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Abstract: The first experimental example of a [4nJannulene derivative with one Mobius twist, 1, was
synthesized recently [Ajami, D.; Oeckler, O.; Simon, A.; Herges, R. Nature 2003, 426, 819] and was
purported to possess aromatic character. However, critical analysis of the published crystallographic data
indicates that the Mdbius [16]annulene core of 1 shows large bond alternation (Ar up to 0.157 A).
Delocalization in this core is inhibited by large dihedral angles, which hinders effective &= overlap. This
conclusion is supported by computational results (B3LYP/6-311+G**) on 1 and several less benzannelated
derivatives, based on geometric (Ar, A, Julg A, HOMA) and magnetic (NICS, magnetic susceptibility
exaltation) criteria of aromaticity. That benzannelation results in bond localization in the [16]annulene core
is shown by additional computations on benzannelated derivatives of other Mobius aromatic species.
Additionally, the aromatic stabilization energy (ASE) of 1 has been reinvestigated using two different
procedures. Evaluation of uncorrected ISE values of just the polyene bridge portion of 1 and its Hiickel
counterpart suggests that stabilization of 1 relative to its Hiickel isomer is confined to the polyene bridge
and is not due to a delocalized s circuit. Furthermore, application of s-cis/s-trans corrections lowers the
ISE;, value of 1 from 4.0 kcal/mol to 0.6 kcal/mol, suggesting that 1 is nonaromatic.

Introduction the smallest [Alannulene to be able to adopt a blos topology
without a large attendant increase in bond angle strain.
Interestingly,1 has a [16]annulene core and was characterized
as being “moderately aromatié,thus apparently verifying
Heilbronner’'s 40-year old predictiohThis conclusion was
based primarily on two observations: the modest bond equaliza-
tion through the polyene bridgAf = 0.095 A, B3LYP/6-31G*)
and the difference in the computed aromatic stabilization
energies betweerd and a Hekel isomer, which was also
isolated. Using the indengsoindene isomerization energy

The recent synthesisof neutral hydrocarborl having a
Mobius [4nJannulene topology (enforced by the presence of a
bianthroquinodimethane unit) has received well deserved at-
tention? This species provided the first opportunity to test
Heilbronner’s original predictichon neutral [4]annulenes
experimentally* Mobius [4n]annulenes should be aromatic if
they are large enough to accommodate the small dihedral angle
“twists” going from one carbon p orbital to the next around the
annulene cycle. Small twists ensure that most ofitlaverlap
is retained. Heilbronner suggested that [20]annulene might be

‘y
T University of San Francisco. / \\
* University of Georgia. Al
§ Universitd Rostock. =
I'Institute of Organic Chemistry, University of Erlangen-Nuremberg.
t Computer Chemistry Center, University of Erlangen-Nuremberg.

(1) Ajami, D.; Oeckler, O.; Simon, A.; Herges, Rature2003 426, 819.

(2) (a) Lemal, DNature2003 426, 776. (b)Chem. Eng. New2003 December
22, 31. (c) Wille, U.Nachr. Chem2004 52, 238. (d) Grg@, M. Chem.
unserer Zeit2004 38, 86. (e) Kawase, T.; Oda, MAngew. Chem., Int. s O

Ed. 2004 43, 4396.
(3) Heilbronner, ETetrahedron Lett1964 1923.
(4) (a) The first example of serendipitous preparation of @Ms system, the
cation GHg™", was not recognized originally by authors. The characterization
of CgHg™ as a Mivius aromatic was computationally revealed by Schleyer
and co-workerd? (b) Mauksch, M.; Gogonea, V.; Jiao, H.; Schleyer, P. v. . .
R. Angew. Chem., Int. EA.998 37, 2395. (ISE;)® method, Herges et al. determined thawas stabilized
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by 4 kcal/mol, while the Hokel isomer was destabilized by 2 exaltations (MSEA),® nucleus-independent chemical shifts
kcal/mol. Having explored the Mmus concept in related (NICS)!” 'H NMR chemical shifts, and induced ring current
systems computationalfywe now subject the structure, bond-  density map$§P11bc However, all these methods have some
ing, and possible aromatic characterlofind closely related  drawbacks and interferences. For example, recently there has
systems to more extensive scrutiny. been a discussion on how accurately the chemical shifts of arene
Aromaticity is enjoying a renaissané@his concept is being ~ protons mirror the degree of aromaticity of the rings to which
applied ever more widely, e.g., to inorganic and metallic element they are attachetf.
rings and clusters, which also possess “systems of delocalized Aromaticity of hypothetical neutral Maus [4n]annu-
electrons in closed circuit$"’Akin to many key concepts in  lene$1%2%and of the Mdius aromatic cation §g™, for which
chemistry that cannot be measured directly or defined uniquely there is experimental evidentéas been assessed employing
guantitatively, “aromaticity” is assessed best by invoking several various criteria. Interestingly, the greater aromaticity of gie
criteria. This is especially true in cases for which the various [4n]-zz electron system does not necessarily ensure that it will
“aromaticity criteria”, geometric, energetic, and magnetic, do be more stable than its ‘ldkel-topology counterparfs!®21
not agree and may be responding to different influefidest: Energies are very sensitive to bond angle strain, while magnetic
example, a recent and especially pertinent study evaluated thecriteria (NICS, A, proton NMR chemical shifts) are more
computed geometries, energetics, and magnetic properties ofsensitive to delocalization arising from ring current effects.
Huckel [4n+2]- and [4]-7r electron annulenes to judge their Because the structure dfcontains multiple benzene rings
aromaticity>1? Changes in geometry from equalized to alternat- fused to a [16]annulene core, it is reasonable to ask how
ing C—C bond lengths only affected the energy to a minor extent benzannelation influences the aromatic character of the core.

