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The dications6, 7, and8 and dianions9, 10, and11 of the bistricyclic aromatic enes bifluorenylidene
(1), 1,1′-biphenalenylidene (2), and 9-(9H-fluoren-9-ylidene)-1H-phenalene (4), as well as monocations
12aand13aand monoanions14aand15aof phenalene (3) and fluorene (5), were subjected to a systematic
DFT and ab initio study. B3LYP and MP2 methods were employed to estimate the relative aromaticity/
antiaromaticity of these ions, using energetic, magnetic, and structural criteria. The couplings of monoions
12a-15a to give the respective diions6-11 result in a similar destabilization in both the fluorene and
phenalene series. The interactions between the C13H8 units in diions6-11are weak and are not expected
to result in a significant loss of aromaticity/gain of antiaromaticity, as compared with the respective
monoions. The antiaromaticity of bifluorenylidene dication (6), relative to that of two fluorenyl cations
(12a), is only slightly enhanced as compared with the aromaticity of biphenalenylidene dication ((E)-7))
relative to that of two phenalenyl cations (13a). In particular, the homodesmotic reaction6 + 2‚13a )
(E)-7 + 2‚12a is only slightly exothermic,∆ETot ) -6.0 kJ/mol. The energetic effect of the analogous
reaction involving anions9 + 2‚15a ) (E)-10 + 2‚14a is even smaller,∆ETot ) -3.4 kJ/mol.
Bifluorenylidene dianion (9) and 1,1′-biphenalenylidene dianion ((E)-10) are aromatic, but the employed
criteria disagree about their relative aromaticity. The electronic and structural properties of heteromerous
dication8 and dianion11 lie between those of the homomerous diions. Thus, dications6-8 and dianions
9-11 form a continuum of aromaticity/antiaromaticity.

Introduction

Aromaticity is considered one of the most intriguing yet
controversial problems in Chemistry. Ever since Kekule´’s
intuitive and brilliant idea on the structure of benzene in 1865,1,2

aromaticity has been a challenge both to the theoreticians and

to the experimentalists, providing an ideal and fruitful testground
for the interaction of theory and experiment.3-17 The basic tenet
of the present study is the proposition submitted two score years
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ago,7,18 that aromaticity is atheoretical notion, and as such, its
meaning is theory dependent. Any attempt to define explicitly
the notion of aromaticity should take into consideration the
following general statement made by the logician Ernst Nagel:
19 “In these cases in which a given theoretical notion is made
to correspond to two or more experimental ideas, it would be
absurd to maintain that the theoretical concept is explicitly
defined by each of the two experimental ones in turn.”

By the same token, antiaromaticity should also be considered
a theoretical notion.

Conventional wisdom has classified aromaticity into ener-
getic, structural (geometric), and magnetic descriptors of aro-
maticity, as well as reactivity measures.9,10,20Recently, Cyranˇski
et al. have raised the old question “to what extent can aromaticity
be defined uniquely?”13 These authors adopted a statistical
analysis of quantitative criteria of aromaticity, concluding that
“the various manifestations of aromaticity are related” and that
aromaticity “from a philosophical point of view...can be regarded
as a one-dimensional phenomenon”. This conclusion was
qualified: “in practical applications energetic, geometric and
magnetic descriptors of aromaticity...do not speak with the same
voice. Thus, in this sense the phenomenon of aromaticity can
be regarded essentially as beingstatistically multidimensional”13

(emphasis added). The statistical approach is in contradiction
to the proposition that aromaticity is a theoretical notion. The
article of Cyraski et al.,13 which is read as a report of a
committee, with a majority and a minority opinion, is reminis-
cent of the plot of the Japanese filmRashomon, where the
audience is left with the buffing feeling of the relativity of
truth.8,21 The present study applies criteria of aromaticity and
antiaromaticity to the novel aromatic/antiaromatic phenalenyl
ions and fluorenyl ions and the doubly charged bistricyclic
aromatic enes 9-(9H-fluoren-9-ylidene)-9H-fluorene (bifluore-
nylidene,1) and 1-(1H-phenalen-1-ylidene)-1H-phenalene (bi-
phenalenylidene,2).

Bifluorenylidene (1) is the parent of the bistricyclic aromatic
enes (BAEs)22-24 (Figure 1). These systems have fascinated
chemists since1 (Figure 1; X, Y) -) was synthesized in 1875,
and thermochromism25 and photochromism26 were revealed in
bianthrone (Figure 1; X, Y) CdO).27,28They can be classified
into homomerousBAEs (Figure 1; X) Y) and heteromerous
BAEs (Figure 1; X * Y).29 These systems are attractive
substrates for the study of the ground state conformations and
dynamic stereochemistry of overcrowded polycyclic aromatic
enes (PAEs).24 Thermochromic and photochromic polycyclic

aromatic enes are candidates for potential molecular switches.30

A tetradehydrodianthracene unit, topologically related to BAEs,
is a beltlike pyramidalized component of the first Mo¨bius
annulene.31

Bifluorenylidene (1) is a fullerene fragment and serves as a
starting material for the preparation of buckybowls,32,33under-
going aromatization into the fullerene fragment diindeno[1,2,3,4-
defg:1′,2′,3′,4′-mnop]chrysene.34,35 Biphenalenylidene (2), a
constitutional isomer of1, has attracted little attention from the
explorers.36,37Formally,2 is a bistricyclic aromatic ene, but has
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FIGURE 1. 1. Bistricyclic aromatic enes.
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a different topology than1 and can exist as two diastereomers,
(E)-2 and (Z)-2. It is constructed of two units of the novel
aromatic 1H-phenalene (3), known for its unusual chemistry.38-40

BAEs (E)-2 and (Z)-2 have not been isolated, but have been
claimed as intermediates undergoing a facileE,Z-isomerization
and aromatization, giving the PAH peropyrene.37,41 The un-
known heteromerous bistricyclic aromatic ene fluorenylidene-
phenalene (9-(9H-fluoren-9-ylidene)-1H-phenalene,4), con-
structed of the two isomeric tricyclic moieties 1H-phenalene
(3) and 9H-fluorene (5), may also be considered. BAEs1, 2,
and4 are overcrowded and cannot adopt planar conformations
due to prohibitively close contacts between nonbonded atoms
in the regions on both sides of the central double bond. BAE1
possesses twofjords, (E)-2 possess twocoVes, (Z)-2 hasfjord
and bay regions, while4 has fjord and coVe regions. Indeed,
these BAEs adopt twisted conformations as their global minima
with pure twist ranging from 34° to 59° (vide infra).

