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Quantification of Aromaticity in Oxocarbons:
The Problem of the Fictitious “Nonaromatic’’ Reference System

David Quiiionero, Carolina Garau, Antonio Frontera,* Pablo Ballester, Antonio Costa,

and Pere M. Deya*!?!

Abstract: Despite the extensive re-
search reported in the literature, the
concept of aromaticity has eluded rig-
orous quantification. The main reason
for this undesirable reality is the fact
that aromaticity is a differential prop-
erty. While bond orders, atomic charges
and electronegativity differences are

to the difference between some property
of the molecule and that of an artificial
“nonaromatic” reference system. A rig-
orous definition of such a reference
system is non-existing and therefore
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constituting the main barrier to obtain
a satisfactory quantification of the aro-
matic concept. Oxocarbon acids and
their anions are examples where the
criteria of aromaticity that use reference
systems are unsuccessful, only NICS
criterion gives satisfactory results. Wi-
berg bond indexes and 7O NMR chem-

properties of the molecule under analy-
sis, the aromaticity concept often refers

- oxocarbons

Introduction

Quantification of aromaticity involves the evaluation of
properties that are exclusively characteristic of aromatic
systems. The most widely used measures of the degree of
aromaticity!!! are energetic, structural® and magnetic prop-
erties.!! First of all, estimates of aromatic stabilization
energies (ASE) by means of homomolecular differential
bond separation reactions vary significantly and are strongly
dependent not only on the equation type used (isodesmic,
homodesmotic, hyperhomodesmotic, etc.),”] but also on
reference systems adopted and computational levels and
basis sets. Furthermore, aromatic stabilization energies do not
measure aromaticity itself but rather energy nonadditivities
due to all nontransferable effects.l!) The determination of
ASEs in five-membered organic heterocycles involving the
use of homodesmotic reactions are examples of the above
mentioned restrictions; whereas values reported by Schleyer
etall! and by Chesnut and DavisP! are in a reasonably
agreement, the results published by Nyulaszi et al.l") differ by
an average of 8.5 kcalmol~!. Moreover, ASEs of strained and
complicated systems are difficult to evaluate.!!

Several structural criteria have been proposed based on
bond length (e.g., Julgl”! aromaticity index) and on bond order

[a] Dr. A. Frontera, Prof. P. M. Deya, D. Quifnonero, C. Garau,
Prof. P. Ballester, Prof. A. Costa
Departament de Quimica
Universitat de les Illes Balears
07071 Palma de Mallorca (Spain)
Fax: (+34)971 173426
E-mail: tonif@soller.uib.es
pere.deya@uib.es

Chem. Eur. J. 2002, 8, No. 2

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

ical shifts are also useful to study such
compounds.

considerations (e.g., Bird!"! and Jug['!l indexes). The Bird
index' (1) uses bond orders computed from the bond length
by means of an empirical formula, and then averaged. It has
been applied to five (I5) and six-membered (/) heterocycles.
However, some discrepancies are inherent to this method,
namely, it assumes the same [ value for benzene, 1,3,5-
triazine and the cyclic Ny molecule and this regardless of the
striking differences in stability of those molecules. The Jug
index!'!l is based on the smallest bond order within the ring
following the idea that the weaker the bond, the more
significant the diminution of the ring current.

Magnetic criteria based on magnetic susceptibilities have
also been used as a measure of aromaticity. The crucial
characteristic of an aromatic ring is the existence of a
permanent diatropic ring current. Since the magnitudes of
the diamagnetic susceptibility along the three axes in a
molecule are not equal—the magnetic susceptibility perpen-
dicular to the ring plane is much greater than that in the ring
plane—most diamagnetic molecules are anisotropic. As a
result, the difference between the magnetic susceptibility
anisotropy of an aromatic compound (x,,) and a correspond-
ing hypothetical analogue lacking cyclic delocalization (y,,) is
the magnetic susceptibility exaltation (A =y —yu')- It has
been proposed as a measure of aromaticity. It has been shown
that it is highly dependent on the ring size and requires
calibration standards.!*?l

It should be emphasized that none of the aromaticity
indexes hitherto defined is by itself completely satisfactory. In
fact, it is generally assumed, for example, that geometric
criteria must be considered along with others.

