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Introduction

Role of hydrazone substituents in determining the
nhuclearity and antibacterial activity of Zn()
complexes with pyrazolone-based hydrazones¥

*3 Riccardo Pettinari, &2 ® Federico Verdicchio, € ?

Alessia Tombesi, (2 ® Stefania Scuri,1° Sonila Xhafa,? Laura Olivieri,

Claudio Pettinari, © ® Duane Choquesillo-Lazarte, ¢ ¢ Amalia Garcia-Garcia,
Antonio Rodriguez-Diéguez 2 ¢ and Agustin Galindo @ ©

Fabio Marchetti,

Hydrazones and their metal derivatives are very important compounds in medicinal chemistry due to their
reported variety of biological activities, such as antibacterial, antifungal and anticancer action. Five hydra-
zone-pyrazolone ligands H,L" (n = 1-5) were prepared and fully characterized and their tautomerism was
investigated in the solid state and solution. Five zinc(i) complexes 1-5 of composition [Zn(HL"),] (n = 1 and 2),
[ZN(HL"),(H,0),] (n = 3 and 5) and [Zn(HL*),],, were synthesized and characterized by elemental analysis, IR,
IH, 1°F, 13C, and ®N NMR spectroscopy, and ESI mass spectrometry. In addition, the structures of two
ligands and three complexes were determined by single-crystal X-ray diffraction. The ligands H,L? and H,L*
exist both in the NH,NH tautomeric form. Complexes 1 and 2 are mononuclear compounds, while complex
4 is a one-dimensional coordination compound. Density functional theory (DFT) calculations were carried
out on proligands, their anions and all zinc complexes, confirming the experimental results, supporting IR
and NMR assignments and giving proofs of the mononuclear diaqua structure of complexes 3 and 5.
The antibacterial activity of the free ligands and the Zn(i1) complexes was established against Escherichia coli
and Staphylococcus aureus, and a strong efficiency has been found for Zn(i) complexes, particularly for
the polynuclear 4 and the mononuclear diaqua complex 5, the latter containing a ligand with aliphatic
and fluorinated substituents able to compromise the permeability of and disrupt the bacterial cell
membrane.

plays relevant biological features, being used for brain
disorders®” and myocardial ischemia,® but also shows anti-

Pyrazolone fragment is an important structural motif in many
compounds displaying a rich biological - antibacterial, antitu-
mor, antisepsis - activity."™ Edaravone (3-methyl-1-phenyl-5-
pyrazolone) represents one of the most employed precursors in
the synthesis of pyrazolone-based ligands. Edaravone itself dis-
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pyretic and analgesic activity.>'® Some analogues of edaravone
are known to possess anticancer activity."' Pyrazolone-based
ligands have attracted increasing interest for their coordi-
nation chemistry toward many metal ions.'*™*> Many of their
metal complexes, containing for example titanium,"®"®
ruthenium,'®® platinum,®® tin*’° and silver,>**>> have
shown to possess intriguing anticancer and antibacterial
activity. Although there have been numerous reports on con-
densation products of salicylal hydrazone and 4-acyl-5-pyrazo-
lones and their metal complexes,**~” fewer studies on conden-
sation products of substituted phenyl-hydrazones and 4-acyl-5-
pyrazolones have been reported. All these pyrazolones are
highly coloured and have been used extensively in the
dyestuffs industry.®® We are interested in the coordination
chemistry of pyrazolone-base ligands and on Zn(u) complexes
from a long time,**™*" and recently we expanded our studies to
heteroleptic complexes containing a N,N-chelating ligand (the
4,4'-dinonyl-2,2"-bipyridine) and 4-acyl-5-pyrazolones,** which
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were screened for their in vitro effect on cell proliferation of
three human prostate cell lines, showing strong cytotoxic
activity against all cell lines affecting key molecules such as
p-AKT and p21 waf, involved in the cell proliferation and/or
arrest. Moreover, other heteroleptic Zn(u) complexes contain-
ing hexacatenar 2,2-bipyridine or 1,10-phenanthroline
ligands, exhibit green luminescence, with a general and revers-
ible red-shift related to the increase of temperature.** Here we
report the synthesis of novel hydrazone-pyrazolone ligands
with different functionalities in the hydrazone fragment and
their zinc(u) complexes, together with an extensive investi-
gation of their structural and antibacterial properties.

Results and discussion
Synthesis of proligands and spectroscopic characterization

Proligands H,L" (n = 1-5) have been prepared by reaction
between previously reported 4-acyl-5-pyrazolones and mono-
substituted hydrazones, following the procedure shown in
Scheme 1. H,L' and H,L? were previously reported by us and
fully characterized in combination with (arene)Ru(u) accep-
tors,** whereas proligands H,L?, H,L* and H,L> are new. They
are sharp melting solid substances, soluble in DMSO, DMF,
chlorinated solvents, acetone, acetonitrile, and alcohols and
are slightly soluble in diethyl ether. These molecules can in
principle exist in two tautomeric forms (I and II in Scheme 1),
depending on the electronic features of R' and R” substituents
and on the solvent of crystallization.*” In detail, H,L" is known
to exists in the solid state as uncommon zwitterion while H,L?
adopts a N-H,O-H tautomeric form in both solid state and
chlorinated solution (Fig. 1).**

The new proligands H,L?, H,L* and H,L> exist in the N-H,
N-H form, tautomer I (Fig. 1). In the solid state, this was con-
firmed by the X-ray structures of H,L> and H,L* (discussed
below) and the IR data of H,L’. Characteristic bands were
identified in IR spectra of proligands, which were assigned
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Scheme 1 Synthetic procedure for H,L'~H,L® proligands.

14166 | Dalton Trans., 2022, 51, 14165-14181

View Article Online

Dalton Transactions

HoL4

H,L5

Fig. 1 Tautomeric forms in the solid state of H2L1—H2L5, with numbered
C and N atoms.

also by comparison with computed IR spectra (see DFT studies
below). In detail, they are the asymmetric and symmetric
stretching modes at 1301 and 1165 cm™" of the sulfonyl SO, in
H,L?*>*” the asymmetric and symmetric stretching modes at
1490-1530 and 1325-1331 cm™ ' of nitro NO, in H,L* and
H,L**** as well as bands at 1312, 1163, 1112 and 1065 cm™"
due to asymmetric and symmetric stretching vibrations of CF;
group in H,L*>"° while the typical »(N-N) mode for all proli-
gands is identified in the range 1040-1120 cm ".***' 'H and
3C chemical shifts were assigned based on the 'H-'H, and
one-bond and longrange 'H-"C couplings, seen in the
{*H,"'H}-COSY, {'H,"*C}-HSQC, and {'H,"*C}-HMBC (see ESIf).
Moreover, indirect "N NMR chemical shifts were assigned
based on the {"H,"’N}-HSQC and {'H,"’N}-HMBC for both pro-
ligands and complexes 1-5 (see Table 1 and Fig. 1 for C and N
atoms numeration). The proton NMR spectra of proligands
H,L* and H,L’ in deuterochloroform displays broad reso-
nances at 12.40-12.83 and 6.50-6.80 ppm, due to the two types
of NH groups, in accordance with the prevalence in solution of

Table 1 **N chemical shifts (ppm) in free proligands and complexes
1-5 obtained with {*H,2>N} HSQC and HMBC NMR experiments as num-
bered in Fig. 1

Ligands N1 N2 N3 N4 N5
H2L1 n.o. n.o. n.o. n.o. n.o
H,L” 189.8 271.7 n.o. 117.3 —
H2L3 190.1 271.6 n.o. 117.0 369.9
H,L* n.o. 288.9 140.6 98.9 379.4
H,L® 191.4 285.8 143.8 99.7 —
Complexes

1 n.o. n.o. n.o. 132.9 n.o
2 192.9 276.4 n.o. 151.1 —

3 197.5 n.o. n.o. 125.2 n.o

4 n.o. n.o. n.o. n.o. n.o

5 n.o. 274.1 n.o. 120.0 —

This journal is © The Royal Society of Chemistry 2022
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N-H,N-H tautomer I. Although for H,L> only one NH reso-
nance was observed at 6.81 ppm, the N-H,N-H tautomeric
form observed in the X-ray is assumed to be preserved also in
solution (see DFT studies below), even if in the {"H,"’N}-HSQC
NMR only the N4-H direct coupling was displayed.

