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Aromaticity of substituted 8-hydroxyquinolines in
their free or bidentate states in tricarbonyl
rhenium() complexes

Stawomir Ostrowski,® Matgorzata Jaroriczyk® and Jan Cz. Dobrowolski & *2°

Some 8-hydroxyquinolines (8-HQs) and some of their metal complexes are bioactive. Thus, knowing
whether the ligand properties are transferred to the complex is vital. Herein, the aromaticity of the
pyridine and phenolic rings of substituted 8-HQs, free with and without intramolecular H-bond and
chelated in Re(l) complexes, was studied using the geometrical HOMA and magnetic INICS indices. The
8-HQs were substituted in every position with BH,, CN, C=CH, Cl, and NH, groups of diversified o- and
m-electron donor—acceptor properties. In the H-bonded 8-HQs, the BH, and NH, groups stabilize
different positions. The stabilization pattern is similar for the non-H-bonded 8-HQs but quite different in
the Re() complex. The HOMA and INICS values of the pyridine and phenolic rings show that they are
geometrically and magnetically aromatic irrespective of the substituent type, substituent location, H-
bond presence, or complex formation. Forming or breaking the O—H---N intramolecular H-bond does
not essentially affect the two types of aromaticity. In contrast, chelating the Re() system with 8-HQ
changes both so that the aromaticity of the H-bonded and chelated systems does not correlate. Hence,
the aromaticity of the 8-HQ rings is not transferred from the free ligand to the complex with Re().
Additionally, for H-bonded 8-HQs, the geometrical and magnetic aromaticity do not correlate, but
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Introduction

Several 8-hydroxyquinolines (8-HQs) are used as medicines. For
example, the antibacterial and antifungal clioquinol (5-chloro-
8-hydroxy-7-iodoquinoline) is used for skin infection treat-
ment and exhibits anti-Alzheimer activity; the antibacterial and
anticancer nitroxoline (8-hydroxy-5-nitroquinoline) and anti-
amebial iodoquinol (5,7-diiodo-8-hydroxyquinoline) are also
used.'® However, tricarbonyl rhenium(i) complexes bidentate
with 8-hydroxyquinolines also exhibit antibiotic and anticancer
activities. 24 Tt therein Among the 12 new [Re(CO)s(Ly,o)Ln]
complexes (Ly,o = 8-hydroxyquinoline and its 2-methyl- and 5-
chloro-derivatives; Ly = imidazole, 2-methylimidazole, dime-
thylpyrazole, and 3-phenylpyrazole)* synthesized and charac-
terized by single-crystal X-ray diffraction, and molecular
spectroscopy, most showed antibacterial action lower than that
of the corresponding free ligand. The 8-hydroxyquinolines
exhibited antibacterial potency against E. coli, S. aureus, and E.
faecalis, showing the highest inhibitory effect for 5-chloro-8-
hydroxyquinoline but not against P. aeruginosa. However, the
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a weak correlation trend can be observed for the complex.

complex with 2-methyl-quinoline and imidazole was 4-fold
more active against P. aeruginosa. The cytotoxicity of the
complexes was evaluated against human acute promyelocytic
leukemia (HL-60) and ovarian (SKOV-3), prostate (PC-3), and
breast (MCF-7) cancer cell lines, and non-cancerous breast cells
(MCF-10A). Although only 8-hydroxyquinoline and 5-chloro-8-
hydroxyquinoline free ligands exhibited activity against solid
tumor cells, only  complexes  with 2-methyl-8-
hydroxyquinolinato ligand showed activity towards all cell
lines higher than the pure ligands. Significant results were ob-
tained for the HL-60 leukemia cells, which exhibited high
sensitivity to all complexes (ICs, = 1.5-14 uM) and even better to
free HQ (IC5o = 2 uM) and CIHQ (ICs, < 2 uM) ligands.

However, compound bioactivity is determined by numerous
factors®® modeled with abundant molecular descriptors used in
QSAR analyses.'®"* A sharp understanding of the descriptors is
desirable for comprehending QSAR correlations. Meanwhile,
the activity of a free ligand is often supposed to justify the
activity of metal complexes with this ligand. Aromaticity is one
of the central molecular properties, which, although ambigu-
ously defined, cannot be undervalued when considering
molecular activity and bioactivity."*™* However, the variation of
the ligand aromaticity upon the formation of the metal complex
has been insignificantly considered.**>*

In 2007, the aromaticity of cyclopentadienyl ligands in
organoaluminum complexes was studied with X-ray diffraction
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supported by DFT calculations using the HOMA geometrical
aromaticity index.>* The HOMA values of the ligand diversely
bound to the aluminum center vary from 0.8 to —0.5, indicating
that its character changes from being aromatic, as in the
uncomplexed cyclopentadienyl anion, to an anti-aromatic
cyclopentadiene structure. The aromaticity of molecules with
different cyclopentadiene moiety fused with naphthalene
systems was considered model ligands of Li in computational
studies and ligands of Fe in X-ray investigations.* It appeared
that the cyclopentadienyl moiety is always more aromatic in
terms of the NICS(0),, index in the uncomplexed than in the Li-
complexed system. This is due to the formation of C-C bonds
with an increased local double-bond character in the complex.
However, the aromaticity of the terminal benzene rings usually
slightly increases in metal complexes.

The aromaticity of the 8-hydroxyquinoline anion, neutral
molecule, zwitterion, cation, and its Mg and Al complexes was
studied in 2012.?> Using geometrical HOMA, magnetic NICS(0)
and NICS(1), electronic PDI and FLU, and energetic ASE
aromaticity indices, a relatively consistent image of aromaticity
changes was obtained although some deviations appeared. The
aromaticity of the pyridine moiety was high but varied errati-
cally with the index applied. The aromaticity of the phenolic
increased monotonically in the following order: anion < zwit-
terion < metal complex < neutral < cation. Finally, the total
aromaticity increased in the following order: anion < zwitterion
< neutral < cation < metal complex. The differences in the
indices' indications were explained by the multidimensional
character of the aromaticity phenomenon, where in one
dimension of an “aromaticity space”, a molecule can be more
aromatic than another.

