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The aromaticity and antiaromaticity of oligocyclic annelated five-membered ring systems, pentalene
(1), acepentalene (2), dicyclopenta[cd,gh]pentalene (3), and related compounds, have been evaluated
computationally using density functional theory (B3LYP/6-31G*). The nucleus-independent
chemical shifts (NICS) and magnetic susceptibility exaltations (A) of these unusual cross-conjugated
st systems indicate 1 and 2 with 8 and 10 x electrons, respectively, to be antiaromatic. In contrast,
3, with 12 z electrons, is aromatic. Although the rings are not identical, 3 has a more delocalized
electronic structure than 1 and 2. The dianions of 1—3 have delocalized structures and are aromatic.
The magnetic criteria show the dications of 1 and 2 to be aromatic but the dication of 3 to be
antiaromatic. The fused ring systems 2 and 3 are nonplanar. The calculated inversion barriers of
acepentalene (2) and its free dianion 22~ are 7.1 and 5.4 kcal/mol, respectively.

Introduction

The annelated five-membered ring systems pentalene
(1), acepentalene (2), dicyclopenta[cd,gh]pentalene (3),
and their doubly charged systems have been studied
experimentally! and theoretically?2 for more than three
decades. While experimentalists were attracted by the
very unusual structures as challenging targets for syn-
thesis, theoreticians focused on the correlation among the
electronic structures, the stabilities, and the reactivities
in relationship to the aromatic or antiaromatic character

D O

1 2 3

Pentalene (1), a highly reactive species requiring
substituents for stabilization, has only been observed
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spectroscopically upon matrix isolation at —196 °C.* In
contrast, the stable pentalene dianion (1?~) was synthe-
sized in 1964 by Katz et al.> The X-ray crystal structure
of the dilithium salt (2[Li,L,, L = dimethoxyethane]),
reported by Schleyer et al.5 in 1991, revealed that the
nearly planar carbon skeleton has a delocalized C—C
perimeter and lithium cations coordinated to five-
membered ring faces at opposite sides. The localized
electronic structure of pentalene was shown by the X-ray
analysis of 1,3,5-tri-tert-butylpentalene and 1,3-di-tert-
butyl-4,5-bis(methoxycarbonyl)pentalene.” According to
the Huckel (4n + 2) -electron rule (extended to bicyclic
systems), 1 with 8 & electrons is expected to be antiaro-
matic, whereas the dianion (127, 10 xx electrons) and the
dication (12", 6 « electrons) should be aromatic.

The existence of the highly strained acepentalene (2)
with 10 7 electrons has been demonstrated only recently
by neutralization—reionization mass spectrometry
(NRMS).2 HMO theory predicts the Ds, symmetric
neutral 2 to have a triplet diradical ground state.??
However, density functional theory (B3LYP/6-31G*) finds
the symmetry of the singlet ground state of 2S (Cs) to be
lower than that (C;,) of the triplet state (2T); the
computed singlet and triplet splitting is only 2.5 kcal/
mol.2 In contrast, acepentalene dianion (227) salts are
quite stable and are prepared easily by treatment of
triquinacene with a superbasic mixture.® The upfield "Li
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NMR chemical shift of —8.2 ppm in solution (—4.9 and
—9.8 ppm in the solid state, where rapid exchange does
not take place) indicate pronounced diamagnetic ring
current effects for this 12 z-electron dianion, and the
X-ray structure analysis reveals a curved molecular
surface.®

Attempts to generate dicyclopenta[cd,gh]pentalene (3)
have not been successful, although several substituted
and unsubstituted derivatives with fewer double bonds
have been synthesized.'9 Previous computational inves-
tigations, based on the HMO method (assuming planar
geometries), on the MNDO approximation, and on low-
level ab initio calculations, have clearly failed to describe
the electronic and magnetic properties of the polyunsatu-
rated annelated five-membered ring systems.® According
to ring current criteria, Jung3 predicted 3 to be aromatic,
but Binsch and Nakajima proposed 3 to be antiaromatic.3¢
On the basis of his ring current index (RCI), Jug'®
claimed that 3 should be even more antiaromatic than
1.