Synthesis of complexes and spectroscopic characterization

Complexes 1-5 were synthesised by interaction of Zn(O,CCHj3),-
2H,0 with the proligands H,L", in methanol at room tempera-
ture. They are sharp melting solids soluble in most organic sol-
vents, and in the case of 2, 3 and 5 also quite soluble in metha-
nol, while not soluble at all in water and ethers. All analytical
and spectral data are in accordance with the formulation of
complexes proposed in Fig. 2: while 1 and 2 are mononuclear
anhydrous [Zn(HL'),] and [Zn(HL?),] species, complexes 3 and
5 were isolated as diaqua [Zn(HL"),(H,0),] compounds, with
two water molecules in the zinc coordination sphere, and
complex 4 is a monodimensional coordination polymer with
formula [Zn(HL"),], (see below). While complex 3 is quite
soluble in methanol and is isolated as a precipitate from
methanol only after few hours of reaction, 4 is not soluble at
all in methanol, from which it immediately precipitates.
Melting point of 4 is higher than that of 3 of about 20 °C, in
accordance with a different solid state structure. Conductivity
measurements in acetonitrile indicate that 1-5 are stable and
do not dissociate in solution at room temperature. The IR
spectra of 1-5 provide valuable information about the nature

[Zn(HLY);], (4)
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Fig. 2 Structure proposed for complexes 1-5.
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of the functional group coordinated to the zinc atom.
However, the spectra of proligands are quite complex,
especially in the 1500-1650 cm™" region from the presence of
C=0, C—=C, and more than one C=N in their structure, and
definitive assignments are not straightforward. Here, we tenta-
tively assign some band on the basis of previous literature on
similar chemical systems and DFT calculations. The ¢(C=O0)
band at 1641 cm™" for the free proligand H,L" is shifted upon
coordination, which suggests involvement of the keto group of
a pyrazolone ring in coordination.** The strong bands falling
between 1626 and 1600 cm ™" in the spectra of the other free
proligands, which are characteristic of the y(>C=N-) azo-
methine group, are shifted to lower wavenumbers in the
spectra of the complexes, implying the coordination of the
ligands through azomethine nitrogen.”*>* Additionally, a
medium and broad band at ca. 3300-3400 cm ™" in the spectra
of dihydrate complexes 3 and 5 confirms the presence of water
in the zinc environment. By contrast, in the IR of 4 a medium
and sharp band was found at 3275 ecm™", assigned to v(N-H)
(see Fig. S47 in ESI}). Finally, the formation of new band in
the low frequency regions 520-580 and 430-470 cm ™" is attrib-
uted to ¥(M-N) and ¢(M-0), respectively.

The electrospray ionization (ESI) mass spectra of 1-5 in
positive ion mode, recorded in acetonitrile, show the typical
isotopic patterns expected for Zn and display main peaks that
correspond to the species [Zn(HL')]" arising from dissociation
of one ligand and/or [Zn(HL')(H,L))]" due to protonation of
one ligand in the zinc complex or also to [Zn(HL'), + Na]*. "H
and '*C chemical shifts in the NMR spectra complexes 1-5
display the expected shift of those resonances due to proton
and carbon atoms close to N and O donor atoms involved in
bonding to zinc. In the case of polynuclear complex 4, we
assume that in chloroform the weak intermolecular Zn-O
(nitro) interactions are easily broken and mononuclear species
are present in solution. The disappearance of resonances
at 12.40-12.83 ppm but the persistence of those at
6.50-6.80 ppm, confirm deprotonation of proligands and pres-
ence of the hydrazide N-H upon coordination of the ligands to
zinc.

Unfortunately, no >N NMR chemical shift was observed for
complex 4 and only some indirect >N NMR chemical shifts of
1-3 and 5 were detected (Table 1), but not those of N3 atoms
directly coordinated to zinc (and also N5 for complex 1).
However, those of vicinal N4 were clearly identified to lower
fields for complexes 2, 3 and 5, in accordance with a deshield-
ing upon coordination. Complexes 1-5 are stable in DMSO-d,
and do not undergo any dissociation, as established by NMR
studies (Fig. S46 in ESIT).

X-ray structural characterization

The structures of proligands H,L> and H,L*, together with
complexes 1, 2, and 4, were determined by single-crystal X-ray
diffraction. Selected bond distances and angles are shown in
Tables 2 and 4. The crystallographic data are given in Tables
S1 and S2.1 Although both proligands show a similar scaffold
based on pyrazolone, hydrazone and phenyl fragments, their

Dalton Trans., 2022, 51,14165-14181 | 14167
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Table 2 Selected bond distances (A) and angles (°) of proligands H,L2
and H,L*

Bond Distance (A) Bond Angle (°)
H,L>

C1-N1 1.418(3) C2-C1-N1 119.4(2)
C7-N1 1.369(3) 01-C7-N1 125.5(2)
C7-01 1.254(4) C8-C11-C12 123.1(2)
C8-C11 1.382(4) N3-C11-C8 117.6(2)
C9-N2 1.307(3) C7-N1-N2 112.07(19)
N1-N2 1.403(3) C11-N3-N4 122.3(2)
C11-N3 1.332(3) N3-N4-51 113.66(17)
N3-N4 1.397(3) C19-C18-S1 119.7(2)
N4-51 1.677(2) N4-S1-C18 108.10(12)
C18-S1 1.755(3)

H,L*

C1-N1 1.424(2) C2-C1-N1 120.52(15)
C7-N1 1.371(2) 01-C7-N1 125.90(15)
C7-01 1.258(2) C8-C11-C12 124.43(15)
C8-C11 1.397(2) N3-C11-C8 117.81(16)
C9-N2 1.313(2) C7-N1-N2 112.09(13)
N1-N2 1.4007(19) C11-N3-N4 120.83(15)
C11-N3 1.332(2)

N3-N4 1.389(2)

C22-N5 1.456(2)

H,L2

H,L*

Fig. 3 Molecular structures of ligands H,L? and H,L* Thermal ellip-
soids are presented at 50% probability.

molecular structure are different since H,L> crystallizes in
monoclinic C2/c space group and H,L* does in P1 (Fig. 3). The
structures of proligands are nonplanar since the phenyl ring is
turned with respect to the pyrazolone plane by 26.5(3)° and
17.8(3)° in H,L* and H,L*, respectively. The torsion angles in
hydrazone group are —92.6° for H,L*> (S-N-N-C) and —126.9°
for H,L* (C-N-N-C). The hydrazone N-N bond distances for
all measured compounds are in the range of 1.397(3)-1.432(4)
A, being slightly higher for metal complexes. Proligand mole-

14168 | Dalton Trans., 2022, 51, 14165-14181

View Article Online

Dalton Transactions

cules are stabilized within the crystal through hydrogen bonds
between two molecules. In both proligands the intermolecular
interactions occur between the hydrogens of hydrazone (N3
and N4) and the oxygen of the pyrazolone (O1) (Table 3).
Regarding the coordination compounds, complex 1 is based
on ligand (HL')", 2 is based on (HL?  and crystallization
methanol molecules, and 4 is formed by the coordination of
(HL") ligand (Fig. 4). 1, with general formula [Zn(HL"),], crys-
tallizes in the triclinic space group P1. The asymmetric unit
consists in one Zn(u) ion and two monoanionic (HL')~ ligands.
The metal centre exhibits a distorted octahedral coordi-
nation environment, ZnO,N,. Zn-O bond distances are in the

Table 3 Hydrogen bonds distances (A) and angles (°) for proligands
HzL? and H,L*

D-H---A D-H H--A D--A Angle

H,L>

N3-H3A---01 0.88 2.05 2.706(3) 130.4
N3-H3A---01 0.88 2.24 2.833(3) 124.1
N4-H4A---01 0.81(3) 2.38(3) 2.925(3) 125(3)

H,L*

C2-H2---01 0.93 2.32 2.913(2) 121.4
N4-H4A.--01 0.87(2) 2.01(2) 2.8564(19) 162(2)
N3-H3A---01 0.89(2) 1.94(2) 2.6662(19) 138.0(19)

Table 4 Selected bond distances (A) and angles (°) of complexes 1, 2,
and 4

Bond Distance (A) Bond Angle (°)
Complex 1
Zn1-N3A 2.151(2) N3B-Zn1-N3A 171.98(9)
Zn1-N3B 2.143(2) N5A-Zn1-N3A 76.33(9)
Zn1-N5A 2.132(2) N5A-Zn1-N3B 97.47(9)
Zn1-N5B 2.142(2) N5A-Zn1-N5B 92.74(9)
Zn1-01A 2.051(2) N5B-Zn1-N3A 98.99(9)
Zn1-01B 2.049(2) N5B-Zn1-N3B 76.00(9)
O01A-Zn1-N3A 87.22(8)
01A-Zn1-N3B 98.96(9)
01A-Zn1-N5A 163.54(8)
O1A-Zn1-N5B 90.30(9)
O01B-Zn1-N3A 98.05(9)
01B-Zn1-N3B 87.25(9)
01B-Zn1-N5A 92.94(9)
01B-Zn1-N5B 162.88(8)
01B-Zn1-O1A 88.80(8)
Complex 2
Zn1-01 1.958(3) 01-Zn1-01 97.6(2)
Zn1-N1 1.998(4) 01-Zn1-N1 119.19(11)
01-Zn1-N1 96.95(12)
01-Zn1-N1 96.94(12)
01-Zn1-N1 119.19(11)
N1-Zn1-N1 125.0(2)
Complex 4
Zn1-N3 2.069(3) N3-Zn1-N3 180.0
Zn1-01 2.004(3) N3-Zn1-02 89.09(12)
Zn1-02 2.342(3) N3-Zn1-02 90.91(12)
01-Zn1-N3 88.44(12)
01-Zn1-N3 91.56(12)
01-Zn1-01 180.0
01-Zn1-02 84.67(11)
01-Zn1-02 95.33(11)
02-Zn1-02 180.0

This journal is © The Royal Society of Chemistry 2022
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[Zn(HLY),] (1)

[Zn(HL?),].2MeOH (2)

I
[Zn(HLY)], (@) QI

Fig. 4 Molecular structures of the Zn(i) complexes 1, 2, and 4. Thermal
ellipsoids are presented at 50% probability. Hydrogen atoms omitted for
clarity.

