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ABSTRACT: The new ligand L4 obtained by conjugating the
bifunctional species bis(3,5-dimethylpyrazol-1-yl)-acetate and the
drug amantadine, was used as a chelator for the synthesis of new
Cu complexes 1—S. Their structures were investigated by
synchrotron radiation-induced X-ray photoelectron spectroscopy
(SR-XPS), near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy, and by combining X-ray absorption fine structure
(XAFS) spectroscopy techniques and DFT modeling. The
structure of complex 3 was determined by single-crystal X-ray
diffraction analysis. Tested on U87, T98, and U251 glioma cells,
Cu(1I) complex 3 and Cu(I) complex 5 decreased cell viability
with ICs, values significantly lower than cisplatin, affecting cell
growth, proliferation, and death. Their effects were prevented by
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treatment with the Cu chelator tetrathiomolybdate, suggesting the involvement of copper in their cytotoxic activity. Both complexes
were able to increase ROS production, leading to DNA damage and death. Interestingly, nontoxic doses of 3 or § enhanced the

chemosensitivity to Temozolomide.

1. INTRODUCTION

Metal-based chemotherapy is a well-established anticancer
option." Platinum-based drugs, such as cisplatin, oxaliplatin,
and carboplatin, are effective agents widely used in the
treatment of several tumors.” However, their therapeutic
potential is limited by marked side effects and chemo-
resistance,” "~ and bioinorganic research is trying to give new
answers to the demand for more efficient metallodrugs. An
important field aiming to identify other antitumor-active
complexes with better pharmacological profiles and different
innovative targets compared to Pt-based drugs concerns the
employment of biologically active complexes with essential
ions. Indeed, since essential metals escaping their metabolic
pathways could be very toxic to the body, complexes of such
metals might act as efficacious cytotoxic agents. Copper is one
of the essential trace metals for all organisms living in oxygen-
rich environments. It plays a crucial role in eukaryotic redox
chemistry, growth, and development being a redox catalytic
cofactor of different proteins and enzymes involved, among
others, in mitochondrial respiration, energy metabolism,
collagen cross-linking, antioxidation, and catecholamine
biosynthesis.” Cu-based complexes have shown interesting
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antitumor and antimetastatic properties against different types
of solid tumors, acting through peculiar mechanisms of action
(deoxyribonucleic acid (DNA) damage, reactive oxygen
species (ROS) generation, proteasome inhibition, glutathione
(GSH) depletion), which are markedly different from those of
Pt-based drugs.7_9 Moreover, since endogenous metal ions
generally show toxicity lower than nonendogenous ones
against normal cells, copper complexes might be valuable
alternatives to Pt-based compounds, allowing them to
overcome problems such as inherent or acquired resistance
and dose-limiting toxicity.""

Copper has been reported to play specific roles in the
pathophysiology of human brain cancers and deregulation of
its metabolism causes toxicity.'"'> Recently, copper chelators
and copper coordination compounds have been demonstrated
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1 [Cu(L?A9)Cly]: X = CI
2 [Cu(L?A%Br,]: X = Br

Figure 1. Structures of ligand L** and related complexes 1-5.
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to exert antiproliferative effects in glioma cell lines, through
different mechanisms of action."”™'° For example, the
ionophore elesclomol is able to transport copper inside the
mitochondria in glioblastoma (GBM) cells, where it induces
the generation of ROS and cell death. Accordingly, the copper
chelator ammonium tetrathiomolybdate (TTM) almost
completely prevents this effect by depletion of bioavailable
copper.'® A fascinating study described the relationship
between copper and temozolomide (TMZ), the standard
postsurgical treatment of GBM,'” in aqueous solution,
demonstrating that copper coordinates the active and unstable
TMZ metabolite S-(3-methyltriazen-1-yl)imidazole-4-carbox-
amide (MTIC), enhancing its stability. Accordingly, copper-
bound apoferritin was able to immobilize MTIC inside the
protein scaffold, shielding it from decomposition. This system
enhanced TMZ toxicity against GBM cells as the MTIC-
copper complex could be dissociated by GSH, which is present
at a high level in cytosolic tumor cells, and free MTIC could
exert its DNA-alkylating activity.'® It may be relevant to
discuss these findings because, even if a better understanding
of molecular mechanisms, biomarkers, and molecular patho-
genesis of GBM has been gained, survival rates continue to be

low.”” A major obstacle to treatment failure lies in the

aggressive behavior and the high degree of intratumor
heterogeneity of this type of primary brain tumor.”’

Our studies on anticancer Cu(I) and Cu(II) complexes by
using several classes of ligands endowed with different
lipophilicity helped to demonstrate that proper coordination
improves the bioavailability and the cellular uptake of the
complexes, and new modes of action can be obtained.”' ™’
Recently, we have reported Cu(I) and Cu(II) complexes with
significant cytotoxic effects against different human tumor cell
lines obtained from ligands prepared by conjugating the
terminal COOH group of the bifunctional species bis(pyrazol-
1-yl)acetic acid (LH) and bis(3,5-dimethyl-pyrazol-1-yl)acetic
acid (L’H) to the primary NH, group of bioactive molecules
interacting with specific targets.”* ™

In the present study, the bifunctional species L’H has been
conjugated to the known drug amantadine to obtain the new
ligand L*, which has been used as a chelator for the synthesis
of the new Cu complexes 1—5 (Figure 1) to be evaluated as
potential agents for the treatment of glioblastoma. Amantadine
was selected as a bioactive molecule since it has recently been
demonstrated to show from moderate to good antiproliferative
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L** and Complexes 1—5“
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“Reagents and Conditions: (a) TBTU, DIPEA, DMF, rt 20 h; (b) 1 equiv CuCl,-2H,0, CH;CN, rt 24 h; (c) 1 equiv CuBr,, CH;CN, rt 20 h, then
reflux 4 h; (d) 0.5 equiv CuBr,, CH,CN, reflux 24 h; (e) PTA, Cu(CH;CN),PF,;, CH;CN, rt 20 h, then reflux 3 h; (f) PPh;, Cu(CH,CN),PF,,

CH,CN, rt, 24 h.

effects in different human tumor cell lines, including
hepatocarcinoma, melanoma, and glioblastoma cellg.>™3*
Moreover, Pt-based complexes functionalized with amantadine
have already been reported to display promising cytotoxic
activity against various human tumor cell lines.” Finally,
amantadine consists of a primary amine group suitable to be
conjugated to the carboxylic group of the bifunctionalizable
species L’H and the bioversatile adamantyl scaffold, which
characterizes several derivatives identified as anticancer
agents.35’36

L** has served for the preparation of three Cu(II)
complexes (1—3) and two Cu(I) complexes (4 and §). In
the latter case, the hydrophilic 1,3,5-triaza-7-phosphaadaman-
tane (PTA) and the lipophilic triphenylphosphine (PPh;) were
used as coligands to stabilize Cu in the +1 oxidation state,
conferring different solubility properties to the corresponding
complexes (Figure 1).