BAEs 1, 2, and 4 can be potentially transformed to the
respective dications [9,9′-bifluorene]-9,9′-diylium (6), [1,1′-
biphenalene]-1,1′-diylium (7), and [9-fluorene-1′-phenalene]-
9,1′-diylium (8) and the respective dianions 9,9′-bi-9H-fluorene
dianion (9), 1,1′-bi-1H-phenalene dianion (10), and 9-(9H-
fluorene)-1′-(1H-phenalene) dianion (11). The aromaticity/
antiaromaticity of these diions would depend not only on the
aromaticity/antiaromaticity of the respective monoions, but also
on the degree of interactions between them, including charge
delocalization andσ-π donation. Dication6, which is formally
constructed of two units of 9-fluorenyl cation (12a), is an
interesting species that has been studied extensively by Mills
et al. and claimed to be an antiaromatic species due toσ-π
conjugation between antiaromatic12amoieties.42-44 The anti-
aromaticity of12ahas been disputed (vide infra). By contrast,
dication 7, which is constructed of two units of aromatic
1-phenalenyl cation (13a),45-48 is expected to be aromatic.
1-Phenalenyl anion (15a)47-49 is also regarded as an aromatic
species. Topological resonance energy per electron50 (TREPE)
values, calculated for13a and 15a, are positive and almost

identical, indicating similar aromatic stabilization.46,51Fluorenyl
anion (14a)52-55 and bifluorenylidene dianion (9)56 are unani-
mously considered to be aromatic species. The elegant concept
of aromaticity/antiaromaticity continuum, based on6 and9, has
recently been submitted.43

The antiaromaticity of fluorenyl cation (12a) is a contro-
versial issue. Recently, Herndon and Mills, using aromatic
stabilization energy calculations, showed convincingly a sub-
stantial destabilization of12a (68.2 kJ/mol), supporting its
categorization as an antiaromatic species.57 However, the
state of the art of the antiaromaticity of12a reflects varying(37) Kurreck, H.; Kirste, B.; Lubitz, W.Electron Nuclear Double

Resonance Spectroscopy of Radicals in Solution; VCH Publishers: New
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opinions (the discussion concerning the antiaromaticity of12a
can be found in the Supporting Information).52,53,58-69

The diions6-11derived from BAEs1, 2, and4 are attractive
substrates for the theoretical evaluation of different criteria of
aromaticity and antiaromaticity. We report here a theoreti-
cal study of aromaticity/antiaromaticity of dications and dianions
of BAEs 1, 2, and4 as well as of the related monoions. The
objective of the present study is to evaluate by computa-
tional methods the relative aromaticity/antiaromaticity of ions
and diions of the phenalene series as compared with the
respective ions and diions of the fluorene series, employing
energetic, magnetic, and structural criteria. Special emphasis is
given to the question of aromaticity of bifluorenylidene dication
(6).

Results and Discussion

Energetic Criterion. DFT can be successfully used to
probe the aromaticity of large molecular systems, in a cost-
effective way, using the different energetic, structural, and
magnetic criteria of aromaticity.70 Lately, B3LYP hybrid
functional was successfully employed to treat BAEs,71 LPAHs,41

fullerenes, and fulvalenes.72 The B3LYP/6-311++G(d,p)
and B3LYP/6-311G(d,p) were the models of choice for comput-
ing the energy and the magnetic properties of the systems
under study, respectively (the full discussion can be found

in the Supporting Information). Table 1 presents the DFT and
MP2 relative energies of C13H8 fluorenyl and phenalenyl
species. The respective total energies are presented in Tables
S1 and S2 of the Supporting Information. All the species
listed in Table 1 adopt planarC2V or Cs conformations as their
global minima. Fluorenyl cation (12a) is less stable than
phenalenyl cation (13a) by 111.1 kJ/mol (at B3LYP/6-311++G-
(d,p)). The differences in stabilities of the fluorenyl versus
the phenalenyl species decrease with increasing number of
electrons. The 13π-electron system 9-fluorenyl radical
(16) is less stable than the 1-phenalenyl radical (17a) by 59.3
kJ/mol, while the 14π-electron fluorenyl anion (14a) is less
stable than the phenalenyl anion (15a) by 15.8 kJ/mol. At
MP2/6-311G(d,p), this trend is even more pronounced: the
differences between the phenalene and fluorene series are 121.7,
17.1, and 0.8 kJ/mol for cations, radicals, and anions, respec-
tively. Thus,12aappears to be highly destabilized, as compared
with 13a, which points to its antiaromatic character,
whereas14aand15ahave comparable thermodynamic stabili-
ties.

Table 2 shows the relative DFT energies of C26H16

fluorenyl and phenalenyl dimeric species together with their
pure twist angles24 and the lengths of their central bonds. The
respective total energies are presented in Tables S3 and S4 of
the Supporting Information. Coupling of species12-17 to
give the respective dimeric species1, 2, 4, and6-11 introduces
overcrowding in the regions around the central double bond of
the resulting species. Neutral hydrocarbons adopt twisted
conformations (t) with pure twists of 34.0° (1), 45.1° ((E)-2),
59.0° ((Z)-2), and 33.9° (4), at B3LYP/6-311++(d,p). Convert-
ing BAE 1 into its diions 6 and 9 removes the central
π-bond and allows a greater degree of twist, i.e., 65.1° in
6 and 58.8° in 9. The twist angles of (E)-7 (67.5°), (E)-10
(71.8°), and (Z)-10 (73.3°) also increase relative to those
of BAEs (E)-2 and (Z)-2. The pure twist angles of the
heteromerous species4 (33.9°), 8 (62.9°), and 11 (60.4°)
resemble those of the fluorene series rather than those of the
phenalene series.

Consider diions6-11 formed by coupling of the respective
monoions12a-15a. Dication6 is 228.2 kJ/mol less stable than
(E)-7 (or 114.1 kJ/mol per a single C13H8 unit), while dianion
9 is 35.0 kJ/mol higher in energy than (E)-10 (or 17.5 kJ/mol
per a C13H8 unit). The energy differences per C13H8 unit between
homomerous diions in the fluorene and phenalene series are
very similar to the differences between the respective monoions
(Table 1). The relative energy of heteromerous dication8
(111.7 kJ/mol) lies between the energies of the homomerous

(58) Breslow, R.Acc. Chem. Res.1973, 6, 393-398.
(59) Olah, G. A.; Prakash, G. K. S.; Liang, G.; Westerman, P. W.; Kunde,

K.; Chandrasekhar, J.; Schleyer, P. v. R.J. Am. Chem. Soc.1980, 102,
4485-4492.
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114, 8032-8041.

(61) Cowell, G.W.; Ledwith, A.J. Chem. Soc. B1967, 695-697, 697-
700, 700-701.
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119, 2371-2375.
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Trans. 21993, 157-164.
(65) Rodriquez, C. F.; Vuckovic´, D. L.; Hopkinson, A. C.J. Mol. Struct.

