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Theoretical studies on aromaticity of selected
hydroxypyrones. Part 3#. Chelatoaromaticity
phenomenon in metalcomplexes
of hydroxypyronesy
Krzysztof K. Zborowskia *, Miquel Solàb, Jordi Poaterb
and Leonard M. Proniewicz a,c
The aim of this project is to study the aromatic properties of various forms (neutral, cationic, and anionic) of selected
hydroxypyrones (pyromeconic acid, maltol, and ethylmaltol) and their metalcomplexes with aluminum, gallium, and
indium ions. Aromaticity of hydroxypyrone metalcomplexes is important because it can inﬂuence the stability of such
complexes, which is crucial for their applications in medicinal and environmental chemistry. Results from ten different
indices of aromaticity (HOMA, NICS(0), NICS(1), NICSscan, ASEiso, PDI, FLU, Iring, MCI, and KMCI) show that aromaticity in
hydroxypyrones decreases in the order cations > neutral molecules > anions. Performed calculations situate the
aromaticities of ligands in metalcomplexes close to their respective cations. This means that complexation causes
a signiﬁcant increase of the aromaticity of ligands, which stabilizes formed chelatocomplexes. On the other hand, we
clearly show that rings that are involved in binding metal ions are not aromatic. Copyright ß 2010 John Wiley & Sons,
Ltd.
Supporting information may be found in the online version of this paper.
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INTRODUCTION
The family of hydroxypyrones together with closely related
hydroxypyridinones forms a class of ligands with many potential
applications in medicinal chemistry.[1] After deprotonation, these
ligands easily form a number of stable complexes with divalent
and trivalent metal ions. Because of that, and due to negligible
toxicity, they can be used as agents for in situ metal ion complex
formation and subsequent removal of metal ions excess from the
body. On the other hand, their metalcomplexes are tested as new
drugs designed for improving absorption and biodistribution of
metal ions. Diseases such as anemia, thallassemia, and diabetes
are the most important examples. Potential applications of
hydroxypyrones and hydroxypyridinones in diabetic therapy,[2,3]
iron distribution,[4] and aluminum chelation[5,6] were summarized
in several critical reviews.
Metal ion complexes are formed by deprotonated hydroxypyrone units, also referred as anions of hydroxypyrones (Fig. 1).
Deprotonated 3-hydroxy-4-pyrone consists of a six-membered
heterocyclic pyran ring with an oxygen atom in para to the
ketone group and two ortho exocyclic oxygen atoms (from the
ketone and the deprotonated hydroxyl groups). The two
exocyclic oxygens and the carbon–carbon bridge between them
constitute the so-called OCCO group that is directly responsible
for the metal ion complexation. The presence of p electrons in
hydroxypyrone structures imposes the possibility of aromatic
properties of the heterocyclic rings. In addition, the electron
delocalization can also be determined in the OCCO group and

aromaticity can be analyzed in the heterocyclic and metallocyclic
rings after complexation too.
Aromaticity of carbocyclic and heterocyclic compounds is a
very popular topic in physical organic chemistry. On the other
hand, chelatoaromaticity (aromaticity of chelate complexes) has
received rather sporadic interest until recently, despite the fact
that such idea was described ﬁrstly long time ago by Calvin and
Wilson.[7] Recently, the concept of chelatoaromaticity has been
renewed due to the synthesis of new chelatoaromatic complexes,
new developments in the theory of aromaticity, and the
recognition of the importance of chelatoaromaticity in prediction
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important that all these metals belong to the 13th main group of
the periodic table. Their ions are closed shell species. Because of
that, they are more convenient for computational studies than
many of transition metal ions.
Many aromaticity indices are used in the present paper. It
is important because it is known from the principal component
analysis[14,15] that aromaticity may have a multidimensional
character. As a result of that, it is recommended to use more than
one aromaticity index in order to recognize all aspects of this
phenomenon.[16–18]