2.049(2)-2.051(2) A range, while Zn-N bond distances range
from 2.132(2) to 2.151(2) A. Each ligand is coordinated by the
oxygen of pyrazolone, one nitrogen of hydrazone and the nitro-
gen of pyridine rings. The structure of 1 consists of a
monomer where neither hydrogen bonds nor van der Waals
interactions exist.

Complex 2 consists of a monomer as well that crystallizes in
the monoclinic C2/c space group with general formula
[Zn(HL?),]-2MeOH. The asymmetric unit contains half of a Zn
() ion and one (HL*)™ molecule.

Each Zn(u) ion shows a tetrahedral ZnO,N, geometry
formed by two oxygen atoms from pyrazolone and two nitro-
gen atoms from hydrazone of two different monoanionic
(HL?)™ ligands. The Zn-O bond distance is 1.958(3) A whereas
the Zn-N bond length is 1.998(4) A. Due to the disorder within
the voids, the crystallization methanol molecules were
removed from the structure. Finally, complex 4 crystallizes in
the triclinic P1 space group and the structure consists of a
monodimensional coordination polymer with general formula
[Zn(HL"),],. The asymmetric unit shows half of zinc(u) ion and
one monoanionic (HL*)™ ligand. Each central atom is co-
ordinated to four different ligand molecules by showing an
octahedral ZnO,N, geometry formed by two oxygen atoms of
pyrazolone ring, two oxygen atoms from nitro group and two
nitrogen atoms pertaining to hydrazone moiety. The oxygens

This journal is © The Royal Society of Chemistry 2022
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of pyrazolone occupy the basal plane of the octahedron
together with nitrogen bonds, with Zn-Op,s, bond distance of
2.004(3) A and Zn-N bond length of 2.069(3) A.

On the other hand, the oxygen atoms pertaining to nitro
groups are situated at the apical position with a Zn-Ogpjcal
bond distance value of 2.342(3) A. Each proligand molecule
coordinates to two Zn(u) ions. This disposition of the ligands
creates chains that propagate along b axis. Within chains stack-
ing interaction between nitrophenyl moieties occurs, with a
centroid-to-centroid distance of 4.155 A. Only one intra-
molecular hydrogen bond helps to stabilize the structure
between the nitrogen of hydrazone (N4) and the oxygen from
pyrazolone (O1) of two different ligand molecules, with a N4-
H4A---O1 distance of 2.786(4) A.

Theoretical studies

Tautomers I and II of proligands H,L? H,L' and H,L’
(Scheme 1) were investigated using DFT at the B3LYP/6-311G**
level of theory, while theoretical studies on proligands H,L'
and H,L’ were reported in the past.** For all the proligands
tautomer I showed to be the most stable in gas phase and in
chloroform solution, even if the energy differences are small
and comprised in the range of ca. 0.6-5.7 kcal mol™" (see
Table S27 for details). The comparison between the computed
and experimental "H, "*C and "N NMR spectral data showed a
better fit for tautomer I, proving to be the observed species in
solution (for instance, see Fig. S481 for H,L’). In particular,
the values for "H and "*C are very similar for both tautomers
(R* = 0.98-0.99, range of correlation values for the NMR com-
parison), while R? values from >N NMR are entirely different,
in favour of the NH,NH tautomer I. The calculated structural
parameter of tautomer I for proligands H,L> and H,L* agree
well with those observed from the X-ray diffraction results
(Fig. S497). In particular, the experimental C=0O bond dis-
tances of 1.254(4) and 1.258(2) A (for H,L* and H,L*, respect-
ively) is well reproduced by calculations with values of 1.241
and 1.242 A for tautomer I vs. 1.321 and 1.326 A for tautomer
II, confirming the proposed assignment. Finally, the calculated
infrared spectra of tautomer I fit well with the experimental
ones (for example for H,L°, see Fig. $501), furtherly supporting
the IR assignments previously discussed (Table S31). To
analyse the coordination capabilities of proligands, their
anionic forms were optimized as well. For all [HL"]™ anions
the charge localization reflects the deprotonation of tautomer
I, showing a shorter C=0 bond than C-N bond (~1.23 A vs.
~1.30 A). The MOs mostly involved in the coordination to the
metal centre for anions [HL?]", [HL*]", [HL*]” and [HL’]™ are
shown to be HOMO-2 and HOMO-8/-9/-10 (depending on
the species). These being respectively the in-phase and out-of
phase contributions of the o-type, which are involved in the
donation to the zinc centre. Other minor contributions are
present with orbitals localized on the N or O atoms.
Concerning [HL']", additional contributions were obviously
found due to its O,N,N-tridentate hapticity (see selected MOs
of [HL']", [HL?]” and [HL']” in Fig. S511). The optimized struc-
tures of the anions show some differences with respect to the
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structure they assume upon coordination. The most noticeable
difference is the conformation of the phenyl moiety (on R
group in Scheme 1): in the optimized anion the phenyl ring is
positioned on the same plane of O and N atoms, while in the
complex it orientates perpendicularly. Secondly, in the
complex, ligand HL? directs its SO, group towards the metal
centre and in a similar fashion ligand HL* directs its NO,
group to perform an intermolecular interaction. For these
reasons we carried out single-point calculations of the ligands
with the geometries found in the optimization of their respect-
ive complexes. No significant differences were found and the
results, which were also collected in Fig. S51,1 do not require
further discussion. Complexes 1-3 and 5 were also analysed by
DFT using the 6-311G* basis set. Complexes 1, [Zn(HL'),],
and 2, [Zn(HL?),], are well reproduced by the calculations
(Table S47) and their optimized structures are shown in
Fig. S52.1 1 shows an excellent match between the calculated
and the experimental data from the X-ray, while in 2 the main
discrepancy is the interaction between Zn centre and the O
atom of the SO, group, 2.277 A, which is shorter than the
experimental value of 2.770 A. In both cases, computed IR and
NMR spectra of the optimized 1 and 2 are fully consistent with
the experimental data (R*> correlation values of 0.9908 and
9904, respectively, for the NMR comparison). The optimized
structures of complexes 3, [Zn(HL’),(H,0),], and 5,
[Zn(HL’),(H,0),] (Fig. 5), display octahedral geometries with
two water molecules coordinated in trans position. The co-
ordinated ligands [HL?*]” and [HL®]” show a bonding localiz-
ation, which is reminiscent to the tautomer I, with different
bond lengths of C=0 (ca. 1.27 A) and C==N (ca. 1.32 A).

[Zn(HL3),(H,0).] (3)

£
;\;

QP
~o
e
[03
AN

/

el

\$

[Zn(HL?);(H,0),] (5)

Fig. 5 Optimized structures of the Zn(i) complexes 3 and 5.
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To rationalize the octahedral geometry in these com-
pounds, the structures without the coordinated water ligands
were additionally optimized. For [Zn(HL?),], two structures
with square planar, 3'sqp, and distorted tetrahedral, 3'rq, geo-
metries were located, while for [Zn(HL"),] only the distorted
tetrahedral structure was found, 5'r4. In both complexes, 3 and
5, the dissociation of water molecules is not energetically
favoured (AG values of ca. 6 kcal mol™" for the dissociation
toward the tetrahedral geometry), confirming the proposed
octahedral structures. Furthermore, calculated NMR spectra of
[Zn(HL"),(H,0),] species are well correlated to the experi-
mental NMR with R? values of 0.9954 and 0.9942, for 3 and 5,
respectively (Fig. S5371). As already discussed in the X-ray struc-
tural characterization, complex 4, [Zn(HL"),],, arranges in a
monodimensional polymeric structure. To gain information
about the polymerization process, the geometries of the
monomer [Zn(HL?),] with a square planar disposition and that
of the dimer, [Zn(HL?),],, were optimized. The dimerization
process is exergonic with a AG value of —7.9 kcal mol ™,
suggesting that the polymerization process to 4, [Zn(HL"),],, is
accessible. Also, the trimer [Zn(HL%),]; was optimized,
although frequency calculations were not carried out due to
the high number of atoms and the limits of time computation
facilities. In any case, AE value of —53.2 kcal mol™" again
suggests a very favourable polymerization process. The trimer
is an excellent simulation of the polymeric 4. In fact, focusing
the attention on the central Zin centre with the ZnO,N,
environment the computed structural parameters fit very well
with experimental. Even the stacking interaction between nitro-
phenyl rings is well reproduced (see Table S4f). Finally, the
breakup of the polymeric nature of 4, [Zn(HL"),],, was analysed
in the presence of water to yield the monomer
[Zn(HL*),(H,0),]. In particular, the hydration of dimer
[Zn(HL*),], to the [Zn(HL*),(H,0),] species is exergonic (AG =
—13.4 kcal mol™"), while the hydration of trimer [Zn(HL"),]; is
analogously favourable (AE = —56.7 kecal mol ™).

