9364 J. Am. Chem. S0d.998,120,9364-9365

From Dodecahedrapentaene to the ‘f]Trannulenes”. At HF/3-21G and B3LYP/6-31G*1 is a minimum (NIMAG
A New In-Plane Aromatic Family = 0) in Dy symmetry, i.e., all the central-&C bonds have the
same length (1.400 A vs 1.396 A for benzene). Hericés
. . . . aromatic geometrically. The calculated stabilization energy
Andrey A. Fokin, Haijun Jiao, and Paul von R. Schleyer (—11.3 kcal/mol) supports the earlier conclugitimat substantial
] ] ) ) stabilization results from the aromaticityln The NICS (nucleus-
~_Institut fir Organische Chemie,  independent chemical shiftpf —16.5 ppm calculated at the
Universitat Erlangen-Nunberg Henkestr. 42, geometric center, is comparable with NIES-17.3 for the planar
D-91054 Erlangen, Germany  p, [10]annulen# and NICS—15.2 for benzene at the CSGT/
. B3LYP level. Thereforel is aromatic based on the geometric,
Receied March 30, 1998 energetic and magnetic critefia.

Hiickel (4n + 2) z-electron annulenes comprise the most basic ~ The parent [10]trannulen), with center-oriented p-orbitals,
family of aromatic compounds.In their idealized structures, all IS aromatic as well. While2 has one imaginary frequency
the p-orbitals are perpendicular to the ring planes. However, angle(NIMAG = 1) at HF/6-31G* (-109 cnT™) in Dsq Symmetry, this
strain and steric effects result in a variety of configurational formis a minimum (NIMAG= 0) at B3LYP/6-31G* with equal
preferences and may even preclude planar arrangerfveige C—C lengths (1.412 A) Electron correlation is known to be
now present computational results on a new class of (El&gkel important for delocalized systen.The same situation holds
annulenes which have uniform shapes, zigzag (trans) carbon ringsfor the higher aromaticnjtrannulene homologues (= 14, 18,
and inward-pointing p-orbitals. These “trannulenes” extend the 22, and 26). These ha@nq (m = n/2) symmetry minima only
concept of aromaticity and antiaromaticity to unconventional at B3LYP/6-31G* (Table 1). All the aromatic trannulenes are
topologies. considerably higher in energy than their annulene counterfarts,

Based on MNDO-CI calculations, McEwen and Schléyer €.9., 57.6 kcal/mol for GH14 (C;) and even 23.7 kcal/mol for
predicted that the delocalized [10Jannulene subunit in dodeca- CaoHao (Dan) (Table 1). These energy differences reflect the
hedrapentaenel) should be aromatic; the overlap of adjacent additional strain in trannulenes.

The D¢ C—C bond lengths decrease from [10]trannuléne
(C—C=1.412 A, CCC=115.3, CCCC= 109.5) continuously
to 1.397 A inD1s [30]trannulene; the CCC bond angles converge
to ca. 128, and the CCCC dihedral angles become larger due to
the increase in the ring size. The strain decreases as a result.
Larger jnJannulenes are known to favor localized geometifes.
For trannulenes, bond alternation is found even fHg at HF/
6-31G*82put first sets in for thé5 CsgHzo minimum at B3LYP/
2-316* (ree = 1.398, 1.408 A; cfD17 CagHssrec = 1.381, 1.413

).

Both the calculate¢f and A evaluated from acyclic models
increase dramatically due to the dependence of magnetic suscep-
tibility on the square of the ring aré&,but the NICS values
1,D;, 2, Ds, become nearly constant (Table 1). This shows the advantage of

_Arhi PN Wi “ ; i ati ine (6) (a) Xie, Y.; Schaefer, H. F., Ill; Liang, G.; Bowen, J.R.Am. Chem.
p-orbitals results in “in-plane” cyclic delocalization (in-plane S0c.1994 116 1442, (b) Viaytle, F. Top. Curr, Chem1983 115 157. (©)

aromaticity)? Beside confirming this predication at higher levels Angue, R. O.; Johnson, R. B. Org. Chem1988 53, 314. (d) Aihara, J.-I.
of theory® we now demonstrate the exciting possibility that the J. Chem. Soc., Faraday Tran$995 91, 237. (e) Kornilov, M. Yu. Dokl.