The effect of the central ion on the aromaticity of the
chelated acetylacetonate was studied in 2016.* The aromaticity
of such a ring is less evident than that of the cyclopentadienyl's
m-electron structure directly interacting with the central metal
ion. The acetylacetonate ligand is formed with a central metal
atom, a ring with six m-electrons, and can be considered
aromatic. In the studied systems, metal complexes interacted
with the para-substituted benzene ring. An atypical aromaticity
descriptor was used: the benzene's C-H bond angle with the
acetylacetonate plane. The C-H bond was directed to the center
of the plane of the acetylacetate, chelating the Be, Cu, Ni, Fe, Ru,
Cd, and Pt ions. Interestingly, the angle varied linearly with
Taft's og-value* of the benzene's para-substituent. In 2017, for
a series of Au(u) complexes with N-heterocyclic ligands, it was
shown that the aromatic character of the nitrogen-containing
ring in gold(m) complexes (as measured by HOMA, NICS and
NCI indices) is reduced compared to the same ring of uncoor-
dinated ligands.>

A unique problem of the coexistence of two types of aroma-
ticity in bicyclic M,L, systems, where M denotes Cr, Mo, or W,
and L denotes an amidinate ligand, was investigated in 2021.>¢
A Hiickel aromaticity connected with four ligand 7 electrons
and two metal-metal 3-electrons present in a single ring exist
together with a Craig-Mobius aromaticity through the delocal-
ization of 7 electrons of both ligands and metal orbitals with
107 electrons and a double twist. The metal-metal bond order
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and the 7 and d electron conjugation increase down the group;
thus, the Hiickel and Mobius aromaticity also increase down
the group. Osmapentalyne, osmapentalene, and osmapyr-
idinium complexes were studied with DFT calculations for
bonding and adaptive aromaticity.””> The species display
aromaticity (determined with ABL, NICS, HOMA, and ACID
indices) in the ground S, state. However, in the first triplet T,
state, they could be aromatic, nonaromatic, or antiaromatic
depending on the excitation mode and probably exceptional
antiaromatic pentalene-type ligands. Such behavior was
proposed to be termed adaptive aromaticity.> Porphyrinoid
Pd(un) complexes exhibiting Hiickel aromaticity have recently
been studied.** Owing to their 26 7 electrons, the complexes
exhibit tunable aromaticity and NIR absorption of up to
1060 nm.

Recently, the effect of the spin state of the metal center in
spin crossover compounds on the aromaticity of ligands has
been studied for model iron(u) complexes.® It was found that
the change in the spin state of the central iron atom did not
affect the aromaticity of bipyridine ligands, but the aromaticity
of formazanate ligands decreased in the high-spin state. This
change in aromaticity owing to the change in the spin state can
be considered a clue for non-innocent ligands.

In this study, we examine the aromaticity of the rings of
substituted 8-hydroxyquinoline free and bound in the tri-
carbonyl rhenium(i) complexes using the HOMA®** and
INICS*** aromaticity indices. The HOMA geometrical aroma-
ticity index is based on bond distances and has been defined
using experimental values.*”** The index has a simple and
precise meaning because its mathematical formula satisfies the
axioms of a similarity function between the examined and the
archetypal aromatic benzene ring.** If a molecule is geometri-
cally similar to benzene, it is also chemically similar to it and
thus is aromatic. The NICS index was first defined as the
opposite value of the absolute magnetic shielding calculated for
the probe point at the ring center, NICS(0).** Shortly after,
NICS(1), calculated at 1 A over the ring center, appeared to be
more robust.** After several subsequent modifications, the NICS
scan became preferred to provide a new indication of diamag-
netic and paramagnetic ring currents.*® In 2019, Stanger
proposed the integral NICS aromaticity index,** which, as
shown by Berger and Dimitrova et al. in 2022,*>*® is physically
justified by its relation to the ring current via Ampére-Maxwell's
law—one of the laws on which classical electromagnetism is
grounded. INICS is more justified than NICS(0) because the
middle of the ring is strongly influenced by the oc-electron
system of the rings. In contrast, the INICS index is dominated by
the NICS-scan branches determined by the long-range m-elec-
tron system of the ring. Integrating the NICS scan releases the
popular NICS(1) index from the arbitrariness of applying values
taken at 1 angstrom above or below the ring face, rationalized
mainly by early computational experiments.* Moreover, for
non-planar rings, as in fullerenes or chiral aromatics, INICS
yields one value. NICS(1) is split into two, characterizing two
ring faces rather than the ring itself.*”** The relation between
INICS and any NICS taken at a point can thus be compared to
the integral and in-point intensity of an absorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy band, of which only the former has a physical
sense. In 2022, we demonstrated that the integral NICS, INICS,
is the most robust and indicative in evaluating the aromaticity
of the aromatic amino acids.*® We recently studied the ring's
aromaticity in the pyridine[m,n]diazepines based on the integral
INICS index.** The six-membered pyrido rings appear to have
negative INICSy, values and can be aromatic only if not
protonated at the N-atom. In contrast, all protonated pyrido
rings exhibit meaningful positive INICS;, values and can be
considered as antiaromatic.

This study differs from the so-far researched aromaticity of
metal complexes in the following aspects: (i) we contrasted the
analysis using the geometrical and magnetic aspects of
aromaticity; (ii) we combined investigation of the aromaticity
with the systematic scan of the substituent effect in its both
aspects influence on 7- and o-electron systems of 8-hydrox-
yquinoline; (iii) we placed the investigation to the context of the
change in the property of a free ligand on the change in this
property of the metal complexes where both the ligand and the
complex can gain or can lose its biological activity after forming
or leaving the complex.

Results and discussion

Quinoline comprises fused pyridine and benzene rings in such
a way that the pyridine's N-atom is adjacent to the bond in
common for the two rings.*® In the 8-hydroxyquinoline (8-HQ),
the OH group is attached to the benzene ring adjacent to the
bond in common, so forming an intramolecular OH---N
hydrogen bond with the pyridine's N-atom is possible. However,
the H-bond may break, the hydroxyl H-atom may dissociate, and
a metal ion may replace the H-bonded H-atom and coordinate
with the N and O atoms (Scheme 1). In Scheme 2, we show three
example structures of the optimized ReY(CO);L complexes,
where Y = BH,-, Cl, and NH,-substituted 8-HQ at position 7
and Y = dimethyl pyrazole. All optimized structures can be
found in Scheme S1.7

Energetics and the substituent effect

The properties of 8-hydroxyquinoline can be modified by
substitutions at position 2-7, where position 2-4 defines the C
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atoms in the pyridine ring and position 5-7 in the phenolic ring
(Scheme 1). We consider substitution in every one of these
positions with five substituents of diversified c- and 7w-electron
donor-acceptor properties: BH,, CN, C=CH, Cl, and NH,. The
SEDA substituent effect descriptors,”** reflecting the group
electronegativity, are as follows: 0.173, —0.157, —0.161, —0.264,
and —0.451, which means that BH, donates 0.173 of the elec-
trons charges to the c-electron structure of 8-HQ, while the
other substituents withdraw the respective amounts of charge
from this very structure. The pEDA substituent descriptors,>">
reflecting the resonance effect, are as follows: —0.142, —0.035,
—0.010, 0.062, and 0.145, which means that BH,, CN, and
C=CH withdraw electron charge from the 8-HQ's m-electron
structure, while the Cl and NH, groups supply the respective
amounts of charge to it.