Antibacterial activity

To evaluate the antibacterial activity of the ligands H,L'-H,L’
and of the Zn(u) complexes 1-5, Gram-positive S. aureus and
Gram-negative E. coli were selected as models. In the following
discussion, bactericidal activity is defined as the reduction of
bacterial growth >99.9% within 18-24 h of inoculation, while
bacteriostatic activity is associated with a reduction of bacterial
growth maintained stable between 90 and 99%, within 18 and
24 h from inoculation.”®*® The number of viable cells was
used to calculate the growth rate which numerically corres-
ponds to the inverse of the killing rate, a parameter used to
define whether a substance exhibits a bactericidal or bacterio-
static action.®’ The results (Fig. 6) showed that all tested
ligands and complexes did not achieve stable antibacterial
activity against E. coli within 24 h, except 4 and 5. In particular,
complex 4 needs 24 hours to achieve good performance, while
5 achieves 93% reduction of viable cells within the first
2 hours of exposure, then increasing to 99.99% after 24 hours.
By contrast, all tested ligands and complexes showed good bac-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Percentage reduction of viable E. coli cells (top) and S. aureus cells (bottom) exposed to ligands H,L'=H,L> (left) and Zn(1) complexes 1-5
(right) within 24 hours. Blank corresponds to untreated bacterial cells growth.

terial killing properties against S. aureus. In detail, ligands are
able to inhibit the growth of bacterial cells within 24 hours
while compounds 1-5 showed good performance with over
80% of bacterial death in the first 4 hours. Going deeper into
the analysis of the results, it can be seen that the ligands H,L?
and H,L*, whose structures differ only in the acyl fragment,
with a phenyl and a benzyl respectively, show a different
efficiency as antibacterial agents, with H,L* more active than
H,L? against both bacterial strains tested. Consistent with
these results, complex 4, which differs from 3 being poly-
nuclear rather than mononuclear, is more powerful than 3,
especially against E. coli. Furthermore, 5 showed a bactericidal
performance after the first two hours of inoculation and it was
able to maintain the performance achieved during all treat-
ment periods. In general, the performances of all compounds
are more homogeneous towards S. aureus, both in terms of
efficiency and time. A growth inhibition between 95% and
99% of S. aureus was achieved by compounds 1-5 within the
first 8 hours of treatment, showing clear bacteriostatic activity.
Furthermore, 1 and 2 showed bactericidal activity within
12 hours of treatment, 3 and 4 within the first 8 hours, and 5
within the first 2 hours, with 99.99% growth inhibition which
remains stable even 24 hours after the test. Significantly, a
different behaviour was observed towards E. coli, since 99.9%
inhibition of bacterial growth was observed only by complex 5
after 8 hours, which was maintained even 24 hours after treat-
ment, showing both bacteriostatic and bactericidal activity.

This journal is © The Royal Society of Chemistry 2022

Generally, other Schiff base complexes reported in the
literature®”~° display an enhanced bactericidal effect than the
free ligands, according to the Overtone’s concept® and the
chelation theory.®!

Reactive oxygen species (ROS) detection assay

In order to understand a possible mechanism of action of the
Zn(u) complexes, the most efficient 4 and 5 were further inves-
tigated through the ROS assay against E. coli and S. aureus. To
detect the amount of ROS generated, the 2',7"-dichlorofluores-
cein diacetate (DCFDA) was used as a reagent. This reactive is
deacetylated by cellular esterase to a non-fluorescent com-
pound, which is subsequently oxidized by ROS to 2',7"-dichlor-
ofluorescein (DCF). DCF is highly fluorescent and is detected
by excitation/emission fluorescence spectroscopy at 485 nm/
535 nm. The increased generation of free radicals leads to
greater stress for the bacterial cell and the increase in the fluo-
rescence intensity in the first hours (2 h, 4 h) of treatment
(Fig. 7) confirmed the generation of ROS in both bacterial
strains after incubation with compounds 4 and 5. The fluo-
rescence signal of the untreated bacterial suspension (blank)
was negligible, in agreement with a generation of free radicals
in both E. coli and S. aureus cells.

Propidium iodide (PI) - viability assay

The viability test was performed to assess membrane damage
of E. coli and S. aureus bacterial cells caused by 4 and 5, using
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Fig. 7 Formation of ROS in E. coli (left) and S. aureus cells (right) exposed to Zn(i) complexes 4 and 5 for 2 and 4 hours. The data are represented as

the mean + SD of at least three separate experiments.

the fluorescent PI dye. PI binds DNA and freely penetrates the
cell membranes of dead or dying cells, but not the viable cells,
allowing the evaluation of the damage in terms of permeabili-
zation. The quantification of the damage on the bacterial cell,
following the treatment with 4 and 5, was performed at
different time intervals (4 h, 8 h, 12 h, 24 h) (Fig. 8). The emis-
sion of red fluorescence was determined with respect to the
untreated bacterial suspension (blank). In general, it is poss-
ible to observe a moderate increase in fluorescence intensity
within the first 12 hours, which is then maintained higher
with respect to the blank even after 24 hours of treatment by
both compounds against both bacterial strains, with a superior
efficiency of complex 5 with respect to 4, thus indicating the
ability of Zn(u) complexes to modify the permeability of the
cell membrane by disorganizing it and leading to the death of
the bacterium.

Confocal laser scanning microscopy (CLSM) study

To further determine the overall viability of the bacterial cells
the CLSM was performed. According to the LIVE/DEAD
BacLight Bacterial Viability Kits, the SYTO 9 stain generally
labels all bacteria in a population, while propidium iodide
penetrates only bacteria with damaged membranes, causing a

Pl test against Escherichia coli
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reduction in the SYTO 9 stain fluorescence when both dyes are
present. Thus, with an appropriate mixture of both stains, bac-
teria with intact cell membranes stain fluorescent green,
whereas bacteria with damaged membranes stain fluorescent
red. The images obtained under the confocal microscope show
in Fig. 9a and c, respectively, the untreated E. coli and
S. aureus cells, which clearly appear to produce green fluo-
rescence. In Fig. 9b and d, corresponding respectively to the
E. coli cells treated with complex 4 and the S. aureus cells
treated with complex 5, it is possible to observe a large
number of bacterial cells marked with red fluorescent
material. These results revealed that after treatment with com-
plexes 4 and 5, the cell membrane of both bacterial strains is
severely damaged, thus confirming the results obtained from
previous assays.

Scanning electron microscopy (SEM) study

The SEM images show the morphological alterations of the
bacterial cells following the treatments with complexes 4 and
5. In Fig. 10a it is possible to observe the control sample of the
S. aureus, having a round appearance with a rigid cell wall.
After treatment with complex 5 (Fig. 10b), the cells are extre-
mely smaller and have vesicular structures. Fig. 10c shows the
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Fig. 8 Percentage of PI fluorescent emission for E. coli (left) and S. aureus cells (right) exposed to Zn(i) complexes 4 and 5 for 4, 8, 12 and
24 hours. The data are represented as the mean + SD of at least three separate experiments.
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Fig. 9 Confocal laser scanning microscopy (CLSM) images of (a) E. coli
control, (b) E. coli treated with complex 4; (c) S. aureus control; (d)
S. aureus treated with complex 5.

control sample of E. coli, having the classic morphology with a
rod shape and smooth surface. After treatment with complex 4
(Fig. 10d), the cells completely lose their regular surface layer,

View Article Online
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resulting in deformation and agglomeration. The SEM results
clearly reveal the damage to the membrane permeability of
bacterial cells thus confirming the results of the previous tests
carried out.