(THEOCHEM) 1996, 363, 131-138.
(66) Mills, N. S.J. Am. Chem. Soc.1999, 121, 11690-11696.
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N. J. R. v. E.J. Am. Chem. Soc.1996, 118, 6317-6318.
(68) Buck, H.Int. J. Quant. Chem.2000, 78, 179-185.
(69) Courtney, M. C.; MacCormack, A. C.; O’Ferrall, R. A. M.J. Phys.

Org. Chem.2002, 15, 529-539.
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2001, 954-955.
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L. J. Org. Chem.1997, 62, 2026-2038.

TABLE 1. The DFT and MP2 Relative Energies and HOMO-LUMO Separation Energies (kJ/mol) of Neutral and Singly Charged C13H8

Fluorenyl and Phenalenyl Species

B3LYP
6-311G(d,p)

B3LYP
6-311++G(d,p)

MP2
6-31G(d)

MP2
6-311G(d,p)

a ∆E ∆HL ∆E ∆HL

B3LYP
6-311+G(3df,2p)

∆E a ∆E ∆E ∆HL

12a C2V M 111.1 109.5 111.1 109.4 111.6 M 123.9 121.7 353.9
13a C2V M 0.0 173.2 0.0 173.0 0.0 Mb 0.0 0.0 414.6

16 C2V M 59.7 199.9 59.3 195.7 59.6 Mb 20.1 17.1 527.9
17a C2V M 0.0 196.9 0.0 193.0 0.0 Mb 0.0 0.0 566.5

14a C2V M 16.4 165.3 15.8 133.8 15.5 Mb 1.3 0.8 406.1
15a C2V M 0.0 167.5 0.0 111.8 0.0 Mb 0.0 0.0 409.3

a M ) minimum (at B3LYP/6-31(d) and MP2/6-31G(d)).b Cs symmetry.
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dications 6 and (E)-7: 8 is 2.4 kJ/mol more stable than
the average energy of6 and (E)-7 (114.1 kJ/mol). Analogously,
dianion 11 is more stable than9 but less stable than (E)-10:
its relative stability (16.9 kJ/mol) is very close to the average

energy of9 and (E)-10 (17.5 kJ/mol). BAE (E)-2 is more stable
than 1 by only 18.9 kJ/mol, due to the diradical character of
the former,41 while heteromerous BAE4 is more stable than1
by 7.5 kJ/mol. The stepwise replacement of phenalenyl moieties
with fluorenyl moieties in BAEs1, 2, and 4 (Figure S1,
Supporting Information), dications6-8 (Figure S2, Supporting
Information), and dianions9-11 (Figure S3, Supporting
Information) causes nearly a linear decrease in the relative
energies of the species, indicating the independent effect of each
C13H8 unit on the stability of the whole molecule. Note that
dianion10 exists as two diastereomers, (E)-10 and (Z)-10, and
the former is more stable than the latter by only 0.3 kJ/mol.
The potential energy surface scan of dication7 revealed no (Z)-7
diastereomer.

The relative stabilities of the dications and dianions of the
fluorene and phenalene series can be estimated from the
homodesmotic reactions 1-6 (∆ETot calculated at B3LYP/
6-311++G(d,p), Schemes 1 and 2). The small energetic effects
reflected in these reactions support the existence of inter-
actions between charged C13H8 moieties in diions
6-11. Replacing only one fluorenyl moiety in dication
6 by the phenalenyl moiety to give8 lowers the energy
of the system by 5.4 kJ/mol (reaction 2). Replacing the fluorenyl
moiety in 8 by the phenalenyl moiety stabilizes the re-
sulting dication (E)-7 by only 0.6 kJ/mol (reaction 3). Ana-
logous stepwise replacements of fluorenyl moieties in dianion
9 to give 11 and (E)-10 leads to stabilization of the re-
sulting systems by 2.3 and 1.1 kJ/mol, respectively (re-
actions 5 and 6). Thus, the “couplings” of two cations12a
and of two anions14a to give dication6 and dianion9,

respectively, introduce only a minor additional destabili-
zation of these diions as compared with the respective phenalene
series.

The mode of coupling of two phenalenyl units, however,
has a significant impact on the relative stabilities of the re-
sulting diions. Joining two phenalenyl radicals at the 2,2′
positions yields the non-Kekule´ hydrocarbon 2,2′-biphenale-
nylidene (20),73 a constitutional isomer of BAEs1 and 2.
In spite of its diradical character, it is more stable than1 by
21.1 kJ/mol (Table 2). Hydrocarbon20 adopts theD2 twisted
conformation as its global minima, with a twist angle of
42.0°. The pure twist angles of dication21 and dianion22 are
49.0° and 40.1°, respectively. These values are smaller than
the pure twist angles of diions6-11 relative to those of their
respective neutral hydrocarbons1, 2, and4, due to the diradical
character of the20 and its lack of a central double bond.
Dication 21 and dianion22 are more stable than6 and 9
by 251.6 and 71.1 kJ/mol, respectively. The homo-
desmotic reactions 7 and 8 (Scheme 3), unlike reactions

(73) Baumgarten, M.; Karabunarliev, S.Chem. Phys.1999, 244, 35-
47.

TABLE 2. The DFT Relative Energies and HOMO-LUMO Separation Energies of Neutral and Doubly Charged C26H16 Fluorenyl and
Phenalenyl Derived Species

B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p)

a ∆E, kJ/mol S2 b pure twist C-C,c pm ∆HL, kJ/mol ∆E, kJ/mol S2 b pure twist C-C,c pm ∆HL, kJ/mol

t-6 D2 M 229.4 64.3 146.0 84.1 228.2 65.1 146.1 84.6
(E)-7 C2 M 0.0 67.1 149.3 156.3 0.0 67.5 149.3 156.3
t-8 C1 M 112.4 62.3 147.4 94.6 111.7 62.9 147.4 95.0
t-21 D2 M -23.7 49.1 149.2 154.8 -23.4 49.0 149.3 154.4
t⊥-6 D2d TS 231.1 90.0 146.6 101.4 229.5 90.0 146.6 101.3
t⊥-7 C2 TS 1.2 90.0 149.8 169.8 1.2 90.0 149.8 169.5
t⊥-21 D2d TS -20.4 90.0 150.1 166.6 -20.8 90.0 150.1 166.2

t-1 D2 M 19.6 33.9 137.8 136.6 18.9 34.0 137.8 135.5
(E)-2d C2 M 0.0 0.188 44.8 145.1 87.5 0.0 0.187 45.1 145.1 86.6
(Z)-2d C2 M 7.3 0.624 57.8 147.7 88.8 6.4 0.630 59.0 147.8 87.9
t-4 C1 M 12.0 33.9 139.6 106.2 11.4 33.9 139.6 105.5
t-20d D2 M -2.0 0.863 41.1 148.7 91.6 -2.2 0.846 42.0 148.8 90.5
t⊥-1d D2d TS 107.3 0.377 90.0 146.2 98.1 104.6 0.374 90.0 146.2 97.5
t⊥-2d C2 TS 10.3 0.792 87.5 149.3 90.3 9.4 0.778 87.9 149.3 89.2
t⊥-20d D2d TS 4.2 0.759 90.0 149.5 90.9 2.9 0.739 90.0 149.6 89.8