but influenced the magnetic properties enormo@sfiMore- Clar's concept of the “aromatic sextéthas been known since
over, it is now recognized that a moderate degree-e€®ond 1972. Based on extensive studies of polycyclic benzenoid
length alternation does not preclude aromatitity. hydrocarbons, Clar concluded thatelectrons that are part of
These results undermine, at least to some extent, traditionalan aromatic sextet in a benzene ring should not be viewed as
geometric criteria, such as the Julg paramei&t and the being easily shared with adjacent fused rings or as contributing

HOMA index® which are used here to quantify aromaticity to aromaticity in those fused rings. This concept was further
based on the degree of bond length equalization. In addition, developed by Cremer and Gther? While Clar's focus was
Ar (the largest difference between single- and double-bond on benzenoid hydrocarbons, results for systems with benzenes

lengths) and\r, (the maximum deviation from the mean-C fusedto larger annulenes are consistentwith Clar's conclu&iof$s.
bond length) still provide very useful indicators of the degree ~ We have augmented the experimental datd favith density
of aromaticity in systems such 4s functional theory® (DFT) computations of the geometric and

Aromatic stabilization energies are difficult to evaluate magnetic properties df. While these aromaticity criteria have
especially in strained systems, although effective strategies havebeen applied extensively to isolated systems withckdd
been proposed recently. Schleyer and co-workers have develtopology, this study will be the first application of these criteria
oped “isomerization methods” (ISE and I9&1%14which give to anexperimentally isolatedompound containing a Muus
consistent stabilization energies and overcome the inadequacie$4n]annulene. In addition, a number of species relateti ave
and uncertainties of prior treatments when studying planar or included in order to elucidate their aromaticity. In particular,
nearly planar systeni8 However, these methods have not been
applied systematically to highly nonplanar systems, making it (

16) (a) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. LNenbenzenoid Aromatics
Snyder, J. P., Ed.; Academic Press: New York, 1971; Vol. Il, pp-167

difficult to assess their validity when evaluating aromaticity for 206. (b) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J.1..Am. Chem. Soc.
% g y
. f 1968 90, 811. (c) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J.1.Am.
molecules with Mbius topology. Chem. Soc1969 91 1991.

Arguably, magnetic properties based on the effects of induced (17) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J.
« R.v. E.J. Am. Chem. S0d996 11& 6317 and references therein. (b) See
ring currents” are the most closely related to the essence of also: Schleyer, P. v. R.; Manoharan, M.; Wang, Z.-X.; Kiran, B.; Jiao, H.;

aromaticity. These criteria include magnetic susceptibility Puchta, R.; Hommes, N. J. R. v. Brg. Lett.2001, 3, 2465
(18) (a) Wannere C.S; Schleyer P. v@Rg. Lett.2003 5, 605. (b) Viglione,
. G.; Zana5| R.; Lazzerettl Rrg. Lett.2004 6, 2265.
(5) Wannere, C. S.; Moran, D.; Allinger, N. L.; Hess, B. A., Jr.; Schaad L. J.; (19) Marfn Santamarla S.; Lavan, B.; Rzepa, HISChem. Soc., Perkin Trans.

Schleyer, P. v. ROrg. Lett 2003 5, 2983. 2200Q 1415.

(6) (a) Castro, C.; Ishorn, C. M.; Karney, W. L.; Mauksch, M.; Schleyer, P.v. (20) Havenith, R. W. A.; van Lenthe, J. H.; Jenneskens, LI'W.J. Quantum

R. Org. Lett 2002 4, 3431. (b) Mauksch, M. Dissertation, University of Chem.2001, 85, 52.

Erlangen-Nuremberg, 1999. (21) Hernando, J. M.; Quirante, J. J.; Eyuez, F.Collect. Czech. Chem.