In conclusion, all zinc(i1) complexes are able to improve the
antimicrobial activity toward E. coli within 12 hours and
against S. aureus even within 8 hours, with complexes 4 and 5
displaying the best performances, the latter being able to com-
pletely inhibit the growth of both bacterial lines within 2 h
after contact. Apart from the general greater efficacy of Zn(u)
complexes against S. aureus compared to E. coli, clearly attribu-
table to the different cell wall between these bacteria, with that
of the Gram negative much thicker and more resistant, it is
possible to hypothesize the effect of the different nuclearity of
zinc complexes and also the ligands’ structures in these dis-
tinctive activities, in fact complex 4 is a polynuclear compound
where nitro groups of the ligand (HL?) interact with zinc atoms
of vicinal units, while in complex 5 the ligand (HL”) is the only
here reported to possess an aliphatic group (a neopentyl)
instead of an aromatic one on the R1 position and a trifluoro-
methyl on the hydrazone fragment, both improving the lipo-
philic behaviour of 5, and its excellent bacterial killing ability
can be related to a superior facility in crossing and disrupting
the cell membrane of bacteria. The viability assay seems to
confirm this hypothesis, and the results of ROS detection tests
give a proof to the formation of highly reactive radicals associ-
ated with a breakdown of membrane function and cellular
destruction, further confirmed by CLSM and SEM studies.

Fig. 10 Scanning electron microscopy (SEM) images of (a) S. aureus control, (b) S. aureus treated with complex 5, both at magnification 100.000; (c)
E. coli control at magnification 25.000; (d) E. coli treated with complex 4 at magnification 40.000.

This journal is © The Royal Society of Chemistry 2022
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Experimental
Materials and methods

All reagents were purchased (Aldrich) and used without
further purification. All solvents were purified by conventional
methods and stored under nitrogen. All reactions and manipu-
lations for the syntheses of proligands H,L" and their inter-
actions with zinc acetate dihydrate were carried out in the air.
The samples for microanalyses were dried in vacuo to constant
weight (20 °C, ca. 0.1 Torr). Elemental analyses (C, H, N) were
performed in-house with a Fisons Instruments 1108 CHNS-O
Elemental Analyser. Melting points are uncorrected and were
recorded on a STMP3 Stuart scientific instrument and on a
capillary apparatus. IR spectra were recorded from 4000 to
200 cm ™" with a PerkinElmer Spectrum 100 FT-IR instrument.
'H, '°F, and *C NMR spectra were recorded with a 500 Bruker
AscendTM (500 MHz for 'H, 470.6 for '°F, 125 MHz for *C)
instrument operating at room temperature relative to TMS.
Positive ESI-Mass Spectra were obtained with a Series 1100
MSI detector HP spectrometer, using acetonitrile as mobile
phase. Solutions for electrospray ionization mass spectrometry
(ESI-MS) were prepared using reagent grade methanol and
obtained data (masses and intensities) were compared to
those calculated by using the IsoPro isotopic abundance simu-
lator version 2.1. Peaks containing zinc(u) ions were identified
as the highest peak of an isotopic cluster.

Synthesis of proligands

The proligands H,L" and H,L* were synthesized and character-
ized as previously reported,’* whereas H,L?, H,L* and H,L’ are
new, and their synthesis and characterization is reported
below.
H,L>. The proligand H,L> was synthesized by mixing
(5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-yl)( phenyl)metha-
none (m.w. 278.3, 278 mg, 1 mmol) and 4-methyl-
benzenesulfonohydrazide (m.w. 186.2, 186 mg, 1 mmol) in
ethanol at reflux and stirring the reaction mixture for 4 h. The
product precipitated out from the hot solution as the reaction
proceeded. After cooling, the product was filtered off and
recrystallized from ethanol to give a brown solid (325 mg,
78%). H,L” is soluble in DMSO, DMF, acetone, acetonitrile,
chlorinated solvents and slightly soluble in hot methanol. M.
p.: 230-232 °C. Anal. caled for C,,H,,N,0;S (m.w. 446.5): C,
64.56; H, 4.97; N, 12.55; S, 7.18%. Found: C, 64.38; H, 5.01; N,
12.38; S, 7.09%. IR (cm™): 3496w br v(N-H---0), 3160w br (N-
H), 3080w br »(C-H aromatics), 1632 y(C=0), 1611, 1582
Y(C=C), 1538 y(C=N), 1535 L(C-N), 1301 1,4(SO,), 1165vs
14(S0,), 1089 m y(N-N). "H NMR (CDCIl; with 0.05% v/v TMS,
500 MHz, 298 K): & 1.61 (s, 3H, H20), 2.19 (s, 3H, H19), 6.82
(d, 2H, H17,17"), 7.20 (sbr, 1H, N4-H), 7.25 (t, 1H, H9), 7.36 (d,
2H, H12,12'), 7.45 (t, 2H, H8,8"), 7.58 (m, 3H, H13,13', H14),
7.90 (d, 2H, H7,7"), 8.15 (d, 2H, H16,16'). >*C NMR (CDCl;,
125 MHz, 298 K): 6c 14.5 (C20), 30.9 (C19), 99.6 (C4), 111.6
(C17,17"), 120.4 (C7,7"), 126.1 (C9), 126.2 (C16,16'), 127.7
(C12,127), 129.1 (C8,8'), 129.6 (C13,13'), 131.9 (C14), 137.5 (C6),
141.0 (C15), 147.5 (C3), 150.1 (C18), 158.7 (C10), 159.3 (C5),
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C11 not observed. {'H,"’N}gs-HSQC NMR (CDCl;, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 6N 117.3 (N4). {'H,"’N} gs-HMBC NMR
(CDCl3, 51 MHz, 3_][N—H) = 3 Hz, 298 K): 6N 189.8 (N1), 217.7
(N2), N3 not observed. ESI-MS (+) CH;CN (m/z, relative inten-
sity %): 447 [35] [H5L*]"; 469 [100] [H,L* + Na]*; 485 [30] [H,L>
+K]"; 916 [15] [2H,L> + Na]".

H,L*. The proligand H,L* was synthesized from 1-(5-
hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-yl)-2-phenylethan-1-
one (m.w. 292.3, 292 mg, 1 mmol) and (4-nitrophenyl)hydra-
zine (m.w. 153.4, 153 mg, 1 mmol) following the same pro-
cedure used for H,L” (80 °C, reaction time 4 h). The product
precipitated out from the hot solution as the reaction pro-
ceeded. After cooling, the product was filtered off and recrystal-
lized from ethanol to give a brown solid (308 mg, 72%). H,L*
is soluble in DMSO, DMF, acetone, acetonitrile, chlorinated
solvents and slightly soluble in hot methanol. M.p.:
229-231 °C. Anal. calcd for C, H,,N505 (m.w. 427.5): C, 67.44;
H, 4.95; N, 16.38%. Found: C, 67.23; H, 4.83; N, 16.11%. IR
(em™): 3184w br »(O-H---N), 3135 br ¢(N-H), 3062w br 1(C-H
aromatics), 1615 m »(C=0), 1593s, 1584s y(C=C), 1530 m
Y(C=N) and 1,4(NO,), 1376 m 1(C-N), 13255 14(NO,), 1108s
Y(N-N). "H NMR (CDCl; with 0.05% v/v TMS, 500 MHz, 298 K):
Sy 2.41 (s, 3H, C3-CH,), 4.11 (s, 2H, H11), 6.49 (s, 1H, N4-H),
6.63 (d, 2H, H17,17"), 7.14 (d, 2H, H13,13"), 7.24 (m, 4H,
H14,14', H15, H9), 7.43 (t, 2H, H8,8'), 7.98 (d, 2H, H7,7"), 8.04
(d, 2H, H18,18), 12.40 (sbr, 1H, O-H). *C NMR (CDCl;,
125 MHz, 298 K): 6c 16.9 (C3-CH;), 33.8 (C11), 100.9 (C4),
112.0 (C17,17), 119.7 (C7,7"), 125.2 (C9), 126.0 (C18,18'), 127.8
(C15), 128.1 (C13,13'), 129.1 (C8,8'), 129.5 (C14,14"), 134.3
(C12), 138.7 (C6), 141.9 (C19), 147.2 (C3), 151.5 (C16), 165.4
(C10), 167.1 (C5). {"H,"N}gs-HSQC NMR (CDCl;, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 6N 98.9 (N4), 140.6 (N3). {"H,"’N} gs-
HMBC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N 288.9
(N2), 98.9 (N4), 140.6 (N3), 379.4 (NO,), N1 not observed.
ESI-MS (+) CH;CN (m/z, relative intensity %): 428 [100] [H5L*T";
450 [30] [H,L* + Na]'; 491 [15] [H,L* + MeCN + Na]*; 878 [10]
[2H,L* + Na]".