t-9 D2 M 38.2 58.0 147.7 131.3 35.0 58.8 147.6 74.3
(E)-t-10 C2 M 0.0 64.9 149.9 149.0 0.0 71.8 150.0 75.0
(Z)-t-10 C2 M 0.3 72.3 150.0 157.6 0.3 73.3 149.9 78.7
t-11 C1 M 18.1 59.3 148.6 124.2 16.9 60.4 148.6 67.2
t-22 D2 M -38.3 39.2 149.6 148.5 -36.1 40.1 149.6 88.4
t⊥-9 D2d TS 40.5 90.0 148.3 157.3 37.4 90.0 148.2 94.1
t⊥-10 C2 TS 0.9 92.2 150.2 158.4 0.7 93.3 150.1 81.3
t⊥-22 D2d TS -29.7 90.0 150.3 162.6 -29.2 90.0 150.2 83.9

a M ) minimum, TS) transition state, at B3LYP/6-31G(d).b The eigenvalues ofS2 after annihilation of the first spin contaminant.c The length of the
central cMarbon-carbon bond between the fluorenyl/phenalenyl moieties.d Singlet states.

6 + 2‚13a) (E)-7 + 2‚12a, ∆ETot ) -6.0 kJ/mol (1)

6 + 13a) 8 + 12a, ∆ETot ) -5.4 kJ/mol (2)

8 + 13a) (E)-7 + 12a, ∆ETot ) -0.6 kJ/mol (3)

9 + 2‚15a) (E)-10 + 2‚14a, ∆ETot ) -3.4 kJ/mol (4)

9 + 15a) 11 + 14a, ∆ETot ) -2.3 kJ/mol (5)

11 + 15a) (E)-10 + 14a, ∆ETot ) -1.1 kJ/mol (6)
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SCHEME 1. Homodesmotic Reactions between Dications 6-8 and Their ∆ETot (kJ/mol) Values

SCHEME 2. Homodesmotic Reactions between Dianions 9-11 and Their ∆ETot (kJ/mol) Values
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1 and 4, demonstrate that formations of bifluorenylidene diions
from cation 12a or anion 14a are clearly unfavorable pro-
cesses as compared with the formations of the respective
2,2′-biphenalenylidene diions.

The increased stabilities of the diions21 and22 relative to
the isomeric (E)-7 and (E)-10, like the increased stability of
the parent hydrocarbon20 over 2,41

can be explained by their different topologies. Since the charges
in a phenalenyl moiety are mostly localized at theR-positions,
there are high equal positive or negative charge densities at
the bridgehead C1 and C1′ positions of (E)-7 and (E)-10, but
low equal positive or negative charge densities at the bridge-
head C2 and C2′ positions of21 and 22. Consequently, the
“communication” between the two 2-phenalenyl units of21
and of22 is greatly reduced. Thus, the coupling of two fluorenyl
or two 1-phenalenyl charged C13H8 units to give the respective
diions 6-11 leads to destabilizing interactions between
them, unlike the coupling of two 2-phenalenyl charged units to
give diions 21 and 22. The reduced overcrowding in
20, 21, and 22 as compared with (E)-2, (E)-7, and (E)-10,
respectively, also contributes to the enhanced stabilities of the
2,2′-biphenalenyl species relative to the 1,1′-biphenalenyl spe-
cies.

The degree of destabilization stemming from the coupling
of two C13H8 cations to give C26H16 dications could also be
estimated from the following homodesmotic reactions 9-16,

(Scheme S1 and S2 in the Supporting Information):

The energetic effects of reactions 9-11 correspond mainly
to the steric strain that exists in BAEs1, 2, and 4 due to
overcrowding at the twofjords (1), two coVes((E)-2), andcoVe
andfjord regions (4), respectively. The high exothermicities of
reactions 13-16 are ascribed to both steric strain due to
overcrowding and electronic effects such as electron delocal-
ization and charge repulsion in the dications6-8 and 21.
Subtracting the energies of reactions 13-16 from the energies
of the corresponding reactions 9-12 provides estimates of
destabilization caused by connecting two (anti)aromatic charged
fluorenyl or phenalenyl units to form the respective diions
relative to destabilization caused by coupling of two fluore-
nylidene or phenalenylidene units into the respective neutral
hydrocarbons. Thus, dications6, (E)-7, 8, and21are destabilized
relative to their monocations by∆∆ETot ) 243.8, 224.7, 230.0,
and 215.2 kJ/mol, respectively. From the above values it follows
that formation of dication6 from monocation12b is hence more
energetically unfavorable by 243.8- 224.7) 19.1 kJ/mol than
formation of (E)-7 from 13b (reactions 9, 10, 13, and 14).
Formation of heteromerous dication8 from monocations12b
and13b is less energetically unfavorable by 243.8- 230.0)
13.8 kJ/mol than formation of6 from 12b (reactions 9, 11, 13,

SCHEME 3. Homodesmotic Reactions of 2,2’-Biphenalenyl Diions and Their∆ETot (kJ/mol) Values

2‚18 ) 1 + C2H4, ∆ETot ) 51.1 kJ/mol (9)

2‚19 ) (E)-2 + C2H4, ∆ETot ) 17.4 kJ/mol (10)

18 + 19 ) 4 + C2H4, ∆ETot ) 36.1 kJ/mol (11)

2‚17b ) 20 + C2H6, ∆ETot ) -3.0 kJ/mol (12)

2‚12b ) 6 + C2H6, ∆ETot ) 294.9 kJ/mol (13)

2‚13b ) (E)-7 + C2H6, ∆ETot ) 242.1 kJ/mol (14)

12b + 13b ) 8 + C2H6, ∆ETot ) 266.1 kJ/mol (15)

2‚13c) 21 + C2H6, ∆ETot ) 212.2 kJ/mol (16)

6 + 2‚13a) 21 + 2‚12a, ∆ETot ) -29.4 kJ/mol (7)

9 + 2‚15a) 22 + 2‚14a, ∆ETot ) -39.5 kJ/mol (8)
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and 15), but more energetically unfavorable by 230.0- 224.7
) 5.3 kJ/mol than formation of (E)-7 from 13b (reactions 10,
11, 14, and 15).