The molecular structures of the new complexes were
investigated by means of X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (NEXAFS, XAS). In
addition, single-crystal X-ray diffraction analyses were
performed to determine the molecular structure of the cationic
complex 3.

Finally, the new complexes 1—5 and the corresponding
uncoordinated ligand L*? were investigated for their
antitumor potential on three different GBM cell lines (U87,

T98, U251) and for their ability to enhance the chemo-
sensitivity to TMZ.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. 2.1.1. Synthesis of
Ligand L*“. Ligand L** was prepared following the one-step
synthesis reported in Scheme 1. Amantadine was reacted with
L*H in the presence of 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium tetrafluoroborate (TBTU) and diisopro-
pylethylamine (DIPEA) at room temperature for 20 h. After
separation and purification by column chromatography, L*
was obtained in a reasonable yield (86%, Mp. 132—133 °C).
The IR spectrum carried out on a solid sample of L**¢ showed
all of the expected bands for the ligand. Specifically, weak
absorptions due to the CH stretching have been observed in
the range 2848—3080 cm™', while a peak due to the amide
stretching (N—H) is present at 3300—3324 cm™'. The
stretching of the C=0 group is detected as a strong peak at
1671 cm™!, in the typical range for the amide groups. The
(C=C/C=N) peaks are detected as medium-intensity peaks
at 1554 cm™". The "H NMR and "3C NMR spectra of L**? in
CDCl, solution showed all the expected signals for the ligand,
and the two-dimensional (2D) Heteronuclear Single Quantum
Coherence (HSQC) experiment, used to determine proton-
carbon single bond correlations, allowed the complete
assignment of all '"H and "C NMR signals. A single set of
resonances appears for the pyrazole rings, indicating that they
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are equivalent. The ESI-MS study was performed by dissolving
the ligand in CH;CN and recording the spectra in positive-
and negative-ion modes. The molecular structure of L*A? is
confirmed by the presence in the positive-ions spectrum of the
molecular peaks at m/z 382, 404, and 420, due to the [L2Ad 4+
H]*, [L**! + Na]* and [L** + K]* species, respectively. The
elemental analysis gives a positive matching between the
calculated and the measured values for C, H, and N.

2.1.2. Synthesis of Cu(ll) Complexes 1—3. The copper(1I)
complexes [Cu(L***)CL] (1) and [Cu(L**%)Br,] (2) were
synthesized using the acceptors CuCl,-2H,0 and CuBr,,
respectively, with the ligand L** in the stoichiometric ratio 1:1
in CH;CN (Scheme 1). The reaction was performed at room
temperature (rt) for the synthesis of [Cu(L***)ClL,] and at
reflux for the synthesis of [Cu(L***)Br,]. Complex [Cu-
(L*9),]Br, (3) was obtained by using L**? and CuBr, in the
stoichiometric ratio 2:1 in CH;CN (Scheme 1). Bromide is
less coordinative than chloride, allowing the coordination of
copper with two ligands. The corresponding complex with
chlorine [Cu(L*?),]Cl, was not obtained by using CuCl,-
2H,0 as an acceptor and performing the reaction in a 2:1
stoichiometric ratio. FT-IR spectra show all of the expected
bands for the complexes; in particular, it is possible to observe
strong absorptions due to the asymmetric stretching of the
C=O0 group in the range 1634—1664 cm’, with slight
variation with respect to the stretching of the same group
(1671 cm™") for the ligand L**, In the far-infrared spectrum of
1, a very strong absorption at 280 cm™' due to the stretching
frequencies of the Cu—Cl bond can be observed. Likewise,
strong absorptions due to the Cu—Br stretching frequencies
are detected in the range 232—281 cm™' in the far-infrared
spectra of 2 and 3.”” The ESI-MS spectra of the complexes 1—
3 were performed dissolving 1 and 2 in CH;0H and 3 in
CH,;CN. Concerning ESI-MS(+) of complex 1, peaks at m/z
135 and 413 are due to the species [CuCl, + H]* and
[Cu(L*),]**, respectively. The ESI-MS(+) spectra of
complexes 2 and 3 show peaks at m/z 413 and 525, due to
the fragments [Cu(L**?),]** and [Cu(L*9)Br]*. For complex
3 the additional signal at m/z 906, due to the fragment
[Cu(L*9),Br]*, further confirms the presence of two ligands
that coordinate copper.

2.1.3. Synthesis of the Cu(l) Complexes 4 and 5. The
copper(I) complexes [Cu(L*¢)(PTA)]PFs (4) and [Cu-
(L*)(PPh;)]PF4 (5) were synthesized in CH;CN using, as
starting materials, the ligand L*4 the metallic acceptor
[Cu(CH;CN),]PF, and the phosphane coligands PTA or
PPh; for 4 or S, respectively. Spectroscopic analyses such as
FT-IR, 'H NMR, 3'P{'H}-NMR, and ESI-MS confirm the
stoichiometry of the synthesized complexes. All of the expected
absorption bands were observed in the FT-IR spectra. In
particular, in the range 2857—3152 cm™, the complexes
exhibit weak bands typical of C—H stretching. The strong
absorptions at 1671 and 1672 cm™" for 4 and 5, respectively,
represent the asymmetric stretching of the carbonyl groups.
Moreover, bands in the range 1417—1561 cm™! are due to the
C=C/C=N stretching vibrations. Finally, very intense
absorption bands are visible at 834 and 835 cm™' in the
spectra of 4 and 5, respectively, indicating the stretching of the
PF¢~ counterion. The "H NMR spectra, performed in CD;CN
and CDCI; for 4 and 5, respectively, confirm the
stoichiometric ratio between heteroscorpionate ligand and
phosphane coligands. They showed a single set of resonances
for the pyrazole rings, indicating that the pyrazole protons are