(7) For recent reviews, see: (a) Schleyer, P. v. R. (special e@twen. Re. Communl1992 57, 1.
2001, 101, 1115-1566. (b) Krygowski, T. M.; Cyraski, M. K.; Czarnocki, (22) Clar, E.The Aromatic SexteWiley: London, 1972.
Z.; H&flinger, G.; Katritzky, A. R.Tetrahedron200Q 1783. (23) Cremer, D.; Gnther, H.Liebigs Ann. Cheml972 763 87.
(8) Schleyer, P. v. R.; Jiao, Hhure Appl. Chem1996 68, 209. (24) Mitchell, R. H.Chem. Re. 2001, 101, 1301.
(9) (a) Cyramski, M. K.; Krygowski, T. M.; Katritzky, A. R.; Schleyer, P. v. (25) (a) Meissner, U. E.; Gensler, A.; Staab, H.Tetrahedron Lett1977, 3.

R. J. Org. Chem.2002 67, 1333. (b) Soncini, A.; Fowler, P. W.; (b) Staab, H. A.; Meissner, U. E.; Gensler,@hem. Ber1979 112 3907.

Jenneskens, L. WPhys. Chem. Chem. Phy&004 6, 277. Also see ref 5. (c) Meissner, U. E.; Gensler, A.; Staab, H.Angew. Chem., Int. Ed. Engl.
(10) Wannere, C. S.; Schleyer, P. v. @rg. Lett.2003 5, 865. 1976 15, 365. (d) Staab, H. A.; Meissner, U. E.; Weinacht, W.; Gensler,
(11) (a) Wannere, C. S.; Sattelmeyer, K. W.; Schaefer, H. F.; Schleyer, P. v. R. A. Chem. Ber1979 112 3895.

Angew. Chem., Int. EQR004 43, 4200. (b) Fowler, P. W.; Havenith, R. (26) (a) Mitchell, R. H.; Ward, T. R.; Chen, Y.; Wang, Y.; Weerawarna, S. A.;

W. A.; Jenneskens, L. W.; Soncini, A.; Steiner,Ghem. Commur2001, Dibble, P. W.; Marsella, M. J.; Almutairi, A.; Wang, Z.-Q. Am. Chem.

2386. (c) For bond length alternation in antiaromatic systems, see: Fowler, So0c.2003 125, 2974. (b) Ruiz-Morales, YJ. Phys. Chem. 2004 108

P. W.; Havenith, R. W. A.; Jenneskens, L. W.; Soncini, A.; Steiner, E. 10873.

Angew. Chem., Int. EQ2002 41, 1558. (27) (a) Boydston, A. J.; Haley, M. MOrg. Lett.2001, 3, 3599. (b) Boydston,
(12) Julg, A.; Francois, PTheor. Chim. Actdl967, 7, 249. A. J.; Haley, M. M.; Williams, R. V.; Armantrout, J. Rl. Org. Chem.
(13) (a) Kruszewski, J.; Krygowski, T. Mletrahedron Lett1972 3839. (b) 2002 67, 8812.

Krygowski, T. M.; Cyranski, M.Tetrahedron1996 1713. (28) Moran, D.; Stahl, F.; Bettinger, H. F.; Schaefer, H. F.; Schleyer, P. v. R.
(14) Schleyer, P. v. R.; Pilhofer, F.Org. Lett.2002 4, 2873. J. Am. Chem. So®003 125, 6746.

(15) (a) Slayden, S. W.; Liebman, J.Ghem. Re. 2001, 101, 1541. (b) Schaad, (29) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules

L. J.; Hess, B. A., JrChem. Re. 2001, 101, 1465. Oxford University Press: New York, 1989.
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Figure 1. (@) Structure of the Moius hydrocarbori synthesized by Herges and co-workeB3LYP/6-31HG** optimized C—C bond lengths (bold) in
A. Bond lengths from the X-ray crystal structure Bfare in italics. (b) Possible paths through the bianthroquinodimethane section of

we have studied how benzannelation affects the degree ofcomputed at the CSG¥B3LYP/6-31HG**//B3LYP/6-311+G**

aromatic character in these Mios [4nJannulenes. Finally, we  level. The magnetic susceptibility exaltations, were determined by

have critically evaluated the use of the |SEethod to obtain ~ Subtractingy's (derived from increment valu& from yu (computed

aromatic stabilization energies far for the system of interest). See Table 2 for details of derivation of
increment values. Nucleus-independent chemical shift (NICS) values

Computational Methods were computed at the GIA®B3LYP/6-31H-G**//B3LYP/6-311+G**

level. These were determined at the geometric center of the carbons

All calculations were performed using the Gaussian 98 progfam. forming the Mibius cycle and are referred to as NICS(0).

