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Can Substituted Cyclopentadiene Become Aromatic or Antiaromatic?

Amnon Stanger*!*

Abstract: Cyclopentadiene derivatives
with electronegative (F, Cl) or electro-
positive (H,Si, Me;Si) bis-5,5-substit-
uents were studied at the B3LYP/6-
311G* level of theory. It was found
that there is no special stabilization or
destabilization for any of the deriva-
tives; the energetic effects that were
previously attributed to aromatic stabi-
lization or antiaromatic destabilization
are the result of interactions in the ref-

chemical shift (NICS) scan study at the
HF-GIAO/6-3114+G* theoretical level
of these and similar derivatives suggest
that they all show different magnitudes
of diamagnetic ring current. None of
the derivatives shows a paramagnetic
ring current. Thus, cyclopentadienes
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are neither aromatic nor antiaromatic.
It is also concluded that a diamagnetic
ring current is perhaps necessary but
certainly not a sufficient condition for
aromaticity. The NICS scan procedure
describes the type of ring current in
the system, whereas a single isotropic
NICS value (i.e., NICS(1)) may wrong-
ly assign the type of ring current. It is
shown that neither NICS(1) nor the
NICS scan procedure can be used as a

erence systems. A nucleus-independent

Introduction

Cyclopentadiene and its derivatives are well known com-
pounds that are used mainly as dienes and as sources for cy-
clopentadienyl anions. The NICS scan procedure!! shows a
behavior for cyclopentadiene that is similar to that of aro-
matic systems (Figure 1), that is, both the isotropic NICS™
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Figure 1. NICS values as a function of distance for cyclopentadiene:

m out-of-plane component; @ in-plane component; A isotropic chemical
shift.
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single aromaticity criterion.

values and the out-of-plane component of the chemical
shifts show minima upon increasing the distance (r) of the
NICS probe (bq)® from the molecular plane. The NICS
scan shape therefore suggests the presence of a diamagnetic
ring current, which should be manifest in the chemical shift
of the protons (assuming that the RCM is correctl).
Indeed, when comparing the chemical shifts of the dienic
protons of cyclopentadiene to other dienes, one finds a clear
downfield shift: the average chemical shifts of the dienic
protons in 1,3-butadiene and 1,3-cyclohexadiene are 6 =5.45
and 5.84 ppm, respectively, whereas the respective average
chemical shift of the protons in cyclopentadiene is 0=
6.36 ppm."! This can be explained by considering the molec-
ular orbitals (MOs) of cyclopentadiene (Figure 2). The first
orbital that allows cyclic conjugation is a bonding combina-

Figure 2. HOMO—6 (left) and HOMO-1 (right) of cyclopentadiene.
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tion between the lowest i orbital of the butadienic fragment
(the “all bonding” combination) and the m(CH,) orbital of
the CH, fragment. This MO is topologically identical to the
lowest m orbital of benzene. The second MO that is involved
in the cyclic conjugation is the antibonding combination of
the above-mentioned two fragment orbitals. These orbitals
allow cyclic conjugation in the system, which is not formally
conjugated, and, with six & electrons, for it to show a dia-
magnetic ring current. However, because the two orbitals
are occupied (HOMO—-6 and HOMO-1), there is a “no
bond” (i.e., no m bond) situation. The alternative name for
this phenomenon is hyperconjugation, which was invoked
for cyclopentadiene as early as 1939.1