COMPUTATIONAL DETAILS

Figure 1. Structure of pyromeconic acid in neutral, anionic, and cationic
forms, and the corresponding metalcomplexes with Al3þ (two isomers).
Structures of maltol and ehylmaltol are also depicted

of the reaction mechanisms. This concept may also be useful in
explaining many properties of chelates that may have appeared
unlinked. For example, the electronic, vibrational, and NMR
spectra, as well as the electrochemistry, and X-ray structure can
be interpreted as a result of chelatoaromaticity induced by the
metal ions.[8] For us, the most important point is that aromatic
effects should inﬂuence the stability of metalcomplexes of
hydroxypyrones. Chelatoaromatic stabilization can be important
in cases where a nonaromatic or antiaromatic ligand coordinates
to the metal ion and after coordination it gains aromatic
character. An increase of the aromatic character in the metalcomplex provides an additional stabilization of the complex.
Aromaticity is a term that still is not precisely deﬁned. Some
aspects of its deﬁnition are still discussed.[9,10] That is why in the
last few years we have focused our studies on selected, very well
deﬁne group of ligands, i.e., hydroxypyrones to support such
studies. In this paper, we investigate the chelatoaromaticity
phenomenon in metalcomplexes of some hydroxypyrones
(pyromeconic acid, maltol, and ethylmaltol) with several metal
ions, like Al3þ, Ga3þ, and In3þ. Gallium and indium complexes of
hydroxypyrones have potential practical importance as they are
considered new useful radiopharmaceuticals.[11,12] On the other
hand, the aluminum ion–maltol complex is used to try to
understand the origin of the Alzheimer disease.[13] It is also

In order to study the basis set effects on the obtained results we
performed calculations using three basis sets (LANL2DZ,[19]
3-21þG**,[20,21] and 6-311þþG**[22]) of increasing quality.
LANL2DZ basis set is a standard core potential approach widely
used in metalcomplexes calculations. It is a mixture of the Los
Alamos effective core potential with the Dunning/Huzinaga
valence double zeta basis set for the ﬁrst row of elements and a
double zeta basis set for the valence electrons for the heavier
elements. On the other hand, the 6-311þþG** is a well-qualiﬁed
basis set enriched with diffusion and polarization functions.
Unfortunately, this basis set is unavailable for indium. Because
of that, available for all studied metals 3-21þG** basis set was
also used. Geometries of all studied compounds were computed
at the B3LYP[23–25] level of theory using all three aforementioned
basis sets. All geometries calculated in this work correspond
to geometrical minima with no imaginary frequencies. Obtained
geometries were used for the calculation of magnetic properties
(under the GIAO approximation[26]) at the same level of theory.
All these calculations were computed with the Gaussian 03
program.[27] Atoms in Molecules[28] properties were integrated
using the AIMPAC package.[29]
In this work, numerous aromaticity indices were used: geometric
(HOMA), magnetic (NICS(0), NICS(1), and NICSscan), energetic
(ASEiso), and various electronic indices of aromaticity (PDI, FLU,
Iring, MCI, and KMCI).
Harmonic oscillator model of aromaticity index (HOMA[30]) is
calculated using bond lengths of the studied systems by means
of the equation:
HOMA ¼ 1

n
aX
ðRopt Ri Þ2
n i¼1

(1)