Thus, the BH, group is o-electron donating but 7-electron
withdrawing, CN and C=CH are o- and m-electron with-
drawing, and Cl and NH, are c-electron withdrawing but -
electron donating. Additionally, the effect on the c—electron
structure is local and limited to the atoms neighboring the
substituted one, while the impact on the m-electron structure is
pronounced on the entire quinoline 7-electron system. Notably,
for the BH,, CN, C=CH, Cl, and NH, series, the sEDA values
decrease, whereas the pEDA ones increase. In general, although
the descriptors of substituent effects on o- and w-electron
systems (group electronegativity and resonance effect descrip-
tors) are linearly independent and do not correlate, here, the
substituents are specifically chosen, and the greater the former,
the lower the latter. This can be observed in the approximate
symmetry of the curves presented in (Fig. 1a, ¢ and e vs. 1b,
d and f, respectively). Finally, note that the N-atom incorporated
in the pyridine ring withdraws o- and m-electrons from the ring
(SEDA(II) = —0.368, pEDA(II) = —0.120),** and the OH group
withdraws electrons from the o-skeleton but donates electrons
to the w-system of the phenolic ring (SEDA = —0.623, pEDA =
0.121).5%54

Here, we relate the energy or Gibbs free energy in 298 K
(Fig. 1 and S1, Tables S1-S57) to the X-substituted 8-HQ with the
lowest energy, X = BH,, CN, C=CH, Cl, and NH,. For the
systems with and without intramolecular OH---N hydrogen
bond and in a complex with the Re(1)-ion, the most stable form

L

Schemel 8-Hydroxyquinoline with (a) a broken intramolecular H-bond, (b) formed intramolecular H-bond, and (c) in complex with a Re()) ion. Y

and L denote a counterion and a (monodentate) ligand, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Three example structures of the optimized ReY(CO)sL complexes (Y = BH,-, Cl-, and NH,-substituted 8-HQ at position 7, (a), (b), and
(c), respectively, and Y = dimethylpyrazole). Images of all optimized structures can be found in Scheme S1.1

is taken the same to expose significant stabilization of the one
with the H-bond formed (a matter of ca. 7 + 3 kcal mol *, Fig. 1a
vs. 1c and 1b vs. 1d).

The relative stability depends on the substituent electron
donor-acceptor properties and its position in the molecule
(abscissae at pEDA and sEDA coordinates and the curve color,
respectively, Fig. 1). It also depends on whether the system has
an intramolecular H-bond and whether it is in a complex with
the Re(1)-ion (Fig. 1). Notice that the curves in Fig. 1 play only an
indicative and an approximative role because, with five
substituents, one cannot precisely follow the substituent
effects. However, increasing the number of substituents (for
three systems and six substituent locations) was not possible in
this project.

We can examine the substituent effect from two perspectives:
(i) the substituents that stabilize or destabilize a given substit-
uent position and (ii) how the stabilization of a given substit-
uent position varies with the substituent properties. In the first,
we analyze changes at a single abscissa, while in the second, the
variation of the graph of a particular color is examined (Fig. 1).

Consider the H-bonded 8-HQs (Fig. 1c and d). The m-electron
withdrawing and o-electron donating BH, group stabilizes
position 4 the most, para to the pyridine N-atom and position 3
the least, meta to it. In contrast, the w-electron donating and o-
electron withdrawing NH, group stabilizes most position 2,
ortho to the pyridine N-atom, and the least stabilizes position 5,
para to the OH group. In significant stabilization of position 2,
an N-H:--N close contact could also contribute. Moreover, the
less m-electron donating and c-electron withdrawing CI group
stabilizes this position, too. The moderately 7- and c-electron
withdrawing C=CH and CN groups stabilize position 5 para to
the OH group, and the least stabilize position 2, ortho to the N-
atom. The stabilization sequence is somewhat similar for the
non-H-bonded 8-HQs (Fig. 1a and b).

The stabilization pattern varies for the complex with Re()
(Fig. 1e and f). The BH, group still stabilizes the 4 position para
to the N-atom the most but stabilizes the 7 position ortho to the
OH group the least. However, the NH, group stabilizes the most
the 7 and 5 positions ortho and para to the OH group and the
least the 4 position para to the N-atom. Similar to BH,, the

24022 | RSC Adv, 2025, 15, 24019-24030

C=CH and CN groups stabilize the 4 and 2 positions para and
ortho to the N-atom the most and the 7 position ortho to the OH
group the least. The Cl group stabilizes the most 3, meta posi-
tion to the N-atom the most and the least the 7 position ortho to
the OH group.

The substituent effect works monotonically at only a few
substituent positions, while for the others, it is quadratic or
more complex (Fig. 1). In the case of 8-HQs without hydrogen
bonds, this is position 2 ortho to the N atom. In this case,
stabilization increases from the BH, to the NH, substituent as
the pEDA parameter increases and sEDA decreases. In the case
of H-bonded systems, it is position 4, para to the N atom.
Stability in this position increases from the NH, to the BH,
group. In contrast, monotonic variation in the system's stability
in the complex occurs for substitutions of the phenolic ring in
the ortho and para positions relative to the hydroxyl group and
practically for position 2, ortho to the N-atom. For the former
two, the stability increases from the BH, to the NH, group,
while for the latter in the opposite direction.

Geometrical and magnetic aromaticity and the substituent
effect

The geometrical HOMA and magnetic INICS aromaticity indices
determined for all 8-hydroxy-quinolines are presented in Tables
S6 and S77 and Fig. 2 and 3. Fig. 2 depicts the similarities and
differences between the aromaticity of the three 8-HQ forms
estimated using two contrasted aromaticity indices. It is
striking that forming or breaking the O-H---N intramolecular
H-bond does not essentially affect the geometrical (Fig. 2a) or
magnetic INICS (Fig. 2c) aromaticity. In contrast, chelating the
Re(1) system with 8-HQ changes the two, so there is no corre-
lation between the aromaticity of the H-bonded and chelated
systems (Fig. 2b and d). Interestingly, for the H-bonded 8-HQ,
the geometrical and magnetic aromaticity also do not correlate
(Fig. 2e), but for the complex, a weak correlation trend can be
observed (Fig. 2f).