In this paper, we present adequately high-level com-
putations on the geometries, the energetics, and the
magnetic properties of pentalene (1), acepentalene (2),
and dicyclopentalcd,gh]pentalene (3) as well as their
doubly charged derivatives and some related compounds.

Computational Methods

Geometry optimizations and frequency calculations were
carried out at the B3LYP/6-31G* density functional level using
the Gaussian 94 program.! Single-point energies were com-
puted at B3LYP/6-311+G* with the B3LYP/6-31G* geom-
etries. All relative energies discussed are calculated at B3LYP/
6-311+G*//IB3LYP/6-31G* + ZPE (B3LYP/6-31G*, scaled by
0.96'?). Magnetic susceptibilities were computed uniformly
using Kutzelnigg’'s IGLO® (individual gauge for localized
orbitals) method with the DZ basis set. The nucleus-
independent chemical shifts (NICS)'415 at the points of interest
were calculated at GIAO-SCF/6-31+G* with B3LYP/6-31G*
geometries using the Gaussian 94 program. The computed
total energies, zero-point energies, and numbers of imaginary
frequencies (NIMAG) are summarized in Table 1.

Results and Discussion

Pentalene (1). The B3LYP/6-31G* geometries of the
singlet (1S) and triplet (1T) pentalene are shown in
Figure 1. Both 1S and 1T are energy minima at the
B3LYP/6-31G* level, and 1T is only 7.7 kcal/mol higher
in energy than 1S. The double-bond isomerization bar-
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Table 1. Computed Total Energies (Ewt, au), Zero-Point
Energies (ZPE, kcal/mol), and Numbers of Imaginary
Frequencies (NIMAG)

ZPE
Etot® (NIMAG)2 Etot®

1S (CgHe, Can) —308.36928 67.3(0) —308.43645
1TS (CeHs, Dzn) ~308.35783 65.7(1) —308.42567
1T (CeHe, Dan) —308.35624 66.3(0) —308.422 64
12~ (CgHg?, D2n) —308.209 86 61.5 80) —308.340 99
12+ (CgHe?*, Dar) ~307.63412 67.3(0) —307.687 30
1Li, (CeHeliz Can)  —323.53438  69.7 (0)

25 (CioHs, Co) ~384.490 71 74.1(0) —384.574 48
2TS (CioHs, Cav) -384.48099 73.9(1)  —384.562 79
2T (C1oHs, Cay) ~384.48612 73.4(0) —384.569 43
22 (C1oHe?, Cay) —384.39036  69.4(0) —384.53353
2TS2 (CiHe?, Dan) —384.38535  69.4 (1) —384.524 97
22+ (CoHg?t, Ca) ~ —383.76138 73.8(0) —383.829 66
2+ (C1oHe™, Co) ~384.53335 71.4(0) —384.638 73
2+ (CroHe™, Co) 38423078 73.6(0) —384.303 54
4= (CoHeN-, C2.) —401.264 46 73.4(0) —401.371 84
5+ (CoHeB*, Cay) ~370.92330 72.3(0) —370.994 44
2Li> —399.681 22 76.6 (0) —399.768 94
2Li,-TS1 —399.663 92 76.0 (0) —399.752 91

(C1oHsLiz, Cs)
2Li,-TS2 —399.660 97 76.3 (0) —399.752 81
(C1oHeLiz2, Cay)

2[Li(H20)]> ~552.58133  (0)

35 (CraHe, Cs) ~460.63311 837 (0) —460.732 27
3T (Ci2Hs, Cs) —460.622 92 82.8 (0) —460.722 41
32+ (CroHe?*, Co) ~459.92352  80.6 (0)

32 (C1He2~, Ca) —460.53633  77.5 (0)

a At B3LYP/6-31G*. P At B3LYP/6-311+G*//B3LYP/6-31G*. ¢ At
HF/6-31G*.

rier of 1S through a D, transition state (1TS), 5.2 kcal/
mol, is close to the experimental value of 3.8 kcal/mol
for 1,3,5-tri-tert-butylpentalene.®

At B3LYP/6-31G*, the pentalene dianion (127) has a
completely delocalized D, geometry; the computed bond
lengths both for the free dianion and for the dilithium
salt (1Li,) agree well with the X-ray values for the
dilithium complex.® Note that the dianion carbon skel-
eton is hardly affected by the counterions. Like the
dianion, the pentalene dication (1?*) also has a delocal-
ized Dy, structure, although its bond length alternation
(0.049 A) is larger than that (0.014 A) of the dianion
(Figure 1).