all-trans-cyclodecapentaeng)( the central unit irl®¢also could Akad. Nauk Ukr SSR977 1097) considered cyclo[9,1f]-pentacene ([5]-
. - . cyclacene) as being composed of “10-annulene fragments* with trans double
be the first member of a newall-trans[n]Jannulene family with bonds.

in-plane conjugation, thenftrannulenes. Indeed, somewhat (7) () Kammermeier, S.; Jones, P. G.; HergesARyew. Chem., Int. Ed.
imi in- i i i i i Engl. 1996 35, 2669. (b) Kammermeier, S.; Jones, P. G.; Hergegrigew.

5|m|lart|)n gpl?ﬂe cohnjﬁgatlon IS present d|n]f¢yclacebne%and_én . Chem., Int. Ed. Engl1997, 36, 2200. (c) Kawase, T.; Darabi, H. R.; Oda, M.

nanotubes although these are composed of intact benzenoid units. Angew. chem., Int. Ed. Englogg 35, 2664.

The computed geometries, energies, and magnetic properties show (8) Schleyer, P. v. R.; Freeman, P.; Jiao, H.; GoldfussAiyew. Chem.,

: . Int. Ed. Engl.1995 34, 337.
that the pitrannulenes follow the Fitkel rule perfectly: the A (9) NICS and diamagnetic susceptibilities were calculated at B3LYP/6-

+ 2 electron species are aromatic, while the singlets with 4 3754831 YP/ 6-31G* with the CSGT method (Keith, T. A.. Bader, R. F.

electrons are antiaromatic. W. Chem. Phys. Letl.993 210, 223) which reproduces the relative chemical
shifts in a series of structurally similar unsaturated compounds satisfactorily.
(1) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y Aromaticity and For a detailed discussion about the performance of various theoretical levels
Antiaromaticity Wiley: New York, 1994. for computing the magnetic susceptibilities, see: Keith; TChem. Phys.
(2) Balaban, A. T.Chemical Application of Graph ThegrAcademic Lett 1996 213 123. For NICS see: (a) Schleyer, P. v. R.; Maerker, C.;
Press: London, New York, San Francisco, 1976. Dransfeld, A.; Jiao, H.; van Eikema Hommes, N. J.JRAm. Chem. Soc
(3) McEwen, A. B.; Schleyer, P. v. RJ, Org. Chem1986 51, 4357. 1996 118 6317. (b) Schleyer, P. v. R.; Jiao, H.; van Eikema Hommes, N. J.
(4) (a) Chandrasekhar, J.; Jemmis, E. D.; Schleyer, P. T.eRahedron R.; Malkin, V. G.; Malkina, O. L.J. Am. Chem. S0d.997, 119, 12669.
Lett 1979 3730. (b) Schleyer, P. v. R.; Jiao, H.; Glukhovtsev, M. N.; (10) Schleyer, P. v. R.; Jiao, H.; Sulzbach, H. M.; Schaefer, H. FJ.1II
Chandrasekhar, J.; Kraka, E. Am. Chem. S0d.994 116, 10129. Am. Chem. Sod996 118 2093.
(5) B3LYP has often been shown to give the best results among available  (11) (a) Schleyer, P. v. R.; Jiao, Rure Appl. Chem1996 68, 209. (b)
DFT methods (see, e.g., Wiest, O.; Houk, K.Tép. Curr. Chem1996 183 Jiao, H.; van Eikema Hommes, N. J. R.; Schleyer, P. v. R.; de Meijerd, A.
2, Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJAChem. Org. Chem1996 61, 2826. (c) Choi, C. H.; Kertesz, M.; Karpfen A. Am.
Phys.1997 106, 1063 and ref 20). B3LYP/6-31G* [(a) Becke, A. D.Chem. Chem. Soc1997, 119, 11994.
Phys.1993 98, 5648. (b) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; (12) (a) Borden, W. T.; Davidson, E. Rcc. Chem. Re4.996 29, 67. (b)
Frisch, M. J.J. Phys. Cheml994 98, 11623. (c) Foresman, J. B., Frisch, £.  Jiao, H.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden, W. T.
Exploring Chemistry with Electronic Structure Mehod&aussian, Inc: Schleyer, P. v. RJ. Am. Chem. S0d.997 119, 7075.