The characteristic 'H NMR chemical shifts of aromatic
molecules are usually ascribed to the existence of ring current
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effects.l’l Following this reasoning, Schleyer et al.l'¥l have
recently proposed the use of the negative of the com-
puted magnetic shielding at the ring centers, referred to
“nucleus-independent chemical shift” (NICS) as an effec-
tive criterion for aromaticity and antiaromaticity. NICS
does not require reference systems and is also not dependent
on the ring size. Other groups(™™ have also applied satisfac-
torily the NICS method to study different kinds of romatic
compounds, for example: heterocyclic 2r electron aromatic
systems,'®l pyridone derivatives,'’l 4-silaltriafulvene,'s] N-
heterocyclic carbene, sililene and germilene complexes.!!)

In spite of this, some aspects of the problem remain
unanswered. Schleyer claimed® to have demonstrated the
quantitative relationship among the magnetic, energetic and
geometric criteria of aromaticity for a wide ranging set of five-
membered heterocycles. In contrast, Katrizky etal. af-
firmed™! and reaffirm®'! the multidimensional characteristic
of the aromaticity showing that the linear relationship between
the aforementioned properties is invalid for any representa-
tive set of heteroaromatic compounds in which the number of
heteroatoms varies. Particularly, Katrizky reported that no
linear relationship (R?=0.034) exists between /A and ASE using
a set of 19 aromatic and heteroaromatic compounds. As a
matter of fact, since both /1 and ASE need the use of artificial
“nonaromatic” reference systems, it is not surprising that the
plot of one versus the other leads to an uncorrelated scatterplot.

Oxocarbons and their derivatives have attracted the
attention of many theoretical and experimental researchers.
In 1960 West et al.’?! recognized cyclic oxocarbon dianions as
aromatic systems, stabilized by the delocalization of -
electrons and suggested that they constitute a series of
aromatic compounds. The latter generalization was ques-
tioned by Aihara®! proposing that only deltate dianion is
diatropic and aromatic. Subsequently, Jug,'l following the
geometric criterion based on his bond order index, stated that
no aromaticity is expected for rings with six or more atoms,
and concluded that the aromaticity decreases with the ring
size, considering croconate, squarate and deltate as moder-
ately aromatic. Recently, Schleyer et al.?*l considered three
types of equations to evaluate the ASEs of oxocarbon
dianions but none of them was able to give satisfactory
results, due to the difficult design of equations free from other
influences. Similar behaviour was observed for A, where the
obtained results were also contradictory. Finally, by consid-
ering the NICS calculations along with other bond length
criteria®! we explained the remarkable hydrogen bond
acceptor character of squaramide derivatives, acting as bind-
ing units in several tripodal receptors,?*?*l promoted by the
gain in aromaticity of the corresponding squaramide ring on
complexation with ammonium cations.

These highly functionalized small rings are representative
examples where homodesmotic equations are not applicable
and, consequently, it is not possible to measure accurately
ASE, A, and other aromatic indexes where nonaromatic
reference systems are needed.

The aim of this paper is to review the aromaticity criteria
using previously reported data, as well as, our own calcula-
tions on aromatic compounds. We are also interested in the
study concerning the aromaticity of oxocarbons and its
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derivatives to continue our recent experimental?®?¥l and
theoretical® 2l findings on this interesting class of com-
pounds. Our study will be carried out using NICS, but also
Wiberg bond indexes (WBI) and O NMR calculated
chemical shifts.

