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Abstract: High level ab initio and density functional theory computations have been used to assess the aromaticity
and antiaromaticity of the cations and anions derived from cyclopentadigh&)(@ndene (GHg), and fluorene

(C13H1g). On the basis of the IGLO calculated magnetic susceptibility exaltatidng @énd the GIAO computed

nucleus independent chemical shifts (NICS), the cyclopentadiesids(¢, indenyl (GH7 ), and fluorenyl (GsHg™)

anions are, as expected, highly aromatic as compared with benzene, naphthalene, and anthracene. The aromaticity
or antiaromaticity of the individual rings has been characterized by using the nucleus independent chemical shifts
(NICS) based on the magnetic shieldings calculated at the ring centers. In addition to NICS, the computed Li
NMR chemical shifts, another useful aromaticity probe, provide data for the individual rings. The singlet
cyclopentadienyl (6Hs*) and indenyl (GH7") cations are as antiaromatic as cyclobutadiene and benzocyclobutadiene.
However, the fluorenyl cation (GHg") is non-aromatic by the calculated magnetic susceptibility exaltation, due to

the essentially complete compensation of the diamagnetic and the paramagnetic character. Such compensation effects
are shown directly by the geometric, energetic, and magnetic differences between the delocalized and localized
systems computed by means of the orbital deletion procedure (ODP), in which the critical carbocation p orbital is
“deactivated”. This shows the delocalization energies of aromatic cations to be much larger than those of the
antiaromatic cations, and the former are stabilized and the latter are destabilized relative to non-aromatic systems.
In contrast to the cyclopentadienyl cation, which has a triplet ground state, the triplet indenyl and fluorenyl cations
are higher in energy than their singlet states by 9.2. and 14.9 kcal/mol, respectively.

Introduction Scheme 1

The (4 + 2) & electron cyclopentadienyll), indenyl

4 3
(benzocyclopentadieny?), and fluorenyl (dibenzocyclopenta- // \\ ;
dienyl, 3) anions, as well as the corresponding A4 electron 5 2

cations4—6, are derived from cyclopentadieng) (indene 8), X,

and fluorene 9) (Scheme 1). The aromaticity of then(4- 2) X = CH(1)

7 electron anionsl(—3) is widely accepted on the basis of their X = CH*(4) 5 ©)
stability, and the measured acidities of the conjugated acids, X=Ct(7) 8) )

7-9, are considerably larger than those of the corresponding
conjugated, acyclic polyenés.The antiaromatic character of by ESR spectizand by the latesib initio computationg,which

the 47 electron cyclopentadienyl cation is well recogniZeti. show aC,, singlet minimum (one of the JahiTeller distorted
The slow {1 ionization rate of 5-iodo-1,3-cyclopentadiefie, forms with acis-butadiene moiety) to be 8.7 kcal/mol higher
the recently measured deceleraffoby a factor of 16* in in energy than th@®sy, triplet ground state.

forming a cyclopentadienyl cation compared to formation of a  The indenyl §) and fluorenyl ) cations have been consid-
cyclopentenyl cation model, the high oxidation potential §f ered to beantiaromatic, like the singlet cyclopentadienyl cation
and the low [Kr of 4% are examples. The triplet (Ckf)ground (4). Both5and6 have lower K values and related solvolysis
state predicted from simpletdkel theory also was confirmed  rates, and are less stable compared to their benzhydryl afalBgs.
The antiaromatic destabilization 6fwas estimated to be 10.1

T Universitd Erlangen-Nirnberg.

* University of North Texas. kcal/mol from MINDO/3 calculatior’sand 10.0 kcal/mol by
§ University of Toronto. HF/6-31G*//3-21G° for the isodesmic hydride ion transfer
® Abstract published iddvance ACS Abstractguly 1, 1997. between9 and PARCH™ to give PhCH, and6. However, the
(1) (a) Bordwell, F. GAcc. Chem. Res988 21, 456-463. (b) Taft, : : :
R.W.: Bordwell, F. G 1988 Acc. Chem. Res. 2463-469. (c) Bordwell expenmenta}H NMR chemical shifts of the 9-methylf|uorenyl
F. G.; Zhang, X.-M.Acc. Chem. Re<.993 26, 510-517. (d) Raner, B.; cation (9-Me6, 0H = 7.04-7.62) show diatropic ring current
Janaway, G. A.; Brauman, J.J. Am. Chem. Sod 997 119, 2249-2254. effects of the six-membered rings only somewhat reduced
(2) (@) Breslow, R.; Hoffman, J. M., Jd. Am. Chem. Sod.972 94,
2110-2111. (b) Allen, A. D.; Sumonja, M.; Tidwell, T. TJ. Am. Chem. (5) For a review see: Breslow, Rcc. Chem. Red.973 6, 393—-398.
Soc.1997 119 2371-2375. (6) Wasserman, E.; Hutton, R. Bcc. Chem. Re4977, 10, 27—32 and
(3) Breslow, R.; Mazur, SJ. Am. Chem. S0d.973 95, 584-588. see also ref. 4a.
(4) (@) Saunders, M.; Berger, R.; Jaffe, A.; McBride, J. M.; O'Neil, J.; (7) (&) Glukhovtsev, M. N.; Reindl, B.; Schleyer, P. v. Rendelee

Breslow, R.; Hoffman, J. M., Jr.; Perchonock, C.; Wasserman, E.; Hutton, Commun1993 100-112. (b) Feng, J.; Leszczynski, J.; Weiner, B.; Zerner,
R. S.; Kuck, V. JJ. Am. Chem. S0d973 95, 30173018. (b) Sinanoglu, M. C. J. Am. Chem. S0d.989 111, 4648-4655. (c) Glukhovtsev, M. N;
O. Tetrahedron Lett1988 29, 889-892. Bach, R. D.; Laiter, SJ. Phys. Chem1996 100, 10952-10955.