where Ropt and Ri are optimal bond lengths and bond lengths in
the real system, respectively. The variable a is an empirical factor
chosen to provide a HOMA value of 0 for the Kekulé structure of
benzene and a value of 1 for the real benzene with ‘‘aromatic’’
bond lengths. Finally, n is the number of bonds in the system
under consideration. In this paper, the HOMA index has been
used for evaluation of electron delocalization efﬁciency in the
heterocyclic ring and the OCCO group of all studied compounds.
The nucleus independent chemical shift (NICS) index of
aromaticity is based on the magnetic properties of aromatic
compounds.[31] It is deﬁned as the negative value of the absolute
magnetic shielding. It can be calculated in the center of the
aromatic ring or fragment determined by the nonweighted mean
of the heavy atoms coordinates (NICS(0)), or at 1 Å above it
(NICS(1)). Negative NICS values denote efﬁcient electron delocalization. In this work, NICS values were determined for heterocyclic and
metallocyclic rings of studied ligands and metalcomplexes. More
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comprehensive NICS approach is the NICSscan method.[32,33]
Magnetic properties necessary for NICSscan presentation were
calculated from the ring center to 4.9 Å above it, with a step size of
0.1 Å along the line (normal) perpendicular to the ring plane.
Another very important property of aromatic compounds is
their higher stability with respect to a structurally analog model
system which has no cyclic electronic delocalization. For such
purpose, the calculation of the aromatic stabilization energy (ASE)
is the core of aromaticity research based on energetic basis.
Unfortunately, there are a lot of problems with deﬁning the
reasonable nonaromatic reference state.[34] One of the highly
recommended methods for the estimation of ASE is the
‘‘isomerization method’’ based on the enthalpy difference between
a methyl derivative of the aromatic system and its nonaromatic
exocyclic methylene isomer.[35] There are several possible places for
isomerization in the case of studied hydroxypyrones. Among them
we have chosen the one presented in Scheme 1 (example of the
neutral molecule of hydroxypyrones). Such localization of the
isomerization place let us avoid changes in the type of the metal ion
interactions with investigated ligands. Using the mentioned
reaction, ASEiso were calculated for neutral form of studied ligands
as well as for their anions, cations, and metalcomplexes.
Recently, electronic indices of aromaticity have been introduced as a new tool in aromaticity research.[36] The simplest
index from this group is the PDI (para delocalization index). It is
deﬁned as the mean of the electronic delocalization indices (DI)
calculated in the frame of the AIM theory for para-related atoms
in the rings.[37] PDI values can be only calculated for six-membered
rings. FLU is another aromaticity index based directly on electron
delocalization that can be applied to heterocyclic rings of
hydroxypyrones and their metalcomplexes. FLU measures the
number of electrons shared between consecutive atoms in the
ring.[38] The small drawback of the FLU index in our calculation is
that there is no reference FLU parameter for the carbon–oxygen
bond (because it is difﬁcult to ﬁnd the fully aromatic compound
with such a bond in its ring). For this reason, the FLU parameters
determined for the carbon–carbon bond have been used for the
carbon–oxygen bonds too.
Finally, so-called multicenter aromaticity indices, namely: Iring,
MCI, and KMCI, have been also calculated. These indices do not
estimate delocalization between pairs of atoms, but take into
account delocalization in the whole ring. Details are described in
original papers.[39–41] Iring, MCI, and KMCI indices are useful as
aromaticity indicators of both heterocyclic and metallocyclic
rings of studied compounds. In recent papers,[42,43] it has been
shown that the MCI and Iring indices are among the most reliable
measures of aromaticity.

RESULTS AND DISCUSSION
This section is divided into two parts. First the aromaticity of various
forms (neutral, cationic, and anionic) of three hydroxypyrones
together with their metalcomplexes is presented. Then, the effect
of the basis set in the results obtained is brieﬂy discussed.

Aromaticity of hydroxypyrones
Aromaticity properties of three hydroxypyrones: pyromeconic
acid (3-hydroxy-4H-pyran-4-one, abbreviated hereafter as Hpa),
maltol (3-hydroxy-2-methyl-4H-pyran-4-one, Hma), and ethylmaltol (3-hydroxy-2-ethyl-4H-pyran-4-one, Hema) have been