Hyperconjugation in cyclopentadiene should become
more efficient if electropositive substituents are placed at
the 5-position, and less effective if electronegative substitu-
ents are used.”! Recently, Nyuldsszi and Schleyer claimed
that, based on NICS(1),’) magnetic exaltation, and energy
criteria, electropositively substituted cyclopentadienes (e.g.,
5,5-(HsM),-cyclopentadiene, M=Si, Ge, Sn) are aromatic,
whereas analogous derivatives substituted with electronega-
tive substituents (i.e., 5,5-X,-cyclopentadiene, X=F, Cl) are
antiaromatic.”’ There are, however, no experimental confir-
mations of these claims, that is, there are no reports that
these compounds undergo typical aromatic or antiaromatic
chemistry. Moreover, if these compounds become aromatic
one should expect a downfield shift of the protons relative
to nonsubstituted cyclopentadiene. In fact, for nine different
Si, Ge, and Sn 5,5-disubstituted cyclopentadienes the two
extreme cases show an upfield shift of 0=0.42 ppm (for 5-
trimethylsilyl-5-trihydroxysilylcyclopentadiene) and a down-
field shift of 0 =0.39 ppm (for 5,5-bis(dimethylchlorosilyl)cy-
clopentadiene and 5,5-bis(dimethylchlorogermyl)cyclopenta-
diene) relative to cyclopentadiene. The majority of the
chemical shifts are 6 =6.5-6.6 ppm, that is, a downfield shift
of =0.15-0.25 ppm relative to cyclopentadiene.'” Further-
more, the calculated average proton chemical shifts of the
5,5-dichloro and -disilyl cyclopentadienes (GIAO-HF/6-
3114+G*//B3LYP/6-311G*) suggest that the protons of the
dichloro derivative resonate at 6 =0.06 ppm downfield from
the disilyl derivative—certainly not consistent with these de-
rivatives being antiaromatic and aromatic, respectively. Ad-
ditionally, there is a principle point that is troublesome: If
cyclopentadiene can become aromatic through enhanced hy-
perconjugation, which can be achieved with electropositive
substituents at the 5-position, and electronegative substitu-
ents diminish the hyperconjugation, than at the limit of high
electronegativity the hyperconjugation should become zero.
This should result in electronegatively substituted cyclopen-
tadiene systems approaching usual diene systems (e.g., s-cis-
1,3-butadiene), not antiaromatic systems.

The above-mentioned inconsistencies prompted this
study.'"'l Energy criteria and the NICS scan!"! procedure are
used here to determine if indeed cyclopentadienes can
become aromatic or antiaromatic, and what the validity of a
single NICS value (i.e., NICS(1)) as a criterion for aromatic-
ity is.
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Computational Methods

The Gaussian 03 program was used.” The molecules and ions were
structurally optimized at the B3LYP/6-311G* level of theory and analyti-
cal frequency calculations were carried out to ensure real minima (i.e.,
ng:O).[”] The NICS probes (bgs) were placed above the geometrical
center of the systems (namely, the average values of the in-plane coordi-
nates of the carbon atoms of the five-membered ring) at distances rang-
ing from 0.0 A (i.e., at the molecular plane) to 4.9 A at a step size of
0.1 A. All the NICS values used were obtained at the 6-3114+G* basis set
at the Hartree-Fock (HF) level, using the GIAO™ procedure at B3LYP/
6-311G* geometry. The NICS values are the isotropic chemical shifts of
the respective bgs, and the eigenvalues of the chemical-shift tensors were
used to separate the isotropic NICS values into their in-plane and out-of-
plane components. Because NICS values are distance dependent, the ab-
breviation N@r will be used throughout the paper, to denote the NICS
value (ppm) at a distance r (A) from the molecular plane. The energies
of the equations that are discussed in the text are given in kcalmol™ for
zero-point-corrected total energies. Table 1 in the Results and Discussion
summarizes the results of the equations for total energies, zero-point-cor-
rected total energies, and AH.

Results and Discussion

Energies: Nyuldsszi and Schleyer!” used Equation (1) to de-
termine the stabilization and destabilization effects of the
substituents, for which the results were —9.53, —5.13, and
9.87 kcalmol™! for R=F, Cl, and SiH,, respectively, at
B3LYP/6-3114+G**,

R R

e — Y

This equation measures a few effects (for example, gem-sub-
stitution relative to single substitution, changing from a bis-
allylic system to a monoallylic system), and thus we decided
to study each effect separately. Systems 1-4 were chosen for

R=F, Cl, SiH, 1

-

1: R=F. 2: R=Cl. 3: R=SiH,. 4: R=SiMe,. 5: R="NH,.

the current study; 1-3 for the electronic effects!"™ and 4 to
introduce a more realistic system that exists experimentally.
Equation (2) measures the transfer of the disubstitution
from cyclopentadiene to the saturated cyclopentane.