S0002-7863(97)00380-6 CCC: $14.00 © 1997 American Chemical Society



7076 J. Am. Chem. Soc., Vol. 119, No. 30, 1997

compared to PICH" (H = 7.53-8.12) observed in super acid,
and argue against major antiaromaticity effects in fluorenyl
cations? Amyes, Richard, and Novakalso measured Kr
values for6 (—15.9) and P¥CH™ (—11.7), calculated from these
a destabilization of 5.7 kcal/mol fd@, and concluded that the
difference in z-stabilization energies o6 and PRCHT is
relatively small and thaf is not antiaromatic.

Both aromaticity andantiaromaticity are fundamental con-
cepts in chemistry. The criteria upon which definitions and

Jiao et al.

delocalized electrons but also on the square of the ring%ize
and on the degree of the perfection of electron delocalization.
While condensed polycyclic aromatic systems are larger in size,
they can be regarded as being a combination of the smaller
component rings rather than reflecting the large rireriphery.

Recently, Schleyest al. have proposed the use of the negative
of the magnetic shieldings computed, e.g., at the ring center,
referred to as “nucleus-independent chemical shift (NICS), as
a simple criterion for aromaticit}# NICS, as an indicator of

quantification of these concepts are the following: energies aromaticity, agrees well with the energetic, geometric, and
(aromatic stabilization and antiaromatic destabilization), geom- magnetic criteria in five-membered heterocycles, and also has
etries (aromatic bond length equalization and antiaromatic bondthe advantages of being less dependent on ring size and not

length alternation}} and magnetic effects resulting from dia-
tropic “aromatic” or paratropic “antiaromatic” ring current
effects, 'TH-NMR chemical shiftd2 magnetic susceptibility

exaltation )12 and anisotropy as well as NICS (see beldtv).

requiring an increment system. Moreover, NICS is an effective
probe of the individual rings in polycyclic systems.

We now employ the diamagnetic susceptibility exaltatiah (
criterion of aromaticity to characterize the magnetic properties

The quantitative relationships among the geometric, energetic,of 1—9 and NICS to analyze the aromaticity of the individual
and magnetic criteria of aromaticity were demonstrated for a rings. Like NICS, the LT chemical shifts of lithium cation
wide ranging set of five-membered heterocycles in which the complexes with anion$—3 and neutral7—9 systems are used

cyclopentadienyl anionlj is the most aromatic, the singlet
cyclopentadienyl cation4j is the most antiaromatic, and
cyclopentadiene 7) is non-aromati¢®> However, in more

complex polycyclic systems, other interactions may dominate,

and the various aromaticity criteria are not necessarily pat&tlel.

The magnetic criterion may be the most specific and unambigu-

ous manifestation of aromaticity 17 (negativeA, diamagnetic
susceptibility exaltation) and antiaromaticity (positite para-

to assess the aromaticity of the individual rings. We also have
computed singlettriplet differences of cationd—6.

Computational Methods

Geometries were optimized at RHF/6-31G*, RMP2(fc)/6-31G* ab
initio, and the B3LYP/6-31G* (in some cases at B3LYP/6-3G**)
density functional levels with the Gaussian 94 program package.
Single-point energies were also computed at BLYP/6-3&1 with

magnetic susceptibility exaltation). These criteria have been the B3LYP/6-31G* geometries. The calculated total energies are given
applied to many other systems, e.g., homoaromatic carboca-in the Supporting Information. The magnetic susceptibilifigsand

tions'® and aromatic pericyclic transition stafés.
The magnitude of the magnetic susceptibility exaltatian (

the magnetic susceptibility anisotropigs.s were calculated with the
IGLO??2 method and basis set Il for the parent cyclopentadienyl system

due to ring current effects depends not only on the number of as well as the DZ basis set for the indenyl and the fluorenyl systems.

(8) (@) Cowell, G. W.; Ledwith, AJ. Chem. Soc. B967, 695-697. (b)
Allen, A. D.; Mohamed, N.; Tidwell, T. TJ. Org. Chem1997, 62, 246—
252. (c) Allen, A. D.; Colomvakos, J.; Tee, O. S.; Tidwell, T.J.Org.
Chem.1994 59, 1185-1187. (d) Wan, P.; Krogh, El. Am. Chem. Soc.
1989 111, 4887-4895. (e) Cozens, F. L.; Mathivanan, N.; McClelland, R.
A.; Steenken, SJ. Chem. Soc., Perkin Trans1992 2083-2090. (f) Potti,

R. F.; Lossing, F. PJ. Am. Chem. S0d963 85, 269-271. (g) Friedrich,

E. C.; Tam, T. MJ. Org. Chem1982 47, 315-319. (h) Lew, C. S. Q,;
Wagner, B. D.; Angelini, M. P.; Lee-Ruff, E.; Lusztyk, J.; Johnston, L. J.
J. Am. Chem. Sod 996 118 12066-12073. (i) Liu, K.-T.; Lin, Y.-S.;
Tetrahedron Lett1997, 38, 1419-1422.

