap® While Rzepa's [16]annulene isomer
has a formal Mdébius topology, the strong bond-length
alternation and the NICS of0.5 indicate a nonaromatic
specie$?

Stable Mébius [4n]annulenes are attractive targets for
computational surveys. Information on such species would
augment our knowledge of aromaticignd identify possible

synthetic targets. We now present computational results on

[12]-, [16]-, and [20]annulene isomers possessing a Mobius
half-twist. Our optimized B3LYP/6-31G®%1! structure¥>13
of the [12]-, [16]-, and [20]-annulenes are shown in Figures

2—4, respectively. Table 1 summarizes the computed relative

energies as well as geometric and magnetic parameters. In

addition to the Mdbius isomers, data are included for several
non-Mobius conformations, a few of which have been
proposed previously (vide infra).
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Figure 2. B3LYP/6-31G* optimized geometries of [12]annulene
isomers. CC bond lengths are in angstroms.

Geometric criteria for aromaticity in annulenes are quanti-
fied by (1) the degree of bond length equalization, NCC,
the difference between the longest and shortesE®onds
in the ring; (2) the Julg parametek;** and (3) the HOMA
(harmonic oscillator measure of aromaticity) ind&3A and
HOMA values less than 1.0 indicate reduced aromaticity.
Both magnetic criteria employed, NICSnd magnetic
susceptibility exaltations (MSE)are now widely used to
evaluate aromaticity. Hiickel-type aromatic carbocyclic and
heterocyclic systems typically exhibit large negative NICS
values (e.g., ca—10 for benzene) and large magnetic
susceptibility exaltation$. Mizoguchi’'s formal treatment
showed that Mébius annulenes withnj4r electrons also
should have enhanced magnetic susceptibilifiésit actual
molecules were not examined.

[12]Annulenes. The reported [12]annulene, synthesized
photolytically at—100 °C by Oth and co-workers, was
assigned the putative structutgFigure 2) on the basis of
NMR data. The products of photochemical and thermal
reactions were explained by assuming thatas in dynamic
equilibrium with 2.1 The optimized geometries dfand?2
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Table 1. Relative Energies (kcal/mol) and Selected Geometric (B3LYP/6-31G*) and Magnetic Datanfénfulenes

cmpd sym topol? rel EP ACC® Julg, Ad HOMA® NICS(0) [(D)]f 29 A gcccci
[12]Annulenes
1 Ci H 0.0 0.133 0.64 0.04 +3.2 [+2.0] —65.0 0.0 62.4
2 Cs 3.8 0.140 0.63 0.01 —2.4[-1.7] —77.9 -12.9 79.5
3 D2 H —-0.3 0.103 0.72 0.27 —8.1[-9.7] —83.3 —18.3 40.9
4 C; 25 0.142 0.50 -0.32 —4.9[-1.9] —58.7 +6.3 79.0
5 Ci1 M 44 0.078 0.90 0.69 —14.6 [-12.7] —101.5 —36.5 53.6
6 Cz M 20.2 0.108 0.72 0.22 —5.4[-5.4] —83.2 —18.2 45.0
[16]Annulenes
7 S, H 0.0 0.097i 0.76 0.38 +10.9 [+9.4] —63.9 0.0 32.6
8 C1 H 2.0 0.105 0.75 0.35 +10.7 [+9.3] —65.6 -1.7 26.7
9 Ci1 M 5.1 0.087 0.84 0.57 —6.3 [—4.6] —110.0 —46.1 52.5
10 Cz M 7.6 0.097 0.80 0.48 —3.9[-3.4] -103.7 —39.8 47.1
11 Cz M 15.8 0.019 0.997 0.93 —14.5[-14.4] —176.8 —112.9 29.1
12 C, M 51.4 0.051 0.94 0.81 —-15.6 [-11.5] —144.6 —80.7 73.1
[20]Annulenes
13 C1 H 0.0 0.095 0.81 0.50 +12.1 [+10.9] —75.6 0.0 29.5
14 Co M 6.2 0.049 0.95 0.85 —10.2 [-9.3] —170.8 —95.2 29.9
15 Cz M 10.0 0.086 0.85 0.62 —-4.2[-3.7] -131.4 —55.8 41.9
16 Cz M 23.5 0.065 0.91 0.75 —-9.8[-7.7] —149.7 —48.5 30.9

aH = Hiuickel topology, M= Mébius topology. See ref 13 for definitiondZero point-corrected B3LYP/6-31G* relative energies. Vibrational analyses
confirmed all species to be minima. The absolute energies (au) of the reference spetiesire379127, —619.21450; and 3, —774.03316¢ Differences,
in A, between the shortest and longestC bondsd Julg parameteA. e HOMA indexes.f NICS(0) was computed (GIAO/B3LYP/6-31G*//B3LYP/6-
31G*) at the ring centers and NICS(1) 1.0 A away from the approximate plane of the $i6§&G T magnetic susceptibilities, in cgs-ppm at RHF/6-Gt.
h Magnetic susceptibility exaltations, in cgs-ppm; all [12]annulenes are relative to sgeatg16]annulenes t@, and all [20]annulenes 3. Largest
deviation (in deg) of the CCCC dihedral angles from eitheo0180°.] CompareACC = 0.158 A from ref 19.