It is essential to understand why there is no correlation
between the HOMA and INICS indices of 8-hydroquinolines
with internal hydrogen bonds and ligands in complexes with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Change in the 8-hydroxyquinoline's Gibbs free energy differences (298 K) with the pEDA and sEDA substituent effect descriptors: (a) and
(b) molecule with a broken intramolecular H-bond, (c) and (d) molecule with a formed intramolecular H-bond, and (e) and (f) molecule as
a bidentate ligand in the Re(1)(CO)sL complex, where Y and L denote a counterion and a (monodentate) ligand, respectively. Circles correspond to
substitutions in the pyridine positions 2 (black), 3 (red), and 4 (blue), while squares correspond to substitutions in phenolic positions 5 (green), 6
(light blue), and 7 (violet). The pEDA descriptor increases, while sEDA decreases, in the BH,, CN, C=CH, Cl, and NH, series.

Re(1). Or does one or both indices incorrectly show the order of
aromaticity of 8-hydroquinolines? This is related to the multi-
dimensionality of the aromaticity phenomenon.> HOMA
measures geometric similarity to the benzene ring based on
bond lengths influenced by the ring's o- and m-electron struc-
ture. In contrast, the INICS index depends predominantly on
the m-electron structure of the ring. Moreover, the - and -

© 2025 The Author(s). Published by the Royal Society of Chemistry

electron structures are influenced by both substituent effect
components of the group attached to the 8-hydroxyquinoline
system (estimated by sEDA and pEDA descriptors). In contrast,
the m-electron structure, which predominantly determines
INICSs, is affected only by the component specified by the pEDA
descriptor. All these factors mean that there may be no or only
a weak correlation between the indices (Fig. 2).
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Fig.2 Similarities and differences between geometrical HOMA (a and b) and magnetic INICS (c and d) aromaticity of diverse 8-hydroxyquinoline
forms, and aromaticity estimated using the two contrasted HOMA and INICS aromaticity indices for H-bonded (e) and complexed (f) 8-

hydroxyquinolines.

Each image in Fig. 3 shows in a condensed form the influ-
ence of a specific substituent on aromaticity (ordinate) at
a given substituent location (abscissa) for the pyridine (R1,
circles) and phenolic (R2, squares) rings in 8-HQs without or
with intramolecular H-bond or in the Re(1)(CO);L complex:
empty, black, and red points, respectively. Thus, the black
square in Fig. 3a at an abscissa equal to 2 displays the aroma-
ticity of the phenolic ring R2 when the H-bonded system is
substituted by the NH, group in position 2. Analogously, the red

24024 | RSC Adv, 2025, 15, 24019-24030

circle in Fig. 3a at an abscissa equal to 5 shows the aromaticity
of the pyridine ring R1 when the system in the complex is
substituted by the NH, group in position 5. The points of the
same type are not connected by a function line because the
fractional values of the abscissa have no chemical sense.

First, note that the HOMA values of the pyridine and
phenolic rings in the unsubstituted quinoline are 0.999 and 1.0,
respectively. In the unsubstituted 8-hydroxyquinoline without
the intramolecular H-bond, they are 0.771 and 0.820,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variations in the HOMA geometrical (a—e) and integral magnetic INICS (f-j) aromaticity indices of the pyridine (R1, circles) and phenolic
(R2, squares) rings in 8-hydroxyquinolines substituted with the (a and f) NH,, (b and g) Cl, (c and h) C=CH, (d and i) CN, and (e and j) BH, groups.
Points corresponding to systems with a broken intramolecular H-bond, a formed intramolecular H-bond, and in the bidentate Re())(CO)sL
complex are empty, black, and red, respectively. The dotted and dashed red straight lines correspond to the aromaticity of the pyridine and
phenol rings, respectively, in complex with unsubstituted 8-hydroxyquinoline.

respectively, while with the H-bond formed, they increase
slightly and are 0.813 and 0.848, respectively. In principle, all
HOMA values in Fig. 3a—f range from 0.7 to 0.9, and a few cases
when HOMA is close to or below 0.7 involve the most strongly

© 2025 The Author(s). Published by the Royal Society of Chemistry

acting NH, and BH, groups (Fig. 3a and e). Hence, the two rings
remain (geometrically) aromatic irrespective of the substituent
kind, substituent location, H-bond presence, or complex
formation. Second, observe that for the NH,, Cl, C=CH, and CN
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groups, the most significant gap between the geometrical
HOMA aromaticity of the two rings occurs for the substitution at
position 2, ortho to pyridine's N-atom. In contrast, the BH,
group produces a significant gap when located at position 4,
para to the N-atom, and 7, ortho to the OH group. Interestingly,
in the latter case, the aromaticity of the phenolic R2 becomes
greater than that of the R1 ring, i.e., opposite that for the NH,
group (Fig. 3e vs. 3a).

Third, for the NH, substitution in the three systems, HOMA
indicates that the aromaticity of pyridine is greater than that of
the phenolic ring for all substituent positions except 5 and 6.
Such regularity also occurs for the C=CH and CN groups
attached to the pyridine ring (positions 2-4) and the BH, group
in positions 3 and 4. For the Cl group, the pattern is different
(Fig. 2¢): for each substituent location, the phenolic ring in the
system without the H-bond always has the lowest aromaticity,
whereas the phenolic ring in the system in the complex always
has the highest aromaticity. The difference ranges from
A(HOMA) = 0.17 to A(HOMA) = 0.10 for positions 2 and 7,
respectively. For the C=CH and CN groups, the least aromatic
system is the same (except at position 2), but the highest
aromaticity is exhibited by the pyridine ring in the system in the
complex. The BH, group affects aromaticity specifically for each
substituent position (Fig. 3e).

The order established by magnetic aromaticity according to
the INICS index differs from that displayed by HOMA (Fig. 3f-j
vs. a-e). The INICS values of the pyridine and phenolic rings in
the unsubstituted quinoline are —140 and —147 (ppm A),
respectively; in the unsubstituted 8-hydroxyquinoline without
the intramolecular H-bond, they are —144 and 147, respectively,
while with the H-bond formed, they increase slightly and are
—145 and —146, respectively. The ordinate INICS scale is
inverted to facilitate comparison with the HOMA index varia-
tions, and the most aromatic systems with the lowest INICS are
at the top of the images. First, almost always, the phenolic ring
R2 of the 8-HQs in the Re(r) complex has the lowest magnetic
aromaticity. The BH,-substituted systems in positions 5 and 7,
para and ortho to the OH group, are exceptions in which the
pyridine ring R1 of the system in the Re(i) complex has the least
aromaticity. In complexes 5-substituted by the NH,, Cl, and
C=CH groups and complex 6-substituted by the NH, group, the
INICS values of the R1 and R2 rings are essentially the same.
Second, in the system substituted in the pyridine ring (positions
2-4), the gap between the aromaticity of the R1 and R2 rings is
usually much wider for the Re(1) complexes (red points, Fig. 3)
than for the free molecules.

