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ABSTRACT: Two pyrazolone-based hydrazones H,L’ [in general, H,L'; in 02%
detail, H,L' = S-methyl-2-phenyl-4-(2-phenyl-1-(2-(4-(trifluoromethyl)- '
phenyl)hydrazineyl)ethyl)-2,4-dihydro-3H-pyrazol-3-one, H,L* = (Z)-S-meth-
yl-2-phenyl-4-(2-phenyl-1-(2-(pyridin-2-yl)hydrazineyl)ethylidene)-2,4-dihy-
dro-3H-pyrazol-3-one] were reacted with Zn(II) and Cu(Il) acceptors ¥
affording the complexes [Zn(HL'),(MeOH),], [Cu(HL'),], and [M(HL?),] %{
(M = Cu or Zn). X-ray and DFT studies showed the free proligands to exist in Zn
the N—H,N—H tautomeric form and that in [Zn(HL'),(MeOH),], zinc is six-
coordinated by the N,O-chelated (HL') ligand and other two oxygen atoms of ﬁ (”Q;»
coordinated methanol molecules, while [Cu(HL'),] adopts a square planar o 0 o e o
geometry with the two (HL') ligands in anti-conformation. Finally, the L onon | dCTP o
[M(HL?),] complexes are octahedral with the two (HL?) ligands acting as k-  SuPPression of CTP and dCTP Trypanosomalbruéel
O,N,N-donors in planar conformation. Both the proligands and metal

complexes were tested against the parasite Trypanosoma brucei and Balb3T3 cells. The Zn(II) complexes were found to be very
powerful, more than the starting proligands, while maintaining a good safety level. In detail, H,L' and its Zn(II) complex have high
selective index (SS and >100, respectively) against T. brucei compared to the mammalian Balb/3T3 reference cells. These results
encouraged the researchers to investigate the mechanism of action of these compounds that have no structural relations with the
already known drugs used against T. brucei. Interestingly, the analysis of NTP and dNTP pools in T. brucei treated by H,L" and its
Zn(II) complex showed that the drugs had a strong impact on the CTP pools, making it likely that CTP synthetase is the targeted

enzyme.
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H INTRODUCTION parasite is present in the blood and in the lymphatic system
and patients present general flu-like symptoms. In the second
or late stage (meningo-encephalic stage or stage 2), parasites
will penetrate the blood—brain barrier, invading the
perivascular areas with subsequent infiltration in the white
and gray matter of the brain. Only a few drugs are effective and
registered so far for the treatment of human African
trypanosomiasis (HAT), such as suramin and pentamidine,
and all of them have a certain level of toxicity.””* More
recently, another drug, named fexinidazole, has been
discovered as effective against HAT (Figure 1) and listed as
essential medicine by WHO.’

Parasitic protozoal diseases, including trypanosomiasis, are
listed by the World Health Organization (WHO) as part of 17
neglected tropical diseases which are defined as “a diverse
group of communicable diseases that prevail in tropical and
subtropical conditions”.! These diseases are referred to as
“neglected” primarily because there is no financial incentive to
develop drugs for a patient population that cannot afford them.
Consequently, there are few or no reason for “for-profit”
companies to invest in research and development of drugs that
will not result in high financial returns. Therefore, much of the
drug discovery and hit-to-lead optimization for these diseases
is performed in academic laboratories without the financial,

personnel, and technical resources of a pharmaceutical Received: June 24, 2022 s M}
company. To make matters worse, the absence of vaccines Published: August 15, 2022 e
and in some cases, the emergence of resistant parasite strains & \ o
underlines the importance of the successful track record of A ‘z%n
antiprotozoal drug discovery. The disease is characterized first -

by a hemolymphatic stage (early stage or stage 1), in which
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Figure 1. Fexinidazole.

It is effective both in early and in late stage of the disease,
differently from suramin, which is used only in the early stage
of HAT.*™¢ Although it delivers all these advantages,
fexinidazole shows a significant toxicity profile: neutropenia,
body weight loss, reduction in food intake, psychotic disorders,
tremors, and dizziness. Therefore, novel scaffolds or new drug
entities are urgently needed.

Hydrazones and their metal complexes have been
thoroughly investigated over decades for their antioxidant,
anti-inflammatory, anticonvulsant, analgesic, antimicrobial,
antiparasitic, antitubercular, anti-HIV, and anticancer behavior,
raising great interest in the field of medicinal chemistry.” ™’

It is known that pyrazolone also is a structural motif with a
broad-spectrum of pharmacological features, including anti-
microbial, antitumor, anti-inflammatory, antioxidant, antitu-
bercular, antiviral, lipid-lowering, antihyperglycemic, and
protein inhibitory activities."’ Previous studies of our research
team underlined the wide biological activities of a series of
Zn(II) complexes with acylpyrazolones, displaying antiprolifer-
ative activity against human breast cancer cells,' and of
pyrazolone-based hydrazones and their ruthenium(Il) com-
plexes as anticancer multitarget agents.lz’13 Moreover, some
Cu(ll) and Zn(II) complexes with acylpyrazolones and
acylhydrazone-S-pyrazolones were recently reported and
found to display in vitro antimalarial activity with considerable
inhibitory effects against Plasmodium falciparum."*~'® Based on
these findings, two new pyrazolone-based hydrazones and their
corresponding Zn(II) and Cu(Il) complexes have been
synthetized and screened against T. brucei and mammalian
Balb/3T3 cells. The most active and selective metal complex
containing a Zn(II) center was further investigated to identify
the mechanism of action and the possible target, focusing the
study on the peculiar nucleotide metabolism of T. brucei. In
particular, it is not able to synthesize purines and must recover
them from the host,'” while concerning pyrimidine synthesis
and metabolism,'® the parasites behave normally for uridine
nucleotides and in a similar way for cytidine nucleotides since
they are produced through a unique de novo pathway involving
the CTP synthetase (CTPS) enzyme inside the parasite. The
complete dependence on CTPS for the production of CTP
makes the trypanosomes vulnerable to inhibitors of this
enzyme."”

B RESULTS AND DISCUSSION

The proligand precursor is 1-(S-hydroxy-3-methyl-1-phenyl-
1H-pyrazol-4-yl)-2-phenylethanone, HQ®", which was synthe-
sized as previously reported.”’ The proligands H,L' were
prepared by reacting an equimolar amount of HQ®" and the
appropriate hydrazine, in detail 1-(4-trifluoromethylphenyl)-
hydrazine, to give H,L', or 2-hydrazinopyridine, affording
H,L? in methanol-containing traces of glacial acetic acid,
according to the reported procedure (Scheme 1).*' The two
proligands are air-stable in the solid-state and soluble in most
organic solvents. In their solid state IR spectra, strong bands in
the range of 1618—1614 cm™" were assigned to v(>C=N-)
of the azomethine fragment, while those in the range of 1593—
1532 cm ™" were assigned to (C=N) of the pyrazole ring and,
for H,L% also of the pyridine ring.”*~>° Additional strong
bands at ca. 1320 and 1100 in the IR spectra of H,L' were
assigned to asymmetric and symmetric stretching vibrations of
the CF, group,”® while those falling in the range of 1009—1064
cm™! are typical of (N—N)."” Based on the band found at
3211 due to ¥(N—H) and on the broad absorption in the
range of 3130—2700 cm™', which is typical of v(N—H:-O)
involved in intramolecular H-bonding, proligand H,L' was
concluded to exist in the N—H,N—H tautomeric form, as
indicated in Chart 1, as further confirmed by the X-ray study

Chart 1. Solid-State Structure of H,L' and H,L? with
Numbered C and N Atoms

H,L

N-H,N-H tautomeric form N-H,N-H tautomeric form

below. Similarly, the broad band centered at 3301 cm™" in the
IR spectrum of H,L? is in accordance with a N—H,N-H
tautomeric form (Chart 1), differently from an analogous
pyridine-containing proligand which was isolated in a N—
H,N—H zwitterionic form."> The 'H and *C NMR chemical
shifts were assigned based on '"H—'H and one-bond and long-
range 'H—"3C couplings, seen in{'H—'H}-COSY, {'H-"*C}-
HSQC, and {"H-"*C}-HMBC (see Supporting Information).

Scheme 1. Synthesis of Proligands H,L' and H,L? from HQ""

H
CcF, HeN

MeOH, AcOH
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Scheme 2. Synthetic Procedures of Complexes 1—4
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Moreover, indirect N NMR chemical shifts were assigned
based on {'H—""N}-HSQC and {'H—-""N}-HMBC for the free
proligands H,L' and H,L? giving further support to the
presence also in solution of the N—H,O—H tautomeric forms.
The metal complexes 1—4 were prepared by reacting metal
acetate hydrate and the appropriate proligand in methanol.

The basic anionic forms of (HL') coordinate Zn(II) and
Cu(Il) in a chelating x-N,O bidentate fashion, affording
complexes [Zn(HL'),(MeOH),] (1) and [Cu(HL'),] (3),
respectively (Scheme 2), whereas, the anionic form of (HL?)
coordinates the Zn(II) and Cu(Il) atom in a chelating «-
O,N,N tridentate fashion, affording complexes [Zn(HL?),] (2)
and [Cu(HL?),] (4) (Scheme 2).

The structures of 1 and 3, with the two N,O-chelating
ligands in the anti-configuration, have been proposed on the
basis of analogous zinc(II) and copper(II) complexes
previously reported in the literature with other non-sym-
metrical pyrazolone-based hydrazones.”' Complexes 1—4 are
air-stable in the solid state and are soluble in most organic
solvents, but not in alcohols and water. The solid-state IR
spectra of 1—4 display a shift of ¥(C=N) for the azomethine
fragment and for HL* also of the pyridine ring, to lower
wavelengths with respect to those observed in free proligands,
in accordance with coordination to the metal center of the N
atom of hydrazide fragments and for 2 and 4, also N of
pyridine. The (N—H) stretching produces a sharp band at ca.
3300 cm™' in the IR spectra of complexes 1—4 at higher
wavelengths than that in free ligands. Additionally, the IR
spectrum of 1 displays a broad band at 3134 cm™ due to

13563

v(O—H:N) of extensive intermolecular H-bonding involving
coordinated methanol molecules and pyrazole N2 atom of
neighboring molecules, which is a structural feature observed
in many pyrazolone-based metal complexes.””*"*" In the IR
spectra of 1 and 3, the stretching modes of the CF; group in
the chelating HL! were again identified at ca. 1320, 1100, and
1065 cm™'. In the far-IR region of 1—4, some medium
absorptions in the range of 550—400 cm™' were tentatively
assigned to v(M—N) and ©(M—0)."**** The 'H and *C
NMR spectra in CDCl; of Zn(II) complexes 1 and 2 are in
accordance with the expected structures containing the N,O-
chelating (1) and N,N,O-dichelating (2) ligands, confirming
the existence of complexes in solution with the ligand signals
downfleld-shifted with respect to the corresponding signals in
the free ligand spectrum. In principle, the geminal methylene
protons of the benzyl moiety in proligand H,L? (H11 in Chart
1) should undergo diastereotopic splitting in complex 2 due to
the stereochemistry of the zinc center. In fact, the broad
resonance of the CH, group appears as two overlapped signals
in the "H NMR spectrum of 2 (see Figure $28). In addition, by
recording the '"H NMR spectrum of 2 in dimethylsulfoxide
(DMSO), the expected AB quartet of the geminal methylene
protons is clearly observed (Figure $49). The {'H,"*N}-HSQC
and {'H,"*N}-HMBC of H,L' and complex 1 in chlorinated
solvents are quite interesting; in fact, even if the N3 resonance
at 140.6 ppm in the free H,L' is not observed for the complex
1, the N4—H resonance shifts from 96.2 to 117.3 ppm and that
of N2 from 284.9 to 276.4 ppm upon coordination to zinc.
Positive ESI-MS spectra recorded in acetonitrile display a
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Figure 2. UV—visible spectra of ligand H,L' and complexes 1 and 3 recorded in CHCl; (a) 107 and (b) 107> M.
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Figure 3. UV—visible spectra of ligand H,L? and complexes 2 and 4

recorded in CHCI; (a) 107 and (b) 107 M.