equivalents, with a slight shift due to the coordination of the
metal center. Moreover, the signals of adamantanamine are
clearly visible at 6 1.58—2.55 ppm. The signals at 6 6.58 and
6.81 ppm point to the a—CH proton, while the 4—CH
hydrogens of the pyrazoles are detectable at 6 6.03 and $.39
ppm for 4 and S, respectively. The shift observed for the
pyrazole rings is the result of coordination with the metal
copper acceptor. The CH, protons of PTA coligand of 4 are
visible at 6 4.13—4.62 ppm, while the aromatic hydrogens of
PPh; coligand of § are found at § 7.41—7.60 ppm. The *'P
NMR spectrum of complexes 4 and §, performed in CD;CN
and CDCl,, gives broad singlet peaks at —94.35 and 7.49 ppm,
respectively, downfield shifted with respect to the value of the
free phosphanes in the same solvent (6 —102.07 ppm for PTA
in CD4CN and § = —5.36 ppm for PPh; in CDCly). Moreover,
the spectra show distinctive septets due to the presence of the
PF4~ counterion at —144.62 and —144.02 ppm, respectively.
The ESI-MS study was performed by dissolving complexes 4
and § in CH;CN, recording the spectra in ion-positive and ion-
negative modes. ESI-MS(+) spectrum of complex 4 showed a
peak at m/z 485, which can be attributed to the [Cu(L*) +
CH;CN]" species. Moreover, a fragment at m/z 601, due to
the [Cu(L**!)(PTA)]"* species, confirms the presence and
stability of the complex. ESI-MS(+) spectrum of complex §
showed fragments at m/z 366 and 587, relative to the
[Cu(PPh;) + CH5CN]* and [Cu(PPh;),]* species, respec-
tively. Both peaks show the coordinative bond between copper
and phosphines. Moreover, the fragment at m/z 706, due to
the [Cu(L*)(PPh;)]* species, confirms the presence of the
complex. In the negative-ion spectra of 4 and S, [PF]™ was
observed as the major peak at m/z 145.

2.1.4. Stability Analysis for Complexes 1-5 in DMSO
Solution. Complexes 1—S were analyzed by UV—vis spectros-
copy at 240—900 nm (Figure S1). UV—vis spectra of
complexes 1—5 were also recorded to observe their stability
in DMSO. The purpose of this investigation was to evaluate
the changes in the absorbance values for the single complexes
in order to determine the possibility of performing the
cytotoxicity tests. The analysis was conducted by dissolving 2
mmol of each compound in 25 mL of DMSO. The analysis was
performed at time O, after 24, 48, and 72 h in the range of
240—740 nm. The collected spectra for all the complexes are
reported in the Supporting Information (Figure S2), and their
analysis showed that all compounds are highly stable in DMSO
solution up to 72 h. Preliminary stability studies of the more
active complexes 3 and § were also performed in the presence
of GSH (1:1 in DMSO and 1:10 in DMSO/H,0 80:20, due to
the low solubility of GSH in DMSO) after 2, S, 7, and 10 min.
The results reported in the Supporting Information (Figure
S3) highlighted that both complexes are GSH-labile at a 1:10
ratio. Cu(II) complex 3 is also unstable in the presence of
GSH at a 1:1 ratio, probably due to both reduction of Cu(II)
to Cu(I) and coordination.'®***°

2.2. X-ray Diffraction Studies. 2.2.1. Crystal Structure of
Complex 3. A summary of crystallographic data collection and
refinement parameters for complex 3 is shown in Table I,
while Table 2 lists some selected bond lengths and angles (full
listings of metrical data are given in Tables S1 and S2). The
crystal structure belongs to the I2/m monoclinic space group;
each [Cu(L*9),)]** unit cocrystallizes with two acetonitrile,
four water molecules, and two disordered bromide anions.
Two L*¢ molecules coordinate the central Cu(II) atom in a
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Table 1. Summary of Data Collection Parameters and
Crystal Data for Complex 37

radiation Cu Ka (4 = 1.54184)
empirical formula C4sH;,Br,CuN,,04
formula weight 1136.53
temperature/K 301(1)

crystal system monoclinic

space group 2/m

a/A 14.43090(10)
b/A 11.39650(10)

c/A 16.88770(10)

a/® 90

pre 93.8660(10)

v/° 90

volume/A3 2771.06(4)

V4 2

Pl g/cm® 1.362

p/mm™! 2.694

F (000) 1182.0

crystal size/mm?> 0.54 X 0.5 X 0.34
reflections collected 45302
independent reflections/R;, 2896/0.0313
restraints/parameters 19/199
goodness-of-fit on F > 0.929

final R (R;; wR,) indexes [I > 26 (I)] 0.0602, 0.1859

largest diff. peak/hole/e A3 1.15/-0.48
“Goodness—of—fit = [Z (W (FOZ - Fcz)z]/(Nobsvns - Ngarams)]l/zl
based on all data; R, = Z lIF,| — IF|l/ £ IF,l; wR, = [ w (F,* — F2)?/
> w (FOZ)Z]I/Z.

trans-facial manner through the carbonyl Ol oxygen and the
N2 nitrogen atoms of two pyrazole rings (Figure 2a).
Notably, the bis(3,5-dimethyl-1H-pyrazol-1-yl)acetyl-ada-
mantan-1-amido ligand has been reported only in a dinuclear
aluminum complex so far,* hence, to the best of our
knowledge, this is the first example of a copper(II) complex
containing this moiety. The pyrazole N2 nitrogen atoms of two
L** ligands take four coordinating equatorial positions; the
two carbonyl O1 oxygens coordinate axially with the metal on
opposite sides of this plane, defining an overall distorted
octahedral geometry. The main deviation from ideality, besides
the expected difference in bond lengths between copper and
the nitrogen and oxygen atoms underlining a tetragonal
elongation of the octahedron (Cu—N 2.0200(19) A, Cu—0O
2.346(2) A), is due to the strain imposed by chelation, which