Conclusions

Some 8-hydroxyquinolines (8-HQs) are used as medicines, and
some of their metal complexes also exhibit antibiotic and
anticancer activity.® In the design of a metallodrug, whether
ligand properties are transferred to the complex or lost after
ligand chelating appears repeatedly. Herein, we examined the
aromaticity of the pyridine and phenolic rings of substituted 8-
HQs free with and without intramolecular H-bond and chelated
in the tricarbonyl rhenium(r) complexes. The geometrical and
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magnetic aspects of aromaticity were estimated using the
HOMA and integral NICS (INICS) indices, respectively. We
considered substitution in every position in the three 8-HQ
forms with five substituents of diversified o- and m-electron
donor-acceptor properties: BH,, CN, C=CH, Cl, and NH,.

In the H-bonded 8-HQs, we found that the most -electron
withdrawing and c-electron donating BH, group stabilizes the
most position para to the pyridine N-atom and the least position
meta. In contrast, the most m-electron donating and c-electron
withdrawing NH, group stabilizes most positions ortho to the
pyridine N-atom, and the least stabilizes position para to the OH
group. The stabilization sequence is similar for the non-H-
bonded 8-HQs, but in the complex with Re(i), the BH, group
still stabilizes the position para to the N-atom the most but the
least the position ortho to the OH group. However, the NH,
group stabilizes the most ortho and para positions to the OH
group and the least ortho and para positions to the N-atom.

The analysis of the geometrical and magnetic aromaticity of
all 8-hydroxyquinolines shows that forming or breaking the
O-H---N intramolecular H-bond does not essentially affect the
two kinds of aromaticity. In contrast, chelating the Re(i) system
with 8-HQ changes the two, so there is no correlation between
the aromaticity of the H-bonded and chelated systems. Hence,
the aromaticity of the 8-hydroxyquinoline pyridine and
phenolic rings is not transferred to the complex after ligand
chelating. Additionally, the geometrical and magnetic aroma-
ticity do not correlate for H-bonded 8-HQs, but a weak corre-
lation trend can be observed for the complex.

The HOMA and INICS values of the pyridine and phenolic
rings show that they are geometrically and magnetically
aromatic irrespective of the substituent kind, substituent loca-
tion, H-bond presence, or complex formation. According to the
HOMA index, amongst the NH,, Cl, C=CH, and CN groups, the
most significant gap between the aromaticity of the two rings
occurs for the NH, group located ortho to pyridine's N-atom. In
contrast, the BH, group produces a significant gap when located
para to the N-atom and when attached at position ortho to the
OH group. HOMA indicates that for the NH, substitution, the
aromaticity of the pyridine is greater than that of the phenolic
ring for most substituent positions. This also holds for the
C=CH and CN groups attached to the pyridine ring and the
BH, group in positions meta and para. The BH, group affects
aromaticity specifically in each position.

The order established by the INICS index differs from that
displayed by the HOMA. Almost always, the phenolic ring in the
Re(1) complex has the lowest magnetic aromaticity. To under-
stand this fact, we must recognize the role of the pyridine N-
atom lone electron pair and the valence electrons of the
phenolic O-atom on the m-electron system of the pyridine and
phenol rings. In the complexes, the Re-ion withdraws electrons
from these two electron-donor centers. However, the N-atom
lone electron pair is a part of the o-electron system of the
pyridine ring.*® In contrast, the O-atom valence electrons are
involved in the m-electron system of the phenol ring. Although
in the non-perfectly symmetrical systems, the 6- and w-electron
systems are not entirely independent and can be described as
“interacting”, i.e., display hyperconjugation effects. Thus, for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the pyridine ring, the Re-ion mostly withdraws electrons from
the o-electron system, while for the phenol ring, it mostly
withdraws electrons from the m-electron system. Thus, the -
electron system of pyridine is less depleted by Re-ion than that
of phenol. Therefore, the magnetic aromaticity of the phenolic
ring is remarkably reduced compared to that of the pyridine
moiety. The HOMA index measures the cumulative effect on
both rings. Thus, for some substituents, such as Cl, the
geometrical aromaticity of the phenolic ring is larger than that
of the pyridine moiety. In the system substituted in the pyridine
ring, the gap between the aromaticity of the two rings is usually
much wider for the Re(1) complexes than for the free 8-HQ.

Finally, we must mention a vital reviewer's question about
the role of the spin-orbit effect on the aromaticity of ligand
rings. Indeed, there are papers showing that if a heavy atom is
incorporated into a w-electron system of carbon atoms, the
effect on the aromaticity of the whole system can be colossal.®”**
Sometimes, a system considered aromatic without the spin-
orbit impact considered turns out to be anti-aromatic when this
effect is included. Therefore, we calculated the spin-orbit
influence on the aromaticity of the rings of the unsubstituted 8-
hydroxyquinoline with the tricarbonyl rhenium complex
(Fig. S2, Table S8t). We found that in contrast to systems whose
heavy metal atom is incorporated into a 7-electron carbon atom
system and the effect of the spin-orbit on the aromaticity is very
large when the rhenium atom is only coordinated with the
ligand, the scalar relativistic correction through the pseudopo-
tential on Re is sufficient, and the spin-orbit impact is negli-
gible (Fig. S2, Table S87).