Computational Methods

Geometries were optimized first at the HF/6-3114+G** level and further
reoptimized at MP2/6-3114+G** level by using the Gaussian 98 program
package.’”! Absolute NMR shieldings were calculated using the GIAO
method®! at both HF/6-311+G**//MP2/6-311+G** and MP2/6-311+G**//
MP2/6-3114+G** levels in order to evaluate the effect of including electron
correlation, which is expected to become more significant in unsaturated
compounds.” NICS values were obtained by calculating the absolute
NMR shielding at the ring centers and at 0.6 A above them in order to
reduce the local shielding of nearby o-bonds which complicates the analysis
for small rings. The maximum diatropic ring current effect for benzene is in
the center of the ring, but is offset by the paratropic contribution of the
C—H and C—C o-bonds. These paratropic effects decrease more rapidly
than the diatropic ones away from the center. Therefore, NICS values at
0.6 A above the ring minimize the paratropic effect and give a more reliable
indication of aromaticity. The NICS values present in Table 1 were
calculated at HF/6-314+G** in order to be comparable with those
previously published by Schleyer et al.'¥ Wiberg bond indices®! were
computed at HF/6-311+G**//MP2/6-3114+G** level of theory using the
NBO program®! implemented in Gaussian 98.

Results and Discussion

As previously mentioned, Katrizky?'! claimed that the plot of
magnetic susceptibility exaltation /1 versus ASE for a set of 19
aromatic and heteroaromatic compounds does not show a
linear relationship, as the corresponding R? factor equals to
0.034; this indicates the multidimensionality of the aromatic-
ity. Conversely, Schleyerl® insisted to have shown that linear
relationships exist among the energetic, geometric and
magnetic criteria of aromaticity and that these relationships
extend from highly antiaromatic to highly aromatic com-
pounds. Since both 4 and ASE are dependent of reference
systems, we have calculated the NICS values for the com-
pounds shown in Table 1 apart from those previously reported
by Schleyer, which are also included in the Table.l'¥ Since
NICS does not need increment systems or reference mole-
cules for evaluation, the plot of NICS versus ASE reveals an
acceptable linear correlation (R =0.944) for this representa-
tive set of heteroaromatic compounds in which the number of
heteroatoms varies, thus supporting the idea that NICS is an
effective aromaticity criterion (Figure 1).

Aimed with the preliminary results, NICS will be used to
study the aromaticity of oxocarbon acids and their derivatives,
namely squaramide and its complex with ammonium cation.
Other energetic, magnetic and geometric criteria will be used
for comparison purposes. Among them, 7O NMR chemical
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Table 1. ASE [kcalmol'], A (ppm cgs) and NICS (ppm) calculated values
for some five-membered heteroaromatic compounds.

Name Structure  ASE A NICS
phosphole </ P >\ 7.01a —3.30 — 5300

=
I
—

silacyclopentadienyl anion s 13.80 — 7.7t — 6.7
H
furan [\ 1989 —91l 1230
(@]
thiophene Z/ \S 2246 —10.001  —13.60
S
!\ , . b
pyrrole \ 25561 —12.4k —15.10
o B h
cyclopentadienyl anion o 288 —17.20 - 1430
H
cyclopentadiene @ 3.7Ml —2.40 —3.200
alumol </ AIB\ — 6.8l 11.20 6.5[°1
H
I\ , ,
borol 8 —19.30l 12.8lal 17.5Mb1
H
o /)
silolil cation si —24.1] 13.20 12.8[01
H+
P
1H-1,2 4-triazole LN,N 26.21¢ — 3.8 —13.9u
H
N—N
i Y
pentazole N‘N’N 10.81¢I —3.06  —16.3
H
N
1,2,4-thiadiazole (n—/\\N 19.11 — 6.6 —14.0
S
1,2,5-oxadiazole N/\ ,\N 26.4L —1.56  —12.2
O
N—N
1,3,4-oxadiazole - 14.9ll —326 106
(6]
N—N
1,3,4-thiadiazole & 133 —9.5¢d 12,914
S
N
thiazole / 2139 486 138
S
isoxazole Z/ ,\N 24.1l — 43 1220
O
-
1H-1,2,3 4-tetrazole (N,N 27.4l —1.2 — 146
H
/ N
imidazole N ) 2521 756 1440
H
N
oxazole [ \ 18.11 —38d 118
O