studied in this project. The neutral, cationic, and anionic forms
of these compounds, together with their complexes with
aluminum, gallium, and indium ions, have been taken into account.
Molecular structures of neutral, anionic, and cationic forms of the
pyromeconic acid molecule together with complexes formed by
the pyromeconic acid anion with aluminum ion (two isomers: fac
and mer are considered) are depicted in Fig. 1.
HOMA, NICS(0), and NICS(1) data for studied ligands and
their charged species, calculated at the B3LYP/6-311þþG** level
of theory, were published previously.[44,45] Aromaticity of the
heterocyclic ring[44] and electronic delocalization in the OCCO
group[45] were considered. Performed calculations revealed
that aromaticity of hydroxypyrone cations is higher than for
neutral molecules, and anions present the lowest one
(cations > neutral > anions). It was also previously documented
that aromaticity of the deprotonated hydroxypyrone units in
metalcomplexes of oxovanadium(IV) with maltol and closely
related kojic acid are somewhere between the aromaticity of
neutral and cationic forms.[46]
Aromaticity data calculated at the B3LYP/6-311þþG** level by
geometric, magnetic (except NICSscan), and electronic indices
involved in the investigation are presented in Fig. 2. Figure 2a
depicts the HOMA data for the different forms of the
pyromeconic acid and its complexes with Al3þ and Ga3þ ions.
One can observe that, the aromaticity of the heterocyclic ring
strongly increases from anion to cation. This correlates with the
increase of electronic delocalization in the OCCO group from the
anion to the cation as well. The aromaticity of the heterocyclic
pyran ring in the metalcomplexes is positioned, more or less, in
the middle between the neutral pyromeconic acid and its cation.
In the case of the OCCO group, the metal complexed systems
present an electron delocalization similar to that of the cation. In
both cases aromaticity/electron delocalization of the aluminum
complexes is slightly higher than for the gallium ones.
NICS data are presented in Fig. 2b (heterocyclic ring) and Fig. 2c
(metallocyclic ring). Relative aromaticities predicted by magnetic
indices for the heterocyclic rings of studied compounds are quite
similar to those given by HOMA. We observe a strong increase of
aromaticity from anion to neutral molecule and to cation (one
should remember that the more negative the NICS values the
higher the aromaticity), while aromaticity value of the heterocyclic ring in presented metalcomplexes is located in the middle
between the values calculated for the cation and the neutral
molecule, as for HOMA. It is observed that values of magnetic
indices for complexes do not depend on the type of the metal
ion, as NICS values for both Al and Ga complexes are almost the
same. NICS values calculated for the metallocyclic rings in studied
complexes (Fig. 2c) suggest that aromaticity of these rings
(despite the relative high delocalization of the OCCO group
predicted by the HOMA method) is poor and these rings should
be described as nonaromatic. It can be noticed that, contrary to
HOMA results, the aromaticity of gallium metalcomplexes is
slightly higher.
Values of the electronic indices of aromaticity are presented in
Fig. 2d–f. PDI and FLU data can be calculated in our case for the
heterocyclic pyran ring only. PDI results perfectly follow the order
of the relative aromaticity described by both HOMA and NICS
indices. FLU data also follow the same trend with the only
exception of the anionic form, which is found to be slightly more
aromatic than the neutral. MCI, KMCI, and Iring data for the
heterocyclic ring perfectly follow the aromaticity predictions
provided by the previous criteria. Predictions of these methods
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Figure 2. Aromaticity data for pyromeconic acid and its metalcomplexes at the B3LYP/6-311þþG** level

for metallocyclic rings (Fig. 2f ) support the conclusion evaluated
on the base of previously presented NICS data. Aromaticity of the
metallocyclic rings is low.
Figure 3 depicts the behavior of the NICSscan values of the
heterocyclic and metalocyclic rings of studied compounds.
Isotropic chemical shifts as well as the in-plane and out-of-plane
components of the chemical shift tensor are presented. The
shape of the NICSscan curves for all types of heterocyclic rings
suggests its aromaticity.[32,33] From the differences in the depths
of minima on the isotropic chemical shift and its out-of-plane
component curves, we can conclude that aromaticity increases in
the order anion < neutral molecule < cation. Aromaticity of the
heterocyclic ring of the metalcomplex is between aromaticity of