Ry R R R
@ +© - é +@ R=F, Cl, SiH, SiMe,  (2)

The results are consistent with Nyuldsszi and Schleyer’s con-
clusions.”] Thus, 1 and 2 are destabilized by 14.1 and
8.3 kcalmol ', respectively, whereas 3 and 4 are stabilized by
11.0 and 14.6 kcalmol ', respectively, relative to their satu-
rated analogues. The interpretation, namely, that these
values represent aromatic and antiaromatic stabilizations
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and destabilizations, respectively, contains a built-in assump-
tion, which is that the substituents interact mainly with the
wt skeleton, and that there are no significant interactions be-
tween the substituents and the skeleton of the five-mem-
bered ring. Equation (3), which compares the substituted cy-
clopentadienes to methane, tests this hypothesis. If the
above-mentioned hypothesis is correct, then the results for
Equations (2) and (3) should be similar.

R._R

@ + CH, ——— CHR, + @ R=F, Cl, SiH,, SiMe,  (3)

However, the results are 3.3, 1.8, 7.3, and 5.9 kcalmol™' for
1-4, respectively. Thus, in all of the cases the gem-disubsti-
tuted cyclopentadienes are more stable than the respective
gem-disubstituted methanes. Both the endothermicity and
the magnitudes of the energies of Equation (3) do not sup-
port the assignment of antiaromaticity to 1 and 2 and of aro-
maticity to 3 and 4.

In order to understand from where the differences be-
tween cyclopentane and methane as reference systems arise,
Equation (4), which compares the gem-disubstituted cyclo-
pentanes and methanes directly, was calculated. The results
are 17.4, 10.0, —5.1, and —9.6 kcalmol™! for the R=F, Cl,
SiH;, and SiMe; derivatives, respectively.

R._R

G + CH, ——— CHR, + O R=F, Cl, SiH,, SiMe,  (4)

These results suggest that electronegatively substituted cy-
clopentanes are more stable than their methane analogues,
and electropositively substituted cyclopentanes are less
stable than their methane analogues. By considering the
frontier orbitals of the systems, these differences in stabili-
ties can be explained. Figure 3 shows the HOMO of 1,1-di-
fluorocyclopentane, difluoromethane, 1,1-bis(silyl)cyclopen-
tane, and disilylmethane. In both fluoride derivatives, the
HOMO has an in-phase combination of two lone pairs of
the F atoms. However, in difluoromethane the other part is
an orthogonal (CH,), whereas in the cyclopentane deriva-
tive it is a o* orbital that can accept electron density from
the F atom lone pair. In the silyl derivatives, the HOMO
part on the silyl atoms is similar for the two systems, but in
the cyclopentane derivative there is an antibonding interac-
tion with the neighboring n(CH,), and no interaction with
the CH, in the methane derivative. In other words, the dif-
ference between the gem-disubstituted methane and cyclo-
pentane analogues results from the presence of CH, frag-
ments adjacent to the substituted carbon in the latter, which
stabilize the F and Cl derivatives and destabilize the SiR;
derivatives.

If indeed the analysis presented above is correct, that is,
that the energies of Equations (1) and (2) are the results of
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Figure 3. The HOMO orbitals of a) 1,1-difluorocyclopentane, b) difluoro-
methane, c¢) 1,1-bis(silyl)cyclopentane, and d) disilylmethane.

interactions between the substituents and the a-CH, frag-
ments, then the comparison between cyclopentane and pro-
pane analogues should be (close to) thermoneutral. Equa-
tion (5) describes this comparison, and its results are indeed
almost thermoneutral: —0.5, 0.3, 0.9, and 0.8 kcalmol™" for
R=F, Cl, SiH;, and SiMe;, respectively.

R._R

G ¢ (HONCH, — HOLCR,+ () ReF,ClSH,SiMe,

It can be therefore concluded that the results of Equa-
tions (1) and (2) are due to interactions of the substituents
with a-CH, fragments in cyclopentane, interactions that do
not exist in methane and cyclopentadiene.

To further check this conclusion, Equation (6), which de-
scribes the effect of gem-disubstitution relative to single sub-
stitution on cyclopentadiene, was calculated.

R®R+@ - 2HQR

R=F, Cl, SiH,, SiMe,  (6)

Aromatic and antiaromatic interactions should have pre-
served the trends observed by Nyuldsszi and Schleyer,”” but
the results (11.8, —1.8, 0.7, and —2.7 kcalmol ' for R=F, Cl,
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SiH;, and SiMe;, respectively) do not support such interac-
tions.