Similarly, the relative destabilization of dianions9-11 and
22 can be calculated from the following reactions (Scheme S3,
Supporting Information):

SCHEME 4. Steric Strain Balanced Homodesmotic Reactions for Formation of Dications 6-8 from the Respective Monocations
(∆ETot, kJ/mol)

SCHEME 5. Steric Strain Balanced Homodesmotic Reactions for Formation of Dianions 9-11 from the Respective
Monocations (∆ETot, kJ/mol)
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Subtracting the energy terms of reactions 17-20 from the
energies of the corresponding reactions 9-12 provides estimates
of the destabilization of dianions9, (E)-10, 11, and22 relative
to their correspondent monoanions:∆∆ETot ) 157.1, 189.7,
172.4, and 176.9 kJ/mol, respectively. Formation of dianion9
from monoanion14b is less energetically unfavorable by 189.7
- 157.1 ) 32.6 kJ/mol than formation of (E)-10 from 15b,
and by 176.9- 157.1) 19.8 kJ/mol than formation of22 from
15c. Formation of heteromerous dianion11 from monocations
14band15b is more energetically unfavorable by 172.4- 157.1
) 15.3 kJ/mol than formation of9 from 14b, but less
energetically unfavorable by 189.7- 172.4) 17.3 kJ/mol than
formation of (E)-10 from 15b. Thus, diions6-11 may be
considered as a part of an aromaticity/antiaromaticity con-
tinuum,43 where replacement of the phenalenyl unit by the
fluorenyl unit causes gradual destabilization of dications (by
5.3 and 13.8 kJ/mol for the series (E)-7 f 8 f 6) but gradual
stabilization of dianions (by 17.3 and 15.3 kJ/mol for the series
(E)-10 f 11 f 9).

The energies derived from the homodesmotic reactions 9-20
include both steric and electronic effects and may be overes-
timated. The homodesmotic reactions 21-26 (Schemes 4 and
5) between diions6-11 and their dihydrogenated derivatives
9,9′-bi-9H-fluorene (23), 1,1′-bi-1H-phenalene (24),74 and 1-(9′H-
fluorenyl)-1H-phenalene (25) were also considered (the energies
of these species are provided in Table S5 in the Supporting
Information). In these reactions the type and number of the
overcrowding regions are equivalent on both sides of the
equations:

The homodesmotic reactions 21-26 indicate considerable
degrees of destabilization of diions6-11 relative to their
respective monoions, albeit smaller than the estimates based
on reactions 9-20. However, the magnitudes of this destabiliza-
tion are similar for the coupling of two cations12a, which has
been claimed to be antiaromatic57 (vide supra), and for the
coupling of aromatic13a-15a. The formation of dication6 from
two cations12aand of dianion9 from two anions14aare only
marginally less favorable processes (by 4.8 and 2.3 kJ/mol,
respectively) than the formation of dication (E)-7 and of dianion
(E)-10 from the respective monoions13a and 15a (reactions

21-22 and 24-25). The “communication” between fluorenyl
and phenalenyl moieties in diions is not essential: the formation
of heteromerous dication8 and dianion11 is more exothermic
than the formation of dication (E)-7 and of dianion (E)-10 by
only 1.0 and 0.5 kJ/mol, respectively (reactions 22-23 and 25-
26).

Tables 1 and 2 also present the HOMO-LUMO energy
separations∆HL (calculated as (ELUMO - EHOMO)/2), which
approximates the absolute hardness, an index of structural
stability and reactivity.75 The linear correlation between∆HL

and resonance energy per electron for a range of carbocyclic
molecules has been demonstrated.76 The value of∆HL of dication
6 (84.6 kJ/mol) is lower than that of neutral BAE1 (135.5 kJ/
mol) by 50.9 kJ/mol. Dication6 is also destabilized as compared
with both dications (E)-7 (156.3 kJ/mol),8 (95.0 kJ/mol), and
21 (154.4 kJ/mol), by∆∆HL ) 71.7, 10.4, and 69.8 kJ/mol,
respectively. On the other hand,∆HL of 6, (E)-7, and 21
decreases relative to their respective monocations12a (109.4
kJ/mol) and13a (173.0 kJ/mol) by moderate and comparable
amounts, 24.8, 16.7, and 18.6 kJ/mol, respectively, with dication
6 being more destabilized than the others. Dianion9 (∆HL )
74.3 kJ/mol) is less stable than1, (Z)-10 (78.7 kJ/mol), and22
(88.4 kJ/mol) by 61.2, 4.4, and 14.1 kJ/mol, respectively, but
less destabilized than11 (67.2 kJ/mol) by 7.1 kJ/mol. The∆HL

gap of9, (Z)-10, and22 relative to the respective monoanions
14a and 15a is lower by 59.5, 33.1, and 23.4 kJ/mol,
respectively. The HOMO-LUMO energy separation predicts
dications6 and (E)-7 to be less destabilized than the respective
dianions9 and (E)-10.

Orthogonally twisted conformations (t) of 6, 7, 9, 10, 21,
and22, which serve as transition states for the rotation around
the central bond, may also be considered. The rotation barriers
for dicationst⊥-6, t⊥-7, andt⊥-21 are 1.3, 1.2, and 2.6 kJ/mol
and those for dianionst⊥-9, t⊥-10, and t⊥-22 are 2.4, 0.7, and
6.9 kJ/mol. The∆HL gap of these orthogonally twisted confor-
mations (excludingt⊥-22) is 2.6-19.8 kJ/mol higher than∆HL

of the respective minima conformations, implying an increase
in stability of these orthogonal diions due to the absence of
“communication” between two tricyclic moieties.

The application of the energetic criterion of aromaticity/
antiaromaticity shows that the transition from monoions12a-
15a to the respective diions6-11 results in a considerable
destabilization (188-199 kJ/mol, reactions 21-26) for both
dications and dianions. On the basis of the homodesmotic
reaction analysis, the coupling of two molecules of cation13a
to give biphenalenylidene dication ((E)-7) is more favorable by
4.8 (reactions 21-22) or 6.0 (reaction 1) kJ/mol than the
coupling of two molecules of cation12ato give bifluorenylidene
dication (6). Analogously, the formation of biphenalenylidene
dianion ((E)-10) from anion15a is more favorable by only 2.3
(reactions 24-25) or 3.4 (reaction 4) kJ/mol than the formation
of bifluorenylidene dianion (9) from 14a. The magnitudes of
destabilization are very similar for the coupling of antiaromatic
monocation12ainto dication6, and for the coupling of aromatic
13a-15a into the respective diions, as well as for the coupling
leading to the fluorenyl, phenalenyl, and the respective heter-
omerous diions. There are only weak interactions between the
C13H8 units in diions6-11.

Magnetic Criterion. The DFT B3LYP/6-311G(d,p) method
was employed to compute the chemical shifts of the systems

(74) Small, D.; Rosokha, S. V.; Kochi, J. K.; Head-Gordon, M.J. Phys.
Chem. A2005, 109, 11261-11267.