[a] From ref. [6]. [b] From ref. [14]. [c] From ref. [21]. [d] This work.
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Figure 1. Plot of the aromatic stabilization energy versus NICS for the five-
membered heteroaromatic compounds considered in Table 1, R =0.944.

shifts were used since they allowed us to clearly differentiate
between doubly (=O) and singly (—O—) bonded oxygen atoms,
as well as, between doubly bonded oxygen atoms placed in
different electronic environments.B> 3]

First, we have computed ASE values for the oxocarbon
acids and corresponding dianions by using Equations (1) and
(2). The values shown in Table 2 are consistent with earlier

C,0,_,H, + 2x (ethenoxide) — C,0,* + ethane + ethene 1)

C,0,_,H, + 2x (ethenol) — C,O,H, + ethane + ethene 2)

conclusions on aromaticity of oxocarbon dianions which point
out that only deltate dianion is aromatic.’*?] A moderate
ASE value is obtained for squarate (—11.39 kcal mol~!) while
negligible values are obtained for croconate and rhodizonate.
Positive ASE values for oxocarbon acids indicate that they are
not aromatic.

Despite this concordance with reported general conclu-
sions, our values are in contrast with those recently reported
by Schleyer etal.l'¥l for oxocarbon dianions using three
different series of reactions for ASE evaluation. However,
as pointed out by the authors, all equation types have
drawbacks. Indeed, all reported ASE values are largely
negative and, generally, do not show any regular trend with
the ring size. At this point, we consider that oxocarbon
derivatives are examples where the use of ASE as a criterion
of aromaticity is not applicable due to the difficulty in finding
suitable equations free from other influences.

Evaluation of the magnetic susceptibility exaltation of
oxocarbon dianions by means of Equation (1) yields small and
positive values thus indicating lack of aromaticity even for
deltate dianion, in striking contrast with the calculated ASE
using the same equation. In the same way, A values of C,0,*~
reported by Schleyer, using different sets of equations, were in
some cases positive and in some cases negative. These results
prevent any use of 4 values to measure the degree of
aromaticity, due to the large dependency on the type of
equations used for its evaluation.

The uncertainties concerning ASE and A as suitable
aromaticity criteria, led us to analyze the possible aromaticity
of oxocarbon acids and its derivatives by calculating the
nucleus-independent chemical shifts (NICS). NICS(0.6) val-
ues—calculated at 0.6 A over the ring plane—for both
oxocarbon acids and their corresponding dianions are shown
in Table 2 together with the computed 7O NMR chemical
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Table 2. Computed NICS (ppm), aromatic stabilization energies ASE
[kcalmol~!], O chemical shifts (ppm, relative to water), Wiberg bond indexes
(WBI), magnetic susceptibilities (y, ppm cgs) and magnetic susceptibility
exaltations (A, ppm cgs).

Squaric acid and squarate dianion: The different criteria for
squarate dianion indicate a lesser aromatic character than
deltate, since NICS (0.6), being also negative, is only —7.1144
and the 7O NMR chemical shift shows high shielding of the