Geometries were optimized using the B3LYP DFT metfigd,in
conjunction with both the 6-31G* and 6-3+G** basis sets$® The Results and Discussion
structures reported here were obtained with the latter basis set, which
includes one set of diffuse functions on carbon and one set of Structure 1. Figure 1a compares our B3LYP/6-3tG**
polarization functions on both carbon and hydrogen. Vibrational optimized geometry of with the C-C bond lengths determined
analyses were carried out at the B3LYP/6-31G* level using the B3LYP/ from X-ray crystallography.Based on B3LYP/6-31G* com-
6-31G* geometries. Unscaled zero-point energy corrections (ZPE), putations, Herges et Areported a 0.095 A difference between
based on the B3LYP/6-31G* vibrational frequencies, were applied to the |Ongest and shortest bond |engms)(of the po|yene bndge
the B3LYP/6-311#G** energies. Magnetic susceptibilitiegu, were segment (C5C14; see Figure 1b for numbering) and claimed
(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. that this supported the aromaticity bf\We Ob,tam ar = 0'098.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, A at B3LYP/6-31H-G** for the polyene bridge. However, if
K r\El.';; Stt‘é%”tmjc%?&%%”?ah ?om'\é"gf ik éa?ﬂneD%”'%%s?. ,E’,,f; égﬂ;’:m the crystallographic data is used, thevalue increases to 0.120
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; A. Note that all three\r values are larger than tier = 0.078
D bert ) Al b R R I R N orarele A computed for the interior of a long chain conjugated linear

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. polyene, R—(CH=CH)n—R_5

B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, . .
R.L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; NanayakKara, Rather than focusing on the polyene bridge, a more relevant

A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen W.; Wong, M. ~ way to assess aromaticity is to consider ¢nire[16]annulene
W.; Andres, J. L.; Gonzales, C.; Head-Gordon, M.; Replogle, E. S.; Pople, . .. . .
J. A. Gaussian 98revision A.11.3; Gaussian Inc.: Pittsburgh, PA, 2002.  Circuit in 1. There are three possible [16]annulene path in

(31) (a) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, 3.Rhys. i &bi i i . i
Chom 1004 98, 11623 (b) Becke, A D). Chern. Physi003 98, 5645, Wit Mbius topology, shown in Figure 1b: two witl,
(c) Lee, C.; Yang, W.; Parr, R. G2hys. Re. B 1988 37, 785.

(32) For a comparison of B3LYP to a variety of other methods for the study of (34) Keith, T. A.; Bader, R. F. WChem. Phys. Lettl993 210, 223.
delocalized and localized forms of bis(methano)[14]annulene, see: Nendel, (35) For an example of application of the increment method, see: Jiao, H.;

M.; Houk, K. N.; Tolbert, L. M.; Vogel, E.; Jiao, H.; Schleyer, P. v. R. Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden, W. T.; Schleyer,
Phys. Chem. A998 102, 7191. P. v. R.J. Am. Chem. S0d.997 119 5921.
(33) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. (36) Wolinski, K.; Hilton, J. F.; Pulay, Rl. Am. Chem. S0d.99Q 112 8251.
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Table 1. B3LYP/6-311+G** Analysis of the Geometries of 1—122

species sym NI® rel E Ar Alye Julg A HOMA9Y
1
patha C; 0 0.135 0.074 0.68 —0.02
path b 0.132 0.069 0.69 0.02
path c 0.135 0.075 0.68 0.02
patha  exptl 0.157 0.08% 0.63 —0.08
[16]annulenes

2a Cy 1 28.3 0.131 0.066 0.68 0.20
2b Cy 1 21.3 0.139 0.070 0.58 —0.04
2c Cy 0 20.8 0.143 0.078 0.63 0.09
3 Cy 0 15.2 0.011 0.011 0.997 0.95
4 S 0 0.0 0.100 0.052 0.75 0.37

exptl 0.158 0.081 0.57 0.03

derivatives o2aand2b
5a Cy 1 3.5 0.147 0.079 0.66 0.02
5b Cy 0 0.0 0.152 0.079 0.61 -—0.10
6a Cy 0 1.6 0.118 0.069 0.70 0.21
6b Cy 0 0.0 0.135 0.070 0.68 0.15
7 Cy 0 0.115 0.059 0.78 0.39
other species

8 Ct 0 0.105 0.060 0.84 0.52
9 C 0 0.116 0.058 0.77 0.28
10 C 0 0.043 0.022 0.97 0.89
11 Cy 0 0.153 0.079 0.81 0.42
12a Cy 0 0.152 0.092 0.67 -0.11
12b Cy 0 0.112 0.077 0.89 0.43

a All structures were optimized using the B3LYP/6-31G** method
unless otherwise note8 NI = number of imaginary frequencies, based on
B3LYP/6-31G*//B3LYP/6-31G* vibrational analysi§.Rel E = relative
energy, in kcal/mol, using B3LYP/6-3%#1G**//B3LYP/6-311+G** ener-
gies, and corrected for differences in B3LYP/6-31G* zero-point energies.
dAr = difference (in A) between the longest and shortestGChonds.

e Arp, = maximum difference (A) between the mean C bond length and

either the longest or shortest-C€ bond.f Computed by the method in ref
12.9 Computed by the method in ref 13, usifg,: = 1.388." Based on

crystallographic data fot in the Supporting Information of ref 1.

symmetry (paths a and b) and one wi@h symmetry (path c).
The geometric indices for all three paths are virtually identical
(Table 1), and thus we will restrict our discussion to results
derived for path a. Earlier DFT calculations on numerous
Mobius [4nJannulenes revealed that those with clear aromatic
character, based on magnetic criteria, exhibited< 0.080 A, 4 (S )
as well as Julgd > 0.90 and HOMA> 0.708 However, at the 4
B3LYP/6-311-G** level, the bond length alternation in the  Figure 2. B3LYP/6-311G** optimized geometries of three possible [16]-
[16]annulene core ol (via path a) is largeAr = 0.135 A, annulene corea, 2b, and2c, Mobius aromatic [16]annuler&®2and the
Aty = 0,074 A) whil the value (0.66) and HOMA index  SPermertaly knowsy symmety (15janmiend. C-C bod erghe
(—0.02) are small, suggesting thdt does not possess a distances from the X-ray crystal structureire shown in italic&’
delocalized core.