Scheme 3. Decomposition Pathway of 3—5

CFs
[Cu(HL"),] (3)

MeOH/H,0

H
2 H2N—N—®CF3

(4-(trifluoromethyl)phenyl)hydrazine

[Cu(@®")] (5)

similar pattern for all complexes 1—4, with main peaks being
due to [M(HL')(H,L’)]* arising from protonation of one
ligand, or [M(HL'), + Na]*, and also to clusters [M,(HL’),]*.
The UV-—visible spectra of the ligands and complexes 1—4
were obtained in chloroform solutions at concentrations 1073

and 107 M, in the range of 200—700 nm at room temperature.
The spectra of the H,L' and H,L? ligands (Figures 2 and 3)
exhibit two bands between 245 and 304 nm due to a ligand-
centered 7—7* transition localized on the aromatic rings and

the n—z* transitions within the >C=N-N chromophore.’>*'
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In addition, the band observed at 370 nm in the H,L?
spectrum can be ascribed to the 7 — #* transition of pyridine
rings present in the ligand structure (Figure 3a2).*” In the
spectra of metal complexes, the bands due to 7 — 7* and n —
7* transitions are almost unchanged, apart from Cu(II)
complex 3; however, the band due to the pyridine ring
undergoes a bathochromic shift upon coordination in the
spectrum of Cu(II) complex 4. Shoulders around 406—414 nm
(Figure 3b) are present due to ligand to metal charge transfer
(LMCT) transitions. In the spectra of complexes 1 and 3
(Figure 2a) the bands due to the LMCT transitions appear as
shoulders at 388 and 392 nm, respectively. As expected, there
are no d—d transitions in complexes 1 and 2 due to the d'°
configuration of Zn(II); however, also for Cu(II) complexes 3
and 4, no absorption attributable to d—d transition has been
observed, even by increasing the concentration of solutions to
10~ M. When the synthesis of complex 3 is performed at
room temperature, leaving the reaction mixture under stirring
for 24 h, or under reflux, the red precipitate, corresponding to
3, slowly converts to a dark green color. This green substance
was investigated spectroscopically and with single crystal X-ray
analysis which confirmed the degradation of the coordinated
HL' to acylpyrazolonate Q" ligands, by loss of (4-
(trifluoromethyl)phenyl)hydrazine. The new complex is
indicated as [Cu(Q®"),] (5) (Scheme 3). The IR spectrum
of 5 displays strong absorptions at 1604, 1590, and 1574 cm ™"
due to v(C=0), v(C=N), and ¥(C=C) and at 510 and 401
cm™', assigned to v(Cu—0).

B CRYSTALLOGRAPHY

The X-ray single crystal molecular structure of proligands H,L"
and H,L? and of complex 1, with the atomic numbering
scheme are reported in Figures 4a,b and S. Selected bond
distances and angles are reported in Table 1. Details of data
and structural refinements are reported in Supporting
Information Tables S1 and S2.

Both proligands H,L' and H,L* are found in the solid
crystalline state, in the N—H,N—H,C=O tautomeric form,
crystallizing, in the case of H,L? in the triclinic space group,
differently from the monoclinic phase already reported
originating from the unexpected zwitterionic form.'* Within
both ligands, the C(3)—O(1) bond distances of 1.264(3) and
1.253(2) A, respectively, are similar to the C=O double bond
found in similar gyrazolone-based hydrazones in the same
tautomeric form.'” Confirming to this, the bond distances
N(1)—C(1) and N(2)—C(4) are very near to the C=N
double bond. The hydrazone N—N bond distances are similar
in the two proligands H,L' and H,L? (Table 1). In both cases,
the overall structure is not planar, with the major distinctive
difference related to the orientation of the hydrazone fragment,
with a C=N—N-—C torsion angle of 149.5(2) and —94.7(3)°
in H,L' and H,L? respectively. The intramolecular hydrogen
bond between the N—H and C=O carbonyl groups are
observed [N(1)-+-O(1) and N(1)—H(1a)20(1) of 2.670(3)
and 2.703(3) A, 139 and 137(3)° in H,L' and H,L?], as
typically formed in these types of ligands. In the case of H,L?,
the oxygen atom of the C=O group is also involved in
intermolecular hydrogen bonding involving the second N atom
of the —NH group of benzylhydrazone (N(4)—H(4a)---O(1)).
Moreover, n—7 interactions between pyridine rings are a
further structural feature in the 3D crystal packing of the H,L*
proligand (Figure S40). The X-ray crystal structure analysis of
complex 1 confirmed its neutral nature and therefore the
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(b)

Figure 4. Ortep view of the asymmetric unit content of H,L' (a) and
H,L? (b) with the atomic numbering scheme and intramolecular N—
H:--O hydrogen bond (ellipsoids at the 40% level).

03

Figure S. Ortep view of the asymmetric unit content of [Zn-
(HL"),(MeOH),] (1) with the atomic numbering scheme (ellipsoids
at the 40% level).
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Table 1. Selected Bond Distances (A) and Angles (deg) in
Proligands H,L' and H,L? and Complexes 1 and 5

ligands H,L! H,L?
N(1)-N(4) 1.401(3) 1.400(3)
N(1)-C(1) 1.335(3) 1.318(3)
C(1)-C(2) 1.401(3) 1.400(3)
c(2)-Cc(3) 1.438(3) 1.436(4)
C(2)-C(4) 1.451(3) 1.435(4)
C(3)-N(3) 1.390(3) 1.371(3)
C(3)-0(1) 1.264(3) 1.256(3)
N(2)-N(3) 1.412(3) 1.399(3)
N(2)-C(4) 1.309(3) 1.304(3)
N(3)-C(6) 1.416(3) 1.418(3)

complexes 1 S

M-0(1) 2.008(2) 1.893(1)
Zn—N(1) 2.100(3)

Cu—0(2) 1.931(1)
Zn—0(2)q1 2.223(2)

N(1)-N(4) 1.420(4)

N(1)-C(1) 1.302(4)

0(2)-C(1) 1.268(2)
C(1)-C(2) 1.435(4) 1.420(3)
C(2)-C(3) 1.417(4) 1.404(3)
C(2)-C(4) 1.425(4) 1.438(3)
C(3)-N(3) 1.359(4)

C(3)-0(1) 1.281(4) 1.276(2)
0O(1)-Zn—N(1) 87.9(1)

0(1)-Zn—0(2) 85.7(1)

0(1)=Zn—N(1)! 92.1(1)

N(1)-Zn-0(2) 89.0(1)

0(1)-Cu—-0(2) 94.0(1)
0(1)—Cu—-0(2)*" 86.0(1)
0(2)-Cu—-0(1)* 86.0(1)

st

=—x+2, -y —z+2ii=—x —y+2 —z+2

general formula [Zn(HL'),(MeOH),]. Complex 1 co-crystal-
lized with one methanol molecule in the asymmetric unit
(Figure S).

In complex 1, the zinc ion, located on the symmetry
inversion center, is hexa-coordinated with two N,O bis-
chelated H,L' ligands and two oxygen atoms belonging to
methanol molecules. The oxygen and nitrogen atoms of the
chelated H,L' ligands lie in the same plane with bond
distances at the zinc ion comparable with those found in
analogous complexes. The distances between the zinc ion and
the oxygen atoms of the methanol molecules are relatively
elongated with respect to the other Zn—O distances (Table 1).
Most of the intermolecular interactions are attributable to
methanol molecules both coordinated and co-crystallized
(Figure 6). In particular, the co-crystallized methanol
molecules act as both hydrogen bond donors and acceptors,
with the formation of O—H—N and O—H—O interactions with
the nitrogen atom N(3) of the pyrazole ring and the hydrogen
atom of the coordinated methanol molecule [O(3)--N(2)'
2.828(4) A, O(3)-H(3)«N(2) 161°%i=—x+1,—-y+ 1,—z +
2; 0(2)--0(3)"2.698(4) A, O(2)—H(2)£0(3) 157°ii = x, y
— 1, z]. The X-ray single crystal molecular structure of
complex [Cu(Q""),] (5) confirmed the degradation of the
coordinated H,L' ligands to acylpyrazolones and their O,-
chelation to the Cu(Il) ion. As reported in Figure 7, the four-
coordinated Cu(Il) ion, sitting on the symmetry inversion

Figure 6. Crystal packing view of 1 showing the N—H---O and O—
H--O hydrogen bonds involving both coordinated and lattice
methanol molecules.

Figure 7. Ortep view of the asymmetric unit content of [Cu(Q""),]
(5) with the atomic numbering scheme (ellipsoids at the 40% level).

center, is found in a distorted square planar geometry, with the
two chelated ligands arranged in anti-conformation (Table 1).
As reported in Table 1, bond distances and angles are similar
to those reported for analogous four-coordinated Cu(II)
complexes containing two bidentate pyrazolonates.””** The
overall planar central metal core is characterized by a dihedral
angle between the best mean planes passing through the
chelated six-membered and pyrazole rings of 3.7(1)°, while the
rotationally free phenyl rings C(6)—C(11) and C(14)—C(18)
show dihedral angles with respect to the chelated six-
membered ring of 16.1(1) and 71.4(1)°, respectively.

B THEORETICAL DFT ANALYSIS
Tautomers I and II of proligands H,L' and H,L* (Chart 2)
were examined using density functional theory (DFT) at the
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Chart 2. Tautomers I and II of Proligands H,L' and H,L*

B3LYP/6-311G** level of theory. In both cases, the energy
differences between them are small (e.g, ca. 2 kcal/mol for
H,L' in the gas phase; see Table S3 for other data). In
solution, tautomer I is the predominant species according to
experimental NMR data (see discussion above). This is
corroborated by the calculation of the NMR for tautomer I
of H,L'. The comparison of the computed 'H and *C NMR
spectra with the experimental data is good, while a poorer fit
for these spectra was found for tautomer II of H,L' (see Figure
S41). However, in the solid state, the observed species is
tautomer II. The comparison of selected structural parameters
of the tautomer II of H,L" with those from X-ray data is good
(see Figure S42), which confirms the proposed assignment. In
particular, the experimental C=0 bond distance of 1.264(3)
A is well reproduced by calculations (1.241 A for I vs 1.327 A
for tautomer I). Furthermore, the calculated IR spectrum of
tautomer IT of H,L' fits well with the experimental solid-state
IR and confirms the assignments previously discussed (see
Figure S43 and Table S4).