Acepentalene (2). As discussed in the Introduction,
the singlet acepentalene (2S) has a Cs ground state, but
the C,, triplet structure 2T is only 2.5 kcal/mol higher
in energy.® As shown in Figure 2, the geometry of 2S is
localized whereas 2T is delocalized. The central carbon
environment is less pyramidal in 2S (2CCC'’s = 340.5°)
than in 2T (ZCCC's = 332.4°). The C,, transition state
2TS for the ring inversion of 2S corresponds to a
computed barrier of 7.1 kcal/mol. As expected, the
radical anion (2°7) and radical cation (2**) have Cs
symmetry. The calculated adiabatic electron affinity
(EA) of 1.87 eV for 2S is close to the experimental value
of 1.5 eV estimated from a neutralization—reionization
mass spectrometric measurement. At the same level, the
adiabatic ionization energy (IE) of 2S, not yet determined
experimentally, is computed to be 7.35 eV.

At B3LYP/6-31G*, the dianion (227) is an energy
minimum with a Cz, delocalized structure. The central
carbon in 22~ is slightly pyramidal as shown by the sum
(350°) of the three CCC angles. The inversion barrier
through a D3, transition state 2TS?™ is only 5.4 kcal/mol.

(16) Hafner, K.; Suss, H. U. Angew. Chem., Int. Ed. Engl. 1973, 12,
575.
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1Li; (CgHglis, Cop)

T 1% (CeHe” Do)

Figure 1. B3LYP/6-31G* bond lengths (A) for pentalene 1
and related systems.

The experimental “Li (one signal), *H (one signal), and
13C (three signals) NMR spectra (down to —110 °C)
indicate that the acepentalene dianion (2Li,) should have
at least 3-fold symmetry. In addition, some process, such
as fluctional ring inversion, leads to the equivalence of
the 7Li chemical shifts. Neither the stable monomer of
2Li, nor a dimer—monomer equilibrium explain this
behavior.® We also optimized dilithium acepentalenedi-
ide (2Liy) in which one of the lithium coordinates to one
of the five-membered rings on the outside of the bowl;
the second lithium on the concave face of the molecule
coordinates formally to two of the five-membered rings.
In the X-ray structure, both lithium cations coordinate
to individual five-membered rings due to the further
coordination with the solvent (dimethoxyethane). In-
deed, this is shown by our model systems 2[Li(H,0)]. in
which H,O was used as solvent. Due also to the solvents,
the Li—C distances in 2L i, are shorter than those in 2[Li-
(H20)].. The X-ray structure analysis and optimized
structures show that the parameters of the carbon
skeleton of the dianion are affected but little by the
gegenion complexation; the optimized bond lengths agree
well with the experimental values.

Why is only one single lithium chemical shift observed
experimentally in solution? At B3LYP/6-31G*, the Ds;,
2L, with two imaginary frequencies is not an authentic
transition state. At the same level, there is a C, transi-
tion state 2LiTS1 with a nonplanar carbon skeleton. The
lithium cation on the outer side of the convex side moves
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from one five-membered ring face to another, and the
second lithium cation in the concave region moves in
another direction in a concerted and synchronous mode
(Figure 3). The computed barrier for this lithium migra-
tion is 9.5 kcal/mol. However, this mechanism does not
exchange the Li’s and explain the single lithium chemical
shift of 2L1i, in solution.

A C,, transition state (2LiTS2) has a planar carbon
skeleton and only one imaginary frequency. This ac-
counts not only for the ring inversion but also for the
interchange of the two lithium cations (Figure 3). This
mechanism can explain the observed single lithium
chemical shift in solution. Moreover, the calculated
barrier of 9.8 kcal/mol is almost the same as for the
lithium migration (via 2LiTS1) but is larger than that
of the free dianion ring inversion of 5.4 kcal/mol. On the
basis of these calculated results and on the experimental
observation, the ring inversion barrier for 2L, in solution
should be larger than for the free dianion but smaller
than the 2Li, result due to the coordination of lithium
cation with solvents.