Crystallographic data for path a also support a strong bond-
localized structure. ThAr value here of 0.157 A is very similar We have also investigated magnetic criteria to further probe
to that for the known [16]annulent (0.158 A, Figure 2 and aromaticity in this system. The computed NICS(0) valuelfor
for the methoxycarbonyl derivative of anti bismethano[14]- —3.4 ppm (Table 2), is much smaller thari4.9 ppm obtained
annulene (0.16 Aj? Neither of these reference compounds is for the hypothetical Mbius [16]annulenes®a (Figure 2, vide
considered to be aromatic. The crystallographic data for path ainfra) at the same level of theory (Table 2). Whikis a

also yield a Julgh value of 0.63 and a HOMA value 6f0.063 hypothetical compound, it serves as a useful reference species,
Thus, these various geometric criteria do not support delocal- since it exhibits strong aromatic character according to a variety
ization in the [16]annulene moiety df of criteria. In addition, the magnetic susceptibility exaltation
) (MSE, A) of 1, calculated using an incremental appro&tis,
(37) Johnson, S. M.; Paul, I. C.; King, G. S. D.Chem. Soc. B97Q 643. . .
(38) Gramaccioli, C. M.; Mimun, A. S.; Mugnoli, A.; Simonetta, M. Am. —30.0 cgs ppm, which, after corrections for the four benzene
Chem. Soc1973 95, 3149. i i iti
(39) This HOMA value is much smaller than that (0.35) reported in ref 1, which rmgs’. IS a Iarge. pO_SItI\((B vaIueA_(;orr) of +19.6 cgs ppm.
evidently was based on B3LYP/6-31G* calculations usingRgivalue of Granting the difficulties in evaluating the MSEs of molecules

1.400 A, rather than 1.388 A as specified in ref 13. In addition, the reported i ; i i ; ;
HOMA value of 0.38 apparently was computed for themtire molecule with this de_gre(_e of complexity, this result prowd_es no evidence
(including all the benzene bonds) and not just the [16]annulene core.  for delocalization of the central annulene ring. Thus, the

2428 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005
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Table 2. B3LYP/6-311+G** Computed Magnetic Properties for

Table 3. B3LYP/6-31G* ISE; Values (kcal/mol) for 1 and Related

Species 1-122 Systems?
species NICS(O)” P P AY A’ entry topology reaction AE
1 —3.4 —230.5 —260.5 —30.0 +19.6
[16]annulenes
2a —-3.7 —106.5 -117.9 —-11.4 -11.4
2b _26 _1075 _1077 _02 _02 lh Mobius 4.0
2c -2.5 —107.5 —-101.9 +5.6 +5.6
3 —14.9 —107.0 -177.5 —70.5 —70.5
4 +10.4 —106.0 —19.8 +86.2 +86.2
derivatives oRaand2b
5a —2.4 —156.3 —172.0 —15.7 +9.1
5b -2.8 —157.3 —-174.9 —17.6 +7.2
6a —6.5 —180.7 —206.9 —26.2 -1.4
6b —5.0¢ —180.7 -201.8 -21.1 +3.7 2b  Hiickel 2.1
7 —9.59" —130.9 —155.2 —24.3 —24.3
other species
8 -8.3 —131.9 —172.2 —40.3 —27.9
9 —5.3 —156.8 —187.9 —-31.1 -6.3
10 —-11.5 —52.8 —70.0 —-17.2 —-17.2
11 -0.3 =77.7 —86.5 -8.8 +3.6 o
12a +1.7 —-102.6 —114.4 -11.8 +13.0 3¢ Mobius 44
12b +0.9 —102.6 -119.6 -17.0 +7.8
aAll calculations were performed on B3LYP/6-3tG** optimized
geometries® NICS(0) values were computed at the center of the [16]an-
nulene ring for specie$—9 and at the center of the nine-membered ring 4 Hiickel o

for 10-12. For 1, 5, 6, and 7, the point used was the average of the
coordinates for &,-symmetric 16-carbon pathway around the core. NICS
calculations employed the GIAO methddViagnetic susceptibilities were
computed with the CSGT methog, values were determined using
increments derived from reference species as follows:s, CH2.2 cgs-
ppm, from ethanesissHC=CH, —13.5, fromcis-2-butene— 2(CHg); trans-
HC=CH, —13.0, fromtrans-2-butene— 2(CH); trisubstituted>C=CH-,
—12.5, from 2-methyl-2-butene 3(CHg); tetrasubstituteedt C=C<, —11.4,
from 2,3-dimethyl-2-butene- 4(CHg); and CH', +1.2, from 2-propyl cation