17
Molecule NICS(0.6) ASE O NMR WBI(CO) 4« oxygen atom (0 =304), but less than in deltate. Analogously,
cop B0 HF) 4019 121 1.256 483 _445 deltic acid is more aromatic than squaric acid as deduced by
o —21.3 (MP2) the smaller NICS(0.6) negative value of 0=-5.7 thus
cor 1;(1] EEI;)Z) 1139 304 1.403 723 —500 showing only a moderate aromatic character. Conclusions
4'3 (HF) based on both O NMR chemical shift—the computed value
G045~ 70:5 (MP2) -06 385 1.491 0.60 —50.8 of 0 =463 is comparable to a standard ketone—and X-ray
42 (HF) findings,?”l where the difference between carbon—carbon
CO¢ ’ —4.24 452 1.551 2.09 —584 : : A : H
—0.3 (MP2) single and double bonds is 0.048 A (twice the value for deltic
_ - acid), confirm the small degree of aromaticity for squaric acid.
C;0;H, 23.2 (HF) 6.47 218 (C=0) 1.586 3.13 —40.5 ) . g“ . y d
—20.5 (MP2) 97 (OH) A recent theoretical study®! on squaric acid has concluded
C.O.H —7.0 (HF) lagy 463 (C=0) 1736 280 —432 that it is aromatic, based on its values of ASE and 4, although
44412 . . . - .
=57 (MP2) 109 (OH) the reported A value was very small (6 = —2.07 ppm cgs). The
C,OH, L2Z(HF) 0, 599,521 (C50) o0y 188 _498 calculated WBI values for carbonyl CO bonds in squaric acid
2'; (211:2) 6?2 (?H) o and its dianion are 1.736 (close to acetone) and 1.403,
C,OH, 1:9 EMP)Z) 12.52 99’(03;)( ) 1.884 298 —56.9 respectively, in agreement with previous conclusions based

on NICS(0.6) and 7O NMR results.

Larger rings of the oxocarbon series: As derived from
NICS(0.6) values, 7O NMR chemical shifts and WBIs (see
Table 2) five- and six-membered ring compounds of the series
are clearly nonaromatic. Even more, rhodizonic acid is not
planar at MP2/6-311+G** theoretical level.

shift values and the Wiberg bond indexes (WBI) that will be
also used in the following discussion. From the comparison of
NICS values at HF and MP2 levels of theory, one can conclude
that HF values tend to overestimate the aromatic character of
a molecule. Henceforth, NICS values at the MP2 level will be
used for the discussion of the results.

Oxocarbon derivatives: The values corresponding to the three
criteria that we have found to be useful to evaluate
aromaticity are listed in Table 3 for some oxocarbon deriv-
atives of our interest. Particularly, an estimation of the
aromaticity of squaric acid derivatives (squaramide and
dimethylsquarate) and their complexes with ammonium
cation were compared with the corresponding di-O-proto-
nated species. Results shown in Table 3 predict that the

Deltic acid and deltate dianion: The appreciable NICS(0.60)
value for deltate dianion (0 = —21.3) confirms its aromaticity.
Even more, the computed 7O NMR chemical shift for C;O5>~
is 0 =121, close to the value of phenolate (6 =158), in line
with the general assumption that deltate dianion is aromatic.
In contrast to ASE and A values, the NICS value for the
corresponding acid C;0;H, is also large and negative (0 =

—20.5), which indicates that deltic acid is also aromatic. This squaramide lsomplex is more. aroma.ltic (NICS(0.6) =
fact can be related with the high stability of cycloprope- —8.1 ppm, O NMR  chemical S.h'ft 0=379 and
nones,’’! despite their high ring strain®®! and in contrast to WBI(CO)=1298)  than squaram@e (NICS(0.6) =

—63ppm, O NMR chemical shift ©6=448 and

cyclopropanones and cyclopropenes, attributed to resonance
stabilization by its polar formula which represents a pseu-
doaromatic system. The computed 7O NMR chemical shift
corresponding to the carbonyl oxygen atom of deltic acid is
0 =218, far from the standard carbonyl oxygen atoms, namely,
acetone shows signal at 6 =569, and close to diphenylcyclo-
propenone (0 =248)*! confirming the contribution of the
pseudoaromatic Hiickel form. Such a high shielding is only Molecule NICS(0.6), NICS(0.6), 7O NMR WBI (CO)
observed for the exocyclic oxygen atom of sydnone (6= HE MP2

232)1 and related mesoionic compounds which are currently

WBI(CO) =1.712). Therefore the gain in aromaticity of the
squaramide ring is a possible explanation for its remarkable
proton affinity and hydrogen bond acceptor character. Indeed

Table 3. Computed NICS (ppm), 7O chemical shifts (ppm, relative to water) and
Wiberg bond indexes (WBI).