In contrast to the stable dianion, no experimental
observation of the dication (22%) has been reported. The
dication also has Cz, symmetry and a delocalized struc-
ture. However, the central carbon environment is highly
pyramidal (ZCCC = 315.2°). In addition, we also have
computed the species isoelectronic with 22~ and 22*, e.g.,
the azaacepentalene anion (4=, 12 x electrons) and
boraacepentalene cation (5%, 8 & electrons). Note that
an azatriguinane, which has the azaacepetalene skeleton
and might be an excellent precursor for both azaacepen-
talene and the corresponding monoanion 4-, has been
synthesized by Mascal et al.t” Both 4~ and 5" have Cs,
symmetry and delocalized structures, while 4~ is nearly
planar (central SCNC angle of 357.3°) and 5" is pyrami-
dal (central ZCBC angle of 284.4°).

4 5

Dicyclopenta[cd,gh]pentalene (3). In contrast to
1 and 2, 3 is still unknown experimentally despite the
theoretical investigations by Jung,3 Binsch, and Naka-
jima.3®¢ At B3LYP/6-31G*, the singlet ground state of
dicyclopenta[cd,gh]pentalene (3S) has Cs symmetry. The
perimeter lengths are 1.393—1.494 A; only the central
C=C double bond has a typical (1.337 A) value. The
triplet state 3T has also Cs symmetry and a delocalized
structure. The computed singlet—triplet splitting for 3
of 5.3 kcal/mol is smaller than that for 1 (7.7 kcal/mol)
but larger than that for 2 (2.5 kcal/mol).

As for 1 and 2, we have computed the dianion (327)
and dication (32") of dicyclopenta[cd,gh]pentalene to aid
experimental investigations. As expected, 32~ has C,,
symmetry and only small bond alternations. In contrast,
the 32" is unsymmetrical (C,) and has a less delocalized
structure (Figure 4).

Aromaticity and Antiaromaticity

The defining characteristic of an aromatic species is
the ability to sustain a diatropic ring current. Cyclic

(17) Mascal, M.; Hext, N. M.; Shishkin, O. V. Tetrahedron Lett.
1996, 37, 131.
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2.109-2.274
(Li—C range)

2.145-2.223
(Li-C range)}

2[Li(H20)] (C1oHe[Li(H20)]z, C1)

Figure 2. B3LYP/6-31G* bond lengths (A) for acepentalene 2 and related systems.

electron delocalization results in enhanced special chemi-
cal geometrical and magnetic properties.’® Recently,
Schleyer et al.'* proposed the use of the negative of the
computed magnetic shieldings at the ring center, referred
to “nucleus-independent chemical shifts” (NICS), as a
simple and effective criterion for aromaticity. NICS, as
an indicator of aromaticity, agrees well with the ener-
getic, geometric, and magnetic criteria and does not
require increment systems for other references. NICS
also is an effective probe of the individual rings in
polycyclic systems.'®> However, NICS values computed

in the ring centers of first-row compounds are reduced
due to the local paramagnetic contributions of the ¢
bonds.® Hence, the NICS values at points 0.5 A over
the ring centers are discussed here, but the NICS values
at the ring center are given in parentheses for compari-
son. The sums of various individual NICS values are
given in Table 2.

While NICS is useful for individual rings, we have
calculated the magnetic susceptibility exaltation (A, a
property directly associated with aromaticity) to assess

(18) (a) Schleyer, P. v. R.; Jiao, H. Pure Appl. Chem. 1996, 28, 209.
(b) Schleyer, P. v. R.; Freeman, P.; Jiao, H.; Goldfuss, B. Angew. Chem.,
Int. Ed. Engl. 1995, 34, 337. (c) Minkin, V. I.; Glukhovtsev, M. N;
Simkin, B. Y. Aromaticity and Antiaromaticity; Wiley: New York, 1994.
(d) Garatt, P. J. Aromaticity; Wiley: New York, 1986.