— 2(CHg). 9 A = ym — ¥'m. € Acorr Values were obtained using the formula
Acor = A — nA(benzene), wheré (benzene) is the B3LYP/6-3#1G**
value for benzene<{12.4 cgs-ppm), and is the number of fused benzenes
in the system of interestFor 1, the NICS(0) value was computed at the
center of patha (see Figure 1b)? Obtained using the 16-carbon path that
avoids the benzene ringsObtained using the 16-carbon path analogous
to path a in Figure 1b.

aEnergies are reported at the B3LYP/6-31G* level and are uncorrected
for differences in zero-point energy. They are also not corrected for
differences in s-cis and s-trans units, due to the nonplanar nature of the
systems? Structures were fully optimized at the B3LYP/6-31G* level.
¢ Structures were partially optimized at the B3LYP/6-31G* level; within
the main 10-atom polyene unit, all CCC angles and CCCC dihedral angles
were frozen at the values of the corresponding parameters in the B3LYP/
6-31G* optimized structure of. 9 Structures were partially optimized at
the B3LYP/6-31G* level; within the main 10-atom polyene unit, all CCC
angles and CCCC dihedral angles were frozen at the values of the
corresponding parameters in the B3LYP/6-31G* optimized structure of the
Huckel isomer ofl.

Moreover, Schleyer et al. have shown that the |SBlues
for planar [4]annulenes usually decrease significantly when
; . ) . s-cis/s-trans corrections are applfe@ihese are needed since
A,S mentioned earlier, ac.or.nprehenswe study evaluating the g yans dienes are several kcal/mol more stable than s-cis
various ASE methods for Muus systems (oany nonplanar  qhtormations. When such corrections are applied to the ISE

systems) is lacking. Herges et al. reported an uncorrected ISE evaluation, (eq 1), the stabilization energy (B3LYP/6-31G*) of
value (4.04 kcal/mol) fol and further indicated that this value 1 yacreases to 0.6 kcal/mol. A small ASE indicates thig

is greater than that obtained for thé ¢kel isomer -2.22 kcal/ neither stabilized nor destabilized.
mol). The ASE ofl computed by the ISEmethod (Table 3,
entry 1) indeed matches the reported value of 4 kcal/mol. If
this number reflects aromatic stabilization through the [16]-
annulene core, then the ASE of 4.0 kcal/mol fbrwould
correspond to only 0.25 kcal/mol per carbon in a 16-membered
ring. This value is much smaller than the ca. 1.5 kcal/mol ASE
per carbon, obtained via the same method, for aromatic annulene
rings of similar size®10

Interestingly, application of the ISEmethod to “Mius”
and “Hickel” acyclic models of the polyene bridge gave
energies (Table 3, entries 3 and 4) comparable to those for the
full systems (entries 1 and 2). Thus, it is difficult to conclude
that the difference in isomerization stabilization energies
betweenl and its Hickel isomer arises from aromatic stabiliza-
tion. Rather, the difference in I§Bralues can be attributed to
effects confinedwithin the polyene bridgand not to the full
cyclic & system.

magnetic criteria, combined with the geometric data, do not
support any significant delocalization in

(1)

Why is 1 not aromatic, despite having ‘Nws topology?
There are two simple answers. The first is that the overly large
CCCC dihedral angles dflead to poor overlap of the system
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and thereby prevent effective delocalization. Both the computed inconsequential compared with those obtained for the highly
and X-ray structures support this. For example, the computed aromatic Mdius [16]annulen® (NICS(0)= —14.9 ppmA =

structure exhibits dihedral angles 6f109.0 (C1-C2—C3—
C4; see Figure 1b) and 129.8C3—C4—C5—-C6), while the
corresponding values in the crystal structure a607.7 and
131.3, respectively. These deviate by ca.°78nd 50,
respectively, from the ideat180 value. These deviations are
much greater than the largest deviatiorBi(ta. 30).52 Despite
the offsetting slight pyramidalization at C2 and C5, effective
delocalization through these segments appears unlikely.

As expected, the fused benzene rings also contribute signifi-

—70.0 cgs ppm).

Neither 2a nor 2b are minima; both have one imaginary
vibrational frequenc}f (Table 1) and are over 20 kcal/mol
higher in energy than the know# (Hickel topology). They
also are 6-12 kcal/mol higher in energy than the previously
reported hypothetical Muius 3.5 These results suggest that the
[L6]annulene core ofl does not prefer the Mmus twist
inherently; this topology is adopted due to the constraints
applied. As has been shoW#? imposing Miius topology on

cantly to the nonaromatic character of the [16]annulene core of [4n]Jannulenes does not guarantee aromaticity.