H,L°. The proligand H,L> was synthesized from 1-(5-
hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-yl)-3,3-dimethylbutan-
1-one (m.w. 272.3, 272 mg, 1 mmol) and (4-(trifluoromethyl)
phenyl)hydrazine (m.w. 176.1, 176 mg, 1 mmol) following the
same procedure used for H,L? (80 °C, reaction time 4 h). The
product precipitated out from the hot solution as the reaction
proceeded. After cooling, the product was filtered off and
recrystallized from ethanol to give a white solid (323 mg, 75%).
H,L’ is soluble in DMSO, DMF, acetone, acetonitrile, chlori-
nated solvents, diethyl ether and slightly soluble in hot metha-
nol. M.p.: 213-214 °C. Anal. caled for C,3H,5F3N,O (m.w.
430.5): C, 64.17; H, 5.85; N, 13.02%. Found: C, 64.01; H, 5.68;
N, 12.87.%. IR (cm™): 3239 m br 1(O-H--N), 3068w br v(N-H),
1615s y(C=0), 1577s v(C=C), 1524 m y(C=N), 1312vs v4(CF3),
1163, 1112 1,4(CF3), 1120vs y(N-N), 1065vs v5(CF;). "H NMR
(CDCl, with 0.05% v/v TMS, 500 MHz, 298 K): 6;; 1.11 (s, 9H,
H13,13',13"), 2.49 (s, 3H, H19), 2.83 (s, 2H, H11), 6.58 (s br,
1H, N4-H), 6.79 (d, 2H, H15,15"), 7.22 (t, 1H, H9), 7.45 (t, 2H,
HS,8"), 7.50 (d, 2H, H16,16'), 8.01 (d, 2H, H7,7), 12.83 (s br,

This journal is © The Royal Society of Chemistry 2022
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1H, O-H). >C NMR (CDCl;, 125 MHz, 298 K): 6¢ 17.6 (C19),
30.6 (C13,13',13"), 34.7 (C12), 39.0 (C11), 100.4 (C4), 113.0
(C15,15"), 119.6 (C7,7"), 124.0q (‘Jo-r = 271.3 Hz, C17), 124.2q
(Yor = 271.3 Hz, C18), 125.2 (C9), 126.9q (Jor = 3.9 Hz,
C16,16'), 128.9 (C8,8"), 138.0 (C6), 147.0 (C3), 148.9 (C14),
164.9 (C10), 169.6 (C5). °F NMR (CDCl,): 8, —61.77. {*H,"’N}
gs-HSQC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N
143.8 (N3), 99.7 (N4). {'H,"”N} gs-HMBC NMR (CDCl;, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 6N 191.4 (N1), 285.8 (N2), 143.8 (N3),
99.7 (N4). ESI-MS (+) CH3CN (m/z, relative intensity %): 431
[95] [H5L%]"; 453 [100] [H,L® + NaJ'; 469 [15] [H,L® + K]'; 494
[15] [H,L® + MeCN + Na]'; 884 [20] [2H,L’ + Na]".

Synthesis of Zn(u) complexes 1-5

[Zn(HL'),] (1). Complex 1 was synthesised by mixing
Zn(0,CCHj;),2H,0 (0.022 g, 0.1 mmol) and the proligand
H,L"' (0.074 g, 0.2 mmol) in 30 ml of methanol. A yellow solid
slowly precipitated from the solution. After 24 h the suspen-
sion was filtered off, the precipitate was washed with Et,O and
dried to constant weight under reduced pressure. It was recrys-
tallized from dichloromethane/n-hexane. It is soluble in
DMSO, DMF, acetonitrile, acetone and chlorinated solvents.
Yield 86%. M.p. 320 °C decomposes. Elemental Analyses Caled
for C4sH36N100,Zn (m.w. 802.2): C, 65.88; H, 4.52; N, 17.46.
Found: C, 66.06; H, 6.42; N, 17.13%. Ay (in acetonitrile) =
4.0 Q' em® mol ™. IR (em™): 3351 m v(N-H), 1612s 1(C=N),
1595vs 1(C=N), 1567s 1(C—C), 1536s y(C—C), 1509 m
1(C=0), 1092 m y(N-N), 410 m »(Zn-N), 364s v(Zn-N), 321s
¥(Zn-0). 'H NMR (CDCl,): 6, 1.50 (s, 6H, H20), 6.31 (d, 2H,
H16), 6.58 (t, 2H, H18), 7.01 (t, 2H, H17), 7.21 (t, 4H, H8,8),
7.34 (t, 2H, H14), 7.49 (s, 2H, N4-H), 7.58 (d, 4H, H12,12'),
7.70 (t, 4H, H13,13"), 7.80 (d, 4H, H7,7'), 7.90 (d, 2H, H19). **C
NMR (CDCl,): 8, 15.3 (C20), 96.6 (C4), 108.7 (C16), 114.9 (C17),
120.6 (C7,7"), 123.7 (C9), 128.2 m (C8,8,12,12'), 129.8 m
(C13,13',14), 133.3 (C11), 134.6 (C6), 138.5 (C18), 139.8 (C3),
144.9 (C19), 152.0 (C15), 154.6 (C10), 162.2 (C5). {'H,"’N}gs-
HSQC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N 132.9
(N4). {*H,">N} gs-HMBC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hz,
298 K): 6N N1, N2, N3 and N5 not observed. ESI-MS (+) CH;CN
(m/z, relative intensity %): 432 [20] [Zn(HLY)]; 801 [80] [Zn
(HLY)(H,LY)]; 823 [70] [Zn(HL"), + Na*].

[Zn(HL?),] (2). Complex 2 was synthesised by mixing Zn
(0,CCH3),2H,0 (0.022 g, 0.1 mmol) with the proligand H,L>
(0.089 g, 0.2 mmol) in 30 ml of methanol, with a procedure
similar to that of 1. It is soluble in DMSO, DMF, acetonitrile,
acetone, chlorinated solvents and methanol. Yield 76%. M.
p- 241-242 °C. Elemental Analyses Calcd for C,sH4,NgOeS,Zn
(m.w. 956.4): C, 60.28; H, 4.43; N, 11.72; S, 6.71. Found: C,
60.53; H, 4.40; N, 11.57; S, 6.73%. Ay (in acetonitrile) = 6.0 Q"
em® mol™". IR (em™): 3062w br y(N-H), 1592 m y(C=N),
1562s 1(C=0), 1528 m y(C=C), 1522 y(C=N), 1481vs 1,4(SO,),
1475 1(C-N), 1164vs 15(SO,), 1079 m y(N-N), 551s y(Zn-N),
430 m y(Zn-0). "H NMR (CDCI; with 0.05% v/v TMS, 500 MHz,
298 K): 6y 1.22 (s, 3H, H20), 2.45 (s, 3H, H19), 6.61 (sbr, 1H,
N4-H), 6.78 (d, 2H, H17,17'), 7.19 (d, 2H, H12,12"), 7.24 (t, 1H,
H9), 7.42 (t, 2H, H8,8"), 7.45 (m, 3H, H13,13, H14), 7.83 (d,
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2H, H7,7'), 7.98 (d, 2H, H16,16"). "*C NMR (CDCl;, 125 MHz,
298 K): 8¢ 15.4 (C20), 21.7 (C19), 98.3 (C4), 121.3 (C11), 125.0
(C17,17"), 127.2 (C9), 128.6 (C7,7), 128.7 (C16,16'), 129.4
(C12,12'), 129.9 (C8,8'), 130.2 (C13,13"), 132.1 (C6), 133.5 (C14),
139.0 (C15), 145.0 (C3), 149.0 (C18), 162.8 (C10), 167.6 (C5).
{'H,"”N}gs-HSQC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hz,
298 K): SN 151.1 (N4). {"H,">N} gs-HMBC NMR (CDCls,
51 MHz, *J(N-H) = 3 Hz, 298 K): 6N 192.9 (N1), 276.4 (N2), N3
not observed. Stability Test: compound 2 was dissolved in
DMSO-dg and its 'H NMR spectrum immediately recorded.
After 5 days the spectrum was unchanged. ESI-MS (+) CH;CN
(m/z, relative intensity %): 957 [30] [Zn(HL?)(H,L?)]"; 979 [30]
[Zn(HL?), + Na']; 1467 [30] [Zn,(HL?)3].