(75) Pearson, R. G.J. Org. Chem.1989, 54, 1423-1430.
(76) Zhou, Z.; Parr, R. G.J. Am. Chem. Soc.1989, 111, 7371-7379.

2‚14b ) 9 + C2H6, ∆ETot)208.1 kJ/mol (17)

2‚15b ) (E)-10 + C2H6, ∆ETot)207.1 kJ/mol (18)

14b + 15b ) 11 + C2H6, ∆ETot)208.5 kJ/mol (19)

2‚15c) 22 + C2H6, ∆ETot)173.9 kJ/mol (20)

23 + 2‚12a) 6 + 2‚5, ∆ETot)199.1 kJ/mol (21)

24+ 2‚13a) (E)-7 + 2‚3, ∆ETot)194.3 kJ/mol (22)

25 + 12a+ 13a= 8 + 5 + 3, ∆ETot)193.3 kJ/mol (23)

23 + 2‚14a) 9 + 2‚5, ∆ETot)191.2 kJ/mol (24)

24 + 2‚15a) (E)-10 + 2‚3, ∆ETot)188.9 kJ/mol (25)

25 + 14a+ 15a) 11 + 5 + 3, ∆ETot)188.4 kJ/mol (26)
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under study. The choice of this level was based on the
comparison between the calculated and experimental shifts and
reflects a sufficient accuracy of the 6-311G(d,p) basis set and
a better precision of B3LYP over MP2 (vide infra). Table 3
and the Supporting Information Tables S6-S8 present the
calculated and experimental42,47,49,56,59,77-79 13C and1H chemical
shifts as well as NICS values of neutral and charged species of
the phenalene (3) and fluorene (5) series. Both the five- and
six-membered rings of the fluorenyl cation (12a) are notably
more antiaromatic as compared with neutral5 (the respective
NICS values are 18.8 vs-2.8 and 4.4 vs-10.3). The five-
membered ring of anion14a (-14.3) is much more aromatic
than that of5, while the six-membered rings have similar NICS
values (-11.0). However, the signals of the aromatic protons
of both 12a and 14a demonstrate paratropic shifts relative to
those of 5 by 0.88 and 0.57 ppm, respectively (the mean
aromatic shifts are 6.76, 7.07, and 7.64 ppm (calculated) and
7.33, 7.32, and 7.54 ppm (experimental), respectively).

Coupling of two fluorenyl units does not affect significantly
the NICS values of the resulting C26H16 species1, 6, and 9,
which are increased by 0.6-3.3, indicating a mildly reduced
aromaticity (1 and 9) or mildly increased antiaromaticity (6).
This effect is most noticeable in bifluorenylidene dication (6),

relative to12a(∆NICS5) 1.9,∆NICS6) 3.3 ppm). The mean
proton chemical shift of dication6 is 6.59 and that of dianion
9 is 7.02 (the value of 5.94 ppm for6, reported earlier,43

apparently stems from using the eclipsedTd conformation of
TMS as the reference compound, which is a fourth order saddle
point). They are shifted upfield relative to1 (7.74) by 1.15 and
0.72 ppm, respectively, being slightly more paratropic than the
aromatic protons of monoions12a and14a. Note that H1 of 6
exhibits an upfield shift relative to12a, whereas H1 of 9 shows
a downfield shift relative to14a. The opposite would be
expected if H1 of 6 and 9 were located in the diatropic and
paratropic shielding cones, respectively, of the five-membered
ring of the opposite moieties. The aromatic protons of1 are
also shifted upfield relative to4 (except for the overcrowded
H1 and H8).

In the phenalene series, the phenalenyl cation (13a) is more
aromatic than neutral3 with a more negative mean NICS6 value
(-7.8 vs -6.2 ppm) and large diatropic (9.14 vs 7.17 ppm)
shifts of its aromatic protons, whereas the phenalenyl anion
(15a) seems to be significantly less aromatic having a less
negative mean NICS6 value (-3.9 ppm) and upfield shifted
aromatic protons (5.38 ppm). The experimental data (Table 3)
are in agreement with the calculated results. A transition from
3, 13a, and 15a to the respective C26H16 species has only a
minor influence on the aromaticity of the phenalenyl moieties
in diions7 and10. The mean shifts of the aromatic protons are
9.21 ((E)-7), 5.38 and 5.37 ((E)-10 and (Z)-10) ppm. On the
other hand, the protons of BAE2 exhibit a diatropic shift to

(77) Kasmai, H. S.J. Chem. Educ.1999, 76, 830-834
(78) Prinzbach, H.; Freudenberger, V.; Scheidegger, U.HelV. Chim. Acta

1967, 50, 1087-1107.
(79) Shannon, R. L.; Cox, R. H.Tetrahedron Lett.1973, 14, 1603-

1605.

TABLE 3. The Comparative Calculated (B3LYP/6-311G(d,p)) and Experimental13C and 1H Chemical Shifts (ppm) of Neutral and Charged
Fluorenyl and Phenalenyl Derived Species

13C mean shift 1H mean shift
calcd/
exptl total aroma total aroma NICS5b NICS6c NICS6c NICS6c mean NICS6c NICS12d ref

12a calcd 155.2 151.1 6.83 6.76 18.8 4.4
12b calcd 154.3 148.1 6.15 7.06 15.6 1.6

exptl 148.1 141.4 6.46 7.33 59
13a calcd 147.8 9.14 -7.8 -18.1

exptl 142.8 9.00 47
6 calcd 156.2 152.6 6.59 20.7 7.7

exptl 148.1 144.7 5.31 42
(E)-7 calcd 149.1 147.7 9.21 -7.6 -7.5 -6.9 -7.3 -17.5
8e calcd 156.6 152.3 6.63 20.5 6.2 6.0 6.1
8f calcd 148.2 147.5 9.25 -8.6 -7.6 -6.9 -7.7 -17.9
21 calcd 149.2 149.2 9.40 -8.2 -7.2 -7.2 -7.5 -17.8
3 calcd 127.1 134.5 6.58 7.17 2.0 -11.1 -9.5 -6.2 -15.3

exptl 6.29 6.89 77
5 calcd 129.4 136.7 6.90 7.64 -2.8 -10.3

exptl 123.3 130.5 6.83 7.54
1 calcd 137.8 136.7 7.74 -0.5 -8.2

exptl 131.2 130.4 7.68
(E)-2 calcd 136.2 135.3 7.52 -3.4 -7.9 -7.8 -6.4 -15.4
(Z)-2 calcd 136.0 135.1 7.34 -4.5 -6.8 -6.4 -5.9 -15.1
4e calcd 136.0 135.0 7.69 -1.9 -8.6 -8.1 -8.4
4f calcd 137.3 136.3 7.77 -0.7 -9.3 -8.7 -6.2 -15.5
14a calcd 121.4 124.2 6.96 7.07 -14.3 -11.0