1, in accordance with Clar/Guher principleg223Clar showed
that in polybenzenoid aromatics, the bond length alternation of

Structures 5—7. We next consider several of the possible
species intermediate between the [16]annulene @essl the

an adjacent fused ring is increased when the aromatic sextet isfull system1. These include the benzannelated derivaties

retained in the first ring? This effect, as well as a decrease in

systems in which the polyene bridge is spanned by a bis-

aromaticity (e.g., based on proton chemical shifts), has also been(benzocyclohexadiene) unit6); and the biquinodimethane

observed in benzo derivatives of highem{42]annuleneg*
Relevant examples include benzo[18]annul&nbenzo[14]-
annulene® benzo-dehydropyrené$,and benzo-octadehydro-
[14]annuleneg® Alternatively, the benzannelation effect might
be rationalized in terms of the larger circuit. When a benzene
is fused with an annulene ring, the “aromatic circuit” can then

bridged specieg (Figure 3)* The structural and magnetic

aromaticity indices are given in Tables 1 and 2, respectively.
The bond lengths iBa and5b are similar to those i2a and

2b, except that the €C bonds adjacent to the benzenesin

are even longer than their counterpartjrsince the effect of

the benzenes is to increase the adjacent dihedral angles. The

go around the entire enlarged outer perimeter. For computedgeometric indices in Table 1 and the small NICS(0) values for

[4n+2] Hickel (i.e., planar) systems, the ASE per carbon gets
smaller when annulene rings increase in $fzdé; is more
favorable energetically to “localize” six electrons in a benzene
ring.26 Hence, benzannelation diminishes the aromaticity of a
larger annulene ring. These effects also should operat€ biugo
systems. By inducing bond localization, benzannelation in

5a (—2.4 ppm) and5b (—2.8 ppm) are characteristic of
nonaromatic species. The corrected/alues for5a (+9.1 cgs
ppm) andbb (+7.2 cgs ppm) reinforce the conclusion that both
are nonaromatic.

Incorporation of two ethylene bridges inba,bleads toba,b.
Although 6 has benzene substituents, cyclic delocalization is

MGbius systems could result in larger dihedral angles and further now possible via the ethene bridges. While the localization effect

reduce ther overlap or the larger aromatic circuit might simply
diminish the ASE per carbon.

[L6]Annulenes 2-4. To assess the influence of benzanne-
lation, we removed the sets of benzene substituents frand

due to benzannelation can, in principle, be avoided, our
computational results show that this does not occur. The
pyramidalization at the bottom two carbonsia,b (as depicted

in Figure 3) increases their separation to over 1.36 A, i.e., by

evaluated the degree of aromaticity of the resulting species ca. 0.025 A relative t&a,b (Figure 3). This increase does not

(Table 1). The three Muus [16]annulene@, 2b, 2¢ are based
on the possible paths (shown in Figure 1b) through the

necessarily imply greater delocalization, since the adjacent bonds
toward the ethylene bridges remain long: 1.48 A in b6th

bianthroquinodimethane bridge. The computed structures areand6b. Neither the geometric parameterstzfand6b (Table

given in Figure 2, along with the highly aromatic, but
experimentally unknown, Muus [16]annulene3®? and the
experimentally characterized kel [16]annulenet.®”

The Ar values of the [16]annulene isome&af-c) in Table

1) nor the corrected MSEs-(1.4 and+3.7 cgs ppm, respec-
tively) suggest aromatic character. The modest NICS(0) values
for these species6f, —6.5 ppm; 6b, —5.0 ppm) may be
attributed to local effects, since theorbitals of the C5C6

1 reflect the same considerable degree of bond alternation asand C13-C14 bonds point directly toward the ring center.

that in1. All the HOMA indices are small. The bond localization
arises, in part, from the poar overlap in the lower half of the
molecules as shown in Figure 2. For example, the-C2 and
C3—C4 bonds are very short, the €EZ3 bond is very long,
and the C+C2—C3—C4 and C3-C4—C5—C6 dihedrals devi-
ate by at least 50from ideal planar arrangement (see Figure
1b for the numbering key). In addition, whika and2b clearly
have Mius topology,2c has two CCCC dihedrals that are
very close to 90, indicating that the latter has neither & Mos
nor a Hickel topology. Since thér and Arp, values are also
the largest for2c and its derivatives, these structures were
excluded from further study.

The magnetic properties @a and?2b (Table 2), in general,
support the geometric data. Although might appear to have
some degree of aromaticity based on magnetic criteria (NICS-
(0) = —3.7 ppm, andA = —11.4 cgs ppm), these values are
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Finally, it is significant thaf, which has no benzenes fused
to its core, is the only structure derived frobnthat displays
some aromatic charactei has the highest Julg and HOMA
values (0.78 and 0.39) and a nontrivial MSE24.3 cgs ppm),
as well as substantially negative NICS(6)9.5 ppm) and NICS-
(1) values €7.2 ppm, at a point 1.0 A outward from the ring
centet”™). The two pyramidalized carbons (shown at the bottom
of 7 in Figure 3) may allow enough overlap to sustain a modest
ring current.