To gain information on the coordination capabilities of the
ligands in metal complexes 1—4, the anions [HL']” and
[HL?]~ were also optimized. The bonding localization of
[HL']~ agrees with the deprotonation of tautomer II, showing
a shorter C=0 bond (1.232 A) than the C—N bond (1.303
A). Evidently, these distances change upon coordination, as we
will discuss later. MOs involved in the coordination to the
metal atom for the HL' ligand are HOMO — 2 and HOMO —
3, with a minor contribution of HOMO — 9 (Figure S44), and
these are MOs in which the lone pairs of the N and O donor
atoms take part in the in-phase and out-of-phase contributions
of the o type, which afford the M—O and M—N bonds. These
MOs were compared with those obtained from the single-point
calculation of the HL' ligand with the geometry found in the
optimization of complex 1. In this case, the in-phase and out-
of-phase combinations are clearly detected in HOMO — 1 and
HOMO — 3 (also shown in Figure S44 for an appropriate
comparison). Concerning the [HL?]™ anion, its structure fits
again well with the deprotonation of tautomer II with a shorter
C=O0 bond (1.242 A) than the C—N bond (1.296 A). The
anion does not show the planar conformation expected in
complexes 2 and 4, and for this reason, we analyzed their MOs
from the single-point calculation of the HL* ligand with the
approximately planar geometry found in the optimization of
complex 2. The MOs involved in the coordination to the metal
are HOMO — 1, HOMO — 2, HOMO - 3, HOMO — 4, and
HOMO — 6 (Figure S44). The lone pair of the oxygen atoms
is distributed between HOMO — 1 and HOMO — 2 and the
out-of-phase combinations of both N lone pairs appear at
HOMO - 3 and HOMO - 4, while HOMO — 6 is clearly the
in-phase combination of both N lone pairs. Complexes 1-5

were also analyzed by DFT. The resulting optimized structures
of these complexes are shown in Figure 8.

The selected combination of the method and basis sets
provides a good structural description of these complexes
according to the good comparison of the calculated and
experimental structural parameters of complex 1 (Table SS).
The HL' ligands exhibit delocalized C—O and C—N bonds
(1.279 and 1.31S5 A, respectively), in agreement with
experimental values, and the two six-membered metallacycles
[Zn(HL')] show an envelope conformation with an angle
between the ligand and molecular planes of 30.3° (exper-
imental 30.9°). The proposed optimized structure of 1 also
gives a calculated NMR that matches well with experimental
'H and "*C NMR spectra (R* value of 0.9971 in the correlation
shown in Figure S45). To rationalize the observed trans
disposition of methanol molecules in 1, we optimized the
hypothetic complex [Zn(HL'),] without these solvent ligands.
The resulting structure is square planar (Figure S46), which is
unexpected for a four-coordinated d'° complex. This fact
suggests that the adoption of such a geometry is mainly due to
steric reasons. This is confirmed by optimizing the related
complex [Zn(HL?),], where the HL? ligand is like HL', but the
p-trifluoromethylphenyl substituent is replaced by a methyl
group. Optimized [Zn(HL?),] is tetrahedral and is 5.8 kcal/
mol (AG) more stable than the square planar structure (Figure
S46). Consequently, the presence of the p-trifluoromethyl-
phenyl group in HL' causes enough steric pressure to impede
the adoption of the expected d'’-tetrahedral arrangement of
[Zn(HL'),], explaining the trans-(MeOH), geometrical
configuration observed in 1. A square planar structure closely
related to that found for [Zn(HL'),] was optimized for
complex [Cu(HL'),], 3. The six-membered metallacycles
within the [M(HL')] moiety display an envelope conforma-
tion in both cases, and the angle between the ligand and
molecular planes is quite similar in both complexes (29.5 and
28.8° for Cu and Zn, respectively). A minor difference found is
the M—O and M—N bond distances which are slightly longer
for zinc (2.029 and 2.013 A, respectively) than those for
copper (1.950 and 1.987 A, respectively), in agreement with its
higher ionic radius.”> Complexes 2 and 4 have an analogous
formulation, [M(HL?),], but their optimized structures
showed some differences. In 4, the Jahn—Teller effect with
two distances is clearly appreciable, Cu—O and Cu—Npy of
2.204 and 2.399 A, respectively, which are longer than other
Cu—O and Cu-N,, (2.045 and 2.000 A, respectively) and
longer than those observed for Zn complex 2 (Zn—0: 2.045
and 2.053 A; Zn—N,: 2.183 and 2.191 A). Furthermore, the
planes defined for the HL* ligand formed different angles in
both complexes. This angle between the two planes is 83.9° for
the Zn derivative, close to the regular angle of 90° for an ideal
octahedral geometry, while for the Cu complex, it is more
distorted with respect to such a geometry, 72.9°. As occurred
with complex 1, the proposed calculated structure of 2
provides an excellent NMR prediction for this complex,
according to the correlation of experimental and calculated 'H
and ®C NMR parameters (R* value of 0.9991 in the
correlation shown in Figure S45). Complex 5§ was also
optimized and shows a square planar structure, which is
typical for related four-coordinated copper—acylpyrazolonate
complexes.20 Again, a good comparison of the calculated and
experimental structural parameters of this complex was found
(Table S6), which is common for these [Cu(Q}),]
complexes.*

https://doi.org/10.1021/acs.inorgchem.2c02201
Inorg. Chem. 2022, 61, 13561—-13575


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02201?fig=cht2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02201?fig=cht2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Figure 8. Optimized structures of complexes 1—S5.

B CYTOTOXICITY STUDIES

Both the free ligands H,L' and H,L? and the metal complexes
1—4 were assayed in vitro on T. brucei and Balb/3T3 cells
(mammalian cells), and interesting results were obtained
(Table 2). ECy, values were calculated with the GraphPad

Prism 5.2 software and the selectivity index by the correlation
of the obtained values for T. brucei versus the mammalian
reference cells. First of all, H,L* was slightly more active
against T. brucei than H,L' (ECgy = 0.189 vs 0.213 uM), but
also more cytotoxic, having an ECy, value of 0.465 uM against
mammalian cells, compared to 12.51 uM for H,L'. From the
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Table 2. Activity of Tested Compounds on T. brucei TC221 3 Control
and Balb/3T3 Cells L @ H2L1
. dacTp '-_. 3 Complex 1
compound ECs T. brucei TC221 (uM) Balb/3T3 SI :_'

H,L' 0.231 + 0.008 12.51 £ 1.354 SS

H,L? 0.189 + 0.038 0465 + 0.013 2.460 TH

1 0.084 + 0.005 12.322 + 0.346 >100 ctr ——

2 0.169 + 0.038 0.349 + 0.109 2.065 —

3 4.347 + 2.610 32977 + 0.347 7.586 : . :

4 12.763 + 4.060 17.163 + 3.448 1.345 0 1 2 3

suramin 0.023 % 0.0008 43912 + 1438 >100 % of total NTP pool

(@

S, it is clear that the safety profile of H,L' is much better than
the H,L? profile, and H,L*> seems to strongly affect both 3 Control
parasitic and mammalian cells. ADPE— |

As evident from Table 2, also Zn and Cu complexes of H,L' 11— = Ci)m lex 1
(1 and 3) are less toxic than Zn and Cu complexes (2 and 4) P
of H,L? Therefore, the selectivity index is very low for 2 and 4 GTP E_'
(SI=2.065 and 1.34S, respectively) and much higher for 1 and —
3 (SI > 100 and 7.586, respectively). This is in line with the
results above which H,L' is always much more specific than —
H,L? regardless of whether it is complex or not. The UTP -
interesting results obtained for H,L" and its complexes 1 and ————H
3 pushed the research to focus on these compounds. In }—
particular, 1 seems to be more active than H,L', and it also ATP -
maintains a good safety level since SI is > 100. Because of the t —
derivation of complex 1 from H,L', it is logical to suppose that 0 20 40 60

the type of action of these two compounds against T. brucei
could be the same. Among the complexes tested, 1 is the most
convincing; for this reason, we investigated the hypothetical
mechanism of action of 1 and its precursor H,L' by measuring
the cellular nucleotide pools, which gives information of
nucleotide-metabolizing enzymes and energy metabolism and
redox status (NADPH is required by ribonucleotide
reductase).

B MECHANISM OF ACTION

Untreated T. brucei NTP, dNTP, and ADP pools were
measured by HPLC and compared to the pools of parasites
treated with H,L' and complex 1. For the analysis, the method
by Ranjbarian et al. was applied.”” The procedure started by
adding 5 uM of the drug tested to S0 mL of a T. brucei culture
(10° logarithmically growing cells per mL) and incubating the
parasites for 1 h before extracting the NTPs, dNTPs, NDPs,
and dNDPs from them with trichloroacetic acid and
quantifying the nucleotides with HPLC. From these experi-
ments, it was possible to evaluate changes in nucleotide pools
between non-treated trypanosomes and those treated with
H,L' and 1 (chromatographs in Figure S47). A striking
difference between the drug-treated and non-treated cells was
the levels of CTP and dCTP. In fact, although CTP and dCTP
are low also in T. brucei cells without treatment (~2% of the
total NTP pool), they are much lower in parasites treated with
H,L' and especially with the Zn-complex 1 (Figure 9a). The
CTP pools were decreased to 25% in the cells treaded with
H,L' and 6% in the cells treated with 1, as compared to the
control cells. This result is in accordance with the results
obtained in Table 2; complex 1 is more active than H,L' (ECs,
value is lower), and it is therefore logical that if CTP is affected
by the treatment with H,L', this effect is much stronger with
complex 1. No obvious effect was observed on the other NTPs
or ADP (Figure 9b). From these results, it can be assumed that
the target of these compounds could be CTPS.

% of total NTP pool
(b)

Figure 9. (a) Differences in CTP and dCTP pools in non-treated cells
and cells treated with H,L" and 1 (both of them at a concentration of
S uM for 1 h). (b) Differences in NTP pools in non-treated cells and
cells treated with H,L' and 1 (both of them at a concentration of 5
uM for 1 h).

Indeed, CTPS is the enzyme responsible for the de novo
synthesis of CTP from UTP, which is the only pathway of
synthesis of CTP in T. brucei."” The low CTP level could also
be a reason why less dCTP is produced. CTP and other NTPs
in the cell are in equilibrium with the corresponding
diphosphates. Consequently, it will be less CDP substrate for
ribonucleotide reductase to make dCDP from dATP, dGTP,
and dTTP levels increased in trypanosomes treated with H,L'
and even more in trypanosomes treated with 1 (Figure 10).
This could be a consequence of the low dCTP pools, leading
to that the other deoxynucleotides accumulate in the cell as the

I ] [ Control

dATPg o
=1
]
dTTP
]

1
dGTP‘E

T L) L} T 1

0 10 20 30 40

% of Total dNTP pool

Figure 10. Increased deoxynucleotide pools in cells treated with 5 M
H,L' and 1 for 1 h (compared to deoxynucleotide pools in non-
treated control cells).
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DNA polymerase is not able to synthesize DNA because of the
lack of dCTP. The inhibition of DNA synthesis leads to
growth inhibition.