Computational

DFT calculations were performed using the Gaussian 16
program package.* The optimizations were performed with the
hybrid B3LYP functional,**** and Dunning's aug-cc-pVTZ basis
set®>® was used for all atoms except Re, for which Ahlrichs's
def2-TZVPP with pseudopotential was applied.*** Cartesian xyz
coordinates for optimized molecules are shown in Table S9.7 All
optimized structures reached the potential energy minima,
confirmed only by real harmonic frequencies. The calculations
of the INICS index were possible owing to the ARONICS
program written by our group.®® ARONICS generates a Gaussian
input file from the earlier-optimized molecule's Gaussian log
file. The input contains dummy atoms for the NMR shielding
constant calculations and for plotting the NICS,, scan. The
program automatically finds rings in the input structure.
ARONICS determines a least-squares-fitted plane for each ring
based on the coordinates of the ring-heavy atoms and the vector
normal to the plane at the ring center. The step size of the probe
points along the normal straight line can vary. We used 0.1 A for
(—5; 5) and 0.3 A for (—9.8, —5.0)U (5.0, 9.8) steps (limits are
distances from the ring center). From the NMR calculation
outputs, ARONICS returns the NICS values at all probe points
(including 0, —1, +1), at the left and right maxima of the scan
branches, at the scan minimum, and the NICS,, scan plot with
its integral INICS, as well as integrals of the left and right scan
branches.*® In the summer of 2025, a new program, AroCalc by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Oliwier Misztal,*” replaced ARONICS. An early version of Aro-
Calc is available upon request. The correlations were performed
using the commercial SigmaPlot program for Windows ver. 14.%®

Data availability

All quantum chemical DFT calculations were performed using
the commercially available Gaussian 12 software.*® The func-
tional®*** and Dunning's aug-cc-pVTZ basis sets***” were used
for all atoms except Re, for which Ahlrichs's def2-TZVPP with
pseudopotential was applied.*®* These are accessible directly in
the Gaussian program. Cartesian xyz coordinates for optimized
molecules are shown in Table S8.1 Calculations of the HOMA
indices and their components were performed using the
commercial Microsoft Excel program, while correlations were
performed using the commercial SigmaPlot program for
Windows ver. 14.61 All used data are available in the ESL}

Author contributions

Conceptualization, J. Cz. D.; methodology, J. Cz. D.; investiga-
tion, S. O., M. J., and J. Cz. D.; resources, S. O., M. J., and ]J. Cz.
D.; formal analysis, J. Cz. D.; data curation, S. O. and J. Cz. D,;
writing—original draft preparation, S. O., M. J. and ]. Cz. D
writing—review and editing, J. Cz. D.; visualization, S. O., M. ]J.
and J. Cz. D.; project administration, J. Cz. D. All authors have
read and agreed to the published version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Science Centre of
Poland under Grant No. 2022/47/B/NZ7/02765. The Swierk
Computing Centre is acknowledged for the generous allotment
of computing time.

References

1 R. Wykowski, A. M. Fuentefria and S. F. de Andrade,
Antimicrobial activity of clioquinol and nitroxoline:
a scoping review, Arch. Microbiol., 2022, 204, 535.

2 J. Hu, T. Pan, B. An, Z. Li, X. Li and L. Huang, Synthesis and
evaluation of clioquinol-rolipram/roflumilast hybrids as
multitarget-directed ligands for the treatment of
Alzheimer's disease, Eur. J. Med. Chem., 2019, 163, 512-526.

3 1. Chaaban, H. Hafez, 1. AlZaim, C. Tannous, H. Ragab,
A. Hazzaa, S. Ketat, A. Ghoneim, M. Katary, M. M. Abd-
Alhaseeb, F. A. Zouein, A. Albohy, A. N. Amer, A. F. El-
Yazbi and A. S. F. Belal, Transforming iodoquinol into
broad spectrum anti-tumor leads: Repurposing to
modulate redox homeostasis, Bioorg. Chem., 2021, 113,
105035.

4 K. Eyczko, A. Pogorzelska, U. Czescik, M. Koronkiewicz,
J. E. Rode, E. Bednarek, R. Kawecki, K. Wegrzynska,

RSC Adv, 2025, 15, 24019-24030 | 24027


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02589c

Open Access Article. Published on 10 July 2025. Downloaded on 4/3/2026 11:42:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

A. Baraniak, M. Milczarek and J. C. Dobrowolski, Tricarbonyl
rhenium(I) complexes with 8-hydroxyquinolines: structural,
chemical, antibacterial, and anticancer characteristics, RSC
Adv., 2024, 14, 18080.

5 H. A. Saadeh, K. A. Sweidan and M. S. Mubarak, Recent
advances in the synthesis and biological activity of 8-
hydroxyquinolines, Molecules, 2020, 25, 4321.

6 C. Nantasenamat, C. Isarankura-Na-Ayudhya
V. Prachayasittikul, Advances in computational methods to
predict the biological activity of compounds, Expert Opin.
Drug Discovery, 2010, 5, 633-654.

7 A. Ahmed and M. Daneshtalab, Nonclassical biological
activities of quinolone derivatives, J. Pharm. Pharm. Sci.,
2011, 15, 52-72.

8 G. S. Singh and E. E. Mmatli, Recent progress in synthesis
and bioactivity studies of indolizines, Eur. . Med. Chem.,
2011, 46, 5237-5257.

9 A. Herrmann, Dynamic combinatorial/covalent chemistry:
a tool to read, generate and modulate the bioactivity of
compounds and compound mixtures, Chem. Soc. Rev.,
2014, 43, 1899-1933.

10 M. Danishuddin and A. U. Khan, Descriptors and their
selection methods in QSAR analysis: paradigm for drug
design, Drug Discovery Today, 2016, 21, 1291-1302.

11 R. Todeschini and V. Consonni, Molecular Descriptors for
Chemoinformatics, Wiley, 2009, vol. 2.

12 M. Saravanabhavan, V. N. Badavath, S. Maji, S. Muhammad
and M. Sekar, Novel halogenated pyrido[2,3-: A] carbazoles
with enhanced aromaticity as potent anticancer and
antioxidant agents: Rational design and microwave
assisted synthesis, New J. Chem., 2019, 43, 17231-17240.

13 G. Zhao, Z. Hu, ]J. Zheng, Y. Peng and J. Zheng, Enhancing
Aromaticity of Alkenylbenzenes May Decrease Their
Metabolic  Activation and Reduce Their Potential
Cytotoxicity: Lessons Learnt from the Investigation of
Myristicin and Elemicin, J. Med. Chem., 2024, 67, 19200-
19215.

14 S.Jeremié¢, S. Radenkovi¢, M. Filipovi¢, M. Anti¢, A. Amic and
Z. Markovi¢, Importance of hydrogen bonding and
aromaticity indices in QSAR modeling of the antioxidative
capacity of selected (poly)phenolic antioxidants, J. Mol
Graphics Modell., 2017, 72, 240-245.

15 K. Roy, R. N. Das and P. L. A. Popelier, Quantitative
structure-activity relationship for toxicity of ionic liquids to
Daphnia magna: Aromaticity vs. lipophilicity, Chemosphere,
2014, 112, 120-127.