prevents the O1—Cu—01% (O1% at 1 — x,1 — y,2 — 2) axis to
be perfectly orthogonal to the equatorial plane (angle of
82.9°). Upon coordination, each L*** molecule forms three six-
membered cyclometallate rings. All of them show a common
boat conformation with the same atoms, C2 and Cul,
occupying the “stern” and “prow” positions. The copper
atom takes a special position in the unit cell, lying on a 2-fold
proper rotation axis and on a mirror plane (Figure 2c,d). Due
to symmetry, the atoms of the pyrazolyl rings and those
belonging to the acetylamido group linking the adamantane
moiety are exactly coplanar, so that the mean planes
encompassing the rings and the linker are perfectly staggered
and make with each other angles of 60°. Similarly, the planes
passing through the acetylamido linker and each pyrazolyl ring
makes with equatorial plane angles of 90 and 44.5°,
respectively. A search in the CCDC repository*"** showed
some Cu(Il) complexes of bis-pyrazolyl acetate,”” " among
which few bis-pyrazolyl acetamide derivatives;"> other bis-
pyrazolyl acetamide ligands, including the one present in the
above-named aluminum complex’ are also known.”' = With
one exception,”” reported bis-pyrazolyl acetate copper
derivatives share a trans-fac coordination of the tridentate
ligand with mean values of the O—Cu—O and O—Cu—N
angles of 179.7 and 94.8°, similar to those found in this work.
Likewise, the mean values of the Cu—N and Cu—O bonds are
2.055 and 2.276 A; in 3 these bonds are 0.035 and 0.070 A
shorter than such means, respectively, but within the known
ranges (1.972—2.438 A for Cu—N and 1.936—2.540 A for Cu—
O). Distances within pyrazolyl rings agree with those of known
complexes,* " as well as those of similar compounds recently
investigated by our group.”” The C1—O1 bond (1.231(4) A)
and the C1—C2 bond (1.549(4) A) have in turn elongated
double-bond and single-bond character, giving no evidence of
conjugation outside the pyrazolyl rings. The C1—-N1 and N1—
C8 distances (1.316(4) and 1.481(4) A, respectively), typical
of an amide linkage, agree well with the mean values found for
pyrazolyl acetamide ligands®' ™ (1.330, 1.457 A) and even
better if considering the same values specifically pertaining to
acetamide ligands involved in coordination (1.322, 1.463
A).#5:52:55:59

Notably, the amide nitrogen N1 establishes a hydrogen bond
with the O3 oxygen of a water molecule (w1) (Figure 2b). At
an average distance of 2.15 A from w1, an undefined ring of
electron density is positioned on a 2-fold proper rotation axis
and a mirror plane. The disorder, placed across symmetry

Table 2. Selected Bond Lengths (A) and Angles (°) for Complex 3

bond angle
Cul—-N2 2.0200(19) 01-Cul-01°
Cul-01 2.346(2) N2Y—Cul-N2°
N2-N3 1.372(3) N2—Cul-N2”
N2-C3 1.333(3) N2—Cul—-N2°
N3-C5 1.354(3) N2—Cul-01
N3-C2 1.454(3) O1-Cul—-N2°¢
C3-C4 1.400(4) Cul-01-C1
C4-Cs 1.363(4) Cul-N2-N3
C1-01 1.231(4) C3-N2-N3
C1-C2 1.549(4)
NI1-CI 1.316(4)
N1-C8 1.481(4)

“1—xl—y2 -z bixl — ytz 1 — x4y2 — 2.

angle
180.00(7) C2—N3-N2 119.89(19)
180.00(9) C1-C2—-N3 110.45(16)
86.44(11) 01-Cl1-C2 119.5(3)
93.56(11) NI1-C1-01 126.1(3)
85.22(7) N2-C3-C4 110.0(2)
94.78(7) N3-C5—C4 106.2(2)
115.0(2) C3-C4-CS 106.9(2)
117.81(14) C1-N1-C8 127.0(3)
105.25(19) N1-Cl1-C2 114.4(3)
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Figure 2. (a) [Cu(L*?),]*" complex cation. Hydrogen atoms are omitted for clarity, and ellipsoids are drawn at 50% probability. For simplicity, the
symmetry-equivalent positions of the N and the O atoms are indicated with primed labels. (b) Hydrogen bond interactions (cyan dashed lines)
between N1, wl, w2, w2’ and the disordered bromide anions. w1’ distance to the bromide ring plane (in green) is highlighted with a dashed green
line. A solvated acetonitrile molecule (not involved in hydrogen bonding) is also visible. (c) Crystal packing shown along the ¢ axis. (d) Crystal
packing shown along the b axis. (¢) Bromide anions pair (highlighted in purple) maintains a constant distance of approximately 5 A (dashed green
line) but is free to rotate between w2 and w2’ in the crystal. All figures have been prepared using the Mercury program.’’
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Figure 3. XPS spectra collected on Cu(II) and Cu(I) complexes at C 1s (a—c) and Cu 2p (d—f) core levels. Spectra collected on complex 1 are
representative for both 1 and 2; similarly, spectra collected on complex 4 are representative for both complexes 4 and $.
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Figure 4. C K edge (left) and N K edge (right) NEXAFS spectra of samples 1—S5; the complex number is indicated in the picture near each

spectrum.

elements, made the modeling of this region particularly
challenging. By evaluating the crystal packing, a second water
molecule (related to the first by symmetry, w1’) is placed at the
same distance from the ring, which is sandwiched between the
two water molecules. Numerous attempts to model this
unclear electron density have been made. As two bromide
anions outside of the copper coordination sphere are expected,
the model we built was that in which two additional water
molecules, w2 and w2’, opposite to each other and lying
outside the ring plane, divide the ring into two parts, each of
them containing one disordered bromide anion. The two
anions probably face each other maintaining a reciprocal
distance of about S A to minimize charge repulsion (Figure
2e). Their disordered position over the crystal lattice results in
the smear of electron density (Figure S4a,b), which was
therefore modeled (using an isotropic description in the
asymmetric unit) with four different positions and a summed
occupancy of 0.5, considering symmetry restraints. Attempts to
introduce hydrogen atoms riding on water molecules w2 and
w2’ led always to nonconvergent models during refinement, so
they were omitted. As seen above, however, the overall
challenge posed by the disordered position of the bromide
anions did not affect the description of the structurally well-
characterized [Cu(L**?),]*" complex cation. Quite expectedly,
the cocrystallized water molecules and the disordered bromide
ions are involved in most of the nonbonding interactions; a
detailed description of these contacts is provided in the
Supporting Information together with an extended version of
the structural commentary (see Figures S5—S7 and Table S3).

