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Abstract

The aromatic behavior of three membered ring compounds has been analyzed by mean of GAUSSIAN94 theoretical
calculations at B3LYP//6-3111 1 G(2d,p) level. Diamagnetic exaltation values obtained from magnetic susceptibilities as
well as NICS show the expected aromatic character of the cyclopropyl cation, but the correspondent anion also shows aromatic
behavior. This unexpected result is analyzed as well as the character of the other three membered ring derivatives.q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Huckel’s rule has been the best guide to establish
aromaticity or antiaromaticity behavior for many
years [1–3] — following this rule the smallest
organic compound that can show aromatic behavior
is the cyclopropenyl cation.

The cyclopropenyl ion and several of its derivatives
have received considerable attention due their
presence in oxidative flames [4] or because of their
detection in outer space [5–9]. For the same reason
there are many theoretical reports in many different
contexts [10–15].

The isomeric form of the cyclopropenyl cation,
named the propargyl cation, is less stable than the
former [10–16] and this is good evidence that there
must be some additional stabilization factor that
ensures the predominance of the cyclic isomer; this
factor is the aromaticity.

The aim of this paper is to establish a relative
aromaticity scale of several three membered rings.

The results will be useful in predicting the behavior
of each organic species in the context of different
reactions. It has been proposed that this type of mole-
cules can not be studied by means of their magnetic
properties [17] because of the effects ofs-aromaticity
[18]. However, our results indicate that there is a well
behaved qualitative trend from species to species, and
that this type of study is useful for comparison to
experimental studies.

2. Computational methods

The quantum chemical calculations were carried
out using the GAUSSIAN94 program [19] at
B3LYP/6-3111 1 G (2d,p) level with full-geometry
optimization without symmetry constrains. The
magnetic properties were calculated at this level
using the continuous set of gauge transformation
method [20, 21]. The corresponding diamagnetic
exaltation was calculated following the work of
Schleyer [22] by the equation

L � xm 2 xm0
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Wherexm0 corresponds to the magnetic susceptibil-
ity of a non-aromatic compound in order to have a
reference system. The nucleus-independent chemical
shifts (NICS [23–25]) were computed at GIAO-HF/6-
311G* level with the GAUSSIAN94 program.

3. Results and discussion

In the first approximation GAUSSIAN94 calculations

were carried out for the cyclopropenyl cation (I) and
anion (II) (see Fig. 1).

The first task was to find a non-aromatic three
membered ring compound and carry out the corre-
sponding calculations in order to have a reference
for the appraisal of the magnetic exaltation. The
species chosen was the cyclopropenyl free radical
(III) that can be considered the ‘neutral’ item of the
series, Table 1 show the magnetic susceptibility,
diamagnetic exaltation and NICS obtained for all
the molecules analyzed in this study.

Following Scheleyer’s work [22] a negative
diamagnetic exaltation value indicates an aromatic
behavior. Thus in this sense the cyclopropenyl cation
shows a normal behavior because we expect an
aromatic species. Furthermore the value of the1H
chemical shift obtained by us is 10.85 ppm, in very
good agreement with the experimental value of
11 ppm and is in the known range for aromatic
compounds. However in the case of the anion the
result was very unexpected since it is almost as
aromatic as the cation; this result requires careful
consideration.

There has been a great controversy about the
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Fig. 1. The molecules studied.

Table 1
Magnetic susceptibility (x) and diamagnetic exaltation (L)

Compound x L NICS

I 216.9065 231.9795 228.065
II 216.0152 231.0882 217.653
III 15.0730 0.0 24.034
IV 227.7184 242.7914 227.562
V 222.4831 237.5561 218.303
VI 230.7388 245.8118 228.862
VII 230.8466 245.9196 226.966
VIII 234.2777 249.3507 226.844
IX 226.0138 241.0868 229.159



antiaromatic nature of the cyclopropenyl anion as well
as cyclobutadiene [26–32]. Indeed the classical text-
books present these cases as the best examples of
antiaromaticity [33], with the rectangular shape of
cyclobutadiene helping to assure this fact. However
in the case of the cyclopropenyl anion this is not
completely clear because there are reports that claim
there is an absence of conjugation in the three

membered ring for the fourp electrons [26, 34].
This implies the localization of bothp electron pairs.

Our calculations confirm these propositions. In first
place the molecule of cyclopropenyl anion belongs to
the C2v point group, whereas the cation belongs to the
D3h group because it is a more symetrical molecule.
This distortion for the anion compels the hydrogen
atoms to take positions out of the plane, as was
suggested by Hess and coworkers [34]. The energetic
difference between the non-planar and the planar
molecules is 2.046 eV favouring the non-planar
isomer.