To further investigate the different activities between Zn(II)
complexes 1 and 2, their stability in DMSO-dg was evaluated
through an NMR study within 48 h. While the 'H NMR of
complex 2 remains unchanged within 48 h (Figure S$49),
confirming its stability in DMSO, in the case of complex 1,
some modifications have been immediately observed after
dissolution. In fact, the appearance of a resonance due to free
MeOH at 3.16 ppm confirms its replacement in the zinc
coordination environment by deuterated-DMSO molecules.
Moreover, the geminal CH, of the benzyl group in (HL')
affords three different signals, two of them undergoing
diastereotopic splitting, in accordance with the presence of a
trans and two cis isomers, containing a chiral zinc center, in
equilibrium with each other (Figure S48). Furthermore, by
comparison with the spectrum of the free H,L' ligand in
DMSO-ds, no ligand release was observed. In conclusion,
complex 1 in DMSO replaces methanol with DMSO molecules
in the zinc environment and undergoes trans—cis interconver-
sion without any decomposition.

B CONCLUSIONS

In conclusion, we have reported two novel pyrazolone-based
hydrazones H,L' and H,L? and their Zn(II) and Cu(II)
complexes 1—4. The compounds were fully characterized both
in the solid state and solution, together with a bis-
(acylpyrazolonate)copper(II) species (5) arising from decom-
position of the complex [Cu(HL'),] (3). All ligands and metal
complexes were structurally characterized both in the solid
state and solution and investigated as potential antitrypanoso-
mal agents, and the overall results of this study shed light on
the biological properties of this new series of compounds as a
relevant source of bioactive substances, which can serve as
possible lead candidates for further antiprotozoal drug
development. The exhibited antitrypanosomal activity of
H,L' and its Zn(II) complex 1, revealed through biological
in vitro assays, is an important result also because a very low
cytotoxicity has been detected. An important outcome is the
finding of the mechanism of action. The analysis of NTP and
dNTP pools clearly revealed that CTP is severely affected by
H,L' and its Zn(II) complex 1. T. brucei lacks salvage pathways
for CTP synthesis, and our preliminary results on the purified
T. brucei CTPS indicate that it is the targeted enzyme of the
Zn(11) complex 1, whereas H,L' seems inactive by itself. The
effect of H,L' on the CTP/dCTP pools may possibly come
from that it is chelated by naturally occurring metals in the
trypanosomes or the growth medium. Accordingly, the Zn(II)-
chelated complex 1 had a stronger effect on the CTP and
dCTP pools than H,L'. CTPS was previously found to be a
good target in T. brucei because in contrast to the situation in
mammalian cells, the inhibition of this enzyme cannot be
rescued by cytidine (or cytosine) in the surrounding medium.
The parasite was therefore sensitive to the CTPS inhibitors 6-
diazo-5-oxo-L-norleucine (DON) and a-amino-3-chloro-4,5-
dihydro-5-isoxazoleacetic acid (acivicin).'” However, DON
and acivicin are both glutamine analogues, and in mammalian
cells, they also affect other glutamine-requiring enzymes/
pathways such as de novo purine biosynthesis (DON) and
GMP synthase (acivicin). Indeed, they were originally tried out
as anticancer drugs, and the selectivity against the trypano-
somes is dependent on nucleosides/nucleobases in the growth

medium that selectively rescues the mammalian cells. In
contrast, the drugs investigated here are from another class of
compounds and have a high selectivity against the
trypanosomes with almost no effect on the mammalian
reference cells. Since then, improved versions of acivicin
have been produced with higher selectivity against T. brucei
CTPS.* Experience from studies on mammalian cells has
shown that it is possible to achieve much higher selectivity
against CTPS over other cellular enzymes by using cytidine/
uridine analogues such as cyclopentenyl cytosine. However,
these analogues need to be phosphorylated in the cell to
achieve their function as CTPS inhibitors, and T. brucei lacks
uridine—cytidine kinase. All drugs developed against the T.
brucei CTPS have therefore so far been glutamine analogues. In
contrast, the drugs investigated here are from another class of
compounds. Furthermore, they have a high selectivity against
the trypanosomes with almost no effect on the mammalian
reference cells.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents and solvents were
purchased from Sigma-Aldrich Chemical Co and were of analytical
grade and used as received. Thin-layer chromatography (TLC) was
run on silica gel 60 F254 plates. The final compounds were
characterized by '"H NMR, F NMR, *C NMR, MS, and elemental
analyses. '"H NMR and *C NMR spectra were recorded with the 500
Bruker Ascend (500 MHz for 'H, 470.6 for '°F, and 125 MHz for
3C) instrument operating at room temperature. The chemical shift
values are expressed in § values (ppm), and coupling constants (J) are
in Hertz; tetramethylsilane (TMS) was used as an internal standard.
Proton chemical data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t =
triplet, dt = doublet of triplets, q = quartet, dq = doublet of quartets,
and m = multiplet, brs = broad singlet) coupling constant(s), and
integration. The presence of all exchangeable protons was confirmed
by addition of D,0. '"H NMR and *C NMR spectra were assigned
with the aid of {'"H-"H} COSY, {'H-'*C} HSQC, and {'H-C}
HMBC NMR techniques. Indirect "N NMR chemical shifts were
assigned based on the {'H-"N}-HSQC and {'H-"“N}-HMBC
NMR techniques. Mass spectra were recorded on an HP 1100 series
instrument. All measurements were performed in the positive ion
mode using atmospheric pressure electrospray ionization (API-ESI).
Elemental analyses (C, H, and N) were determined on the Thermo
Fisher Scientific FLASH 2000 CHNS analyzer and are within 0.4% of
theoretical values. Melting points are uncorrected and were recorded
on the STMP3 Stuart scientific instrument and on a capillary
apparatus.

X-ray Crystallography. Single-crystal X-ray diffraction data of
proligands H,L' and H,L* and complexes 1 and 5 were collected at
room temperature with the Bruker-Nonius X8APEXII CCD area
detector system equipped with a graphite monochromator with
radiation Mo Ka (4 = 0.71073 A). Data were processed through the
SAINT reduction and SADABS absorption software.””*° Structures
were solved by direct methods and refined by full-matrix least-squares
based on F* through the SHELX and SHELXTL structure
determination package.”” All non-hydrogen atoms were refined
anisotropically. Fluorine atoms F(2) and F(3) of the —CF; group
in complex 1 are found to be disordered in two positions and refined
with an occupancy factor of 0.80 and 0.20, respectively. Both sets of
atoms were refined anisotropically. Hydrogen atoms were included as
idealized atoms riding on the respective carbon, nitrogen, and oxygen
atoms with bond lengths appropriate to the hybridization. H(1a) and
H(4a) hydrogen atoms in H,L* were located in the best difference
map and refined isotropically. Constrains and restrains have been
applied on the NS/C(23) pyridine ring (refinement with idealized
geometry and thermal motion restrains) in order to fix a slight
disorder. All graphical representations have been obtained by using
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the Olex2 software package.*' Details of data and structural
refinements are reported in Supporting Information Tables S1 and
S2. CCDC 2174178-2174181 contains the supplementary crystallo-
graphic data for this article.

Computational Details. The electronic structure and geometries
of the proligands H,L' and H,L? their tautomers and anions, [HL']~
and [HL?]", and zinc and copper complexes were investigated by
using DFT 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 and Cu complexes, the optimization
was carried out using 6-311G*. Molecular geometries were optimized
without symmetry restrictions. Frequency calculations were carried
out at the same level of theory to identify all of the 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 calculated 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 G, = Ey, + (Ggas— Egas). The GIAO
method was used for the NMR calculations (‘H-, 3C-, and >N NMR
isotropic shielding tensors) which were carried out at the 6-311+
+G** 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 the Supporting Information (Table S7).

Cell Culture and Cytotoxicity Determinations. The biological
assays have been conducted in collaboration with Prof. Anders Hofer,
Department of Medical Biochemistry and Biophysics, Umea
University, Umea, Sweden. T. brucei TC221 bloodstream forms and
mouse embryonic fibroblast Balb/3T3 cells (ATCC no CCL-163)
were cultivated in a vented plastic flask at 37 °C with 5% CO,. For T.
brucei, the growth medium was Hirumi’s modified Iscoves medium
(HMI)-9 supplemented with 10% (v/v) fetal bovine serum (Thermo
Fischer Scientific Gibco, Waltham, MA, USA), whereas the Balb/3T3
cells were grown in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum, glutamine (0.584 g/ L), and 10 mL/L 100 X penicillin—
streptomycin (Gibco)."*™" The synthetic compounds tested were
dissolved in DMSO and serially diluted with growth medium in white
96-well microtiter plates. 20,000 bloodstream forms of T. brucei cells
were added to each well in the final volume of 200 uL. In the case of
mammalian cells (Balb3T3), we added 2000 cells/well with similar
results. To avoid any damage to the cells, the concentration of DMSO
in the solution was never higher than 1% (no cell growth inhibition
was observed with this concentration of DMSO). Cell viability was
verified by a drug-free control for each compound. The plates were
incubated for 48 h in the 5%CO, incubator; then, 20 L of 0.5 mM
resazurine (Sigma-Aldrich) was added to each well, and the plates
were incubated for an additional 24 h before the fluorescence was
measured with the Synergy H4 microplate reader (excitation
wavelength 530 or 540 nm and emission wavelength S90 nm).

The half-maximal efficacious concentration (ECs,) values were
calculated on the log inhibitor versus the response curves by non-
linear regression using the GraphPad prism 5.2 software (GraphPad
Software, Inc., La Jolla, CA, USA). The procedure was repeated three
times to make data reliable.

Determination of NTP and dNTP Pools by HPLC. The
bloodstream form of T. brucei (strain 221) was maintained at 37 °C
and 5% CO, in Hirumi’s modified Iscove’s medium (HMI)-9 medium
and Serum Plus but containing 10% fetal bovine serum.
Trypanosomes (50 mL), harvested in the late logarithmic phase,
were chilled on ice for S min before being collected and centrifuged at
4000 rpm for 5 min at 4 °C. Subsequently, the pellet was resuspended
in 1 mL of culture medium, transferred to an Eppendorf tube, and
centrifuged at 14000 rpm for 1 min at 4 °C. The NTP, NDP, dNDP,
and ANTP pools were not affected by the time on ice (S min), the
centrifugation time (varied between S and 15 min), the centrifugation
speed (varied between 4000 and 14000 rpm), or how many washings
in culture medium were made (3 times). After the medium wash, the
collected trypanosomes were disintegrated by pipetting them up and

down in 720 uL of ice-cold 0.6 M trichloroacetic acid containing 15
mM MgCl,. The resultant solution was centrifuged at 14,000 rpm for
1 min at 4 °C, and the supernatant was extracted twice with 1.13 the
volume of Freon (78% v/v)-trioctylamine (22% v/v) or chloroform—
trioctylamine. 400 uL of the resulting solution was transferred and
centrifuged in a pre-washed Eppendorf tube with a S kDa filter
(Nanosep 3k Omega, Pall Life Sciences). The sample was purified on
a WAX cartridge properly prewashed, and the collected solution was
evaporated to dryness in a Speedvac (Savant) and dissolved in 200 L
of water. This fraction was used for quantification of nucleotides and
deoxynucleotide diphosphates and triphosphates by a 150 X 3 mm
C18-WP HPLC column (Chromanik Sunshell).”” The analyses were
performed on a 150 X 2.1 mm Sunshell C18-WP 2.6 ym column
(ChromaNik Technologies Inc), at 30 °C using a mobile phase of
43% solution A and 57% solution B. Solution A contained 5.8% (v/v)
acetonitrile, 23 g/L KH,PO, and 0.7 g/L tetrabutylammonium
bromide (TBA-Br) adjusted to pH 5.6 with KOH, while solution B
contained 5.8% (v/v) acetonitrile and 0.7 g/L TBA-Br. All reagents
and solvents were of HPLC grade. The size of the sample loop was
100 uL, and the flow rate was 1.2 mL/min. The peaks were detected
by their absorption at 270 nm with a UV-2075 Plus detector.
Nucleotides were quantified by measuring peak heights and areas and
comparing them to a standard curve.