2.3. SR-XPS and NEXAFS Investigation of the
Molecular and Electronic Structure. 2.3.1. SR-XPS
Analysis of Cu(ll) Coordination Compounds. Synchrotron
radiation-induced X-ray photoelectron spectroscopy (SR-XPS)

measurements allowed the interaction between Cu(II) and the
L* ligand to be probed in the three Cu(Il) complexes
[Ca(L*)CL] (1), [Cu(L**)Br,] (2) and [Cu(L*),Br,]
(3). Spectra were collected at C 1s, N s, O 1s, Br 3d, Cl 2p
and Cu 2p core levels. Complete SR-XPS data analysis results
(binding energy — BE (eV), full-width half maximum—fwhm
(eV), atomic percentages, and proposed assignments for all
measured signals components) are reported in the Supporting
Information (Table S4). C 1s spectra (Figure 3ab) are
composite; by applying a peak-fitting procedure, it is possible
to individuate at least four components associated with C—C
aliphatic carbons (285.0 eV BE), C—N (286.3 eV BE), N—
C=O0 bond (287.7 eV BE) and COOH groups (289.0 eV
BE), confirming the stability of L**%., N s spectra of 1 and 3
show three components at about 399.6, 401.2, and 402.5 eV
BE, respectively, associated with N—N and N=N, N—-C=0,
and N*. In Complex 2 only the first two contributions are
observed. Cu 2p spectra (Figure 3d, e) have two components
at about 932.5 and 935.0 eV BE, respectively associated with
Cu(II) in the coordination complex”>®* and CuCl, or CuBr,.”*

Finally, the Cl 2p spectrum of 1 is composite, showing two
spin-orbit pairs indicative of Cl—Cu of the coordination
complex at lower binding energy, and CuCl,, at higher binding
energy.””*> Br 3d spectra of 2 and 3 are both composite by
two spin-orbit pairs whose Br 3ds,, component is located
around 68.6 and 71.3 eV BE, indicative for Br—Cu in the
coordination complex and CuBr,, respectively.*®

2.3.2. SR-XPS Analysis of Cu(l) Coordination Compounds.
Similarly to Cu(II) complexes, SR-XPS spectra of the two
Cu(I) coordination compounds 4 and 5 were collected at C 1s,
N 1s, F 1s, O 1s, P 2p, and Cu 2p core levels (all Binding
Energy, BE (eV), fwhm (eV), atomic percentages, and
proposed signals assignments are reported in the Supporting
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Information, Table SS). C 1s spectra of 4 and § (Figure 3c)
show three components at about 285.0, 286.3, and 288.0 eV
BE, respectively associated with C—C, C—N, and N—C=0 as
expected for the structure of L*, For both samples, F Is
spectra show a single component located at about 686.5 eV BE
confirming the presence of PFs~. N 1s spectra have two
components located at 399.4 and 401.2 eV BE for sample 4,
and at 400.1 and 401.4 for S, respectively, associated with N—
N and N=N, N-C=O0 (not distinguishable within the
selected resolution). P 2p spectra show two components: for
sample 4, P 2p;,, spin—orbit components are observed at
130.9 and 136.3 eV BE, as expected for PTA and PE{~; for §, P
2p3/, BEs are positioned at 131.4 and 136.6 eV, coherently
with PPh; and PF¢~. As for Cu 2p spectra (Figure 3f), both
samples have two pairs of spin—orbit components arising by a
main signal at about 933.0 and a smaller contribution at 935.0
eV, suggesting the presence of a large amount of Cu(1)**
(about 95%, see Table S4) and a nearly 5% of Cu(Il) ions,
probably arising by the spontaneous oxidation of copper(I)
ions during the deposition procedure or under the SR X-ray
beam.

2.4. NEXAFS Spectroscopy. The molecular and electronic
structure of complexes 1—35 was investigated also by Near Edge
X-ray Absorption Fine structure (NEXAFS) spectroscopy at
the C K and N K edges; experiments were carried out on thin
films of the investigated complex and the recorded spectra are
shown in Figure 4. A summary of the peak positions and
assignments is given in Table 3. The spectra of the five

Table 3. Peak Position (eV) and Relative Assignment of the
Main Features Appearing in the C and N K Edge NEXAFS
Spectra of Samples 1-5

sample 1 2 B 4 N

CKedge 2842 2843 2842 2843 2843 Terc
2869 2873 2869 2868 2869 o
288.9 2889 2889 2888 oo
293.8 2937 2946 2945 2940 ot
303.0 3030 3030 3030  303.0 6Fon

NKedge 3978 3979 3979 3980 3980 7
3998  399.8  399.7  399.6  399.6 7%,
405.6 4056 4053 4038 4042 ¥
412 412 411 411 412 Fcn

assignment

complexes are very similar to each other and therefore they will
be discussed together. In the C K edge spectra (left-hand side
picture) of sample 1 the two prominent peaks below the edge
are assigned to C ls — #* transitions related to C=C
(m*c—c, 284.2 eV) and C=N (#*_y, 286.9 eV) transitions
related to the pyrazole rings in the L**? ligand, as already
reported.”**® A third C 1s — #* transition at 289.0 eV
(m*c—p) is related to the C=0 bonds of the amide functions
of the L**? ligand. Above the edge two broad s* resonances are
mainly due to C—C (6%c_c, 293.8 V) and C=N (c*¢_y,
303 eV).”” In the spectrum of sample 2 the 7%._c and 7%¢_y
resonances appear broadened, probably due to the quality of
the thin film, and the 7*._g resonance is not visible, being
covered by the edge jump and the broad 6*_¢ resonance. The
spectra of samples 3 and 4 resemble sample 1, with a spurious
peak at about 283.7 eV, probably due to carbon contamination
of the beamline optics. In the spectrum of sample §, the 7%_¢
resonance appears to be more intense with respect to the
spectra of the other samples, being mainly due to C 1s — #*

transitions of the C=C bonds of the triphenylphosphine
ligand. In the N K edge spectra (right-hand side picture) of all
the five samples, the two peaks detected below the edge,
labeled 7%, and #*, in Figure 4 and Table 3, are assigned to N
Is — #* transitions arising from nitrogen atoms of the
pyrazole rings.zg’(’6 Above the edge, two broad ¢* resonances
arising from the C—N (0%._y) and C=N (o*_y) bonds are
detected.

2.5. Local Geometry around Cu lons: XAFS Studies.
The Cu K edge X-ray absorption fine structure spectroscopy
(XFAS) technique was applied to determine the average
valence state, coordination chemistry, and local atomic
structure around the Cu sites. The XAFS data were analyzed
in the near edge (XANES) and extended (EXAFS) regions,
that provide complementary information. The XANES features
provide valuable information about the valence state and
coordination symmetry of the absorber, in a complementary
way the analysis of the EXAFS features describes the local
atomic structure around the absorber in terms of neighbor
coordination shells.”® To obtain reliable quantitative informa-
tion from the EXAFS data analysis, it is important to have
approximate structural models (atomic clusters) of the
structure around the absorber, from which the amplitude and
phase functions, required to calculate the theoretical EXAFS
functions, can be determined. For complex 3 we used as an
atomic cluster model the crystallographic structure; for
complexes 1, 2, 4, and 5, we calculated realistic atomic
clusters using the density functional theory (DFT), following a
well-established scheme from other similar studies.””