neutral molecule and that of cation. Ring in which metal cation is
involved in shows shapes of the NICSscan curves similar to the
ones observed for the antiaromatic cyclobutadiene.[32,33]
Finally, results of the ASEiso calculations are presented in
Table 1. These data, in line with the results from the NICSscan
curves, suggest that all studied compounds are aromatic, and
that the level of aromaticity increases from anion through neutral
molecule and metalcomplexes to the cation.
Therefore, with respect to the presented above aromaticity
analysis at the B3LYP/6-311þþG** level of theory, it is observed
how all geometry-, magnetic-, energetic-, and electronic-based
(except FLU) criteria assign an increase of aromaticity of the
heterocyclic ring of the pyromeconic acid when going from its

Figure 3. NICS values as a function of distance from the ring center
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Table 1. Calculated (B3LYP/6-311þþG**) ASEiso values of the
isomerization reaction from Scheme 1 for different form of the
pyromeconic acid (kJ/mol)
Compound

ASEiso

pa
Hpa
H2pa
Alpamer
Alpafac
Gapamer
Gapafac

77.7
81.4
118.7
107.0
106.1
104.5
103.9

anionic to neutral and to cationic forms. In addition, the
aromaticity of this ring in the complexed systems is almost the
same for both Al and Ga, and is located between that of the
previous neutral and cationic forms. Measured by the HOMA

Scheme 1. Reaction used for ASEiso calculations

method, electron delocalizations of the OCCO group for various
forms of hydroxypyrones are similar to the corresponding
aromaticity levels of the heterocyclic rings. In addition, all
aromaticity indices predict the strong increase of aromaticity of
the anion with complexation.
The results presented above for the heterocyclic rings of
neutral species, cations, and anions can be easily rationalized in
several ways. For example, if the Lewis structures depicted in the
Scheme 2 are considered, one can recognize that, the most
important resonance structure in all cases is the nonaromatic
structure a. However, the importance of aromatic structures b
and b’ decreases in the order cation > neutral > anion. The
reason is the fact that in the cation, structures a and b-type differ
only by the migration of the positive charge from the oxygen of
the ketone group to the oxygen atom of the heterocyclic ring. In
the neutral system, the b-type structures have a charge
separation that is not present in the structure a. That makes
these structures less important in the description of the whole
molecule, at least in the gas-phase. Finally, in the anionic system,
the b-type structures possess also a charge separation but now
two local negative charges in two oxygen atoms are placed close
to each other. Thus the weight of b-type structures decreases in
the order cation > neutral > anion, explaining the reduction of
electron delocalization of the heterocyclic ring in the same order.
Moreover, the presence of the positive charge metal ion
interacting with the two negative charged oxygen atoms in
the metalcomplexes stabilizes the b-type structures of the anion
and increases its aromaticity. For the same reason, in the anion we
have two O atoms of the OCCO group with very different C—O
bond distances (one is a clearly double bond with quite localized
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pairs of p-electrons and the other a single bond). The differences
are less in the neutral species because the type-b structures
become more important and even less in the cationic species in
which the weight of type-b structures is especially large.
Another rationalization of the different aromaticities in various
forms of studied hydroxypyrones can be based on variations of
the numbers of p-electrons in the heterocyclic ring. Neutral
hydroxypyrone molecule is formally a nonaromatic 7 p-electrons
system. However, this system is additionally stabilized by the
presence of the very polar carbonyl group, which causes that the
actual number of p-electrons within the cyclic conjugated system
gets closer to the aromatic reference of 6.[47,48] Deprotonation of
the hydroxyl group in the anionic form of hydroxypyrones results
in a strong p-donating substituent leading to an increase of the
actual number of p-electrons within the heterocyclic ring,
making it less aromatic. A similar effect may be obtained by
decreasing the polarity of the exocyclic double bond from C —
—O
to C —
—CH2.[49,50] On the other hand, the protonation of the