(9) Olah, G. A.; Prakash, G. K. S.; Liang, G.; Westerman, P. W.; Kunde,
K.; Chandrasekhar, J.; Schleyer, P. v. R Am. Chem. Sod98Q 102,
4485-4492.

(10) Amyes, T. L.; Richard, J. P.; Novak, M. Am. Chem. S0d.992
114, 8032-8041.

(11) (a) Garratt, P. Aromaticity, Wiley: New York, 1986. (b) Minkin,

V. I.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and Antiaromaticity;
Wiley: New York, 1994.

(12) Elvidge, J. A.; Jackman, L. Ml. Chem. Socl961, 859-866.

(13) (a) Pascal PAnn. Chim. Phys191Q 19, 5-70; 1912 25, 289~
377;1913 28, 218-243. (b) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. L.
Nonbenzenoid Aromaticitysynder, Ed.; Academic Press: London, 1971;
Vol. ll, p 167. (c) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. L. Am.
Chem. Soc1968 90, 811-813;1969 91, 1991-1998. (d) Benson, R. C;
Flygare, W. H.J. Am. Chem. So0d.97Q 92, 7523-7529. (e) Davidson J.
R.; Burnham, A. K.; Siegel, B.; Beak, P.; Flygare. W. H.Am. Chem.
S0c.1974 96, 7394-7396. (f) Haberditzl, WAngew. Chem., Int. Ed. Engl.
1966 5, 288-298.

(14) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J.v. E.J. Am. Chem. S04996 118 6317-6318. (b) Subramanian, G.;
Schleyer, P. v. R.; Jiao, HAngew. Chem., Int. Ed. Endl996 35, 2638~
2641.

(15) Schleyer, P. v. R.; Freemann, P.; Jiao, H.; GoldfussAigjew.
Chem., Int. Ed. Engl1995 34, 337—340.

(16) Schleyer, P. v. R.; Jiao, Hure Appl. Chem1996 68, 209-218.

(17) Jiao, H.; Schleyer, P. v. R. Antiaromaticity: Evidence from Magnetic
Criteria, AIP Proceedings 330, E.C.C.C.1., Computational Chemistry
Bernardi, F., Rivail, J.-L., Eds.; American Institut of Physics: Woodbury,
NY, 1995; p 107.

(18) Cremer, D.; Reichel, F.; Kraka, H. Am. Chem. S0d.99], 113
9459-9466. (b) Cremer, D.; Svensson, P.; Kraka, E.; Konkoli, Z.; Ahlberg,
P.J. Am. Chem. Sod 993 115 7457-7464. (c) Cremer, D.; Svensson,
P.; Karak, E.; Ahlberg, PJ. Am. Chem. S0d.993 115, 7445-7456.

The Li chemical shifts were calculated at IGLO/DZ//B3LYP/6-31G*
relative to the naked lithium cation as standard. The magnetic
susceptibility exaltations X) were evaluated from the difference
between eachi,: and the “normal” values deduced from increments
for hypothetical polyene systems without cyclic delocalization obtained
from calculations on a set of small molecules. The nucleus-independent
chemical shifts (NICS) in the ring centers were calculated at GIAO-
SCF/6-31G* with the Gaussian 94 program package.

To compare the aromaticity and antiaromaticity of these planar
carbocations 4—6), we employed the orbital deletion procedure
(ODP)2Z which requires only a slight modification of the HF method
implemented in Gaussian 94. ODP deletes (deactivates) the p atomic
orbitals (AOs), e.g., on the formally charged carbon in a carbocation.
Subsequent optimization (here at HF/6-311G**) results in a localized
wave function®'°c; the corresponding total energ(¥'-°°) excludes
conjugation or hyperconjugation effeéfs.The usual HF optimization
(also at HF/6-311G**) with all AOs vyields the delocalized wave
function WP® and its corresponding total energg(¥P®). The
difference betweeR(¥'°) andE(WP®) is defined as the delocalization

(29) (a) Jiao, H.; Schleyer, P. v. Rngew. Chem., Int. Ed. Endl993
32, 1763-1765. (b) Jiao, H.; Schleyer, P. v. R.Chem. Soc., Perkin Trans.
21994 407-410. (c) Herges, R.; Jiao, H.; Schleyer, P. vARgew. Chem.,
Int. Ed. Engl.1994 33, 1376-1378. (d) Jiao, H.; Schleyer, P. v. R.Chem.
Soc., Faraday Trans994 90, 1559-1568. (e) Jiao, H.; Schleyer, P. v. R.
J. Am. Chem. S0d.995 117, 11529-11535.

(20) Maoche, B.; Gayoso, O.; OuamerBi&. Roum. Chim1984 26,
613-618.

(21) Gaussian 94, Revision B.2, Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R,;
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Pittsburgh, PA, 1995.