[Zn(HL?),(H,0),] (3). Complex 3 was synthesised by mixing
Zn(0,CCH3;),-2H,0 (0.022 g, 0.1 mmol) with the proligand
H,L? (0.083 g, 0.2 mmol) in 30 ml of methanol, with a pro-
cedure similar to that of 1. It is soluble in DMSO, DMF,
acetone, acetonitrile, chlorinated solvents and slightly soluble
in methanol. Yield 83%. M.p. 232-236 °C. Elemental Analyses
Caled for CuH,0N;9OgZn (m.w. 924.2): C, 59.65; H, 4.35; N,
15.12. Found: C, 59.40; H, 4.23; N, 14.89%. Ay, (in acetonitrile)
=9.0 Q7" em® mol . IR (em™): 3314 m »(H,0), 3190w br y(N-
H), 3062w br y(N-H), 1598s 1(C=N), 1575 m (C=0), 1558 m
Y(C=C), 1526 m y(C=C), 1480vs v,(NO,), 1319s, 1300vs
4(NO,), 1110 m ¢(C-N), 961 m y(N-N), 511 m y(Zn-N), 475s
¥(Zn-0). 'H NMR (CDCl,): 6, 1.57s (4H, H,0); 1.27s (6H, H19);
6.31 (sbr, 1H, N4-H), 6.68 (d, 2H, H17,17"), 7.14 (d, 2H,
H12,12"), 7.25 (t, 1H, H9), 7.41 (t, 2H, H8,8), 7.45 (m, 3H,
H13,13', H14), 7.77 (d, 2H, H7,7'), 7.97 (d, 2H, H16,16'). *C
NMR (CDCL): 6, 15.2 (C19), 98.5 (C4), 112.6 (C17,17'), 125.7
(C7,7"), 126.2 (C9), 126.7 (C16,16"), 127.7 (C14), 128.8 (C12,12"),
129.2 (C8,8), 130.6 (C13,13'), 133.0 (C6), 140.9 (C15), 150.8
(C18), 162.2 (C11), C3, C5 and C10 n.o. {*H,"’N}gs-HSQC NMR
(CDCl;, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N 125.2 (N4).
{'H,"’N} gs-HMBC NMR (CDCl;, 51 MHz, *J/(N-H) = 3 Hz,
298 K): 6N 197.4 (N1), N2 and N3 not observed. ESI-MS (+)
CH;CN (m/z, relative intensity %): 478 [25] [Zn(HL?)]"; 891 [50]
[Zn(HL?)(H,L*)]"; 913 [20] [Zn(HL?), + Na*].

[Zn(HL*),], (4). Complex 4 was synthesised by mixing
Zn(0,CCH;),-2H,0 (0.022 g, 0.1 mmol) with the proligand
H,L* (0.085 g, 0.2 mmol) in 30 ml of methanol, with a pro-
cedure similar to that of 1, however it immediately precipitates
from the solution. It is soluble in DMSO, DMF, acetone, aceto-
nitrile, and chlorinated solvents. Yield 85%. M.p. 251-253 °C.
Elemental Analyses Caled for C,gH,0N;0OsZn (m.w. 918.2): C,
62.78; H, 4.39; N, 15.25%. Found: C, 62.44; H, 4.20; N, 15.06%.
Ay (in acetonitrile) = 6.0 Q7' em® mol™. IR (em™): 3275 m
v(N-H), 3075w br »(N-H), 1593s »(C=N), 1566s v(C=0),
1520 m y(C=C), 1478vs 1,(NO,), 1321vs, 1303s 14(NO,),
1100 m y(N-N), 548 m (Zn-N), 430 m »(Zn-O). 'H NMR
(CDCL,): 6, 2.29s (s, 3H, H20), 4.15 (s, 2H, H11) 6.14 (sbr, 1H,
N4-H), 6.44 (d, 2H, H17,17), 7.02 (d, 2H, H13,13"), 7.25 (m,
3H, H9, H8,8), 7.41 (m, 3H, H14,14', H15), 7.77 (d, 2H, H7,7"),
7.93 (d, 2H, H16,16'). >C NMR (CDCl,): 8, 17.3 (C20), 35.9
(C11), 98.6 (C4), 112.4 (C17,17'), 121.2 (C7,7'), 125.6 (C13,13),
125.9 (C16), 127.4 (C9), 127.8 (C8,8"), 127.9 (C12), 128.8
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(C14,14"), 128.9 (C15), 129.3 (C18,18’), 134.8 (C6), 141.0 (C3),
151.2 (C19), 162.5 (C10), 178.3 (C5). {"H,"’N}gs-HSQC NMR
(CDCl3, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N N4 not observed.
{"H,"°N} gs-HMBC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hz,
298 K): 6N N1, N2 and N3 not observed. ESI-MS (+) CH;CN (m/
z, relative intensity %): 492 [20] [Zn(HL")]"; 919 [40] [Zn(HL")
(H,LY]%; 941 [30] [Zn(HL*), + Na'].

[Zn(HL?),(H,0),] (5). Complex 5 was synthesised by mixing
Zn(0,CCHj3),-2H,0 (0.022 g, 0.1 mmol) with the proligand
H,L® (0.086 g, 0.2 mmol) in 30 ml of methanol, with a pro-
cedure similar to that of 1. It is soluble in DMSO, DMF,
acetone, acetonitrile, chlorinated solvents and methanol. Yield
92%. M.p. 154-156 °C. Elemental Analyses Calcd for
C46H35,FgNgO,Zn (m.w. 960.0): C, 57.53; H, 5.46; N, 11.67%.
Found: C, 57.15; H, 5.42; N, 11.38%. Ay (in acetonitrile) =
11.0 Q' ecm® mol™". IR (em™): 3540w br y(H,O), 3304w
1(N-H), 1593s 1(C=N), 1565s 1(C=0), 1525 m v(C-N), 1321vs
vs(CF3), 11008 v,4(CF3), 1064s v5(CF3), 981 »(N-N), 549 m »(Zn-
N), 425 m y(Zn-O). '"H NMR (CDCl; with 0.05% v/v TMS,
500 MHz, 298 K): 6y 0.97 (s, 9H, H13,13',13"), 1.60s (s, 2H,
H,0), 2.33 (s, 3H, H19), 2.82 (s br, 2H, H11), 5.98 (s br, 1H,
N4-H), 6.43 (d, 2H, H15,15"), 7.24 (t, 1H, H9), 7.35 (d, 2H,
H16,16'), 7.46 (t, 2H, H8,8"), 8.01 (d, 2H, H7,7'). *C NMR
(CDCl;, 125 MHz, 298 K): 5¢ 18.0 (C19), 30.4 (C13,13',13"), 34.7
(C12), 40.6 (C11), 99.2 (C4), 114.3 (C15,15), 120.4 (C7,7"),
123.5q (Jeor = 33.0 Hz, C17), 124.2q (Yo_r = 271.3 Hz, C18),
125.2 (C9), 126.4q (}Jc_r = 3.9 Hz, C16,16'), 128.7 (C8,8'), 139.0
(Ce), 147.8 (C3), 149.1 (C14), 161.9 (C10), 180.1 (C5). °F NMR
(cpCly): 8, —61.45. {*H,"’N}gs-HSQC NMR (CDCl;, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 6N 120.0 (N4). {'H,"’N} gs-HMBC NMR
(CDCly, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N 274.1 (N2), N1 and
N3 not observed. ESI-MS (+) CH;CN (m/z, relative intensity %):
925 [20] [Zn(HL?)(H,L’)".

Crystallographic refinement

X-ray data collection of suitable single crystals was done on a
Bruker D8 VENTURE area detector equipped with graphite
monochromated Mo-Ka radiation (1 = 0.71073 A) by applying
the w-scan method. The data reduction was performed with
the APEX3 suite®® and corrected for absorption using
SADABS.®® The final structures were solved using SHELXT®®
and refined on F* by a full-matrix least-square technique using
anisotropic displacement parameters®” by means of the Olex2
v1.3 crystallographic package®® and the SHELXL-2018
program.®® All hydrogen atoms were included as fixed contri-
butions riding on attached atoms with isotropic thermal dis-
placement parameters 1.2 or 1.5 times those of the respective
atom. In complex 2, due to the disorder within the voids, the
SQUEEZE procedure implemented in PLATON program®® was
used during the refinement and two crystallization methanol
molecules were removed from the structure. In addition, in
this structure, one phenyl ring is disordered over two alternate
positions so it was refined with occupancies of 40 and 60% for
all atoms and anisotropic displacement parameters of the
ring. CCDC numbers 2158176-21581807 contain the sup-
plementary crystallographic data for compounds.
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Computational details

The electronic structure and geometries of the proligands
H,L? H,L* and H,L’, their tautomers and anions, [HL"]", and
their zinc complexes were investigated by using density func-
tional theory at the B3LYP level.®*®® For the proligands and
their corresponding anions the 6-311G** basis set was used for
the optimization, while for the Zn complexes the optimization
was carried out using 6-311G*. Molecular geometries were
optimized without symmetry restrictions. Frequency calcu-
lations were carried out at the same level of theory to identify
all stationary points as minima (zero imaginary frequencies)
and to provide the thermal correction to free energies at
298.15 K and 1 atm. Solution-phase SCF energies were calcu-
lated by a single-point calculation on the in vacuum optimized
structure using the CPCM solvation model in chloroform.®*
Gibbs free energies in chloroform solution were estimated
from the equation Gy = Egoly + (Ggas — Egas)- The GIAO
method was used for the NMR calculations (‘H, **C and "°N
NMR isotropic shielding tensors), which were carried out at
the 6-311 + G(2d,p) level of theory. The computed IR spectra
were scaled by a factor of 0.96.°°® The DFT calculations were
executed using the Gaussian 09 program package.®”
Coordinates of all optimized compounds are collected in
Table S6 (ESIY).