2.5.1. Structural Models for XAS Data Analysis: Density
Functional Theory (DFT) Calculations. The atomic cluster
models around Cu sites in complexes 1, 2, 4, and S were
determined by DFT starting with a reasonable guess geometry,
generated using the 3D open-source software Avogadro.”’
DFT calculations were achieved using the open-source
software ORCA 5.0.1 (using Becke ‘88 exchange and Perdew
‘86 correlation integrals within the energy functional).”"”*
Karlsruhe orbital basis sets such as def2-SVP (Valence Double
Zeta) and def2-TZVP (Valence Triple Zeta) were used,
respectively, for lighter atoms and for Cu atoms. The Cu
compound models were relaxed to an absolute minimum of
energy using the Quasi-Newton method. The local Cu
coordination clusters, obtained by XRD (complex 3) or DFT
(complexes 1, 2, 4, and 5) are presented in Figure S. The
atomic clusters were used to individuate the main scattering
paths (single scattering, SS, or multiple scattering, MS) and
calculate (using FEFF8 program”’) the theoretical amplitude
and scattering functions required to build the theoretical
EXAFS functions.

2.5.2. XAS Data Analysis. The Cu K edge X-ray absorption
spectroscopy (XAS) measurements were carried out at the
European Synchrotron Radiation Facility (ESRF), on beamline
BMO08™* (proposals ESRF ih-md38 and CERIC #20232011)
on the Cu(I) (4 and 5) and Cu(Il) (1—3) complexes with the
aim to describe their local atomic structure around the
absorber.

The normalized Cu XANES spectra for complexes 1, 2, and
3 (alongside that of metallic Cu, for the sake of reference) are
shown in Figure 6a. The edge position/shape is compatible
with the Cu(II) oxidation state in these complexes.”” The
chloride complex 1 shows a characteristic intense edge peak at
8984 eV associated with the 1s — 4p dipole-allowed transition.
This peak disappears in complexes 2 and 3 that only depict
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Figure S. DFT-optimized models for Cu(II) (1, 2 and 3) and Cu(I) (4 and 5) coordination compounds. The neighbors involved in the most
intense scattering paths are highlighted in the image. Numbering of the different neighbors follows the increase in radial distance from the absorber,
hence, in some cases across different samples, some scattering paths end up being named differently despite describing the same path (i.e,, Cu—

N1—C4 in complexes 1 and Cu—N1-CS5 in complexes 3, 4 and §).
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Figure 6. (a, b) Cu K edge and XANES region for Cu(II) and Cu(I) complexes (inset highlights the pre-edge region peaks). Comparison between
experimental and obtained fit in K space for Cu(II) complexes (c) and Cu(I) (d).

tiny peaks (inset of Figure 6a), typical of Cu(Il) sites,
associated with dipole forbidden 1s — 3d transitions. The
disappearance of the 1s — 4p peak in complexes 2 and 3 is
likely related to a different geometric configuration. Complex 1
is arranged in a square planar geometry while complex 2 is in a
tetrahedral geometry.”>’® Moreover, an analysis of the pre-
edge region (Figure 6a inset) confirms the assignments of
complexes 1 and 2, with the first one showing a less
pronounced pre-edge peak. This is due to the fact that in a
square planar environment, the only contribution comes from

Is — 3d electric quadrupole allowed transition, while, as the
dihedral angle increases, the intensity of the peak increases for
to the presence of an electric dipole transition due to mixing of
3d and 4p states.””’” Complex 3 shows a complete lack of the
1s — 4p edge peak and a weak 1s — 3d prepeak at a higher
energy. This is indicative of an octahedral configuration since
no d-p hybridization can occur and only electric quadrupole
transitions are allowed by selection rules.”” To further confirm
the assignments of complexes 1, 2, and 3 their geometrical
configuration was modeled and used to simulate the XANES
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Table 4. Cu K-edge EXAFS Data Analysis for Complexes 1 to S, Best Fit Results”

shell 1 shell 2 shell 3 shell 4 (SS & MS)
N M R o A M R o A M R o path M R o
sample [A] x10* [A?] [A] x10* [A?] [A] x10* [A?] [A] x10* [A?]

1 N 2 2.02(1) 0.26(1) Cl 2 2.13(1) 22(2) N 2 2.98(3) 0.78(4) N,-C, 4 4.32(3) 1.2(5)

2 N 2 2.02(1) 0.52(2) Br 2 2.38(1) 0.64(5) N 2 3.02(3) 0.56(5) N,-C, 4 434(5) 0.88(5)
3 N 4 2.01(1) 0.97(1) (¢} 2 2.43(1) 0.65(2) N 4 2.99(2) 1.38(3) N,—C¢—N, 8 4.20(3) 1.96(7)
4 N 2 1.99(1) 0.92(2) P 1 2.24(1) 0.26(1) N 2 3.01(3) 1.2(1)

S N 2 2.04(1) 0.97(3) P 1 2.15(1) 0.38(1) N 2 2.96(4) 1.4(2) P-C, 6 3.54(4) 0.16(3)

“For each sample, a fixed value of S,* (0.9) was used, while the energy scale shift AE, was refined and fixed at 8.5 eV for complexes 1, 2, and 3, and
at 10.0 eV for complexes 4 and S. For each scattering contribution (single or multiple scattering) is reported the neighbor N-type (single scattering)
or the neighbors (multiple scattering), multiplicity (M), average distance (R), and mean square relative displacement (¢*). Multiplicities were fixed
to the theoretical values.

Table 5. IC,, (uM) of L*¢, Copper Salts CuCl,, CuBr, and [Cu(CH,CN),]PF,, Cu Compounds 1—5, and Cisplatin in Human

Glioma Cell Lines (U87, T98, U251) and in the BV2 Microglial Cell Line”

ICyo (M)®

compound us7 T98 U251 BV2

L2Ad n.d. >50 n.d. n.d.

CuCl, >50 n.d. >50 n.d.