(22) (a) Kutzelnigg, W.; Schindler, M.; Fleischer, WWMR, Basic
Principles and ProgressSpringer Verlag: Berlin, Germany, 1990. (b)
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Submitted for publication.
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Table 1. The Calculated Magnetic Susceptibilitiego), Anisotropies ganis PPM cgs), Magnetic Susceptibility Exaltations, (oppm cgs), and
Nucleus Independent Chemical Shifts (NICS, ppfoy Anions 1—3, as Well as Li Chemical Shifts §Li™, ppmp Compared with Their
Iso-r-Electronic Aromatic Hydrocarbons ard-9

Yot K anis A NICS(5) NICS(6) oLi*(5) oLi*(6)
1 —67.7 —45.8 —-17.2 —-19.4 —6.9
2 —124.3 —-111.7 -31.9 —-19.5 —-12.5 —-9.6 —-9.6
3 —-175.6 —=174.5 —49.3 —-16.4 —-12.4 —-10.7 -9.4
benzene —68.1 —62.9 —-13.4 —-11.5 —6.6
naphthalene —123.6 —130.3 —28.2 -11.4
anthracene —-179.1 —204.8 —-49.8 —14.3¢ —9.¢¢
7 —-51.0 —-31.7 —-2.4 —4.2 -0.6
8 —106.9 —88.4 —-17.2 -1.4 -11.3 -3.4 —-8.1
9 —155.4 —141.0 —-31.8 +0.5 -10.7 —-2.5 -7.9

aNICS(5) and NICS(6) mean the GIAO-SCF/6-31G*//B3LYP/6-31G* calculated NICS value in the center of the five- and six-membered rings,
respectively? 6Li*(5) anddLi*(6) mean the calculatedli™ value for Li* over thex-faces of the five- and the six-membered rings, respectively.
¢In the central ring centef.In the outer ring center.

Table 2. The Calculated Magnetic Susceptibilitiggo{), _ naphthalene (1.402 0.019 A) and anthracene (1.4840.021
ANiSotropies fans Ppm Cgs), Magnetic Susceptibility Exaltations A) values? The geometric criteria are thus fulfilled fdr-3.

(A, ppm cgs), and Nucleus Independent Chemical Shifts (NICS, . .

ppm} for Cations4—6 Compared with Their Isa-Electronic Arguments for the possible aromatic character of cyclopen-
Aromatic Hydrocarbons tadiene {) due to the pseudo 2 CH, hyperconjugative

vt yms A NICS(5) NICS(6) contribution have been propos&d. However, our present
analysis shows to have neither special stabilization, bond

4 —16 581 326 541

5 515 70 184 345 8.6 Iength_equalization, nor sig_nificant m._agnetic susceptibility
6 —104.4 -547 —06 247 1.9 exaltation compared with a wide set of five-membered hetero-
cyclobutadieng —18.4 287 18.0 (28.8) cycles!®> At best, the aromaticity of cyclopentadiene is bor-
benzocyclobutadiehe —65.9 —17.8 9.0 (21.8) —4.22 derline. This conclusion is also indicated by its NICS value
biphenylené -116.7 —705 -7.9 (182) —6.5 (—4.2), only 21% of the cyclopentadienyl anion NICS value

aNICS(5) and NICS(6) mean the GIAO-SCF/6-31G*/B3LYP/6- (—19.4) (Table 1) (Small NICS values can result from local
31G* calculated NICS value in the centers of the five- and the six- contributions from the CH and CC bond$°).
mgmgg:gg r?nngsc’e r:;srpectlveﬂﬂaken from ref 19¢In the four- As shown in Figure 1, B3LYP gives somewhat more localized

g ’ structures than MP2 for the neutral systefm®. For example,

energy (DE). The stabilization energy (SE) is the DE difference the G—Czand G—Cs bond lengths at Becke3LYP are longer
between the cyclic and linear (noncyclic) conjugated carbocations. Thus, and shorter than those at MPtheir differences are 0.158
an aromatic carbocation is stabilized and has a negative SE, while an(Becke3LYP) and 0.147 A (MP2). The B3LYP values are
antiaromatic carbocation with a positive SE is destabilized. The closer to the gas-phase experimental datarftaan MP227

diﬁerencgs in geometric, energetic, and. magnetic properties petween Indene 8) and fluorene), with A of —17.2 and—31.8 ppm

the localized (after ODP) and delocalized molecules quantify the o " osactively, are aromatic. However, no significant hy-

aromaticity and antiaromaticity effects in these cations. For this special . . . .

purpose, the NICS are computed at GIAO-SCF/6-311G**//RHF/6- percqnjugatlve effects fo_r _the methylene g_roup (Whl(.:h might

311G** for both the parend—6 cations andi*—6* cations after ODP.  contribute to the aromaticity) are found, since the difference
(—14.8 ppm cgs) between th& of 7 and 8 is close to the

Results and Discussion difference 14.6 ppm cgs) betweeB and9. This indicates

the six-membered-ring contribution to be const#htLikewise,

the NICS values for the six-membered rings8ii—11.3) and

in 9 (—10.7) are close to the benzene NICSL(.5). On the

other hand, the NICS(5) value in the center of the five-

membered ring decreases in magnitude slightly fiorno 9,

e.g.,,—4.2 for7, —1.4 for 8, and+0.5 for 9. This may be

ascribed to the in-plane deshielding effect of the benzene rings.