(19) (a) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.; Mullenkamp,
V. J. Am. Chem. Soc. 1994, 116, 5298 and private comunications. (b)
Fowler, P. W.; Steiner E. J. Phys. Chem. A 1997, 101, 1409. (c) Bader,
R. F. W,; Keith, T. A. J. Chem. Phys. 1993, 99, 3683. (d) Schleyer, P.
v. R.; Jiao, H.; v. E. Hommes, N. J. R.; Malkin V. G.; Malkin, O. J.
Am. Chem. Soc. 1997, 119, 12669.
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2Li,TS1

N

g

2Li,TS2

2L, (CyoHeLia, Cs)

Figure 3. Schematic presentation of the mechanisms of the lithium cation immigration and ring inversion in dilithium

acepentalenediide (2Liy).

8% (CipHg™, Gy

3% (CyH, Cy)

Figure 4. B3LYP/6-31G* bond lengths (A) for dicyclopenta-
[cd,gh]pentalene 3 and related systems.

the aromaticity of these polycyclic systems as a whole.
Normally, A is the difference between the bulk magnetic
susceptibility (yM) of a compound and the susceptibility
(xM') estimated from an additivity scheme of group
increments for the same structure without cyclic delo-
calization (A = yM — yM').2021 Due to ring current
effects, aromatic systems show diamagnetic susceptibility

“Ra @117 @@_\ﬂe)

(18.1) (~12.2) (5.6

1 (CgHe, Can) 12" (CgHe>, Dan) 12+ (CgHg>", Dan)
220 —14.1 (in) -8.3 (in)
(19.9 ()m) (=10.9) (0.8)
13.0 (out} —9.3 (out) 3.4{out)
14.0 (in)
(11.2)
9.0 (out} .
2 (CyoHe. Cs) 2 (CyoHe?" Ca) 2% (CroHe™" Ca)

-17.2 (in) 0.6 (in)
{-16.4) {5.5)
—15.4 {out) 8.8 (out)

5% (CoHgB™, Cay)

4 (CoHeN", Cay)

—3 1 (in) -12.7 (in)
—10.3 (in) (-7.4)
{-2.6) a 0. 9 (out) -5.3 (out)
0 0 (out
00 _181 ~16.0 (in)
(g™ (-82)
94 (out) 4.9 (out

3 (CyaHe, Ce) 3% (Ci2He™, Cs)

8.0 (in} 21 (m)
(-3.3) (7.0
2.5 (out) 8 2 (out)
3% (CiHe C
20 (" 7.4 (in) (Croe™, C)
(12.0)
s 0 (out) 11.7 {out)

Figure 5. GIAO-SCF/6-31+G*//B3LYP/6-31G* computed
NICS values for 1-3 and related systems. NICS(in) and
NICS(out) are NICS values calculated at points 0.5 A in and
out of the bowl, and NICS values at the individual ring center
are given in parentheses for comparison.

exaltations (more negative values of yy than those from
the group increment additivity), and antiaromatic com-
pounds have positive A values.

In agreement with the Huckel rule, pentalene (1) with
eight 7 electrons is antiaromatic as indicated by NICS
(+18.1 ppm) and the paramagnetic exalted susceptibility
(A =17.1 ppm cgs). On the other hand, the correspond-
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Table 2. IGLO/DZ Calculated Magnetic Susceptibilities
(xtot, PPM cgs) and Magnetic Susceptibility Exaltations
(A, ppm cgs)®P as Well as Sum of Various NICS Values

ot A SNICS(in) SNICS(out) =NICS
1S —540 177 36.4 36.4 36.2
12~ -1176 —335 —23.4 —23.4 —24.4
12+ —-80.6 —40.3 -23.2 232 -11.2
2S -62.4 231 50.0 31.0 42.3
22-  —1410 —43.1 —42.3 279 -327
22+ -729 -188 —24.9 2.4 10.2
4~  -1449 538 -51.6 —49.2 —46.2
5+ -50.7  15.0 1.8 16.5 26.8
3  -1191 -1938 4138 -85 -155
32~ -1475 —34.0 —57.4 -31.2 —-20.4
32t —540  13.9 3.1 22.7 30.4

a Deduced from the increment values, e.g., cis-CH=CH™ (—19.3)
from cis-2-butene (—54.9)—ethane (—35.6); >C=C< (—13.8) from
2,3-dimethyl-2-butene (—85.4)—2 x ethane; >CH™ (4.0) from
2-propyl cation (—31.6)—ethane; >CH™ (—13.1) from 2-propyl anion
(—66.5)—ethane; >N— from trimethylamine (—59.7)—3 x methyl,
>B— from trimethylborane (—56.2)—3 x methyl. ® For uniformity,
the charges of the dianion and dication are formally localized at
the >C= centers.

ing dianion (127, NICS = —12.2 and A = —33.5 ppm cgs)
and dication (12", NICS = —11.6 and A = —40.3 ppm cgs)
are aromatic (Table 2).