Mobius isomers of [12]annulene led to additional minima
with surprising features.

Consistent with Oth’s proposed equilibrium, we find the
energy of2 to be only 3.8 kcal/mol higher than that &f
(Table 1). Interestingly3, with two half—twists and thus a
Huckel topology:?® is predicted to be the most stable [12]-
annulene, 0.3 kcal/mol lower in energy thAnCompound
4 (neither Huckel nor Mobius) is only 2.5 kcal/mol higher
in energy tharl and is slightly more stable thah Of our
two Mobius [12]annulene isomerS,is far more stable than
6 and lies only 4.4 kcal/mol abové. While these results
are consistent with Oth’s assignments, they also invite
considerations of the possibility that isom&gl, and5 are
responsible for some of his experimental observations.

In general, the degree of bond-length alternatidCC)
in these systems parallels the dihedral angle deviations from
ideality (OCCCC in Table 1). Species—4 and 6 follow
this pattern well. The exception is M6bius isonfedespite
its rather large CCCC dihedral angle of 53.6 has the
smallest degree of bond-length alternation as well as the
largest Julg parameter (0.90) and HOMA index (0.69) of
the set.

NICS showsl to have a paramagnetic ring current, in
agreement with the experimental NMR data. The small
negative NICS value computed f@ris likely due to local
effects?*18The negative NICS o3 (—8.1) seems to indicate
Figure 3. B3LYP/6-31G* optimized geometries of [16]annulene aromaticity but is due to the local contributions of radially
isomers. CC bond lengths in angstroms. orientedr-orbitals!® In agreement with the geometric results,
the magnetic properties & also show it to be the most

hav.e H.UCkel ’Fopolpgles, i.e., with zero or an even number (18) Martin, N. H.; Brown, J. D.; Nance, K. H.; Schaefer, H. F.; Schleyer,
of sign inversions in ther systemt? Our attempts to locate  P.v. R.; Wang, Z.-X.; Woodcock, H. LOrg. Lett.2001,3, 3823.
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Figure 4. B3LYP/6-31G* optimized geometries of [20]annulene isomers. CC bond lengths in angstroms.

aromatic of all of the [12]annulenes studied hekehas the [20]Annulenes.In his landmark paper, Heilbronner sug-
largest negative values both for NICS(G)14.6) and for gested that annulenes with 20 or more carbons should be
NICS(1) (—12.7). The large MSE-36.5) also documents able to accommodate a Mébius twist “without introducing
the presence of a diamagnetic ring current. The remaining any apparent bond angle or steric repulsion str&iisbnd-
species4 and6, do not show strong evidence of aromaticity. heimer and Metcalf synthesized [20]annulene in 19,
Thus, we have located a M6bius [12]annulene isorBer, NMR data showed a paramagnetic ring current and a mixture
that is predicted to possess substantial aromatic characteof sterecisomers, one of which was (Figure 4)?? While
and to be only 4.4 kcal/mol higher in energy than the finding 13to be the most stable [20]annulene isomer (Table
previously reported Huickel isomér The higher energy of 1), we also located three M6bius isometd{16. The best
5 relative tol is due to angle strain: the CCC bond angle one, 14, is only 6.2 kcal/mol higher in energy tha® and
average is 13022n 5, compared to 125°3n 1 and the ideal exhibits significant aromatic character (Table 1). The relative
value of 124.3%n acyclic polyenes. energies ofl3—16correlate with the average deviations of
[16]Annulenes.The two [16]annulene isomers shown at the CCC angles from the strain-free 124value?! In accord
the top of Figure 3 are known experimentally. The crystal with Heilbronner’'s expectatiori,4 has the least amount of
structure ofS,-symmetric7 has been reporteédwhile NMR angle strain and (with the exceptionIf) the greatest degree
studies suggest that both and the less stabl8 are in of bond-length equalization of all the M&bius annulenes
equilibrium in solutior?® Indeed,7 and 8 are computed to  reported here.
be the two lowest energy [16]annulenes in Tabl8 ik, only In summary, we have predicted several Mobius local
2 kcal/mol less stable than However, both have Hlickel —minima of [12]-, [16]-, and [20]annulene. Strong evidence
topologies and sizable positive NICS values, indicating for aromaticity is computed fds, 11, and14, in particular.
paratropic ring currents (antiaromaticity). However, because of counterbalancing strain effects, the most
The remaining [16]annulene entries all have Mdbius stable isomers in all three sets have Hiickel topologies.
topologies and show varying degrees of aromatic character.Nevertheless, Mé6bius isomers may play a role in the
The most striking example of a neutral Mébius aromatic chemistry of [4]annulenes. Experimental investigations are
system,11, has nearly perfect bond length equalization (both currently underway.
the Julg parameter and the HOMA index approach 1), a
NICS value of—14.5 ppm (see graphical abstract), and a
huge MSE of ca—113 cgs-ppm relative t@. The other three
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