Pittsburgh, 1996] density functional theory computations were carried with (13) Choi, C. H.; Kertesz, MJ. Chem. Phys1998 108 6681.
the Gaussian 94 program: Gaussian 94, Revision D.2, Frisch, M. J. et al.  (14) Mcoche, B.; Gayoso, J.; Ouamerali, Rev. Roum. Chim1984 26,
Gaussian, Inc.: Pittsburgh, PA, 1995. 613.
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Table 1. B3LYP/6-31G* Computed Geometries, Energies, and Magnetic Properties (CSGA|I cdrinulenes
formula PG GC(A) CCC (deg) CCCC (deg) X A NICS* o HP Ee®  AH°Y  AH/n

CioH10 Dsq 1.412 115.3 109.5 —78.3 —-29.3 -14.0 2.0 183.2 18.3
CiHi 2t Déd 1.401 115.2 122.2 —102.2 -61.5 -—17.0 45
CioH12% Déd 1.423 120.9 116.7 —138.4 —64.3 —14.3 1.0
CiraH14 D7q 1.404 119.5 127.6 —174.4 —-105.8 —17.2 18 576 170.0 12.1
CyaH1 s D, 1.346, 1.453 119.3 127.2,128.4 —145.7 -77.1 —-12.0 25
CigH1s Dod 1.401 121.4 138.4 —-320.7 —2325 -17.9 1.0 491 174.3 9.7
CigHi¢® Do 1.339, 1.457 121.1 139.1,138.1 —211.9 —123.7 —-8.9 2.7
CooHa2 D d  1.399 122.4 145.6 —534.7 —426.9 -17.9 04 377 186.3 8.5
CoeH26 Dizd  1.398 123.0 150.7 —832.4 —-705.0 -178 -0.1 29.6 200.3 7.7
CsoHzo Disd  1.397 123.4 154.5 —1229.3 -—10823 -17.8 -05 237 220.3 7.3
CioH12 Ds 1.363, 1.468 117.8 119.2,120.5 54.9 113.7 35.7 10.6 196.5 16.4
CieH1s Ds 1.364, 1.451 120.6 133.1,134.2 142.9 221.3 27.8 10.7 187.2 11.7
CaoH20 Dio 1.365, 1.442 121.9 142.1, 142.7 251.9 349.0 21.6 10.3 191.2 9.6
CoaHoa D12 1.366, 1.437 122.7 148.6, 148.2 369.8 487.4 17.0 9.8 202.2 8.4
CagHas D14 1.367,1.434 123.2 153.0, 152.6 482.4 619.6 134 9.1 216.8 7.7
Ciz2H12 (3) Ded 1.412 118.0 119.7 —118.4 —58.9 —15.3 2.7 54 201.6 16.8
CieH16 (3) Dagqg 1.405 120.7 133.6 —236.6 —-157.4 —17.2 15 59 1931 12.1
CooH20 (3  Diod  1.401 122.0 142.4 —414.3 —315.6 —17.6 0.6 6.4 197.6 9.9
CaHaa (3 Did  1.400 122.8 148.4 —667.2 —548.9 -17.7 0.2 6.9 208.8 8.7
CogHos (3)  Digd  1.399 123.2 152.8 —1012.8 —-8749 -—-17.7 -01 7.3 2241 8.0

2NICS (ppm) at the geometric midpoirtRelative to tetramethylsilane tHrus = 31.0 ppm).© Energies relative to @+ 2) electron annulenes:
C14H14 (Cy), CigH1s (Den), CazHz22 (Cay), CaeHzs (C2), and GoHso (Dar). ¢ Estimated heats of formation (kcal/mol) based on (CH)Yn/6) CsHs and
the experimental heat of formation of benzehelF/6-31G* geometries were usedlriplet states? Singlet-triplet energy differences (kcal/mol)
for the 4n electron trannulenes.

NICS over diamagnetic susceptibility exaltation§){:25 for
quantitative comparisons of ring systems of different sizes. All energy gaps reflect the considerable aromatic stabilization of the
the data in Table 1 reveal the aromatic character of thekelu
(4n + 2) [n]trannulenes. Both the NICS amdvalues computed
with the HF/6-31G*D,, geometries of @H;4 and GgH;g show a

r?tductict).n but not an elimination of aromatic character due to bond strongly with the bond length alternation of the singlet state (1.367
alternation.