Antibacterial activity

The antibacterial activity of the ligands H,L'-H,L° and of the
Zn(u) complexes 1-5 was investigated against Gram-positive
bacteria, Staphylococcus aureus (S. aureus) ATCC 25923 and
Gram-negative, Escherichia coli (E. coli) ATCC 25922. Bacteria
were grown aerobically at 37 °C overnight using Tryptone Soya
Broth (OXOID) as the growth medium. Bacteria proliferation
was monitored by measuring the increase of optical density in
the culture suspension at 600 nm (ODggy). The enriched
culture (log phase) obtained was further diluted to 10° CFU
mL™" concentration. A preliminary bacterial growth inhibition
(BGI) analysis was carried out by using the Agar diffusion
method (Bauer et al., 1966) with a fixed concentration of 2 mg
mL™" of the ligands and 4 mg mL™" of the Zn(u) complexes
(both corresponding to ~ 5 pmol mL™"). A loop full of the
given test strain (E. coli and S. aureus) was inoculated in 10 mL
of N-broth (nutrient broth) and incubated for 24 h in an incu-
bator at 37 °C in order to activate the bacterial strain. The
various compounds were weighed into Eppendorf content and
suspended in autoclaved physiological solution, to which 1 mL
of the enriched culture was then added (reaching the concen-
tration of 10° CFU ml™") and kept on an IKA KS 130 BASIC
platform shaker for 24 hours at slow speed. The final solution
was included uniformly into Petri dishes containing
Plate Count Agar (OXOID). Adopting the same procedure a
strain without treatment were used as negative control. The
tests were carried out at different time intervals (0, 2, 4, 8, 12,
24 hours) for viability measurements over time. The bacterial
viability was reported as Growth Rate (%) using the following
formula: Percentage of cell viability (%) = (CFU ¢,/CFU t;) 100
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(where t, is the time zero at the beginning of the experiment
and t, is a specific time in hours of the experiment). The
growth curves of E. coli and S. aureus without antibacterial
agents were also measured as blanks.®® All tests were done in
triplicate.®

Reactive oxygen species (ROS) detection assay

To better evaluate the antibacterial activity of such com-
pounds, the test for ROS measurement was carried out against
the compounds 4 and 5, that showed better bacterial inhi-
bition. To quantify the ROS generated in our system, the 2',7"-
dichlorofluorescein diacetate (DCFDA) assay was performed.
The test protocol is based on the spread of 20 mL of DCFDA in
the bacterial cultures in the range of 1-3 x 10° CFU mL™" for
30 minutes at 37 °C. Then 10 mL are added to the Eppendorf
containing 4 mg of 4 and 5 respectively, suspended in 1 mL of
physiological solution. 100 pL of each Eppendorf were trans-
ferred to a 96-well plate in triplicate in the dark and ROS gene-
ration was assessed for the first two and four hours.
Maintaining the same procedure, an untreated sample strain
was used as a control (blank). Fluorescence from each sample
well was read using the FLUOstar Omega fluorescence cyt-
ometer from BMG LABTECH at 485/20 nm and 528/20 nm
wavelengths for excitation and emission respectively. The
average of the triplicate was calculated and reported as the
intensity of fluorescence in arbitrary unit (a.u.).

Propidium iodide (PI) - viability assay

To assess the viability of bacteria treated with compounds 4
and 5, the fluorescent PI staining assay was carried out, since
it allows to evaluate the level of damage related to membrane
permeability. A suspension (10° CFU mL™") of E. coli and
S. aureus, treated with 4 mg of compounds 4 and 5, were incu-
bated for a period of 24 h at 37 °C. After 4 h, 8 h, 12 h, and
24 h, 100 pL of the content was transferred in triplicate into
96-well plate in the dark and 1,5 mL of Propidium Iodide (PI)
was added in each well. Maintaining the same procedure, an
untreated sample strain was used as a control (blank).
Fluorescence emitted by the cells was read using the FLUOstar
Omega fluorescence cytometer from BMG LABTECH at 485/
20 nm and 528/20 nm wavelengths for excitation and emission
respectively. The average of the triplicate was calculated and
reported as the intensity of fluorescence in arbitrary unit (a.
u.).

Confocal laser scanning microscopy (CLSM) study

To determine the damaging effect of 4 and 5 on the cell mem-
branes of S. aureus and E. coli, CM analysis was carried out
with LIVE/DEAD® BacLight™ Bacterial Viability Kits
(Invitrogen), which utilize mixtures of SYTO®9 green-fluo-
rescent nucleic acid stain and propidium iodide (PI) red-fluo-
rescent nucleic acid stain. Briefly, a bacterial suspension in the
range of 1 x 10% CFU mL™" (~0.03 ODg,) for E. coli and 1 x 107
CFU mL™" (~0.15 ODg5,) for S. aureus were treated with 4 mg
of 4 and 5 during the logarithmic growth phase for 4 h. After
the incubation period, suspensions were concentrated by cen-
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trifugation at 10 000g for 10-15 minutes, then the supernatant
was removed and the pellet resuspended in 0.85% NacCl solu-
tion. Afterwards, equal volumes of Syto-9 and Propidium
iodide were added to all samples and incubated for 15 min in
the absence of light. Samples were then fixed between a slide
and an 18 mm square coverslip to observe the fluorescence
under confocal microscope (Nikon ECLIPSE Ti). The control
assay was conducted without treatment. The excitation/emis-
sion maxima for these dyes are about 480/500 nm for SYTO 9
stain and 490/635 nm for PIL.

Scanning electron microscopy (SEM) study

The morphology of the bacterial cells after treating with 4 and
5 was determined by SEM (Sigma 300, Zeiss) operating at 15.0
kv, Bruker. For SEM sample preparation, log phase cells of
E. coli and S. aureus (106 CFUs) were incubated with 4 mg of
complexes 4 and 5 for 4 hours at 37 °C. After incubation
period, bacterial strains were centrifugated (2000g x 5 min),
washed thrice with physiological solution and fixed with
200 pL of 2.5% (v/v) glutaraldehyde solution for 2 hours on
glass slide. The fixed pellets were washed twice with physio-
logical solution, then were immersed in a solution with
increasing concentrations of ethanol (10, 30, 50, 70, 90 and
100%), 5 min for each concentration. After drying, samples
were placed on aluminium stubs using self-adhesive carbon
conductive tab and chrome-coated. The untreated bacterial
cells were taken as control.

Conclusions

We have reported new hydrazone-pyrazolone ligands and
investigated their tautomerism in the solid state and solution.
The X-ray studies on free ligands H,L? and H,L* show they
exist in the NH,NH tautomeric form. Then, five new zinc(u)
complexes have been synthesized and characterized in the
solid state and solution. Complexes 1 and 2 are mononuclear
anhydrous compounds, while 3 and 5 are mononuclear diaqua
compounds. Remarkable is the result of the X-ray studies on
compound 4, showing a polynuclear species assembled
through involvement of nitro groups of the ligand (HL*)™ in
the interaction with zinc atoms of vicinal units. These inter-
actions are however weak and long, with a Zn-O distance of
2.342(3) A, as compared to the Zn-O distances of the carbonyl
oxygen of pyrazolone moiety, which is equal to 2.004 (3) A.
This evidence allows us to rationalize how such weak inter-
actions of nitro groups can be easily broken even in chlori-
nated solution, where 4 is soluble, or they can be replaced by
molecules of water or alcohols during the synthesis in metha-
nol, as for compound 3 which is instead isolated as a mole-
cular diaqua compound. The theoretical DFT study have been
used to rationalize the structures experimentally found (for
example, polymeric nature of 4), to support the spectroscopical
assignments (IR and NMR) and to have a better knowledge of
the behaviour of pyrazolone-based hydrazones as ligands in
coordination chemistry. Exploration of antibacterial potential
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of both free ligands and zinc(u) complexes evidenced that
coordination to zinc(u) strongly improves the efficiency against
both the Gram- and Gram + bacteria. Among them, the poly-
nuclear Zn(u) complex 4 and the mononuclear dihydrate Zn(u)
complex 5 with the ligand having hydrophobic substituents,
display an exceptional activity against both bacterial cell lines.
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