Synthesis of the Proligands HL’'. General Procedure for the
Synthesis of H,L' and H,L?. The acylpyrazolone ligand 5-hydroxy-3-
methyl-1-phenyl-1H-pyrazol-4-yl) (phenyl)methanone (HQ®) was
synthetized following the method previously reported.”” A mixture
of HQ®™ (1.0 equiv) and the appropriate hydrazine (1.0 equiv) in
methanol (10 mL) containing S—10 drops glacial acetic acid was
heated to 80 °C, and the reaction was monitored by TLC (CH,Cl/
MeOH 96:4 v/v). A precipitate slowly formed from the hot solution,
and after completion, the reaction mixture was placed at 4 °C
overnight. The obtained precipitate was filtered, redissolved in
ethanol (10 mL) and recrystallized from slow evaporation of the
solution, to give a light yellow solid which was collected by filtration
and dried to a constant weight.

5-Methyl-2-phenyl-4-(2-phenyl-1-(2-(4-(trifluoromethyl)phenyl)-
hydrazineyl)ethyl)-2,4-dihydro-3H-pyrazol-3-one (H,L'). The proli-
gand H,L' was synthesized from S-hydroxy-3-methyl-1-phenyl-1H-
pyrazol-4-yl) (phenyl)methanone (HQ®") (500 mg, 1.710 mmol) and
4-trifluormethylphenylhydrazine (301 mg, 1.710 mmol), following the
general procedure previously described (80 °C, reaction time 2 h).
Yield: 68%, 531 mg, 1.18 mmol. H,L' is a yellow powder soluble in
DMSO, acetone, acetonitrile, alcohols, diethyl ether, and chlorinated
solvents. mp: 195—196 °C. Anal. caled for C,sH,,F;N,O; C, 66.66;
H, 4.70; N, 12.65%. Found: C, 66.20; H, 4.60; N, 12.77%. IR (cm™):
3214w v(N—H), 3063w v(C—H aromatic), 3130-2700wbr (O—H),
1619vs v(C=N), 1590vs v(C=N), 1534s v(C=C), 1495s v(C=
C), 1488vs v(C=C), 1327vs v(C—F), 1317vs v(C—F), 1112vs v(C—
F), 1064s v(N=N). 'H NMR (CDCl,, 500 MHz, with 0.05% v/v
TMS, 298 K): &y 12.39s (1H, O—H), 7.97d (2H, ] = 8.7 Hz, H7 and
H7'), 7.50—7.35m (4H, HS8, H8', H18 and H18'), 7.27—7.22m (3H,
H14, H14' and H1S), 7.22—7.17m (1H, %] = 8.7 Hz, H9), 7.16—
7.10m (2H, H13 and H13'), 6.66d (2H, *] = 8.2, Hz, H17 and H17’),
6.36s (1H, N—H), 4.13s (2H, H5), 2.38s (3H, H21). *C{'H} NMR
(CDCl,, 125 MHz, with 0.05% v/v TMS, 298): 8. 164.2 (C5), 161.8
(C10), 1452 (C3), 143.4 (C16), 138.5 (C6), 134.4 (C12), 129.19
(C14 and C14'), 128.9 (C8 and C8’), 127.9 (C13 and C13’), 127.4
(C15), 126.7q (}Jc—r = 3.9 Hz, C18 and C18’), 125.0 (C9), 123.7q
(¥Je_r = 32.9 Hz, C19), 124.2q (Yc_ = 270.6 Hz, C20), 119.5 (C7
and C7’), 112.6 (C17 and C17’), 100.1 (C4), 33.5 (C11), 16.7 (C21).
YE{'H} NMR (CDCl,;, 125 MHz, with 0.05% v/v TMS, 298): &
61.7. {'"H,""N}gs- HSQC NMR (CDCl,;, 51 MHz, ¥J(N-H) = 3 Hz,
298 K): 6N 96.2 (N4). {'H,"*N} gs-HMBC NMR (CDCl,;, 51 MHz,
3(N—H) = 3 Hz, 298 K): 6N 284.9 (N2), 140.6 (N3), 96.2 (N4), N1
not observed. ESI-MS (=) CH;CN (m/z, relative intensity %): 449
[100] [HL']™. UV—visible (CH,CN, 107> M): 248 nm (z—7*), 299
nm (n—n*).

(Z)-5-Methyl-2-phenyl-4-(2-phenyl-1-(2-(pyridin-2-yl)-
hydrazineyl)ethylidene)-2,4-dihydro-3H-pyrazol-3-one (H,L?). The
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proligand H,L? was synthesized from (S-hydroxy-3-methyl-1-phenyl-
1H-pyrazol-4-yl) (phenyl)methanone HQ®™ (385 mg, 1.374 mmol)
and 2-hydrazinopyridine (150 mg, 1.374 mmol), following the general
procedure previously described (80 °C, reaction time 2 h). Yield:
65%, 333 mg, 0.85 mmol). H,L? is a brown powder soluble in DMSO,
acetone, acetonitrile, alcohols, diethyl ether, and chlorinated solvents.
mp: 240—241 °C. Anal. calcd for C,3H, NO; C, 72.04; H, 5.52; N,
18.26%. Found: C, 71.96; H, 5.41; N, 18.33%. IR (cm™): 3301w br
v(N—H), 3057w v(C—H aromatic), 3027w v(C—H aromatic), 1615s
v(C=N), 1592vs v(C=N), 1538m v(C=C), 1488m v(C=C),
1472m v(C=C), 1009m v(N—-N). '"H NMR (CDCl,, with 0.05% v/
v TMS, 500 MHz, 298 K): 55 12.54s (1H, O—H), 8.10d (1H, 3 = 5.0
Hz, H20), 8.04d (2H, %] = 7.8 Hz, H7,7’), 7.49t (1H, 3] = 7.4 Hg,
H18), 7.42t (2H, 3] = 7.8 Hz, H8,8'), 7.31t (2H, %] = 7.6 Hz,
H13,13'), 7.26—7.21m (3H, H14,14',15), 7.19t (1H, H9), 6.82t (1H,
3] = 7.3 Hz, H19), 6.56d (1H, *] = 8.3 Hz, H17), 4.22s (2H, H11),
2.42s (3H, H21). ®*C NMR (CDCl,, 125 MHz with 0.05% v/v TMS,
298): 6 167.1 (C3), 165.7 (C10), 157.9 (C16), 148.2 (C20), 147.0
(C3), 138.9 (C6), 138.5 (C18), 134.6 (C12),129.2 (C14,14’), 128.8
(C13,13%), 128.1 (C8,8"), 127.3 (C15), 124.6 (C9), 119.3 (C7,7"),
117.2 (C19), 106.8 (C17), 100.2 (C4), 33.6 (C11), 16.8 (C21).
{'H,"N}gs- HSQC NMR (CDCl;, 51 MHz, *J(N-H) = 3 Hg, 298
K): N N4 not observed. {'H,"*'N} gs-HMBC NMR (CDCl, 51
MHz, }J(N—H) = 3 Hz, 298 K): 6N 286.9 (N2), 139.4 (N3), N4, N1
not observed. ESI-MS (—) CH;CN (m/z, relative intensity %): 382
[100] [HL*]™. UV—visible (CH;CN, 107> M): 260 nm (z—7*), 304
nm (n—z*, >C=N-), 372 nm (n—7*, py).

Synthesis of Zn(ll) and Cu(ll) Complexes 1-5. [Zn-
(HL'),(MeOH),] (1). A solution of Zn(OOCCH,),2H,0 (29 mg,
0.133 mmol) in water (5 mL) was added to a solution of H,L' (120
mg, 0.166 mmol) dissolved in methanol (15 mL). The mixture was
stirred at reflux, and within an hour, a light yellow precipitate formed,
which was removed by filtration, washed with a EtOH/H,0 (60:40 v/
v) solution and shown to be complex 1. It is soluble in DMSO, DMF,
acetonitrile, acetone, diethyl ether and chlorinated solvents. Yield =
86%, 118 mg, 0.114 mmol. mp 139-140 °C. Anal. caled for
Co,H,FN;0,Zn; C, 60.73; H, 4.70; N, 10.90%. Found: C, 60.68; H,
4.67; N, 10.81%. IR (cm™): 3299m v(N—H), 3.134w br v(O—H--
N), 3060w v(C—H aromatic), 1603s v(C=N), 1576s v(C=N),
1532w v(C=C), 1506s v(C=C), 1479m v(C=C), 1322vs v(C—F),
1103vs v(C—F), 1065s v(N—N), 550m v(Zn—N), 472s v(Zn—0).
'H NMR (CDCl, with 0.05% v/v TMS, 500 MHz, 298 K): 6y 7.84d
(4H, 3] = 8.0 Hz, H7 and H7'), 7.43t (4H, 3] = 7.8 Hz, H8 and HS’),
7.34—7.23m (12H, H14, H14', H15, H18, H18', H19), 7.03d (4H, ]
= 6.6 Hz, H13 and H13'), 6.46d (4H, ¥] = 8.3 Hz, H17 and H17'),
5.98s (2H, N—H), 4.17s (4H, H11), 3.44s (6H, MeOH), 2.28s (6H,
H21), 1.30s (4H, MeOH). *C{'H} NMR (CDCl; with 0.05% v/v
TMS, 125 MHz): 8. 177.7 (CS), 162.6 (C10), 149.1 (C3), 148.1
(C16), 138.5 (C6), 135.3 (C12), 129.1 (Cl14 and C14'), 128.7 (C8
and C8'), 127.9 (C13 and C13’), 127.0 (C15), 126.3q (}Jc_r = 3.4
Hz, C18 and C18'), 125.6 (C9), 124.3q (YJc_p = 271.3 Hz, C20),
123.1q (Jc_p = 32.3 Hz, C19), 119.5 (C7 and C7’), 114.1 (C17 and
C7'),98.3 (C4), 35.7 (C11), 17.3 (C21). YF{"H} NMR (CDCl,, 125
MHz, with 0.05% v/v TMS, 298): &z 61.4. {'H,"*N}gs- HSQC NMR
(CDCl;, 51 MHz, *J(N-H) = 3 Hz, 298 K): 6N 117.3 (N4).
{'H,"N} gs-HMBC NMR (CDCl;, 51 MHz, ¥J(N-H) = 3 Hz, 298
K): 6N 276.4 (N2), N3, N4, N1 not observed. ESI-MS (+) CH;CN
(m/z, relative intensity %): 965 [100] [Zn(HL')(H,L")]*; 987 [40]
[Zn(HL'), + Na]*; 1479 [30] [Zn,(HL');]*. UV—visible (CH,CN,
107° M): 249 nm (z—z*), 299 nm (n—7*), 388 nm sh (LMCT).