H NMR chemical shifts are the most widely used criteria of

aromaticity, especially for the large annulee¥. The computed

0 'H for the Diy, [10]annulene is downfield (9.5 ppm) but is
upfield (2.0 ppm) for [10]trannulene because of the perpendicular
orientation of the hydrogens in the diatropically shielded region
over the ring faces.

The antiaromaticdelectron singletrfjtrannulenes behave quite
differently}” For example, the [12]trannulene energy minimum

hasDs symmetry (NIMAG= 0 at B3LYP/6-31G*) and the €C

bond lengths alternate strongly (1.363 vs 1.468 A), the suscep-

tibility exaltation is paramagnetic\(= 113.7, withn = 12), and
the NICS value (35.7 ppm) is highly positive. These properties annulenes, the trannulenes have uniform configurationsa(id
are in sharp contrast to those of the corresponding 10-electronp, ; symmetries) which facilitate direct comparisons, e.g. of
aromatic [12]trannulene dicatiom\(= —61.0; NICS= —17.0)
and the 14-electron aromatic [12]trannulene dianiar+ —74.0;
NICS = —14.3). In addition, thed *H’s are upfield for these

charged aromatic systems, but are downfield for [12]trannulene

(Table 1). The other singletdrannulenesr(= 16, 20, 24, and
28), with positiveA, positive NICS, and downfield *H’s, also

are antiaromatic. The calculatéds increase dramatically, but

the NICS values decrease as the ring size increases.
We confirmed recently that the triplet states &¥-4x-electron
annulenes are aromatic rather than antiaroni&ticased on

geometric, energetic, and magnetic criteria. Likewise the triplet

states of the #-electron pjtrannulenesr{ = 12, 16, 20, 24, and

28, Dmg sSymmetry;m = n/2) have equal €C bond lengths and
are only 5.1 to 7.3 kcal/mol higher in energy than the corre-

(15) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. L. Mon-Benzenoid

Aromatics Snyder, J. P., Ed.; Academic Press: New York, 1971; Vol. 2.

(16) Elvidge, J. A.; Jackman, L. Ml. Chem. Socl1961, 859.

(17) Recently theD, (crown) form of cyclooctatetraene (which we call

[8]trannulene) was found to be a very high energy&£minimum (Andres,

J. L.; Castano, O.; Palmero, R.; GompertsJRChem. Phys1998 108 203).
(18) (a) Baird, N. CJ. Am. Chem. S0d.972 94, 4941. (b) Gogonea, V.;

Schleyer, P. v. R.; Schreiner, P. Rngew. Chem., Int. Ed. Endl998 37,

1945. As discussed there, it is possible to compute the magnetic properties of.

sponding singlet states (Table 1). These small singtgilet

triplet states, since, for comparison, triplet naphthalene is 62.3
kcal/mol less stable at B3LYP than the singlet. The singtedC
bond length (1.399 A) of triplet [28]trannulen®{q) contrasts

and 1.434 A). In addition, the [28]trannulene triplet state also
has negative NICS~17.7) andA (—874.9); thed H is —0.1
ppm. The opposite features are found for the antiaromatic singlet
states of [28]trannuleneA(= 616.9, NICS= 13.4 andd H =

9.1). The other # triplet trannulenes show the same behavior.
The heats of formation per each CH group of both aromatic and
antiaromatic trannulenes decrease with the increase of the ring
size, and should converge to ca. 7.0 kcal/mol withlarger than

The trannulene family invites experimental realization and
explorationt® Although higher in energy than the corresponding

structures, magnetic properties, and the onset of bond alternation.
All of the [n]trannulenes follow the Hekel rule exactly: on the
basis of geometric and magnetic criteria (magnetic susceptibility
exaltations and NICS as well as proton NMR chemical shifts),
the 4 + 2 electron singlets are aromatic, but thesinglets are
antiaromatic. The triplet @ electron trannulenes are aromatic
based on the same criteria.
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open shell species with Gaussian 94 since the terms describing the interaction  (19) Scheumann, K.; Stackers, E.; Nertau, M.; Leonhardt, J.; Hunkler, D.;
of unpaired electrons have not been included.
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