Due to the nonplanarity of the acepentalene systems,
we have computed additional sets of NICS points for the
individual rings 0.5 A away from the ring centers. These
points on the convex side are designated NICS(in) and
those on the concave face NICS(out). The two types of
five-membered rings of acepentalene (2) are both anti-
aromatic, and NICS(in) is larger than NICS(out). The
antiaromaticity of acepentalene is also indicated by the
paramagnetic exaltation of 23.1 ppm cgs.

Consistent with the experimental behavior, the ace-
pentalene dianion (227) is highly aromatic. This is not
only indicated by the A (—43.1 ppm cgs) but also by the
NICS values, e.g., NICS(in) = —14.1 and NICS(out) =
—9.3. This 4.8 ppm difference between NICS(in) and
NICS(out) also is reflected by the solid-state NMR
chemical shifts of the two Lit* cations (—4.9 vs —9.8) on

(20) (a) Dauben, H. P., Jr.; Wilson, J. D.; Laity, J. L. 3. Am. Chem.
Soc. 1968, 90, 811. (b) Dauben, H. P., Jr.; Wilson, J. D.; Laity, J. L.
Ibid. 1969, 91, 1991. (c) Dauben, H. P., Jr.; Wilson, J. D.; Laity, J. L.
In Nonbenzenoid Aromaticity; Synder, J. P., Ed.; Academic Press: New
York, 1971; Vol. II.

(21) (a) Sulzbach, H. M.; Schleyer, P. v. R.; Jiao, H.; Xie, Y.; Schaefer,
H. F., I1l. 3. Am. Chem. Soc. 1995, 117, 1367. (b) Schleyer, P. v. R;;
Jiao, H.; Sulzbach, M. H.; Schaefer, H. F., Ill. Ibid. 1996, 118, 2093.
(c) Jiao, H.; v. E. Hommes, N. J. R.; Schleyer, P. v. R.; de Meijere, A.
J. Org. Chem. 1996, 61, 2826.
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the two faces. In contrast, the aromaticity of the ace-
pentalene dication (22") is strongly reduced as shown by
the A (—18.8 ppm cgs), the NICS(in) of —8.3 ppm, and
NICS(out) of 3.4. These NICS data show that both
aromatic (or antiaromatic) ring current effects are higher
inside the bowl than outside.

The azaacepentalene anion (47), isoelectronic to 227,
has more negative NICS values (—17.2 and —15.4) than
227, and the former is more aromatic than the latter.
However, the positive NICS values of the boraacepen-
talene (5%), isoelectronic to 22*, indicate some antiaro-
matic character.

We agree with Jung® but not with Binsch and
Nakajima3< or with Jug:*® our NICS and A (—19.8)
values show that dicyclopenta[cd,gh]pentalene (3) is
aromatic. The Cs, dianion (327) with negative NICS
values and A (—34.0) is highly aromatic. In contrast, the
dication (32*) has positive NICS values and according to
its A (13.9) is antiaromatic.

Conclusions

High-level DFT computations (B3LYP/6-311+G*) show
that neutral pentalene, acepentalene, and dicyclopenta-
[cd,gh]pentalene, as compared with their triplet states,
have singlet ground states. In contrast to the antiaro-
matic pentalene and acepentalene, which have localized
electronic structures and positive NICS and A values,
dicyclopenta[cd,gh]pentalene is aromatic with a delocal-
ized structure and negative NICS and A values. The
dianions of these three molecules and azaacepentalene
anion are highly aromatic species as indicated not only
by their delocalized structures but also by the negative
NICS and A values. On the other hand, pentalene and
acepentalene dications are aromatic and dicyclopenta-
[cd,gh]pentalene dication is antiaromatic. The triplet
states have delocalized structures.
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