[Zn(HL?),] (2). A solution of Zn(OOCCHS;),2H,0 (29 mg, 0.133
mmol) in water (5 mL) was added to a solution of H,L* (120 mg,
0.313 mmol) dissolved in methanol (15 mL). The mixture was stirred
at room temperature and within an hour a light yellow precipitate
formed, which was removed by filtration, washed with a EtOH/H,0
(60:40 v/v) solution, and shown to be complex 2. Yield: 78%, 102
mg, 0.122 mmol. It is soluble in DMSO, DMF, acetone, acetonitrile,
and chlorinated solvents. mp: 172—174 °C. Anal. Calcd For
C46H4oN100,Zn; C, 66.55; H, 4.86; N, 16.87%. Found: C, 63.65;
H, 4.72; N, 15.64%. IR (cm™): 3316w v(N—H), 3187w br v(N-H),

3056w v(C—H aromatic), 1614s v(C=N), 1593 v(C=N), 1570s
v(C=N), 1055m v(N-N), 540m v(Zn—-N), 444s v(Zn—0). 'H
NMR (CDCl; with 0.05% v/v TMS, 500 MHz, 298 K): &y 8.05d
(1H, 3] = 8.0 Hz, H20), 7.73 (2H, d, %] = 8.0 Hz, H7 and H7'), 7.55
(1H, s, N—H), 7.50 (2H, d, ¥ = 7.8 Hz, H13 and H13'), 7.44 (3H, m,
HI15, H14 and H14'), 7.38 (2H, d, *] = 7.6 Hz, H18), 7.15 (2H, t, ] =
8.0 Hz, H8 and H8'), 6.99 (1H, t, °] = 8.0 Hz, H9), 6.52 (1H, t, ] =
7.6 Hz, H19), 6.33 (1H, d, %] = 8.0 Hz, H17), 4.41 (2H, dbr, H11),
2.42 (3H,s, H21). ®C NMR (CDCl, with 0.05% v/v TMS, 125
MHz): 8¢ 165.5 (CS), 162.2 (C10), 152.6 (C16), 146.7 (C20), 144.6
(C3), 139.0 (C6), 138.5 (C18), 134.6 (C12), 129.8 (C15), 128.8
(C14,14"), 1282 (C8,38'), 128.0 (C13,13'), 124.6 (C9), 1193
(C7,7"), 1154 (C19), 109.3 (C17), 97.6 (C4), 354 (CI11), 17.2
(C21). {'H,"*N}gs- HSQC NMR (CDCl,, 51 MHz, 3J(N-H) = 3
Hz, 298 K): 6N 130.2 (N4). {'"H,"*N} gs-HMBC NMR (CDCl,, 51
MHz, *J(N-H) = 3 Hz, 298 K): 6N 51.2 (N5), N3, N2, and N1 not
observed. ESI-MS (+) CH;CN (m/z, relative intensity %): 829 [70]
[Zn(HL?*)(H,L*)]% 851 [100] [Zn(HL?), + Nal*; 1276 [55]
[Zn,(HL?),]*. UV—visible (CH,CN, 10™° M): 266 nm (7—r*),
305 nm (n—z*, >C=N-), 371 nm (n—7*, py), 406 nm sh (LMCT).

[Cu(HL’)z] (3). A solution of Cu(OOCCH,;),-2H,0 (26 mg, 0.133
mmol) in water (5§ mL) was added to a solution of H,L' (120 mg,
0.166 mmol) dissolved in methanol (15 mL). The mixture was stirred
at room temperature, and immediately a red precipitate formed,
which was removed by filtration, washed with a EtOH/H,0 (60:40 v/
v) solution, and shown to be complex 3. It is soluble in DMSO, DMF,
acetone, and chlorinated solvents. Yield: 63%, 80 mg, 0.084 mmol.
Mp: 205—208 °C. Anal. calcd. for CsoH,,CuF¢N;O,; C, 62.40; H,
4.19; N, 11.64%. Found: C, 62.19; H, 4.24; N, 11.32%. IR (cm™):
3294m v(N—-H), 3026w v(C,on—H), 3028w v(C,,,—H), 1614m
»(C=N), 1601m v(C=N), 1588m u(C=N), 1575m v(C=C),
1516vs v(C=C), 1489vs v(C=C), 1327vs v(C—F), 1103vs v(C—
F), 1065s v(N—N), 540m v(Cu—N), 510s v(Cu—0O). ESI-MS (+)
CH;CN (m/z, relative intensity %): 963 [15] [Cu(HL')(H,L")]%;
1067 [20] [Cu(HL')(H,L')(MeOH),(MeCN)]*. UV-—visible
(CH,CN, 1075 M): 259 nm (z—7z*), 278 nm (n—z*), 392 nm sh
(LMCT).

[Cu(HL?),] (4). A solution of Cu(OOCCH,),2H,0 (31 mg, 0.157
mmol) in water (5 mL) was added to a solution of H,L* (120 mg,
0.313 mmol) dissolved in methanol (15 mL). The mixture was stirred
at room temperature, and immediately, a brown green precipitate
formed, which was removed by filtration, washed with a EtOH/H,0
(60:40 v/v) solution, and shown to be complex 4. It is soluble in
DMSO, DMEF, acetone, acetonitrile, and chlorinated solvents. mp:
181—182 °C. Anal. calcd. for C,4H,,CuN,,0,; C, 66.69; H, 4.87; N,
16.91%. Found: C, 66.23; H, 4.75; N, 16.86%. IR (cm™): 3297w br
v(N—H), 3062w v(N—H), 3030w v(C—H aromatic), 1617m v(C=
N), 1588m v(C=N), 1572 v(C=N), 1528m, 1508m v(C=C),
1071m v(N-N), 546m v(Cu—N), 508s v(Cu—0O). ESI-MS (+)
CH,;CN (m/z, relative intensity %): 828 [100] [Cu(HL?)(H,L*)]%;
1274 [75] [Cu,(HL?);]*. UV—visible (CH,CN, 10™° M): 256 nm
(z—n*), 305 nm (n—z*, >C=N-), 378 nm (n—z*, py), 414 nm sh
(LMCT).

[Cu(t QB")Z] (5). Complex $ is obtained with a procedure similar to
that of 3 but leaving the reaction mixture under stirring for 24 h,
during which the red precipitate slowly converts to dark green. It is
soluble in DMSO, DMF, acetone, and chlorinated solvents. Yield:
86%, 74 mg, 0.114 mmol. mp: 264—266 °C. Anal. calcd. For
C3HyCuN,O,; C, 66.91; H, 4.68; N, 8.67%. Found: C, 66.55; H,
4.57; N, 8.71%. IR (cm™): 3065w v/(C,om—H), 3037w 1(C,om—H),
1604s v(C=0), 1590s v(C=N), 1575vs v(C=C), 1532m v(C=
C), 1486vs v(C=C), 510s, 400m v(Cu—0). ESI-MS (+) CH,;CN
(m/z, relative intensity %): 647 [100] [Cu(Q"")(HQ™)]*.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02201.

https://doi.org/10.1021/acs.inorgchem.2c02201
Inorg. Chem. 2022, 61, 13561—-13575


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02201?goto=supporting-info
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

NMR and IR spectra, X-ray data collection and structure
refinements, DFT data of the optimized structures of
proligands and metal complexes, comparison of calc. and
exp. IR spectra, '"H and *C NMR spectra, MOs of
anionic ligands [HL']™ and [HL*]™ and coordinates, and
HPLC chromatographs showing NTPs, dNTPs, NDPs
and dNDPs (PDF)

Accession Codes

CCDC 2174178-2174181 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author
Fabio Marchetti — Chemistry Interdisciplinary Project
(CHIP), School of Science and Technology, University of
Camerino, 62032 Camerino, Macerata, Italy; ©® orcid.org/
0000-0001-5981-930X; Email: fabio.marchetti@unicam.it

Authors

Alessia Tombesi — Chemistry Interdisciplinary Project
(CHIP), School of Pharmacy, University of Camerino, 62032
Camerino, Macerata, Italy

Corrado Di Nicola — Chemistry Interdisciplinary Project
(CHIP), School of Science and Technology, University of
Camerino, 62032 Camerino, Macerata, Italy; ® orcid.org/
0000-0002-0958-6103

Riccardo Pettinari — Chemistry Interdisciplinary Project
(CHIP), School of Pharmacy, University of Camerino, 62032
Camerino, Macerata, Italy; © orcid.org/0000-0002-6313-
4431

Federico Verdicchio — Chemistry Interdisciplinary Project
(CHIP), School of Pharmacy, University of Camerino, 62032
Camerino, Macerata, Italy

Alessandra Crispini — MAT-InLAB, Dipartimento di Chimica
e Tecnologie Chimiche, Universita della Calabria, 87036
Arcavacata di Rende, Cosenza, Italy; ©® orcid.org/0000-
0002-7522-9323

Francesca Scarpelli — MAT-InLAB, Dipartimento di Chimica
e Tecnologie Chimiche, Universita della Calabria, 87036
Arcavacata di Rende, Cosenza, Italy

Cecilia Baldassarri — Chemistry Interdisciplinary Project
(CHIP), School of Pharmacy, University of Camerino, 62032
Camerino, Macerata, Italy

Elisa Marangoni — Chemistry Interdisciplinary Project
(CHIP), School of Pharmacy, University of Camerino, 62032
Camerino, Macerata, Italy

Anders Hofer — Department of Medical Biochemistry and
Biophysics, Umea University, 901 87 Umea, Sweden

Agustin Galindo — Departamento de Quimica Inorganica,
Facultad de Quimica, Universidad de Sevilla, 41071 Sevilla,
Spain; orcid.0rg/0000-0002—2772—9171

Riccardo Petrelli — Chemistry Interdisciplinary Project
(CHIP), School of Pharmacy, University of Camerino, 62032
Camerino, Macerata, Italy; ©® orcid.org/0000-0002-4760-
1204

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.2c¢02201

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the University of Camerino and the
University of Umea for financial support. Authors would like to
acknowledge the financial support from the Ministry of
University and Research of Italy within the framework of the
project Nano4-Fresh—Nanomaterials for an environmentally
friendly and sustainable handling of perishable products
(PRIMA19_00246), which is part of the Partnership on
Research and Innovation in the Mediterranean Area (PRIMA)
Programme supported by the European Union and funded by
the national funding bodies of Participating States (MUR in
Italy). Financial support from the Spanish Ministerio de
Ciencia e Innovacién (PGC2018-093443-B-100) is gratefully
acknowledged. A. G. thanks Centro de Servicios de Informética
y Redes de Comunicaciones (CSIRC), Universidad de
Granada, for providing the computing time. The work on T.
brucei was supported by the Swedish Research Council (2019-
01242 to AH.) and by a grant from the Italian Ministry of
Health to R.P. (PRIN 2017CBNCYT_005).