carbonyl oxygen in the cationic form causes the opposite trend,
as becoming a strong p-withdrawal group, thus decreasing the
actual number of p-electrons in the ring and making the ring
more aromatic. Finally, complexation with the metal withdraws
p-electrons from the pyran ring increasing its aromaticity.
Effect of the basis set on the aromaticity results
In order to show the inﬂuence of the basis set quality we
performed calculations of aromaticity with three different basis
sets: LANL2DZ, 3-21þG**, and 6-311þþG**. Calculations have
been carried out at the optimized geometries obtained with each
of the basis set. Calculated values of the aromaticity indices in
these three basis sets for all pyromeconic acid forms and
complexes are presented in Fig. 4. These data lead to the
conclusion that aromaticity measures are affected by the chosen
basis set, the extent of that inﬂuence depends on the chosen
criterion of aromaticity.

Figure 4. Comparison of aromaticity data for pyromeconic acid and its metalcomplexes calculated with different basis sets
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In the case of the HOMA (Fig. 4a and b), we have a simple and
direct relationship, that is, the better the basis set the higher the
HOMA values, which means higher aromaticity. It is true for both
the heterocyclic ring and the electronic delocalization in the
OCCO group, although in the case of the heterocyclic ring the
difference between 3-21þG** and LANL2DZ is really small. The
largest difference is observed between 6-311þþG** and
LANL2DZ basis sets. Data provided by the middle quality
3-21þG** basis set is closer to LANL2DZ. It must be said that all
three basis sets follow the same aromaticity trends, already
discussed in the previous section.
The variation of both NICS(0) and NICS(1) values with the basis
set (Fig. 4c and d) are not so pronounced as for the HOMA
method. In this case there is no direct relationship, and even the
curves present crossings, although again all basis sets give the
expected trend of an increase of aromaticity for the heterocyclic
rings of studied compounds from the anionic to the cationic
forms, and the aromaticity of the metalcomplexes located
between those of the neutral and cationic species. Aromaticity of
metallocyclic rings is found to be poor for all basis sets.
In the case of PDI and FLU indices (Fig. 4e) different tendencies
are observed depending on the basis set. FLU index shows how
the better basis set (6-311þþG**) gives smaller aromaticity for
hydroxypyrone’s anion than for neutral molecule, against to all
other indices. It is interesting that the FLU with the 3-21þG**
reproduces correctly the aromaticity of the pyromeconic acid
anion. The aromaticity order obtained in the frame of the PDI
method follow the expected trend for the two basis sets.
On the other hand, shapes of the aromaticity curves of the
three multicenter indices (Iring, MCI, and KMCI) are qualitatively
similar to each other (Fig. 4f ), and all of them follow the expected
trend for the heterocyclic ring. The only difference is the gap
between values predicted by both basis sets for a particular
index, as larger differences are observed for the Iring and MCI
indices, whereas the values predicted for the KMCI method are
closer, but in all cases the smaller basis set predicts a higher
aromaticity. It is likely that multicenter indices provide the best
data for the metallocyclic ring (it is possible that NICS predictions
for the metallocyclic rings are somewhat perturbed by the
presence of the metal at close distance[51]). It is clearly seen how
the aromaticity predicted by these multicenter indices for the
metallocyclic ring is always much lower than for the pyran rings. It
is also observed how, in the case of metallocyclic rings, the results
are quite insensitive to the aromaticity index and the basis set
used for the calculation. On the basis of these results and
presented above NICS data for the metallocyclic rings we can
conclude that rings containing metal ions are nonaromatic. The
aromaticity of both the heterocyclic and the metallocyclic rings is
only slightly changed along the series of Alþ3, Gaþ3, to Inþ3.
Finally, we want to compare the aromaticities of the Hpa
metalcomplexes with those formed by other studied ligands,
Hma and Hema, using data obtained based on the 6-311þþG**
basis set. The corresponding tables enclosing all aromaticity
measures calculated on the B3LYP/6-311þþG** level of theory
can be found in the Supporting Information. As expected from
the structures in Scheme 2, both Hma and Hema present the
same behavior as Hpa. Similarly, we observe an increase of
aromaticity from the anionic form to the cationic one, and that of
the metalcomplexes is located between the neutral and the
cationic forms. The substitution of the hydrogen atom by a
methyl or an ethyl group at the position 2 of the ring affects
neither the aromaticity of the heterocyclic ring nor the electron