The shape of the molecule and the Mulliken
charges (including the hydrogen atoms) are shown
in Fig. 2. The value of the charges confirms that
there is no conjugation because there are two partial
and different negative localizated charges, one on the
double bond and other one on the single carbon, it is
interesting to compare this feature in the same way as
the cyclopropenyl cation where the symmetrical
distribution of the positive charge confirms the elec-
tronic conjugation (see Fig. 3).

The electronic density analysis shows two main
negative zones for the anion, again these are localized
on the double bond and on the single carbon atom (see
Fig. 4).

The analysis of the frontier orbitals for both species
emphasize the great differences between them. The
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Fig. 2. Charges of the molecule II.

Fig. 3. Charges of molecule I.



HOMO and LUMO of I are the irreducible represen-
tations e0 and e00, respectively, belonging to the D3h

point group. The shape of the wave functions are
shown in Fig. 5. We see that this is a very symmetrical
situation and ensures the conjugation and aromatic
character of the molecule. Meanwhile, the anion II
shows a system with a very interesting HOMO that
corresponds to a b1 irreducible representation, where
there is a large zone near the single carbon atom that
can shelter the lone electronic pair; the corresponding
shape of this molecular orbital is shown in Fig. 6.

All this evidence indicates that one of thep elec-
tron lone pair does not participate in the conjugation
of the ring, but the original question remains. Why
does the anion have a strong negative value of the
diamagnetic exaltation? Why does it exhibit aromatic
behavior? The answer is found in the HOMO of the
anion, this is a molecular orbital that can allow the

movement of one of the electronic pair, and this pair is
the one found on the double bond. This electron pair
suffers repulsion from the outer lone pair and moves
around the ring. This phenomenon generates diamag-
netic anisotropy and thus we have a large negative
value of the magnetic susceptibility in the plane
formed by the three carbon atoms, and this is the
reason for the large value of diamagnetic exaltation.
The definition of antiaromaticity by Clark [35] on this
same system states that the antiaromaticity is the
increase in energy on allowing the delocalization of
the lone pair of electrons into the double bond. There-
fore, following this point of view, we could consider
that the stable situation of lowest energy would be that
with the lone pair outside of the ring.

It has been suggested that the cyclopropenyl anion
should be represented as a triplet [36]. We have
carried out the corresponding calculations in order
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Fig. 4. The contour scheme of electrostatic density of molecule II, the molecule is not presented for clarity, the double bond is horizontal and is
localized on the upper side of the triangle formed.
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Fig. 5. HOMO and LUMO of molecule I.



to study this possibility, but we find that the corre-
sponding triplet is more unstable than the singlet (by
8 kcal mol21 aprox.) therefore we do not consider it
within this study.

We carried out calculations for five more molecules

in order to understand how the aromaticity is affected
by the presence of substituents. The molecules
involved in this study were cyclopropenenone, cyclo-
propenylacetylene, cyclopropenylethylene, nitrylcy-
clopropenyl and aminecyclopropenone.
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Cyclopropenone (V) is a known and stable species
and has been object of several experimental and theo-
retical studies [37–40]. Its role as an aromatic species
is controversial. It has been suggested [37] that the
resonant structures of V have a greater aromatic char-
acter and can account to improve the stability of the
molecule. Staley [41] has suggested that cycloprope-
none should be a moderately aromatic compound.
Furthermore Dailey [42] and co-workers have carried
out calculations on difluorocyclopropenone and cyclo-
propenone searching for19F; 17O;

13C and1H NMR
chemical shifts as a criteria of aromaticity. They
found a value of 8.7 ppm for1H chemical shift of
cyclopropenone, very near to the experimental value
of 9.08 ppm and also near to the value of 11.0 ppm
corresponding to the aromatic cyclopropenyl cation.
However, Breslow [43] carried out measurements of
the magnetic susceptibility anisotropy and suggests
that the ring current in cyclopropenone is almost
equivalent to that of non-aromatic cyclopropene.

In our case the corresponding data of the diamag-
netic exaltation for cyclopropenone (see Table 1),
suggests it should be aromatic. Furthermore, we
obtain a value of 9.28 ppm for the1H chemical shift
in this compound, in good agreement with the experi-
mental value. Thus we conclude that V is aromatic.

The activation of an aromatic ring with the

substitution of a group that releases electrons is a
well-known fact [44]. For this reason we decided to
calculate the amine substituted derivative of cyclopro-
penone (VIII) in order to establish the magnitude of
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Fig. 6. HOMO of molecule II.