The antiaromatic character of then 4r electron singlet
cyclopentadienyl4) and indenyl §) cations is also shown by
their paramagnetic magnetic susceptibility exaltatiofis,of
counterparts £16.7, —17.4, and—20.2, respectively) show | 32:6 and+18.4, the positiveranis of +58.1 for @) and+7.0
strongly enhanced diamagnetic ring current effects in the anions.0r (9) and the magnetic susceptibility difference between these
The same conclusions are shown by the large negative NICSCations & 5) and their neutral compoundg, (8), which are
values for both the five- and the six-membered rings. opposite in sign to those of th§|r corresponding amdnﬂ.

In addition to their NICS and magnetic susceptibilities, the 1neSeA values, comparable with those fDg, cyclobutadiene
aromaticity ofl—3is also revealed by their geometries as shown (118-0) andCs, benzocyclobutadienet(.0), are ascribed to
in Figure 1. Of coursel is fully delocalized with only one paramagnetic ring current effedts. In addition, the positive
C—C bond length (1.413 A), bu@ and 3 have significantly NICS in the geometric centers fdr(+54.1) and for5 for the

equalized bond lengths. The average bond lengths, 14407 five_- (+34_'5) and six-membered+8.6) rings reveal the
0.007 A in2 and 1.406+ 0.011 A in 3, are close to the antiaromatic character (Table 2). Furthermore, the bond length

The calculated magnetic properties are given in Tables 1 and
2. The B3LYP/6-31G* and MP2/6-31G* (in parentheses)©
bond lengths are shown in Figure 1.

The (4 + 2) x electron cyclopentadienyll), indenyl @),
and fluorenyl 8) anions are, as expected, aromaticTheir large
magnetic susceptibility exaltationg,, of —17.2,—31.9, and
—49.3, may be compared with calculat&dralues for analogous
neutral systems, e.g., benzenelB.4), naphthalene—28.2),
and anthracene-{49.8), respectively. The magnetic susceptibil-
ity differences Qyior) between anions—3 and their neutral —9

(24) In order to delete specific basis functions in the molecular orbitals, (25) Jiao, H.; Schleyer, P. v. Rngew. Chem., Int. Ed. Endl99§ 35,
their one-electron integrals are set to very high positive values (e.g. 5000 2383-2386.
au) and zeros are assigned to their overlap integrals with all other basis (26) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.;"Nankamp, V.J.
functions. Consequently, the molecular orbital coefficients of these functions Am. Chem. Sod 994 116, 5298-5306.
in the occupied molecular orbitals become negligible and they do not  (27) Damiani, D.; Ferretti, L.; Gallinella, EChem. Phys. Lettl976
contribute to the molecular energy. 37, 265-269.
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Figure 1. B3LYP/6-31G* and MP2/6-31G* (in parentheses) bond lengths (in A)lfe® (the gas-phase values f@rare given in bold).

Table 3. Calculated Reaction EnergieAHl, in kcal/mol} for 4—6

alternation in4 of 0.225 A is quite large and close to the at Various Computational Levels Based on the IsodesmiclEds

cyclobutadiene value (0.221 A).

. I level AH(4 AH(5 AH(6

In contrast, the 12t electron fluorenyl cation§) with its evf @ ©) ©
counterbalancing 4e-electron five-membered-ring and two 6 HF/6-31G 35.7 18.5 9.8
. . - . B3LYP/6-31G* 42.5 20.3 10.8

m-electron six-membered-ring moieties has essentially no g3 vp/6-311-G* b 42.0 20.0 10.4

magnetic susceptibility exaltatio’\[= —0.6]. On this basis,
the fluorenyl cation can be considered torfmgmaromati¢ This
agrees with Novaket al’s!® conclusions based largely on
energetic evidence and th&gpvalues compared with the other
corresponding carbocations. The compensation of diamagnetic
six ring and paramagnetic five ring, which results in the non-

AH > 0 means destabilizatioA.Using the B3LYP/6-31G* geom-
etries.

reference molecules.

aromaticity of the fluorenyl cationg}, also is found irb. But 7+ CH; =4+ CiHg 1)
the paramagnetic dominates over the diamagnetic contribution;

the net effect is paramagnetic, aldis still antiaromatic. +_

Compensation is also reflected by the calculated NICS(5) and 8+ CoHy™ =5+ CoHyo (2)
NICS(6) values given in Table 2. Similarly, we found benzo-

cyclobutadiene to be moderately antiaromatic, but biphenylene 9+ CHy, " =6+ CiHy, (3)

to be moderately aromatié.

In addition to the magnetic properties, we have also evaluated At B3LYP/6-311-G*//B3LYP/6-31G*, the singlet cyclo-
the energetic effect 0#—6 using the isodesmic equations (eqs pentadienyl cation4) is destabilized by 42.0 kcal/mol (Table
1-3) in which the cations of 1,4-pentadienyC4, CsH7"), 3). This destabilization (20.0 kcal/mol) is reduced in the indenyl
1-phenylallyl Cs, CoHg™) and diphenylmethyl @,, CisH11™), cation 6), and the stabilization contribution of the annelated
and 1,4-pentadieneCf, CsHg) and 3-phenylpropyleneCy, benzene ring is 22.0 kcal/mol. Due to the two annelated
CoHig) as well as diphenylmethan€{, Ci3H;,) are used as benzene rings6 has a destabilization of only 10.4 kcal/mol,
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Table 4. HF/6-311G** Delocalization Energy (DE, kcal/mol) and
NICS (in ppm) Value¥

systems DE NICS(5F NICS(6¥
benzene -10.4

4. (4%) —-30.7 +47.0 42.2)