CuBr, >50 >S50 >50 n.d.
[Cu(CH,CN),]PF n.d. n.d. n.d. n.d.
[Cu(L®9)CL,] (1) 227 + 32 16.1 + 2.1 38.8 + 3.2 48.5 + 0.1
[Cu(L*%Br,] (2) 39.6 + 22 15.6 £ 1.9 38.0 + 4.3 679 £ 52
[Cu(L*4),]Br, (3) 19.1 + 1.7 9.0 +22 112 + 0.5 28.0 + 0.2
[Cu(L*)(PTA)]PE, (4) nd. 32.5 +32 nd. nd.
[Cu(L4)(PPh,)]PF, (5) 48 + 1.2 43 + 09 32+ 1.1 17.8 + 0.2
cisplatin n.d. >50 345 + 6.6 29 +02

“The viability of cells was determined by the MTT assay after 72 h incubation with increasing concentrations (0—50 ;M) of each compound. (O
values, the compound concentration required to inhibit 50% of cell viability, correspond to the mean =+ standard error of the mean (S.E.M.) of at

least three independent experiments. n.d., not determined.

region of these complexes using FEFF8.4° software with SCF-
FMS calculations. The comparison between experimental data
and simulated data is shown in Figure S8. In addition, the first
derivatives of XANES spectra for complexes 1—5 and copper
foil, Cu,0, and CuO for comparison, are reported in Figure S9.
XANES spectra for Cu(I) complexes 4 and 5 (alongside
metallic Cu for comparison) are shown in Figure 6b. Both
complexes show no peaks in the pre-edge region, and the edge
raising position is characteristic of Cu(I) valence (8980.0 and
8980.7 eV, respectively, for complexes 4 and 5). The intense
peak at 8982 eV is likely ascribed to the dipole-allowed
photoelectron transitions 1s — 4p. The peak positions are
coherent with the XANES shape and position and are
consistent with Cu(I) sites, in a trigonal coordination
geometry.”” A key difference between the XANES of the two
complexes arises right after the edge with complex 4 showing a
secondary peak which is missed in complex S. As suggested by
the literature this could be due to distortions in the local
environment of the complex, which is adopting a T-shaped
configuration instead of a trigonal planar geometry.”
Quantitative analysis of the EXAFS signals was achieved by
fitting the k*-weighted theoretical curves k’yy to the raw
experimental data kzj(exp. The theoretical curves yy,(k) were
calculated as a sum of selected partial contributions y,
obtained by calculation of the photoelectron scattering
amplitudes and phase functions using the FEFF8 software on
already optimized DFT calculations of the complexes (as
described in the Structural Models paragraph above). The y,
were calculated using the standard EXAFS formula with

Gaussian disorder approximation,””™*" applying not linear

least-squares procedure implemented in the program
FiteEXA.*> For each sample, the relevant single (SS) and
multiple scattering (MS) contributions to the EXAFS signal
were identified, and those with similar path length and
amplitude were grouped. A trial-and-error procedure was
performed with the aim of minimizing the free variables within
each sample (definition of stochiometric constraints according
to the structure of the complexes) and a detailed result of the
fitting procedure is reported in Table 4.

All samples show a common bis pyrazol-1-yl bidentate
ligand in the local environment of copper ions, which
contributes to a few signals shared across complexes 1-35,
namely, the single scattering paths (SS) with the first and
second Nitrogen neighbors (Cu—N, and Cu—N,). Complexes
1 and 2 show the characteristic signals of the halogen
neighboring atoms Cu—Cl and Cu—Br respectively, as well as
the multiple scattering contribution Cu—N;—C, (predominant
only in this couple). Complex 3 shows the Cu—O scattering
path from the apical Oxygen atoms, as well as multiplicities
coherent with what was observed in XRD, with two bis
pyrazol-1-yl ligands in the plane of the octahedron. Addition-
ally, Complex 3 shows an intense Cu—N,—C;/C¢—N; MS
contribution amplified by the almost collinear configuration
(forward scattering effect). Complexes 4 and § instead also
show signals coming from their phosphine ligands, PTA and
PPh; respectively, with common scattering paths such as Cu—
P (SS). Complex S also shows a relevant Cu—P—C; MS
contribution. The shell resolved fit of the extended region
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Figure 7. Effect of Cu compounds 3 and 5 on glioma cell growth. (A) Representative images of glioma cells treated with compounds 3 and S or
with vehicle (control) for 72 h. Magnification 10X. (B) Colony formation observed in cells treated for 14 days as above-described, then fixed with
4% paraformaldehyde and stained with 0.2% crystal violet. Colonies were photographed and counted under the microscope. (C) Bar charts
showing the decrease in the number of colonies after incubation with Cu compounds. (D) Bar charts showing the decrease in the percentage of
colony area after incubation with Cu compounds. Results are the mean + SEM of at least three independent experiments. * p < 0.0S; ** p < 0.01;
9 p < 0,001; ¥ p < 0,0001.

(EXAFS) for complexes 1—5 is reported in Figure S10. The of the average local atomic structure around Cu sites in these
XAFE . . ith XRD complexes.

results of the EXAFS analysis are consistent with and 2.6. Biological Studies. 2.6.1. Effect of Cu Complexes on

DFT models and contribute to providing a reliable description Glioma Cell Viability. The new complexes 1—5 and the
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Figure 8. Effect of Cu compounds 3 and § on glioma cell proliferation. (A, B) Glioma cells were stained with CFSE and then seeded and cultured
with compounds 3, § or with vehicle for 72 h. Then, cells were harvested and the CFSE fluorescence signal was measured. Statistical analysis is
calculated using the inverse of CFSE MFI values (MFI—1). NPC, nonproliferative control. (C, D) Cells were treated for 72 h with different doses
of compounds 3 and S. The cell cycle profile was assessed by flow cytometry following PI staining. The frequency of cell cycle phases for each
condition was shown. Results are the mean + SEM of at least three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001.
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Figure 9. Effect of Cu compounds 3 and § on glioma cell death. (A, B) Glioma cells were cultured with compounds 3, S or with vehicle for 72 h.
Flow cytometric analysis was performed by PI staining. The mean fluorescence intensity (MFI) values of treated cells were normalized to those of
the vehicle (control). Results are the mean + SEM of at least three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **¥* p <

0.0001.

corresponding uncoordinated ligand L**! were evaluated for
their ability to affect the cell viability of three different
glioblastoma cell lines (U87, T98, U251). The ICy, values,
obtained after 72 h exposure by 3-[4,5-dime-thylthiazole-2-yl]-
2,5-dimethyltetrazolium bromide (MTT) assay, are reported in
Table S together with those of the chemotherapeutic drug
cisplatin and copper salts CuCl,, CuBr, and [Cu(CH;CN),]-
PF,, included for useful comparison.