Fig. 7. HOMO and LUMO of molecule VII.



the effect on a tested aromatic species. We can see that
the value of the diamagnetic exaltation is the biggest
in Table 1. In general a molecule can be moderately
aromatic, but this can be increased by mean of an
activating substituent.

Vinyclopropenyl (VI) and ethynylcyclopropenyl
(VII) ions were studied because of the presence of
unsaturated bonds can provide a better electronic
delocalization. There are many experimental and
theoretical studies on VII [45–49], because it is very
stable and a common ion observed in mass spectra
[50–53]. The actual structure of the fragment C5H1

3

is as yet not known but many authors conclude that the
more stable form among all those proposed, should be
VII. There is a significant energetic difference
between VII and a linear diacetylenic isomer and it
is 21.5 kcal mol21 in good agreement with the values
obtained by Traeger and coworkers [46], and Weiner
[47]. This large difference is a consequence of two
phenomena, first the intrinsic resonance energy of
the three membered aromatic ring and, second the
resonance effect between this ring and the triple
bond. Both effects can be appreciated in the frontier
orbitals HOMO–LUMO of this molecule shown in
Fig. 7, the energetic gap between both orbitals is
5.21 eV. Moreover, this result and that shown in
Table 1 demonstrate of the aromatic character of
VII and this accounts for the great stability of this
ion in mass spectrometry.

The same collection of effects and arguments can
be applied to the case of the multicited species VI [17,
47, 54] but in this case, we found slightly lower delo-
calization between the ring and the lateral chain, as
can be seen in Fig. 8 where we show the HOMO and
LUMO shapes. This phenomenon seems to be due to
the lower symmetry of this molecule compared with
VII (C2v). Moreover, the delocalization is present and
we calculate the rotational barrier of the bond between
the ring and the vinyl group as having a value of
10.7 kcal mol21 that clearly shows there is a strong
electronic flux in this part of the molecule.

Aminecyclopropenyl (IV) [17] and nitrilcyclopro-
penyl (IX) [55] ions were calculated in order to
account for the influence of the two different types
of substituents on the inductive effect or the ring.
One has an electronic release effect on the ring (IV)
and other one with electronic withdrawal effect (IX).
The result is very interesting because the diamagnetic
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Fig. 8. HOMO and LUMO of molecule VI.



exaltation is almost the same for both molecules (see
Table 1), but the value of the1H chemical shift are
9.08 ppm for amincyclopropenyl ion and 10.03 ppm
for nitrylcyclopropenyl ion. The second molecule
shows a greater aromaticity than the former, and the
explanation is that in the case of IX we have a mole-
cule that has the possibility of electronic resonance
and in IV this can not occur, therefore the effect of
the resonance is bigger than the inductive effect.

In all cases, nucleus-independent chemical shifts
(NICS) were calculated. NICS is the negative of the
absolute magnetic shielding constant computed at the
ring center at GIAO-HF/6-311G* level. Negative
NICS denote aromaticity and positive NICS antiaro-
maticity; non-aromatic molecules show negligible
NICS. It has been suggested that magnetic exaltation
is very dependent of the ring size [23], therefore we
carried out the corresponding calculations with NICS
in order to compare with our results with magnetic
susceptibility exaltation, establishing a good agree-
ment. There are some points to remark: the NICS of
III is so poor (24.034) indicating it is a non-aromatic
molecule; it is expected because that is the radical we
use as reference in order to calculateL. Second, the
NICS for II is the lowest value in the table for
aromatic compounds (217.653), but it remains as an
aromatic species which is a confirmation of the results
discussed with theL criterion. Third, cyclopropenone
has a low value of NICS but is aromatic in the same
argument as II, so this probe assures the aromatic
character of this molecule. All other arguments
discussed on terms of exaltation remain the same
since there are not any drastic changes in the NICS
analysis.

4. Conclusions

The aromatic character of a series of three
membered ring molecules has been studied from a
theoretical point of view at B3LYP/6-
311G11(2d,p) level on the basis of diamagnetic
exaltations and NICS. We have confirmed the
aromatic nature of all of the molecules chosen, but
with the surprising result that the cyclopropenyl
anion, which we expected would show antiaromatic
character, also presents an aromatic behavior. This
phenomenon arises because of the localization of an

electronic pair outside of the ring and the resonance of
the other electronic pair that results in electronic
repulsion. The aromaticity of cyclopropenone that
has been a theme of discussion, is confirmed. The
influence of conjugated substituents shows that the
aromaticity of these small systems can be explained
by the extent of the electronic delocalization on lateral
chains and the influence of the sustituents has been
analyzed from a point of view of the resonance and
inductive effects and we conclude that the resonance
effect is larger than inductive effect.
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