10(10%) —52.5

11(11%) -76.1

12(12%) —61.5

13(13%) —74.4

14(14%) —36.8

15(15%) —55.6

16(16%) -57.1

5 (5%) —45.1 +28.4 4+2.7) +8.1(—8.4)
6 (6%) —49.1 +21.6 (+2.6) +1.8(-8.2)

aAt GIAO-SCF/6-311G** with the HF/6-311G** geometries;
NICS(5) values for the five-membered rings and NICS(6) values for
the six-membered ring8.Energy difference between the delocalized
and localized (after ODP) systentdNICS values for the localized
systems (after ODP) are given in parentheses.

and this result agress well with the MINDO/3 (10.1 kcal/rfol)
and the HF/6-31G*//3-21G (10.0 kcal/m#l)calculations.

Results with the Orbital Deletion Procedure

The aromaticity or antiaromaticity of catiods-6 has been
characterized by the orbital deletion procedure (ODP). The
ODP calculated energies and NICS (GIAO-SCF/6-311G**//HF/

6-311G**) values are given in Table 4, and the geometries are

J. Am. Chem. Soc., Vol. 119, No. 30,7099%7

Scheme 2. Comparison of thélLi* (IGLO/DZ//B3LYP/
6-31G*) and NICS (in ppm) Valués

SLi*(-6.6) SLi"(-1.8) SLi* (6.3) @«Su‘ 9.2) ® SLi” (-0.6) SLi’ (- 6.9)
|Li —]® Il‘i —]® |L|—| ||_i —| |L| _] Li
S S
o777 17 Y <@7
BIR 42 +215 +288 Ho 42 -19.4
BLi" (-8.1) SLi* (-3.4) SLi* (- 9.6) SLI* (-9.6
D o ) . LT (-9.6)
L] L] L Li
oy 7 & &
/
C C
I3 h, H, 14 125 -195
SLi" (-7.9) ® SLi* (- 2.5) o BLi" (- 9.4) SLi" (-10.7)
o L | Li b
CoglevglerelEse
—
C c
2107 H, Ho 105 -12.4 -16.4

a Computed in the absence of the lithiums.

the sum of the monocyclic rings. After ODP, the symmetry is
reduced fromC,, (5) to Cs (5*), and the C-C bond length
alternation of the six-membered rings also is decreased. The
NICS values 8.4 for the six-membered ring antl2.7 for

the five-membered ring) fd&* are close to the values of benzene
and4*. At HF/6-311G**,5is 45.0 kcal/mol more stable than

5* (Table 4). Compared with, 5 has a large DE due to the

shown in Figure 2. At HF/6-311G**, the considerable bond annelation of the six-membered ring. ButSstabilized? Do

length alternation of theis-butadiene moiety i, 0.218 A, is
larger than the 0.178 A obtained fér after orbital deletion.
The corresponding bond length difference is 0.156 A in
cyclopentadiene. The highly antiaromatic characte#,inn
contrast with the non-aromaticity ef*, also is indicated by
the NICS values, e.g+ 47.0 ppm for4, but only +2.2 ppm
for 4*.

Even though is highly antiaromatic, it is also delocalized.
The delocalization energy (DE) i530.7 kcal/mol. Antiaro-
maticity reduces delocalization, but does not eliminate it
completely. To what extent id destabilized relative to an
acyclic standard? We have computed the delocalization energ
(DE) of all-trans1,3-pentadienyl cation1Q) in which the
formally positive center in the ODP treatment was located at
the G position; this gives & symmetrical localized cation
with a conjugated butadiene moieti0¢). The DE difference

the aromatic and antiaromatic character compensate energeti-
cally? For evaluating the SE of the indenyl catiéi), (ve have
used 1-protonated naphthaled&)(as an approximate reference
molecule. At HF/6-311G**15 has a large DE 0f-55.6 kcal/
mol. On the basis o015, 5 is destabilized by 10.5 kcal/mol.
Similar conclusions are reached for the fluorenyl catién (
Due to the two annelated six-membered rings @n the
compensation effect is greater tharbirrnote the nonaromatic
six-membered ring (NICS= +1.8) and the less antiaromatic
five-membered ring [NICS= +21.6 compared with the NICS
of benzene £10.4) and4 (+47.0)]. After ODP, the situation
changes dramatically. The six-membered ring (NK58.2)

¥in 6* is still aromatic and the five-membered ring (NIGS

+2.6) nonaromatic as compared with values for benzene and
for 4* (NICS = +2.2). At HF/6-311G**,6 is 49.1 kcal/mol
more stable thai®*. Compared with the DE-57.1) of the
C(10)-protonated anthracerks] as reference; is destabilized

between the cyclic and linear (noncyclic) conjugated cations is by 8.0 kcal/mol. This destabilization @ is within the 5.7-
also defined as the stabilization energy (SE). As expected from 10.0-kcal/mol range found from theKp and HF/6-31G*//3-

chemical intuition and compared with the calculated DEIfor
(—52.5 kcal/mol), antiaromatid is destabilized by 21.8 kcal/
mol. In contrast, aromatic carbocations not only have large
DE’s but also are stabilized relative to acyclic standards. For
example, the tropylium ion1{l, DE = —74.9 kcal/mol) is
stabilized by—14.6 kcal/mol compared with the DE-61.5
kcal/mol) for theall-trans-1,3,5-heptatrienyl cation1@, the
positive charge is fixed at C1 in the ODP calculation). A similar
result also is found for the cyclopropenyl catidi3f, Compared
with the DE (36.8 kcal/mol) of the allyl cation14), the
cyclopropenyl catiorl3 (DE = —74.4 kcal/mol) is stabilized
by —37.6 kcal/mol (Table 4).