delocalization in the OCCO group. This shows that in order to
have a signiﬁcant substituent effect on the aromaticity of the
heterocyclic ring one needs to place in R position substituents
with strong p-donor (such as NR2) or p-acceptor character (such
as NO2) that can modify the p-population of the ring. Preliminary
calculations suggest that strong p-donor or p-acceptor character
substituents can modify the p-population of the ring and
signiﬁcantly change its aromaticity.

CONCLUSIONS
In the present work we have shown that electronic indices of
aromaticity (FLU, PDI, Iring, MCI, and KMCI) support the aromaticity
order of various hydroxypyrones forms, previously established on
the base of the results served by some ‘‘classical’’ indices like
HOMA and NICS. The same is observed for the NICSscan and ASEiso
data. This order states that aromaticity of the anionic form of
hydroxypyrones is very low, aromaticity of neutral molecules is
moderate, and hydroxypyrone cations are aromatic.
Existence of the chelatoaromaticity phenomenon in complexes of studied hydroxypyrones with aluminum, gallium, and
indium ions has been documented. When low aromatic anions of
studied ligands coordinate to metal ions, their aromatic properties change very signiﬁcantly, and they become quite aromatic
species. Aromaticity of the heterocyclic ring in studied
metalcomplexes is located somewhere between the neutral
and the cationic forms of the hydroxypyrone. It seems that the
electronic delocalization increase takes also place in the part of
the ligand that is directly bonded to the metal ion. On the other
hand, the analysis of the metallocyclic rings shows that electron
delocalization in the whole metallocyclic ring is low. For this
reason, the metallocyclic rings must be classiﬁed as nonaromatic.
Our study also shows that the different hydroxypyrones
(pyromeconic acid, maltol, and ethylmaltol), present very similar
aromaticities in groups of their anionic, neutral, or cationic forms,
as well as the corresponding metalcomplexes (with either Al3þ,
Ga3þ, or In3þ), respectively.
It has to be stressed out that the used for calculations basis set
plays crucial role. One cannot use different basis sets for
comparison (aromaticity values) of obtained results for the same
ligands, although the trends in aromaticity trends remains almost
invariant.
Higher aromaticity denotes higher stability. So, an increase of
the electron delocalization in hydroxypyrones with complexation
should have an important impact on the stability of the studied
metalcomplexes. Further research is underway trying to estimate
their (chelato) aromatic stabilization energies in order to know if
they can be important for their chemistry.
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[26] K. Woliński, J. F. Hilton, P. Pulay, J. Am. Chem. Soc. 1990, 112, 8251.
[27] Gaussian 2003: M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N.
Kudin, J. C. Burant, J. M. M. Millam, S. S. Lyengar, J. Tomasi, V. Barone,

[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]

B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain,
O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman,
J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al_Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P.
M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, J. A. Pople,
Gaussian 03, Revision B.05, Gaussian, Inc., Pittsburgh, PA, (2003).
R. F. W. Bader, Atoms in Molecules: A Quantum Theory, Oxford
University Press, Oxford, UK, 1990.
F. W. Biegler-König, R. F. W. Bader, T. H. Tang, J. Comput. Chem. 1982, 3,
317.
T. M. Krygowski, J. Chem. Inf. Comput. Sci. 1993, 33, 70.
P. v. R. Schleyer, C. Marker, A. Dransfeld, H. J. Jiao, N. J. R. V. Hommes, J.
Am. Chem. Soc. 1996, 118, 6317.
A. Stanger, J. Org. Chem. 2006, 71, 883.
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