The Hiickel-based notion is that triplet antiaromatic sys-
tems should be almost as stable as their singlet systems.
Indeed, at B3LYP/6-311G*, triplet cyclobutadiene is only
approximately 5 kcalmol ' less stable than singlet cyclobuta-
diene. In addition, it was shown that triplet antiaromatic sys-
tems are stabilized by aromatic-type interactions.'! Table 1

aromaticity, respectively.'”’ We recently introduced a modi-
fied way of using NICS, which is based on scanning the
NICS values over a distance and dissecting them into in-
plane and out-of-plane components. The shapes of the
curves (NICS and its components as a function of the dis-
tance) are indicative of the existence of a diamagnetic or
paramagnetic ring current. This NICS-based method is
much safer to use than a single isotropic NICS value (e.g.,

NICS(1))."

To get a better insight into
Table 1. Energies [kcalmol™'] for Equations (1) to (6) and singlet-triplet energy differences [kcalmol ']. For the factors governing the
Equation (1), the numbers in parentheses are taken from reference [9]. NICS scan pictures, the in-
R [Eq. ()] [Eq. (2)] [Eq. (3)] [Eq. (4)] [Eq. (5)] [Eq. (6)] S—T p]ane and Out-of_plane tensors
AEWM —24(-95) -140 1.1 15.0 —0.6 11.3 41.7 of the NICS scan of cyclopen-
F AE(ZPE)" -2.0 -14.1 33 17.4 -0.5 11.8 39.6 tadiene were dissected into

AHM -2.0 —-14.2 2.6 16.8 -0.6 11.8 39.9 heir di . d
AE ~103(-51)  -82  —02 80 02 25 411  ther diamagnetic and para-
Cl AE(ZPE)" -9.7 83 1.8 10.0 0.3 -1.8 389 magnetic  contributions, and
AHM -9.7 -84 0.8 9.2 0.1 -1.8 38.8 compared with those of ben-
ws S e W9 I W e ey fanbeoh
331 . . . . —3. . . . B
AH 125 109 6.6 _44 0.9 0.5 615  served that the NICS scan be
AER 116 14.8 5.1 96 0.9 20 65.5 haviors of the two systems are
Me,Si  AE(ZPE)" 10.7 14.6 5.9 —8.7 0.8 -2.7 62.1 very similar. The magnitudes,
AHY 108 142 4.8 -9.4 0.8 -25 62.7 however, are somewhat differ-

[a] Based on total energies. [b] Based on nonscaled zero-point-corrected total energies. [c] At 298.15 K.

(right column) lists the singlet—triplet energy gaps for 1-4,
the values of which are all high. The energy gaps for 1 and 2
(ca. 39 kcalmol ™) and for 3 and 4 (ca. 61-62 kcalmol™") can
be understood by considering the HOMO-LUMO gaps of
the singlet systems (111.9, 105.7, 128.7, and 129.8 kcalmol
for 1-4, respectively), which

are in all cases larger than that a)

for cyclobutadiene (84.8 kcal 207 =,
mol '), smaller than that for :g: “,

benzene (155.3 kcalmol '), and .

ent. Thus, the diamagnetic
component of the in-plane
contribution of cyclopenta-

diene is somewhat larger than that of benzene at short dis-
tances but decreases faster with increasing distance (e.g.,
—29.3@0 and —3.5@1.0 in cyclopentadiene versus —25.0@0
and —5.6@1.0 in benzene). The paramagnetic components
are similar at short distances and also decrease faster with

. 0] e e
in the same range as that for s- e ol '}m- £ o] -
. Q L]
cis-1,3-butadiene (123.7 kcal \& —51 D 2 0] .
. w L
mol™') at the same theoretical © 107 . -15 .
level. Thus, the singlet-triplet :;g . _zg: .
energy gaps and the HOMO- o5] o _30] =
LUMO gaps in 1-4 also do not 0 1 5 3 4 5 6 ; 1 2 3 2 5
support aromaticity or antiaro- riA riA
maticity characters for 1-4. o "
NICS scan: As mentioned gg: -, 3] o,
above, attenuation of the hy- 159 % 421 %
. . : 107 A 30 .
perconjugation should result in 5] L c 251 .
a smaller diamagnetic ring cur- £ A g 15 .
rent, but not in a paramagnetic i I e tmtmassssssnsmssssssssssssssss
ring current. NICS(1) has large © —20 78]
i =251 —157
positive values for electronega- -30] wYE
tively substituted cyclopenta- 23 :éé
dienes, and large ne'g?ltive -45 PR S % a LI h 5 ] 3 3 ) z
values for electropositively r/A ri A