The overall aromaticity of species with bis(quinodimethane)
bridges (, 6, and7) diminishes with the increase in the number

(40) The imaginary mode corresponds to rotation of the trans@bond into
the plane of the page. FoRa following the imaginary mode and
reoptimizing yields &C; structure ca. 19 kcal/mol lower in energy. R,
similar reoptimization affords & structure ca. 7 kcal/mol lower. These
structures showed little evidence for aromaticity and were not pursued
further.
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1.407 1.403

12a (Cy) 12b (Cy)

Figure 4. B3LYP/6-31H-G** optimized structures of Mbius aromatic
species3 and 10 and their benzo-derivatives.~C distances in A.

of the benzene ring itself increases to 0.049 A. The introduction

7 (Cy) of two benzene rings (as B) further increases bond localization
Figure 3. B3LYP/6-31H-G** optimized structures of benzannelated and while Concu.rrently. rEduc'ng_ ring current gffects. The 16-
bridged derivatives of core structura and2b. C—C distances in A. membered ring 0B is essentially nonaromatic.

The effect of benzannelation is more dramatic gtg (10),

of benzene rings fused to the core. These results are consistenjyhich, due to its charge, is delocalized to a considerable
with the explanation provided by “Clar effect”. degree’?85 Fusion of a single benzene to various positions on

Benzannelation of Mthius Aromatic [16]Annulene 3 and 10 yields only a single monobenzo species, ibh upon
CoHg*. To further probe the Clar effect on Mas systems,  optimization (Figure 4). The loss of aromaticity in the nine-
we chose two Mbius structures3 and 10 (Figure 4), whose  membered ring ol1is shown by the pronounced bond-length
aromaticity has been establist®d. The aromatic character  alternation near the benzene ring and by both the NICS{0)3
decreases with increasing the number of benzene rings fusedhpm) andA o (+3.6 cgs ppm) values. The two representative
to 3, as shown by both structural and magnetic indices (Figure dibenzo derivatived2a and 12b also are nonaromatic. In all
4, Tables 1 and 2y The annelation of one benzene ring (as in  the derivatives ol0, it is difficult to distinguish between Clar-
8) increases overall bond alternation 10-fold, from 0.01 A (for type localization and the effect of benzannelation on dihedrals.

3) to 0.1 A. The bond alternation effect, however, is more \while 12b retains a Mbius topology,12a prefers a Hukel
prominent on the side with the benzene attach®d= 0.105 topology, andlL1 is borderline.

A) than on the opposite side (0.077 A). The bond alternation Based on the behavior of the benzo derivative8 ahd 10,

) — ) - . as well as other work on Hikel systemg#-28 we conclude that
(41) For computational efficiency, we confined this part of the study to species . oy .
with C, symmetry. 3 ‘ _ benzannelation of Maius aromatic annulenes largely destroys
(42) Benzenes were placed at positions where the HCCH dihedrals in the parentihe  aromatic character of the parent systdmOur only

system were close to°Qo ensure that any loss of delocalization was due . i X . g
to the “Clar effect” rather than to changes in the dihedral angles. exception, still suffers a 50% reduction in aromatic character
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(based on magnetic criteria) due to the presence of only a singleNICS values and negligible MSE do not indicate the presence
fused benzene ring. of a significant ring current in the [16]annulene core bf
Calculations on less highly benzannelated derivativésadford
similar results. The magnetic properties3dnd 10 also show
There have been numerous examples in the extensivea dramatic decline in aromaticity upon benzannelation.
investigations of Hakel [4n+2]annulene systerfiswhere the Because standard methods to determine aromatic stabilization
properties of an experimentally realized species (e.g., [10]- energies have been confined to dkel-type systems, it is
annulene) revealed that it was not aromatic. The achievementdifficult to evaluate the aromaticity of the nonplanar’Mias
of Herges and co-workers in synthesiziiga neutral [4]- systems using existing energetic methods. However, our detailed
annulene derivative with Maius topology through its [16]- analysis of the IS[eresults forl suggests that energy differences
annulene core, is an important milestone in the study of found betweer and its reference FHikel isomer are due largely
aromaticity. Unfortunately, our detailed investigation of this core to variations in the polyene bridges. Moreover, the small
using geometric, magnetic, and energetic criteria casts seriouscorrectedISE, value of 0.6 kcal/mol forl indicates that this
doubt on the aromaticity df. Specifically, all geometric criteria  molecule is devoid of any energetic stabilization.
employed here Ar, Ary,, Julg A, HOMA) point to a bond- Based on these results, taken collectively, we conclude that
localized structure, regardless of whether the crystallographic the [16]annulene core dfis nonaromatic and that any aromatic
or the computed geometry is used. The presence of very largecharacter ofl is confined to the benzene rings. The goal of
CCCC dihedral angles (e.g107.7 and 131.3) minimizes preparing an unambiguously aromatic neutralbls [4n]-
effectivesr delocalization. In addition, this core by itself (without annulene remains to be realized.
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