. . . squaramide -8.1 -63 448 1.712
formul.ated with .*O*. in the place of =O. Finally, the ?(-ray sguaramide-NHJ
analysis!*!l of deltic acid shows nearly equal C—Clengthsin the  complex —11.1 -81 379 1.298
ring (r(C=C)=1373 A, r(C-C)=1397 A, difference= di-O-protonated squaramide -12.8 -10.0 173 1.208
0.024 A) which are on average of standard values for single g?metgyisq“amte NH —102 —78 468 1.720
. e imethylsquarate-NH, "
and dquble bonds, following a gener?l character%stlc of complex 106 79 403 1575
aromatic molecules. The calculated Wiberg bond indexes gi_0-protonated dimethylsquarate — 13.7 ~105 190 1216
(WBI) for carbonyl CO bonds in deltic acid and its dianion are  squaric acid -70 -57 463 1.736
1.586 and 1.256, respectively, (compared with WBI = 1.778 for  squaric acid-NH,*
acetone), which indicates delocalization in agreement with complex . - 103 —78 4l 1.383
di-O-protonated squaric acid -138 —10.7 208 1.269

their NICS(0.6) values and 70O NMR chemical shifts.
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we have observed such a behaviour in the molecular
recognition of ammonium cations by squaramido-based
model receptors.?> 281 Di-O-protonated squaramide has more
aromatic character (NICS(0.6) = —10.0 ppm, 7O NMR chem-
ical shift 6 =173 and WBI(CO)=1.208) than squaramide
complex; this indicates that the aromaticity of the four-
membered ring of squaramide is successively enhanced by
hydrogen bonding and by protonation of the carbonyl oxygen
atoms. This is also corroborated by the progressive equal-
ization of the covalent bond lengths in the four-membered
ring (see Figure 2). Similar behaviour has been observed for
squaric acid and dimethylsquarate: a continuous enhance-
ment of the aromatic character of the four-membered ring by
hydrogen bonding and by protonation of the carbonyl oxygen
atoms (see Table 3). Consequently, squaramide isoelectronic
compounds are good candidates for hydrogen-bond acceptors
due to the enhancement of the aromaticity of the four-
membered ring.

Conclusion

Aromaticity is a differential property and often the criteria to
evaluate it need an artificial “nonaromatic” reference system.

ol
5

A rigorous definition of such reference system is fundamental
to obtain a satisfactory quantification of the aromatic concept.
However, such definition is unfortunately not existing at
present. Even the dimensionality of aromaticity is still
under discussion,?!] so much remains to be done to clarify
this issue.

NICS criterion does not need reference systems to be
computed and, although it has been criticized and it is not
verifiable experimentally, we have demonstrated a significant
linear relationship between NICS values and ASEs for a wide
range of five-membered heteroaromatic compounds. Oxocar-
bon acids and their dianions are examples where traditional
criteria, that is 1 and ASE, are not satisfactory to evaluate
aromaticity. However, we have found that the NICS criterion
is adequate for the study of oxocarbon acids and its
derivatives, together with YO NMR chemical shifts and
Wiberg bond indexes.

Finally, the remarkable proton affinity and hydrogen bond
acceptor character of squaramide has been explained by
means of the gain in aromaticity of the four-membered ring
that it is enhanced by hydrogen bonding of the carbonyl
oxygen atoms to ammonium cation or by protonation of the
carbonyl oxygen atoms. Parallel behaviour is observed for
squaric acid and dimethylsquarate compounds.
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Figure 2. MP2/6-311+G** optimized structures of squaramide, squaric acid and dimethylsquarate, their complexes with ammonium cation and their di-O-
protonated derivatives. Bond lengths are in A. NICS(0.6) values are indicated at ring centers in ppm.
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