substituted cyclopentadienes,”!
indicating antiaromaticity and
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Figure 4. Diamagnetic (m) and paramagnetic (@) contributions to the in-plane components of the NICS scan in
a) benzene and b) cyclopentadiene, and to the out-of-plane components in ¢) benzene and d) cyclopentadiene.
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the distance in cyclopentadiene (18.1@0, 3.8@1.0 in cyclo-
pentadiene; 19.0@0, 4.7@1.0 in benzene). The differences in
the out-of-plane contributions are larger. Thus, benzene
shows a higher diamagnetic component (—41.1@0, —34.2@1.
0) than cyclopentadiene (—34.2@0, —27.3@1.0) and a small-
er paramagnetic component (24.8@0, 2.4@1.0 in benzene;
47.7@0, 16.2@1.0 in cyclopentadiene). Thus, it may be con-
cluded that benzene and cyclopentadiene show the same
type of ring current, however, it is less diamagnetic and
more paramagnetic in the out-of-plane component for cyclo-
pentadiene. The smaller diamagnetic ring current in cyclo-
pentadiene is mainly due to the larger paramagnetic contri-
bution in cyclopentadiene (a difference of 22.9@0 and 13.8@
1.0) and less so due to a reduced diamagnetic contribution
(a difference of 7.1@0 and 6.9@1.0). In benzene, the diamag-
netic contribution is larger than the paramagnetic contribu-
tion to the out-of-plane component, whereas in cyclopenta-
diene the diamagnetic contribution to the out-of-plane com-
ponent is smaller than the paramagnetic contribution at
short distances, larger at longer distances, becoming equal at
about 0.55 A.

Figure 5 shows the NICS scan for 1-3 and 5. The last
system was chosen because it contains positively charged
substituents that mimic highly electronegative substituents.
All the NICS scan plots show minima for the isotropic
NICS values and for the out-of-plane components, indicat-
ing diamagnetic ring currents. The location and magnitude
of the minima change for the different derivatives. For 1,
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the isotropic and out-of-plane component minima are
—0.46@1.8 and —3.90@2.3, respectively. As the substituent
becomes less electronegative (or more electropositive) the
minima of the isotropic and out-of-plane curves become
more negative and appear at shorter distances from the mo-
lecular plane. Thus, for the Cl derivative 2 the respective
numbers are —2.02@1.3 and —6.02@2.1, and for the SiH; de-
rivative 3 the values are —9.2@0.7 and —21.9@1.1. The am-
monium-substituted derivative § is an exception, showing a
relatively shallow and remote minimum for the isotropic
NICS values (—0.63@3.4) but deep and close minimum for
the out-of-plane component (—22.5@1.0). Thus, the NICS
scan values indicate that indeed the more electronegative
the substituents are, the smaller the diatropic ring currents
are, as shown by shallower minima at larger distances. The
exceptional behavior of 5, which, on the one hand shows a
remote and shallow minimum for the isotropic NICS values
but a close and deep minimum for the out-of-plane compo-
nent, is the result of a large effect on the in-plane compo-
nent of the chemical shift, as observed before in charged
species.'! This NICS scan behavior is also manifest in the
proton chemical shifts. The calculated chemical shifts of the
protons of 1-4 are within +0.7 ppm from the respective
protons of cyclopentadiene. For 5, the 1,4-protons are shift-
ed upfield by 6=2.1 ppm, and the 2,3-protons are shifted
downfield by 6 =5.0 ppm relative to the respective protons
in cyclopentadiene. This indicates the effect of the electro-
negativity on the one hand and the enhanced diamagnetic
ring current on the other. It is
worth noting that none of the
derivatives show a typical anti-
aromatic (i.e., paratropic ring
current) NICS scan curve.!l
How do the substituents
affect the diamagnetic and
paramagnetic contributions to
each of the chemical-shift ten-
sors? The general shape of all
the derivatives is similar to

r -5 o
-10 - -10 - _,-'.
| L L L L L L LI
0 1 2 3 4 5 6 0 1
rlA
c) d)
59 25
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-5 A / 10
- Y a 5
£ ] F
£ 4 u

that of the unsubstituted cyclo-
pentadiene (and benzene, see
riA Figure 4). However, the values
are different, and some points
along the distance scan are
given in Table 2. Clearly, the
in-plane components are only
affected a little by the substitu-