The ODP can be used in conjunction with NICS to analyze
the delocalization effects in the indenyd)(and fluorenyl 6)
cations. The GIAO-SCF/6-311G**//HF/6-311G** calculated
NICS values of+8.1 and+28.4 for the six- and the five-
membered ring ib indicate both rings to be antiaromatic. Due

to compensation of the aromatic and antiaromatic character, the
values are smaller in magnitude than those of the corresponding®

monocyclic rings, e.g., benzene-10.4) and 4 (+47.0).
However, the NICS sum of the individual ringsfris close to

21G computation&?

m-Complexes with Lit Cation

In addition to magnetic susceptibility exaltations, the com-
puted Li* chemical shifts in the monocyclic and polycyclic
neutral or anionic compounds complexed with Li cations have
been used to characterize the aromaticity of individual rings;
examples are shown in Schemé& 2This method is very similar
in principle to our NICS criterion. For example, thetLipfield
shifts, computed to be-6.9 in Cs, cyclopentadienyl lithium
(the measured value is8.6 in THF at 25°C?%) and —6.6 in
the Cs, benzene-Li* complex, confirm the presence of strong
diamagnetic ring current in thesa 4 2 i electron annulenes.

In non-aromatic systemsLi* data have only a small range
(&2 ppm relative to the experimental'Lshift standard). This
probe has even been used to demonstrate the aromaticity of a

(28) (a) Paquette, L. A.; Bauer, W.; Sivik, M. R.;'BuM.; Feigel, M;
chleyer, P. v. RJ. Am. Chem. Sod99Q 112 8776-8789. (b) For a
review, see: Bauer, W.ithium Chemistry, A Theoretical and Experimental
Overview, Sapse, A.-M., Schleyer, P. v. R., Eds.; John Wiley & Sons,
Inc.: New York, 1995; Chapter 5, pp 12372.
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CoHy* (12%, C,)

1.340 1.285

C3H," (13, Dy CHy' (137, Gy

C3Hs" (14, Cyy) CyHs™ (14%, C)

119.4°

CsH," (10, C,)

CyHy" (11, Dy Gy At ¢ CuHy " (16%,Cyy)

Figure 2. HF/6-311G** geometries for the parent cyclopentadiemyl (ndenyl 6) and fluorenyl 6) cations, and4*—6* after ODP analysis,
compared with 1,3-pentadienyl catiot}, tropylium (11) and 1,3,5-heptatrienyl cation$3), cyclopropenyl {3) and allyl cations 14), protonated
naphthalenel5) and anthracenel), as well as their localized counterpari{—16*) after ODP.
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Figure 3. B3LYP/6-31G* geometries for the ticomplexes with the anion systerhis-3 and the neutral systen¥s-9.
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Table 5. The Computed Complexation Energi€sdn, kcal/mol)
at B3LYP/6-314-G*//B3LYP/6-31G* + ZPE (HF/6-31G*}

complex(5y Ecomd(5)° complex(6Y Ecomd6)°
1Li(5) —168.6
7Li(5) -33.1
2Li(5) -153.8 2Li(6) —146.1
8Li(5) —-34.7 8Li(6) -42.3
3Li(5) —-142.6 3Li(6) —-138.0
oLi(5) ~-36.4 oLi(6) ~43.1

20n the basis of R+ Li* — RLi for the anionsl—3 and R-H +
LiT™ — RHLIi* for the neutral specieg—9. ® For Li* over the faces of
the five-membered rings.Complexation energies for Liover the faces
of the five-membered ring$.For Li* over the face of the six-membered
rings.® Complexation energies for tiover the faces of the six-
membered rings.

Table 6. Computed SingletTriplet Energy Separation\Esr,
kcal/mol) for the Cyclopentadieny#), Indenyl &) and Fluorenyl
(6) Cations

systems AEst
4—A4T —9.9% (—9.8y
5—5T +9.x
6—6T +14.9

2 At B3LYP/6-311+G** + ZPE (B3LYP/6-313#G**). P At B3LYP/
6-31H-G*//B3LYP/6-31G* + ZPE (B3LYP/6-31#G**). ¢ At B3LYP/
6-311+G*//B3LYP/6-31G* + ZPE (HF/6-31G*).

set of pericyclic transition staté®. In antiaromatic compounds,
a Li* downfield shift of +9.2 ppm was computed for thHgy,
cyclobutadieneLi™ complex. In the benzocyclobutadiene
Li* complexes, the computed.chemical shifts of only-1.8
ppm for Li™ cation over the six-membered ring af®.3 ppm

for Li™ over the four-membered ring are reduced significantly
as compared with their monocyclic counterparts. The same
relationships are shown by the calculated NICS values for the

individual rings, e.g.;-4.2 for the six-membered ring aRe21.5
for the four-membered ring (Scheme 2).