16 J. L. Hyatt, V. Stacy, R. M. Wadkins, K. ]J. P. Yoon, M. Wierd],
C. C. Edwards, M. Zeller, A. D. Hunter, M. K. Danks,
G. Crundwell and P. M. Potter, Inhibition of
carboxylesterases by benzil (diphenylethane-1,2-dione) and
heterocyclic analogues is dependent upon the aromaticity
of the ring and the flexibility of the dione moiety, /. Med.
Chem., 2005, 48, 5543-5550.

17 T. K. Sarkar, S. Basak, I. Wainer, R. Moaddel, R. Yamaguchi,
K. Jozwiak, H.-T. Chen and C.-C. Lin, Coaxing a pyridine
nucleus to give up its aromaticity: Synthesis and
pharmacological characterization of

and

novel

24028 | RSC Adv, 2025, 15, 24019-24030

View Article Online

Paper

conformationally restricted analogues of nicotine and
anabasine, J. Med. Chem., 2004, 47, 6691-6701.

18 L. Caruso, G. Musumarra and A. R. Katritzky, “Classical” and
“Magnetic” Aromaticities as new Descriptors for
Heteroaromatics in QSAR. Part 3 [1]. Principal Properties
for Heteroaromatics, Quant. Struct.-Act. Relat., 1993, 12,
146-151.

19 C. Ebert, A. R. Katritzky and G. Musumarra, “Classical” and
“Magnetic” Aromaticities as new Descriptors for
Heteroaromatics in QSARs. PLS Prediction of Tetrahymena
Pyriformis Growth Inhibition by Heteroaromatics, Quant.
Struct.-Act. Relat., 1991, 10, 101-106.

20 J. Zachara, I. D. Madura and A. R. Kunicki, How the bonding
mode in cyclopentadienylaluminum complexes influences
the Cp-ligand aromaticity, Pol. J. Chem., 2007, 81, 745-755.

21 F. Pammer, Y. Sun, D. Weismann, H. Sitzmann and
W. R. Thiel, Exploring the Concept of Aromaticity on
Complexes of a Fourfold Benzannulated Cyclopentadienyl
Ligand, Chem.-Eur. J., 2010, 16, 1265-1270.

22 K. Zborowski, M. Sola, ]J. Poater and L. M. Proniewicz,
Aromatic properties of 8-hydroxyquinoline and its metal
complexes, Cent. Eur. J. Chem., 2013, 11, 655-663.

23 N. K. Shee and D. Datta, Aromaticity of metal
acetylacetonates and a Mobius chelate of a cadmium(II)
complex of an N4 helical ligand, Inorg. Chim. Acta, 2016,
453, 339-344.

24 M. Charton, Electrical Effect Substituent Constants for
Correlation Analysis, Prog. Phys. Org. Chem., 1981, 13, 119-
251.

25 S. Radenkovi¢, M. Anti¢, N. D. Savi¢ and B. D. Glisi¢, The
nature of the Au-N bond in gold(IlI) complexes with
aromatic nitrogen-containing heterocycles: the influence of
Au(III) ions on the ligand aromaticity, New J. Chem., 2017,
41, 12407-12415.

26 S. G. Patra and T. Mondal, Interplay of Hiickel and Mobius
Aromaticity in Metal-Metal Quintuple Bonded Complexes
of Cr, Mo, and W with Amidinate Ligand: Ab initio DFT
and Multireference Analysis, ChemPhysChem, 2021, 22,
298-311.

27 D. Chen, T. Shen, K. An and J. Zhu, Adaptive aromaticity in
So and T; states of pentalene incorporating 16 valence
electron osmium, Commun. Chem., 2018, 1, 18.

28 F. Xu, D. Chen, J. Zeng and J. Zhu, Osmapentalyne and
osmapentalene complexes containing boron monofluoride
ligands: structure, bonding and adaptive aromaticity, New
J. Chem., 2021, 45, 15294-15302.

29 F. You, R. Qiu and ]J. Zhu, Adaptive aromaticity in
osmapentalene and osmapyridinium complexes with
carbone ligands, J. Phys. Org. Chem., 2023, 36, €4450.

30 M. Sun, Y. Xie, G. Baryshnikov, C. Li, F. Sha, X. Wu, H. Agren,
S. Li and Q. Li, Mono- and bis-Pd(II) complexes of N-
confused dithiahexaphyrin(1.1.1.1.1.0) with the absorption
and aromaticity modulated by Pd(II) coordination,
macrocycle contraction and ancillary ligands, Chem. Sci.,
2024, 15, 2047-2054.

31 A. V. Cunha, F. Milocco, E. Otten and R. W. A. Havenith,
Changes in aromaticity of spin-crossover complexes:

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02589c

Open Access Article. Published on 10 July 2025. Downloaded on 4/3/2026 11:42:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a signature for non-innocent ligands, Dalton Trans., 2024,
53, 2789-2796.

32 J. Kruszewski and T. M. Krygowski, Definition of aromaticity
basing on the harmonic oscillator model, Tetrahedron Lett.,
1972, 13, 3839-3842.

33 T. M. Krygowski and M. K. Cyranski, Structural Aspects of
Aromaticity, Chem. Rev., 2001, 101, 1385-1419.

34 T. M. Krygowski, H. Szatylowicz, O. A. Stasyuk,
J. Dominikowska and M. Palusiak, Aromaticity from the
Viewpoint of Molecular Geometry: Application to Planar
Systems, Chem. Rev., 2014, 114, 6383-6422.

35 H. Szatylowicz, P. A. Wieczorkiewicz and T. M. Krygowski,
Molecular geometry as a source of electronic structure of
m-electron systems and their physicochemical properties,
in Aromaticity. Modern Computational Methods and
Applications, ed. 1. Fernandez, Elsevier Inc., 2021, ch. 3, pp.
71-98.

36 S. Ostrowski and J. C. Dobrowolski, What does the HOMA
index really measure?, RSC Adv., 2014, 4, 4458-44161.

37 J. C. Dobrowolski and S. Ostrowski, On the HOMA index of
some acyclic and conducting systems, RSC Adv., 2015, 5,
9467-9471.

38 J. C. Dobrowolski, Three Queries about the HOMA Index,
ACS Omega, 2019, 4, 18699-18710.

39 J. C. Dobrowolski and S. Ostrowski, HOMA Index Establishes
Similarity to a Reference Molecule, J. Chem. Inf. Model., 2023,
63, 7744-7754.