M
0 ents. The more pronounced

effect is found in the out-of-
plane component. It can be ob-
served that for 1 the largest
effect is the enhancement of

B
0 1 2 3 4 5 0 1

r/ A

Figure 5. NICS values as a function of distance for a) 5,5-difluorocyclopentadiene, b) 5,5-dichlorocyclopenta-
diene, c) 5,5-disilylcyclopentadiene, and d) 5,5-bis(ammonium)cyclopentadiene: m out-of-plane component;

@ in-plane component; A isotropic chemical shift.
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5 6 the paramagnetic contribution,

rl A whereas for 3 it is the enhance-
ment of the diamagnetic con-
tribution. This behavior is very
different from that found for
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Table 2. Diamagnetic (dia) and paramagnetic (para) contributions to the
in-plane and out-of-plane components of the NICS of cyclopentadiene, 1,
and 3 at the molecular plane and 1 A above it.

Cyclopentadiene 1 3
in-plane dia@0 —29.3 -30.1 -31.3
para@0 18.1 19.5 18.6
dia@1.0 —5.1 -55 —83
para@1.0 3.8 2.5 6.1
out-of-plane dia@0 —34.3 -39.0 —48.5
para@0 47.7 69.6 50.1
dia@1.0 —273 -29.9 —37.4
para@1.0 16.2 37.0 16.0

cyclobutadiene, which shows that the diamagnetic contribu-
tion to the out-of-plane component is almost identical to
that in benzene, but the paramagnetic contribution is tre-
mendously enhanced (by 137.3@0 and 89.2@1.0),["! thus ar-
guing against the aromaticity and antiaromaticity of cyclo-
pentadiene derivatives.

Current density analysis: The ACID (anisotropy of the in-
duced current density) method developed by Herges et al. is
a method to quantify and visualize the density of the delo-
calized electrons in molecules!"” and has been used to inves-
tigate delocalization and conjugation in a number of organic
molecules and transition states.’”! Figure 6 shows the current
density vectors for 1 and 3, which are plotted onto the
ACID isosurface (isosurface value 0.05), where the magnetic
field vector is orthogonal to the ring plane and pointing to-
wards the viewer (i.e., diamagnetic and paramagnetic ring
currents are clockwise and anticlockwise, respectively) and
the lengths of the current vectors are proportional to the
strength of the current. Both systems show paratropic ring
current in the inner circumference of the ring, which is
strongest in the ring plane, and diatropic ring current in the
periphery, qualitatively similar to the picture obtained for
benzene.'*? The differences are in the magnitudes of the
currents. There is only a weak diatropic current in the =
system of 1 (short vectors) and a paratropic ring current of
similar strength inside the ring. In 3 it can be observed that
the diatropic ring current is significantly stronger (longer
vectors) and the paratropic current is weaker. Thus, the pic-
ture obtained from current density analysis is essentially
identical to that obtained from the NICS scan and contra-
dicts the picture obtained from a single isotropic NICS
value.

Conclusions

It was shown by means of energy criteria that the deriva-
tives of cyclopentadiene are neither aromatic nor antiaro-
matic. These systems are nonaromatic conjugated dienes, in
accordance with the experimental information that exists in
the literature. NICS scans show that all the derivatives
under study have different magnitudes of diatropic ring cur-
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Figure 6. ACID current density plot of a)5,5-difluorocyclopentadiene
and b) 5,5-disilylcyclopentadiene. See text for the plot details.

rents, and thus none of the compounds is antiaromatic. Cur-
rent density analysis gives a very similar (if not identical)
picture. Together with the energy criteria, it must be con-
cluded that the fact that diamagnetic ring currents exist (at
different magnitudes) does not necessarily mean that the
molecule is aromatic. Thus, it may well be that diamagnetic
and paramagnetic ring currents (as observed, for example,
in the NICS scan) are necessary but not sufficient conditions
to determine aromaticity and antiaromaticity. It was also
clearly shown that a single NICS value (e.g., NICS(1)) can
give a wrong answer regarding the type of ring current in
the system under study, and thus can certainly wrongly
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assess the aromaticity, antiaromaticity, and nonaromaticity
of compounds.
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