Besides the cyclopentadienyl anion; ldan coordinate with
both the five- and the six-membered-ringaces of indene8)
and fluorene §), as well as with their anion2(and 3). As
shown in Figure 3, the LC distances in the aniorl{3)—

Jiao et al.

\gmsgfluou 1 41 QAJ

CsHs" (4T, D)

Ci3Hy* (6T, Cy,)

Figure 4. B3LYP/6-31G* geometries for the triplet cyclopentadienyl
(4T), indenyl 6T), and fluorenyl 6T) cations.

rings. Similar results are found for the fluorene and fluorenyl-
lithium complexes.

Singlet—Triplet Splittings ( AEsT)

Simple Hickel theory and recent more sophisticated ab initio
computations suggest the cyclopentadienyl cation to hd¥g a
symmetric triplet ground state.This agrees with the observed
ESR spectré. Due to Jahr Teller distortion, twoC,, singlet
states also are predicted; one hasssbutadiene moiety and is
an energy minimum, and the other, a combination of an allyl

complex systems, due to the stronger electrostatic interactions cation and an ethylene, is a transition state. Both are nearly

are shorter than those in the neuta+@)—complexes. These

isoenergetid. The triplet state of the cyclopentadienyl cation

stronger interactions are reflected by the complexation energies Was computed to be 8.7 kcal/mol lower in energy than the singlet

for example, computed to be 168.6 kcal/mol foyHsLi (1Li,

Cs,) but only 33.1 kcal/mol for gHeLi™ (7Li T, Cs) (Table 5).
The Li* cation does not coordinate centrally to the non-

aromatic five-membered ring in fluorene, but to C(6,7,8,9)

(Figure 3). The calculated complexation energies are 33.1, 34.7

and 36.4 kcal/mol foi7, 8, and9.

ground state at QCISD(T)/6-31G**//MP2/6-31G*. We present
here density functional theory computations for the singlet
triplet splitting (AEst) for the indenyl and fluorenyl cations
compared with the cyclopentadienyl cation.

At B3LYP/6-3114-G**, as at MP2/6-31G¥, both the singlet

'(4) and triplet cyclopentadieny#{T') cations are minima. The

B3LYP/6-31H-G** lowest frequencies are 263 crhfor 4 and

As discussed above, the calculated Li NMR chemical shifts 397 cny1 for 4T. As given in Table 6, the calculated energy
of Li™ complexes can be used to probe the aromaticity of not gifferences betweed and 4T are 9.8 kcal/mol (B3LYP/6-

only monocyclic but also individual rings in polycyclic systems.
As given in Table 1 and shown in Scheme 2, &t values
for Li* over the five (GHsLi)- and six (GHeLi™)-membered

311+G** + ZPE (B3LYP/6-313#G**) and 9.9 kcal/mol
(B3LYP/6-311G*//B3LYP/6-31G* + ZPE (B3LYP /6-
311+G**); these are close to the QCISD(T) result (8.7 kcal/

aromatic rings are all significantly negative in contrast to the mol).7 Thus, the B3LYP/6-31+G*//B3LYP/6-31G* calcula-

Li* over the antiaromatic cyclobutadiene ring. As in our NICS

tions on the larger indenyl and fluorenyl cations should be

analysis, the diamagnetic and paramagnetic compensations alsgeliable. In addition, the B3LYP/6-31#G** C-C bond length

are shown by the calculatédli*. For example, théLi™ values
for the six-membered{i™ = —1.8) and four-memberedI(i*

of 1.426 A for4T is nearly the same as that at B3LYP/6-31G*
(Figure 4), so that reoptimization with the larger basis set should

= +6.3) rings in benzocyclobutadiene are smaller in magnitude add negligible refinement.

than the values for benzenél{* = —6.6) and cyclobutadiene
(6Lit = 4+9.2). In the indene8)—Li™ complex, thedLi™ for
Li* over the six-membered aromatic ringsg.1) is much larger
than that of Li over the five-membered non-aromatic ring
(—3.4). In the indenyllithium ZLi) complex, oLit (—9.6) is
the same for LT over the five- and six-membered aromatic

At Becke3LYP/6-31G*, both theC,, symmetric triplet
indenyl 6T) and fluorenyl 6T) cations are minima. In contrast
with the cyclopentadienyl cation, the singlet indenyl cation is
9.2 kcal/mol and the fluorenyl cation is 14.9 kcal/mol more
stable than their triplet states (B3LYP/6-31G*//B3LYP/6-
31G* + ZPE (HF/6-31G*)). Hence, the triplets do not compete
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with the singlet indenyl and fluorenyl cations energetically. systems have large delocalization energies (DE), but the former
Geometrically, theC,, allyl cation—ethylene form of the singlet  are stabilized and the latter destabilized relative to non-aromatic
cyclopentadienyl cation is stabilized by one annelated benzenesystems. In contrast to the cyclopentadienyl cation, which has

ring in the indenyl cationg), and the singlet gHs* form with a triplet ground state, the singlet indenyl and fluorenyl cations
a cis-butadiene moiety is stabilized by two annelated benzene are 9.2 and 14.9 kcal/mol lower in energy than their triplet states.
rings in the fluorenyl cation. Either of the JahnTeller distorted forms of the singlet
. cyclopentadienyl cation can be stabilized considerably by the
Conclusions appropriately placed benzene ring(s).
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