exptl 116.7 119.5 7.19 7.32 77
15a calcd 125.4 5.38 -3.9 -11.9

exptl 121.4 5.31 47,49
9 calcd 122.1 123.5 7.02 -13.5 -10.4

exptl 118.0 119.8 7.08 56
(E)-10 calcd 126.7 126.7 5.38 -4.6 -3.6 -2.4 -3.5 -11.5
(Z)-10 calcd 126.7 126.6 5.37 -4.7 -3.9 -2.7 -3.8 -11.7
11e calcd 122.3 123.3 6.98 -13.8 -10.3 -11.0 -10.7
11f calcd 126.6 126.8 5.45 -4.4 -3.5 -2.2 -3.4 -11.4
22 calcd 126.7 124.5 5.31 -5.1 -3.0 -3.0 -3.7 -11.8

a Excluding chemical shifts of C1 (2, 3, 4, 7, 8, 10, 11), C2 (21, 22), C9 (1, 4, 5, 6, 8, 9, 11, 12, 14), H9 (5, 12, 14), and H1 (3). b NICS value of a
five-membered ring.c NICS value of a six-membered ring.d NICS value of the 12-carbon atom perimeter of a phenalenyl moiety.e Fluorenyl moiety only.
f Phenalenyl moiety only.
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7.52 ((E)-2) and 7.34 ((Z)-2) ppm. Dication (E)-7 is more
aromatic than BAE2 (mean NICS6) -7.3), while dianion
(E)-10 appears to be close to a nonaromatic species (mean
NICS6 ) -3.5). Dication 21 and dianion22 demonstrate
chemical shifts and NICS values which are close to those of7
and10, respectively. The NICS12 values, computed for the 12-
carbon perimeter of a phenalenyl unit, behave similarly to the
NICS6 values, predicting a decrease in aromaticity in the series
cation/dication> neutral hydrocarbon> anion/dianion.

Each tricyclic half of the heteromerous systems4, 8, and11
has magnetic properties which are similar to the properties of
the respective C13H8 halves of the homomerous neutral and
charged systems. The mean13C and 1H chemical shifts and
NICS values of the fluorenyl moieties of4, 8, and11 are very
close to the respective values of1, 6, and9. Analogously, the
mean 13C and 1H chemical shifts and NICS values of the
phenalenyl moieties of4, 8, and 11 are very close to the
respective values of2, 7, and10. The biggest differences are
observed in the chemical shifts of the bridgehead C9 and C1′

atoms (see below) and of the overcrowded H1, H8, H2′, and H9′

atoms.
Thus, the comparison between the fluorene and phenalene

series shows that dication6 is antiaromatic contrary to its
aromatic constitutional isomer (E)-7, dianion9 is considerable
more aromatic than its constitutional isomers (E)-10, while the
aromaticity of the neutral BAEs1 and2 is similar (based on
the NICS values). However, relative to the respective monoions
12a-15a, the aromaticity/anitaromaticity of dications6 and
(E)-7 and dianions9 and 10 is only marginally lower. The
aromaticity of the heteromerous systems4, 8, and 11 lies in
between that of the respective homomerous species. The
fluorenyl and phenalenyl moieties in4, 8, and11do not notably
affect the magnetic properties of each other and therefore should
not affect significantly the aromaticity/antiaromaticity of diions
6-8 and9-11 relative to the respective monoions.

Structural Criterion. The harmonic oscillator model of
aromaticity (HOMA) is a popular and successful aromaticity
index of aromatic/antiaromatic species based on structural
parameters.12 The HOMA index was claimed to be an insensitive
measure of structural effects in substituted bifluorenylidene
cations.80 Nevertheless, it can be a very valuable measure of
aromaticity for comparison between different polycyclic aro-
matic systems. Tables S9 and S10 in the Supporting Information
present the bond elongation (EN), bond length alternation
(GEO), and total HOMA terms for the aromatic rings of
hydrocarbons1, 2, and4 and20and their dications and dianions,
based on experimental and calculated geometries. The fluorenyl
radical (16)81 has aromatic six-membered rings (HOMA6)
0.89) and a marginally aromatic five-membered ring (HOMA5
) 0.29). Its oxidation to12a lowers somewhat the aromaticity
of both the five-membered (0.20) and six-membered (0.85)
rings. The X-ray derived HOMA5 of12a is even lower,-0.70,
due to the contributions of both EN and GEO, contrary to the
calculations based on HOMA5, which show mainly a bond
elongation effect. The reduction of radical16 to anion14araises
the aromaticity of the central ring (0.35) but lowers somewhat
the aromaticity of the six-membered rings (0.74). Dication6
has slightly lower aromaticity than cation12a(HOMA5 ) 0.17,

HOMA6 ) 0.84). The net decrease of aromaticity of the five-
membered ring of6 is the result of a combination of increasing
the bond elongation term EN5 and decreasing the bond length
alternation term GEO5. Dianion9 (HOMA5 ) 0.29, HOMA6
) 0.72) is slightly less aromatic than anion14a. The aromaticity
loss of the central ring of dianion9 is also caused by an increase
of the bond elongation term EN5. The HOMA5 indices of6
(0.17) and9 (0.29) are larger than that of neutral1 (-0.26),
mainly due to a lesser bond elongation, suggesting a mild
aromaticity of their central five-membered rings as compared
with the antiaromatic 5-membered ring in1. The aromaticity
of the six-membered rings of6 (0.84) and9 (0.72) is slightly
lower than that in1 (0.95). The net result is the slight increase
of aromaticity of both dication6 and dianion9 relative to1.
Note that according to the NICS calculations, the antiaromaticity
of both five-membered and six-membered rings of6 (NICS5
) 20.7, NICS6) 7.7) is greatly increased, and the aromaticity
of 9 (NICS5 ) -13.5, NICS6) -10.4) is notably increased
as compared with that of BAE1 (NICS5 ) -0.5, NICS6)
-8.2).

In the phenalene series, the mean HOMA6 indices of the
neutral species17a (0.78), (E)-2 (0.71), (Z)-2 (0.74), and20
(0.79) are smaller than the indices for the respective positive
charged species13a (0.85), (E)-7 (0.82), and21 (0.85), and
larger than the indices for the respective anions15a and 22
(0.66), and (E)-10and (Z)-10 (0.61), implying higher aromaticity
of phenalene-based cations and lower aromaticity of phenalene-
based anions. Coupling of two molecules of13aor 15atogether
does not cause a significant decrease in the aromaticity of the
resulting dication (E)-7 or dianions (E)-10 and (Z)-10, respec-
tively.

The 5-membered ring of the heteromerous4 is less antiaro-
matic than that in1 (HOMA5 ) -0.17 vs-0.26), whereas the
phenalenyl unit of4 is less aromatic than that in (E)-2 (mean
HOMA6 ) 0.62 vs 0.71). The benzene rings of the phenalenyl
and fluorenyl units of both dication8 and dianion11 have
HOMA indices very similar to those of the respective rings in
the homomerous diions, indicating similar aromaticity.