40 P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and
N. J. R. van Eikema Hommes, Nucleus-Independent
Chemical Shifts: A Simple and Efficient Aromaticity Probe,
J. Am. Chem. Soc., 1996, 118, 6317-6318.

41 P. v. R. Schleyer, M. Manoharan, Z.-X. Wang, B. Kiran,
H. Jiao, R. Puchta and N. J. R. Eikema Hommes, Dissected
Nucleus-Independent Chemical Shift Analysis of -
Aromaticity and Antiaromaticity, Org. Lett., 2001, 3, 2465—
2468.

42 P. v. R. Schleyer, H. Jiao, N. J. R. van Eikema Hommes,
V. G. Malkin and O. L. Malkina, An Evaluation of the
Aromaticity of Inorganic Rings: Refined Evidence from
Magnetic Properties, J. Am. Chem. Soc., 1997, 119, 12669-
12670.

43 R. Gershoni-Poranne and A. Stanger, NICS-Nucleus-
independent Chemical Shift, in Aromaticity. Modern
Computational Methods and Applications, ed. 1. Fernandez,
Elsevier Inc., ch. 4, 2021, pp. 99-154.

44 A. Stanger, Reexamination of NICS,. ,,; Height Dependence,
Off-Center Values and Integration, J. Phys. Chem. A, 2019,
123, 3922-3927.

45 R. J. F. Berger, M. Dimitrova, R. T. Nasibullin, R. R. Valiev
and D. Sundholm, Integration of global ring currents using
the Ampére-Maxwell law, Phys. Chem. Chem. Phys., 2022,
24, 624-628.

46 R. J. F. Berger and M. Dimitrova, A natural scheme for the
quantitative analysis of the magnetically induced
molecular current density using an oriented flux-weighted
stagnation graph. I. A minimal example for LiH, Phys.
Chem. Chem. Phys., 2022, 24, 23089-23095.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

47 J. C. Dobrowolski and P. F. J. Lipinski, On splitting of the
NICS(1) magnetic aromaticity index, RSC Adv., 2016, 6,
23900-23904.

48 W. M. Dudek, S. Ostrowski and J. C. Dobrowolski, On
Aromaticity of the Aromatic-Amino Acids and Tuning of
the NICS Indices to Find the Aromaticity Order, J. Phys.
Chem. A, 2022, 126, 3433-3444.

49 M. Jaronczyk, S. Ostrowski and J. C. Dobrowolski, On
Integral  INICS  Aromaticity = of  Pyridodiazepine
Constitutional Isomers and Tautomers, Molecules, 2023,
28, 5684.

50 G. Karpinska, A. P. Mazurek and ]J. C. Dobrowolski,
Hydroxyquinolines: constitutional isomers and tautomers,
Comput. Theor. Chem., 2011, 972, 48-56.

51 W. P. Oziminski and J. C. Dobrowolski, - and 7-electron
contributions to the substituent effect: natural population
analysis, J. Phys. Org. Chem., 2009, 22, 769-778.

52 J. C. Dobrowolski, P. F. J. Lipinski and G. Karpinska,
Substituent Effect in the First Excited Singlet State of
Monosubstituted Benzenes, J. Phys. Chem. A, 2018, 122,
4609-4621.

53 A. Mazurek and J. C. Dobrowolski, On Heteroatom
Incorporation Effect on o- and m-electron Systems. The
SEDA(II) and pEDA(II) Descriptors, J. Org. Chem., 2012, 77,
2608-2618.

54 A. Mazurek, Electron Donor Acceptor Descriptors of the
Single and Double Bonded Substituent and Heteroatom
Incorporation Effects. A Review, Acta Pol. Pharm. - Drug
Res., 2016, 73, 269-283.

55 M. K. Cyranski, T. M. Krygowski, A. R. Katritzky and P. von
Ragué Schleyer, To What Extent Can Aromaticity Be
Defined Uniquely?, J. Org. Chem., 2002, 67(4), 1333-1338.

56 K. Heclik and J. C. Dobrowolski, On the non-additivity of the
substituent effect in homo-disubstituted pyridines, J. Phys.
Org. Chem., 2017, 30, €3656.

57 R. Pino-Rios, A. Vasquez-Espinal, L. Alvarez-Thonc and
W. Tiznado, Relativistic effects on the aromaticity of
E3M3H3 (E = C-Pb; M = N-Bi) benzene analogues, Phys.
Chem. Chem. Phys., 2020, 22, 22973-22978.

58 D. Arias-Olivares and D. Paez-Hernandez, The spin-orbit
effects on platinabenzene: a ring current and electron
delocalization approach, New J. Chem., 2022, 46, 16708-
16716.

59 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, ]J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
0. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,
M. ]J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,
V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,

RSC Adv, 2025, 15, 24019-24030 | 24029


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02589c

Open Access Article. Published on 10 July 2025. Downloaded on 4/3/2026 11:42:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman and D. ]J. Fox, Gaussian 16,
Revision C.01, Gaussian, Inc., Wallingford CT, 2019.

60 A. D. Becke, Density-functional thermochemistry. III. The
role of exact exchange, J. Chem. Phys., 1993, 98, 5648-5652.

61 C. Lee, W. Yang and R. G. Parr, Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density, Phys. Rev. B: Condens. Matter Mater. Phys.,
1988, 37, 785-789.

62 T. H. Dunning, Gaussian basis sets for use in correlated
molecular calculations. I. The atoms boron through neon
and hydrogen, J. Chem. Phys., 1989, 90, 1007-1023.

24030 | RSC Adv, 2025, 15, 24019-24030

View Article Online

Paper

63 R. A. Kendall, T. H. Dunning and R. J. Harrison, Electron
affinities of the first-row atoms revisited. Systematic basis
sets and wavefunctions, J. Chem. Phys., 1992, 96, 6796-6806.

64 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297-3305.

65 D. Andrae, U. Haeussermann, M. Dolg, H. Stoll and
H. Preuss, Theor. Chim. Acta, 1990, 77, 123-141.

66 W. M. Dudek, ARONICS, Institute of Chemistry and Nuclear
Technology, Warsaw, Poland, 2022.

67 O. Misztal, AroCalc - Program for Calculations HOMA and
NICS Aromaticity Indices, Institute of Chemistry and
Nuclear Technology, Warsaw, Poland, 2025.

68 SigmaPlot for Windows Version 14, Copyright © 2017, Systat
Software, Inc.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02589c

	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c

	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c
	Aromaticity of substituted 8-hydroxyquinolines in their free or bidentate states in tricarbonyl rhenium(i) complexes Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra02589c