B REFERENCES

(1) https://www.who.int/news-room/q-a-detail /neglected-topical-
diseases-sleeping-sickness-(human-african-trypanosomiasis).

(2) Simarro, P. P.; Cecchi, G.; Franco, J. R;; Paone, M.; Diarra, A.;
Ruiz-Postigo, J. A; Fevre, E. M,; Mattioli, R. C.; Jannin, J. G.
Estimating and Mapping the Population at Risk of Sleeping Sickness.
PLoS Neglected Trop. Dis. 2012, 6, No. e1859.

(3) https://dndi.org/news/2020/sleepingsickness-rnd-portfolio-
update/.

(4) Torreele, E.; Bourdin Trunz, B.; Tweats, D.; Kaiser, M.; Brun,
R; Mazué, G.; Bray, M. A,; Pécoul, B. Fexinidazole - A New Oral
Nitroimidazole Drug Candidate Entering Clinical Development for
the Treatment of Sleeping Sickness. PLoS Neglected Trop. Dis. 2010, 4,
No. €923.

(5) Chappuis, F. Oral Fexinidazole for Human African Trypanoso-
miasis. Lancet 2018, 391, 100—102.

(6) Babokhov, P.; Sanyaolu, A. O.; Oyibo, W. A.; Fagbenro-Beyioku,
A. F; Iriemenam, N. C. A Current Analysis of Chemotherapy
Strategies for the Treatment of Human African Trypanosomiasis.
Pathog. Glob. Health 2013, 107, 242—252.

(7) Popiotek, E. The Bioactivity of Benzenesulfonyl Hydrazones: A
Short Review. Biomed. Pharmacother. 2021, 141, 111851.

(8) Sharma, P. C.; Sharma, D.; Sharma, A.; Saini, N.; Goyal, R;; Ola,
M.; Chawla, R.; Thakur, V. K. Hydrazone Comprising Compounds as
Promising Anti-Infective Agents: Chemistry and Structure-Property
Relationship. Mater. Today Chem. 2020, 18, 100349.

(9) de Oliveira Carneiro Brum, J.; Costa Franga, T. C.; LaPlante, S.
R.; Figueroa Villar, J. D. Synthesis and Biological Activity of
Hydrazones and Derivatives: A Review. Mini Rev. Med. Chem. 2020,
20, 342—368.

(10) Zhao, Z.; Dai, X,; Li, C,; Wang, X,; Tian, J.; Feng, Y.,; Xie, J;
Ma, C,; Nie, Z.; Fan, P,; Qian, M.; He, X;; Wu, S.; Zhang, Y.; Zheng,
X. Pyrazolone Structural Motif in Medicinal Chemistry: Retrospect
and Prospect. Eur. J. Med. Chem. 2020, 186, 111893.

(11) Marchetti, F.; Nicola, C.; Pettinari, R.; Pettinari, C.; Aiello, L;
Deda, M.; Candreva, A.; Morelli, S.; Bartolo, L.; Crispini, A. Zinc(II)
Complexes of Acylpyrazolones Decorated with a Cyclohexyl Group
Display Antiproliferative Activity Against Human Breast Cancer Cells.
Eur. J. Inorg. Chem. 2019, 1027—1039.

(12) Pettinari, R,; Marchetti, F.; Di Nicola, C.; Pettinari, C.;
Galindo, A.; Petrelli, R.; Cappellacci, L.; Cuccioloni, M.; Bonfili, L.;
Eleuteri, A. M.; Guedes da Silva, M.; Pombeiro, A. J. L. Ligand Design
for N,O- or N,N-Pyrazolone-Based Hydrazones Ruthenium (II)-Arene

https://doi.org/10.1021/acs.inorgchem.2c02201
Inorg. Chem. 2022, 61, 13561—-13575


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02201/suppl_file/ic2c02201_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2174178&id=doi:10.1021/acs.inorgchem.2c02201
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2174181&id=doi:10.1021/acs.inorgchem.2c02201
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+Marchetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5981-930X
https://orcid.org/0000-0001-5981-930X
mailto:fabio.marchetti@unicam.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessia+Tombesi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corrado+Di+Nicola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0958-6103
https://orcid.org/0000-0002-0958-6103
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riccardo+Pettinari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6313-4431
https://orcid.org/0000-0002-6313-4431
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Verdicchio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandra+Crispini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7522-9323
https://orcid.org/0000-0002-7522-9323
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Scarpelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cecilia+Baldassarri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Marangoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anders+Hofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agusti%CC%81n+Galindo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2772-9171
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riccardo+Petrelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4760-1204
https://orcid.org/0000-0002-4760-1204
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02201?ref=pdf
https://www.who.int/news-room/q-a-detail/neglected-topical-diseases-sleeping-sickness-(human-african-trypanosomiasis)
https://www.who.int/news-room/q-a-detail/neglected-topical-diseases-sleeping-sickness-(human-african-trypanosomiasis)
https://doi.org/10.1371/journal.pntd.0001859
https://dndi.org/news/2020/sleepingsickness-rnd-portfolio-update/
https://dndi.org/news/2020/sleepingsickness-rnd-portfolio-update/
https://doi.org/10.1371/journal.pntd.0000923
https://doi.org/10.1371/journal.pntd.0000923
https://doi.org/10.1371/journal.pntd.0000923
https://doi.org/10.1016/s0140-6736(18)30019-9
https://doi.org/10.1016/s0140-6736(18)30019-9
https://doi.org/10.1179/2047773213y.0000000105
https://doi.org/10.1179/2047773213y.0000000105
https://doi.org/10.1016/j.biopha.2021.111851
https://doi.org/10.1016/j.biopha.2021.111851
https://doi.org/10.1016/j.mtchem.2020.100349
https://doi.org/10.1016/j.mtchem.2020.100349
https://doi.org/10.1016/j.mtchem.2020.100349
https://doi.org/10.2174/1389557519666191014142448
https://doi.org/10.2174/1389557519666191014142448
https://doi.org/10.1016/j.ejmech.2019.111893
https://doi.org/10.1016/j.ejmech.2019.111893
https://doi.org/10.1002/ejic.201900775
https://doi.org/10.1002/ejic.201900775
https://doi.org/10.1002/ejic.201900775
https://doi.org/10.1021/acs.inorgchem.8b01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Complexes and Investigation of Their Anticancer Activity. Inorg.
Chem. 2018, 57, 14123—14133.

(13) Cuccioloni, M.; Bonfili, L.; Cecarini, V.; Nabissi, M.; Pettinari,
R.; Marchetti, F.; Petrelli, R.; Cappellacci, L.; Angeletti, M.; Eleuteri,
A. M. Exploring the Molecular Mechanisms Underlying the in vitro
Anticancer Effects of Multitarget-Directed Hydrazone Ruthenium-
(I1)-Arene Complexes. ChemMedChem 2020, 15, 105—113.

(14) Shaikh, I. U,; Patel, R. K.; Mevada, V. A,; Gupta, V. K.; Jadeja,
R. N. Binary and Ternary Zinc(II) Complexes of Acyl Pyrazolones:
Synthesis, Spectroscopic Analysis, Crystal Structure and Antimalarial
Activity. ChemistrySelect 2019, 4, 8286—8294.

(15) Shaikh, L; Jadeja, R. N.; Patel, R. Three Mixed Ligand
Mononuclear Zn(II) Complexes of 4-Acyl Pyrazolones: Synthesis,
Characterization, Crystal Study and Anti-Malarial Activity. Polyhedron
2020, 183, 114528.

(16) Shaikh, I; Jadeja, R. N.; Patel, R.;; Mevada, V.; Gupta, V. K. 4-
Acylhydrazone-5-Pyrazolones and Their Zinc(II) Metal Complexes:
Synthesis, Characterization, Crystal Feature and Antimalarial Activity.
J. Mol. Struct. 2021, 1232, 130051.

(17) Berens, R. L; Krug, E; Marr, J. Purine and Pyrimidine
Metabolism. In Biochemistry and Molecular Biology of Parasites; Marr,
J. J, Muller, M., Eds.; Academic Press Limited: London, 1995; pp
89—117.

(18) Hammond, D. J; Gutteridge, W. E. UMP Synthesis in the
Kinetoplastida. Biochim. Biophys. Acta, Gen. Subj. 1982, 718, 1—10.

(19) Hofer, A.; Steverding, D.; Chabes, A.; Brun, R.; Thelander, L.
Trypanosoma Brucei CTP Synthetase: A Target for the Treatment of
African Sleeping Sickness. Proc. Natl. Acad. Sci. US.A. 2001, 98,
6412—6416.

(20) Marchetti, F.; Pettinari, R.; Pettinari, C. Recent Advances in
Acylpyrazolone Metal Complexes and Their Potential Applications.
Coord. Chem. Rev. 2015, 303, 1-31.

(21) Marchetti, F.; Pettinari, C; Di Nicola, C.; Tombesi, A.;
Pettinari, R. Coordination Chemistry of Pyrazolone-Based Ligands
and Applications of Their Metal Complexes. Coord. Chem. Rev. 2019,
401, 213069.

(22) Hosny, N. M.; Hassan, N. Y.; Mahmoud, H. M.; Abdel-Rhman,
M. H. Synthesis, Characterization and Cytotoxicity of New 2-
isonicotinoyl-N-phenylhydrazine-1-carbothioamide and Its Metal
Complexes. Appl. Organomet. Chem. 2019, 33, No. e4998.

(23) Hosny, N. M.; Belal, A.; Motawea, R.; Hussien, M. A.; Abdel-
Rhman, M. H. Spectral Characterization, DFT, Docking and
Cytotoxicity of N-Benzyl-4,5-Dihydro-3-Methyl-5-Oxo-1H-Pyrazole-
4-Carbothioamide and Its Metal Complexes. J. Mol Struct. 2021,
1232, 130020.

(24) Morozov, N.; Shcherbakov, I. N.; Levchenkov, S. L; Popov, L.
D. Structure, Spectral Properties, and Complexing Ability of 1-Phenyl-
3-Methylpyrazol-5-One Ferrocenoyl Hydrazone. Russ. J. Gen. Chem.
2020, 90, 257-267.

(25) Xu, G.-C;; Zhang, L.; Zhang, Y.-H.; Guo, J.-X.; Shi, M.-Q; Jia,
D.-Z. Syntheses, crystal structures and luminescent properties of four
Zn(ji) coordination polymers with pyrazolone derivatives and 4,4'-
bipyridine. CrystEngComm 2013, 15, 2873—2880.

(26) Kreienborg, N. M.; Merten, C. How to Treat C-F Stretching
Vibrations? A Vibrational CD Study on Chiral Fluorinated Molecules.
Phys. Chem. Chem. Phys. 2019, 21, 3506—3511.

(27) Marchetti, F.; Pettinari, C.; Pettinari, R. Acylpyrazolone
Ligands: Synthesis, Structures, Metal Coordination Chemistry and
Applications. Coord. Chem. Rev. 2008, 249, 2909—2943.