The structural criterion predicts both dication6 and dianion
9 to be slightly more aromatic than the neutral1 but slightly
less aromatic than the respective monocation12aand monoan-
ion 14a. Dication6, dianion9, and neutral BAE1 of the fluorene
series have more aromatic six-membered rings (larger HOMA6
values) than the corresponding members of the phenalene series,
but the overall aromaticity of the former species is lower as
compared with the latter due to the presence of a low aromatic
(9, 0.29), nonaromatic (6, 0.17), or antiaromatic (1, -0.26) five-
membered ring.

Conclusions

From the energetic criterion point of view, the coupling of
monoions12a-15a to give the respective diions6-11 leads
to a considerable destabilization (188-199 kJ/mol, reactions
21-26) for both dications and dianions. It is similar for the
coupling of antiaromatic and aromatic monocations, as well as
for the coupling giving the homomerous and heteromerous
species. Thermodynamically, the species derived from phenalene
(3) are much more stable than the corresponding species derived
from fluorene (5). However, the formation of phenalenylidene
dication ((E)-7) from cation 13a is only -6.0 kJ/mol more
favorable than the formation of fluorenylidene dication (6) from
cation12a(reaction 1), suggesting only a slight destabilization

(80) Mills, N. S.J. Org. Chem.2002, 67, 7029-7036.
(81) Goto, K.; Kubo, T.; Yamamoto, K.; Nakasuji, K.; Sato, K.; Shiomi,

D.; Takui, T.; Kubota, M.; Kobayashi, T.; Yakusi, K.; Ouyang, J.J. Am.
Chem. Soc.1999, 121, 1619-1620.
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of bifluorenylidene dication6 relative to dication (E)-7. The
analogous reaction 4 involving dianions9 and (E)-10 is even
less exothermic,∆ETot ) -3.4 kJ/mol. Eliminating the effect
of the changes in steric strain further reduces these differences
in stabilities: (E)-7 is more stabilized than6 by 4.8 kJ/mol
(reactions 21-22) while (E)-10 is more stabilized than9 by
2.3 kJ/mol (reactions 24-25). The dication6 and dianion9
appear to be more destabilized when dication21 of a different
topology is chosen as a reference. The hardness index predicts
dication6 to be less stabilized than (E)-7 by 71.2 kJ/mol and
dianion9 to be less stable than (Z)-10 by only 4.4 kJ/mol.

Application of the magnetic criterion shows that dication6
is significantly antiaromatic contrary to aromatic (E)-7, while
dianion 9 is significantly more aromatic than (E)-10. The
antiaromaticity of6 is slightly higher and aromaticities of7-11
are slightly lower than those of their respective monoions12a-
15a.

Application of the structural criterion demonstrates that diions
6-11 have slightly lower HOMA indices than the respective
monoions, mainly because of the contribution of bond elonga-
tion. Due to the presence of the five-membered rings, the diions
6 and9 of the fluorene series are less aromatic, according to
the calculation based on HOMA5 and HOMA6, than the
corresponding diions7 and10 of the phenalene series.

It should also be mentioned that dication21 and dianion22,
while being thermodynamically more stable than their consti-
tutional isomers7 and10, do not exhibit a greater aromaticity
than the latter species.

All three criteria of aromaticity suggest that coupling of the
monoions12a-15ato give their respective diions6-11 results
in a loss of aromaticity/gain of antiaromaticity. However, the
magnitude of the effect is similar for coupling of antiaromatic
and aromatic moieties as well as for fluorenyl, phenalenyl, and
heteromerous series. In particular, the mildly antiaromatic
fluorenyl cation (12a)57 leads to a mildly antiaromatic dication
6. The destabilizing interactions between the two C13H8 halves
of diions 6-11 are very weak, reaching the maximum for
bifluorenylidene dication (6), 5.4 kJ/mol (reaction 2). Charge
transfer in these diions is also limited and affects the bridgehead
atoms C9 and C1 rather than the whole conjugated C13H8

moieties. The mild antiaromaticity of dication6, concluded in
the present study, is in contradiction to the characterization of
6 as highly antiaromatic, based on notably upfield1H chemical
shifts of 6.42,43,66 The results of the comparison between the
fluorene and phenalene series are not straightforward. While
dication 6 has been found mildly antiaromatic and more
destabilized relative to the corresponding aromatic dication (E)-7
by all three criteria of aromaticity/antiaromaticity, these criteria
do not speak with the same voice regarding dianions9 and (E)-
10. The aromaticity of dianion9 is nearly the same as that of
(E)-10 by the energetic criterion, is higher than that of (E)-10
by the magnetic criterion, and is lower than that of (E)-10 by
the structural criterion.

The results of the comparative theoretical study of the
aromaticity/antiaromaticity of the bifluorenylidene and biphe-

nalenylidene dications and dianions6, (E)-7, 9, and (E)-10show
that application of energetic, magnetic, and structural criteria
of aromaticity/antiaromaticity may or may not lead to the same
conclusions. Thus, all three criteria of aromaticity should be
examined separately, whereas combining them into a single
“statistical” measure would limit our understanding of the nature
of the species under study.

Methods

The quantum mechanical calculations of the neutral and
charged species under study were performed with the Gaussi-
an0382 package. The HF, DFT, and MP2 Hamiltonians were
employed. Becke’s three-parameter hybrid density functional
B3LYP,83 with the nonlocal correlation functional of Lee, Yang,
and Parr,84 was used. The basis sets STO-3G, 6-31G(d), 6-311G-
(d,p), 6-311+G(d), 6-311++G(d,p), and 6-311++G(3df,2p)
were employed. All structures were fully optimized, using
symmetry constrains as indicated. Vibrational frequencies were
calculated to verify minima at B3LYP/6-31G(d) and MP2/6-
31G(d) (MP2 vibrational frequencies were computed with frozen
core electrons). Nonscaled thermal energy corrections calculated
at the above levels were used. The chemical shifts of13C, 1H,
and NICS67 values (calculated 1 Å above and below the ring
plane and averaged) were computed with the Gauge Independent
Atomic Orbital (GIAO) method85 and calculated relative to TMS
(T point group). No counterions were considered for charged
species.

Supporting Information Available: HF, DFT, and MP2
calculated and experimental structural parameters, chemical shifts
and atomic charges, DFT and MP2 total energies, Cartesian
coordinates orZ-matrices of the species under study, schemes of
homodesmotic reactions, figures illustrating the relative energies
of the dimeric species, and discussions concerning the antiaroma-
ticity of fluorenyl cation (12a) and the choice of the computational
model. This material is available free of charge via the Internet at
http://pubs.acs.org.
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