(28) Zhang, L.; Xu, G.-C; Yang, Y.; Guo, J.-X; Jia, D.-Z. Syntheses,
structure diversity and properties of complexes with 4-acyl pyrazolone
salicylidene hydrazide derivatives. Dalton Trans. 2013, 42, 4248—
4257.

(29) Gusev, A. N.; Kiskin, M. A.; Braga, E. V.; Chapran, M.; Wiosna-
Salyga, G.; Baryshnikov, G. V.; Minaeva, V. A,; Minaev, B. F.; Ivaniuk,
K.; Stakhira, P.; Agren, H.; Linert, W. Novel Zinc Complex with an
Ethylenediamine Schiff Base for High-Luminance Blue Fluorescent
OLED Applications. J. Phys. Chem. C 2019, 123, 11850—11859.

(30) Li, Y;; Yang, Z.; Zhou, M,; Li, Y.; He, J.; Wang, X; Lin, Z.
Ni(ii) and Co(ii) complexes of an asymmetrical aroylhydrazone:
synthesis, molecular structures, DNA binding, protein interaction,
radical scavenging and cytotoxic activity. RSC Adv. 2017, 7, 41527—
41539.

(31) Pettinari, R,; Marchetti, F.; Di Nicola, C.; Pettinari, C.;
Galindo, A.; Petrelli, R.; Cappellacci, L.; Cuccioloni, M.; Bonfili, L.;
Eleuteri, A. M.; Guedes da Silva, M. F. C.; Pombeiro, A. J. L. Ligand
Design for N,0O- or N,N-Pyrazolone-Based Hydrazones Ruthenium-
(II)-Arene Complexes and Investigation of Their Anticancer Activity.
Inorg. Chem. 2018, 57, 14123—14133.

(32) Barwiolek, M.; Kaczmarek-Kedziera, A.; Muziol, T. M,
Jankowska, D.; Jezierska, J.; Biefko, A. Dinuclear Copper(Il)
Complexes with Schiff Bases Derived from 2-Hydroxy-S-Methyl-
isophthalaldehyde and Histamine or 2-(2-Aminoethyl)Pyridine and
Their Application as Magnetic and Fluorescent Materials in Thin Film
Deposition. Int. J. Mol. Sci. 2020, 21, 4587.

(33) Nakum, K; Jadeja, R. N. Synthesis, Characterization, and
Electrochemical Study of a Mononuclear Cu(Il) Complex with a 4-
Acyl Pyrazolone Ligand. Z. Naturforsch. 2018, 73, 713—718.

(34) Jadeja, R. N.; Vyas, K. M.; Gupta, V. K,; Joshi, R. G.; Prabha, R.
Syntheses, characterization and molecular structures of calcium(II)
and copper(II) complexes bearing O2-chelate ligands: DNA binding,
DNA cleavage and anti-microbial study. Polyhedron 2012, 31, 767—
778.

(35) Shannon, R. D. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr., Sect. A: Cryst. Phys.,, Diffr, Theor. Gen. Crystallogr. 1976,
32, 751-767.

(36) Marchetti, F.; Pettinari, C.; Pettinari, R. Acylpyrazolone
Ligands: Synthesis, Structures, Metal Coordination Chemistry and
Applications. Coord. Chem. Rev. 2008, 249, 2909—294S.

(37) Ranjbarian, F.; Sharma, S.; Falappa, G.; Taruschio, W.; Chabes,
A.; Hofer, A. Isocratic HPLC analysis for the simultaneous
determination of dNTPs, rNTPs and ADP in biological samples.
Nucleic Acids Res. 2022, 50 (3), elS8.

(38) Tamborini, L.; Pinto, A.; Smith, T. K.; Major, L. L.; Iannuzzi,
M. C.; Cosconati, S.; Marinelli, L.; Novellino, E.; Lo Presti, L.; Wong,
P. E. Synthesis and Biological Evaluation of CTP Synthetase
Inhibitors as Potential Agents for the Treatment of African
Trypanosomiasis. ChemMedChem 2012, 7, 1623—1634.

(39) Bruker, A. SAINT; Bruker AXS Inc.: Madison, Wisconsin, USA.
(b) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr., Sect.
A: Found. Crystallogr. 2008, 64, 112.

(40) Sheldrick, G. M.; SADABS, V. 2.10 “Program for Empirical
Absorption Correction of Area Detector Data”; University of Gottingen:
Gottingen, German, 2003.

(41) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: A Complete Structure Solution,
Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42,
339-341.

(42) Becke, A. D. Density-functional thermochemistry. ITI. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(43) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B 1988, 37, 785—789.

(44) Cossi, M;; Rega, N.; Scalmani, G.; Barone, V. Energies,
structures, and electronic properties of molecules in solution with the
C-PCM solvation model. J. Comput. Chem. 2003, 24, 669—681.

(45) Wong, M. W. Vibrational Frequency Prediction Using Density
Functional Theory. Chem. Phys. Lett. 1996, 256, 391—399.

(46) Scott, A. P.; Radom, L. Harmonic Vibrational Frequencies: An
Evaluation of Hartree—Fock, Moller—Plesset, Quadratic Configu-
ration Interaction, Density Functional Theory, and Semiempirical
Scale Factors. J. Phys. Chem. 1996, 100, 16502—16513.

(47) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, ].

https://doi.org/10.1021/acs.inorgchem.2c02201
Inorg. Chem. 2022, 61, 13561—-13575


https://doi.org/10.1021/acs.inorgchem.8b01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmdc.201900551
https://doi.org/10.1002/cmdc.201900551
https://doi.org/10.1002/cmdc.201900551
https://doi.org/10.1002/slct.201901058
https://doi.org/10.1002/slct.201901058
https://doi.org/10.1002/slct.201901058
https://doi.org/10.1016/j.poly.2020.114528
https://doi.org/10.1016/j.poly.2020.114528
https://doi.org/10.1016/j.poly.2020.114528
https://doi.org/10.1016/j.molstruc.2021.130051
https://doi.org/10.1016/j.molstruc.2021.130051
https://doi.org/10.1016/j.molstruc.2021.130051
https://doi.org/10.1016/0304-4165(82)90002-2
https://doi.org/10.1016/0304-4165(82)90002-2
https://doi.org/10.1073/pnas.111139498
https://doi.org/10.1073/pnas.111139498
https://doi.org/10.1016/j.ccr.2015.05.003
https://doi.org/10.1016/j.ccr.2015.05.003
https://doi.org/10.1016/j.ccr.2019.213069
https://doi.org/10.1016/j.ccr.2019.213069
https://doi.org/10.1002/aoc.4998
https://doi.org/10.1002/aoc.4998
https://doi.org/10.1002/aoc.4998
https://doi.org/10.1016/j.molstruc.2021.130020
https://doi.org/10.1016/j.molstruc.2021.130020
https://doi.org/10.1016/j.molstruc.2021.130020
https://doi.org/10.1134/s1070363220020152
https://doi.org/10.1134/s1070363220020152
https://doi.org/10.1039/c3ce27049a
https://doi.org/10.1039/c3ce27049a
https://doi.org/10.1039/c3ce27049a
https://doi.org/10.1039/c8cp02395f
https://doi.org/10.1039/c8cp02395f
https://doi.org/10.1016/j.ccr.2005.03.013
https://doi.org/10.1016/j.ccr.2005.03.013
https://doi.org/10.1016/j.ccr.2005.03.013
https://doi.org/10.1039/c2dt32641h
https://doi.org/10.1039/c2dt32641h
https://doi.org/10.1039/c2dt32641h
https://doi.org/10.1021/acs.jpcc.9b02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7ra05504h
https://doi.org/10.1039/c7ra05504h
https://doi.org/10.1039/c7ra05504h
https://doi.org/10.1021/acs.inorgchem.8b01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms21134587
https://doi.org/10.3390/ijms21134587
https://doi.org/10.3390/ijms21134587
https://doi.org/10.3390/ijms21134587
https://doi.org/10.3390/ijms21134587
https://doi.org/10.1515/znb-2018-0117
https://doi.org/10.1515/znb-2018-0117
https://doi.org/10.1515/znb-2018-0117
https://doi.org/10.1016/j.poly.2011.11.004
https://doi.org/10.1016/j.poly.2011.11.004
https://doi.org/10.1016/j.poly.2011.11.004
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.1016/j.ccr.2005.03.013
https://doi.org/10.1016/j.ccr.2005.03.013
https://doi.org/10.1016/j.ccr.2005.03.013
https://doi.org/10.1093/nar/gkab1117
https://doi.org/10.1093/nar/gkab1117
https://doi.org/10.1002/cmdc.201200304
https://doi.org/10.1002/cmdc.201200304
https://doi.org/10.1002/cmdc.201200304
https://doi.org/10.1107/s0108767307043930
https://doi.org/10.1107/s0021889808042726
https://doi.org/10.1107/s0021889808042726
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1016/0009-2614(96)00483-6
https://doi.org/10.1016/0009-2614(96)00483-6
https://doi.org/10.1021/jp960976r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960976r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960976r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960976r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G,;
Liang, W.; Hada, M.; Ehara, M,; Toyota, K.; Fukuda, R.; Hasegawa, ] ;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K; Montgomery, J. A. J; Peralta, J. E,; Ogliaro, F;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V.
N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell,
A,; Burant, J. C; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M,;
Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L,;
Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 09,
Revision B.01; Gaussian, Inc.: Wallingford CT, 2016.

(48) Petrelli, R.;; Orsomando, G.; Sorci, L.; Maggi, F.; Ranjbarian, F.;
Biapa Nya, P. C,; Petrelli, D.; Vitali, L. A; Lupidi, G.; Quassinti, L.
Biological Activities of the Essential Oil from Erigeron Floribundus.
Molecules 2016, 21, 1065.

(49) Petrelli, R.; Ranjbarian, F.; Dall'’Acqua, S.; Papa, F.; Iannarelli,
R; Kamte, S. L. N.; Vittori, S.; Benelli, G.; Maggi, F.; Hofer, A;
Cappellacci, L. An overlooked horticultural crop, Smyrnium
olusatrum, as a potential source of compounds effective against
African trypanosomiasis. Parasitol. Int. 2017, 66, 146—151.

(50) Baldassarri, C.; Falappa, G.; Mazzara, E.; Acquaticci, L.; Ossoli,
E.; Perinelli, D. R;; Bonacucina, G.; Dall’Acqua, S.; Cappellacci, L.;
Maggi, F.; Ranjbarian, F.; Hofer, A.; Petrelli, R. Antitrypanosomal
activity of anthriscus nemorosa essential oils and combinations of
their main constituents. Antibiotics 2021, 10, 1413.

13575

https://doi.org/10.1021/acs.inorgchem.2c02201
Inorg. Chem. 2022, 61, 13561—-13575


https://doi.org/10.3390/molecules21081065
https://doi.org/10.1016/j.parint.2017.01.001
https://doi.org/10.1016/j.parint.2017.01.001
https://doi.org/10.1016/j.parint.2017.01.001
https://doi.org/10.3390/antibiotics10111413
https://doi.org/10.3390/antibiotics10111413
https://doi.org/10.3390/antibiotics10111413
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