From data analysis, it emerges that ligand L** and copper
salts CuCl,, CuBr,, and [Cu(CH;CN),]PF,, showed negligible
toxicity toward the studied cell lines. While complex 4
decreased viability only on the T98 cell line (IC5, = 32.5
uM), complexes 1, 2, 3, and § displayed cytotoxicity toward all
three cell lines in a dose-dependent manner (Table 5 and
Figure S11). Interestingly, the three lines proved to be more
susceptible to the studied Cu complexes than to cisplatin.
Among the Cu(II) complexes, 3 displayed the greatest toxicity,
with an IC;, lower than 20 yuM. The most promising cytotoxic
profile within this series was shown by the Cu(I) complex
[Cu(L*9)(PPh;)]PFs (5), with ICs, values in the low
micromolar range. This result allows us to hypothesize that
the lipophilicity of the PPh; coligand might confer to the
complex the ability to cross plasma membranes, markedly

affecting cell viability.

Another interesting result was observed by evaluating the
ability of the new Cu complexes to affect the viability of the
primary microglial BV2 cells used to explore their toxicity in
normal cells. Indeed, unlike cisplatin, complexes 1—5 showed
significantly lower toxicity in nontumor BV2 microglial cells
than in the glioblastoma cell lines (Table S, Figure S12)
suggesting good biocompatibility profiles.

2.6.2. Evaluation of Compounds 3 and 5 on Glioma Cell
Growth. Encouraged by the results presented above, we
further investigated the bioactivity of compounds 3 and S.
First, we examined their influence on cellular morphological
changes by phase-contrast microscopy. Figure 7A shows that
untreated control cells were able to proliferate and cover the
entire plate, while compound 3 or § reduced tumor cell
numbers and caused some of them to take on a spherical
shape, indicating that the compounds exert cytotoxic action
against glioblastoma cells.

In addition, the confocal microscopy imaging technique was
used to evaluate the Cu complexes’ cellular uptake exploiting
the fluorescent probe BioTracker Green Copper, which
specifically detects Cu(I) ions. The cell-permeable Green
Copper has almost no fluorescence; however, it fluoresces
upon reaction with intracellular Cu(I). As shown in Figure
S13, cell-associated fluorescence is not detected in control
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Figure 10. Role of Cu in the decrease in viability induced by compounds 3 and 5. (A) Cell viability was assessed after treating the glioma cell lines
with TTM. (B, C) Cell viability was assessed in the three cell lines after receiving a combination of different doses of compound 3 or § with TTM
at the specific IC,5 dose for each cell line. ICg, represents the drug concentration (M) required to inhibit 50% net cell viability. (D, E) Cell
viability was assessed after receiving a combination of Cu compounds at ICs, doses and TTM as above-described. (F, G) Cells treated as above-
described were analyzed by flow cytometry for PI staining. The mean fluorescence intensity (MFI) values of treated cells were normalized to those
of the vehicle (control). Data shown are expressed as mean + SEM of three separate experiments. * p < 0.0S; ** p < 0.01; *#* p < 0.001; **¥* p <
0.0001.

cells, whereas treatment with complexes 3 and § reveals an compounds and, in the case of complex 3, the intracellular
intracellular signal supporting the cellular uptake of both reduction of Cu(II) to Cu(I).
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Moreover, the inhibitory effect of 3 and 5 on the
proliferative ability of glioma cells was determined via a colony
formation assay. Cells were seeded into a 6-well cell culture
plate, treated with an ICs, dose for 14 days, and then stained
with crystal violet. As shown in Figure 7B and C, treatment
with compound 3 resulted in significant suppression of cell
colony formation in U87 and T98, whereas compound $
induced an even greater decrease in the number of colonies
and was also effective in U251 cells. Furthermore, as indicated
by the decrease in the percentage of colony area, cells treated
with both compounds formed smaller colonies compared to
the control group. These results demonstrate that compounds
3 and S inhibit the growth of glioma cells and that the
inhibitory effect persists for a significant period of time.

Based on the colony formation assay, we further investigated
the role of compounds 3 and § in cell proliferation. The Cu
compounds were used at concentrations corresponding to ICs,
and IC,; (the compound concentration required to inhibit
25% of cell viability) in all subsequent experiments. To this
purpose we exploited the ability of CFSE, a fluorescent cell
staining dye, to be retained within cells and divided between
daughter cells during proliferation. As shown in Figures 8A, B,
and S14, compound 3 was able to significantly reduce the
proliferation of the three cell lines at ICy, doses than in
untreated cultures, whereas compound § was effective in T98
and U251 cells. In order to further study the effect of
compounds 3 and S on cell growth, we also evaluated the cell
cycle arrest. Figures 8C, D, and S15 show that the cell cycle of
vehicle-treated cells was GO/G1 dominant, but the cell cycle
began to arrest when cells were treated with compounds 3 or
S. Indeed, after 72 h of treatment, glioma cells accumulated in
the G2-M phase compared to vehicle-treated cells. The
significant increase in the cell number in the G2-M phase
was accompanied by a decrease in the number of cells in G1.
These findings indicate that both Cu complexes inhibited the
proliferation of glioma cells in a concentration-dependent
manner.

To better understand the effects of compounds 3 and 5 on
cell viability, after 72 h of treatment, cell death was measured
by flow cytometry using PI staining. Given that PI only enters
the cells with compromised permeability of the membrane, it
stains only dead and late apoptotic cells. As shown in Figures 9
and S16, when cells were treated with Cu compounds at ICy,
dose, the fluorescence increased and the percentages of cell
death were significantly higher than in the control groups.
However, in general, there were no significant differences when
cells were exposed to lower IC,; concentrations, suggesting
that this dose mainly has an antiproliferative effect.

2.6.3. Evaluation of the Effect of Compounds 3 and 5 on
Glioma Cells Viability in the Presence of Cu Chelator
Tetrathiomolybdate (TTM). To evaluate the involvement of
copper in the cytotoxic activity of compounds 3 and §, we
utilized Cu chelator TTM alone (Figure 10A) or in
combination with Cu compounds (Figure 10B—G). MTT
assays revealed that the cotreatment with TTM partially
reduced the ability of compound 3 (Figure 10B, D, F) to
induce cell death and completely abolished the activity of
compound § (Figure 10C, E, G), confirming the critical role of
the metal.

2.6.4. Effect of Cu Complexes 3 and 5 on the Intracellular
ROS Production in Glioma Cells. Although Cu is a biologically
vital micronutrient, it can be toxic depending upon the
concentration and exposure.”> The principal mechanism of

action of transition metal ions likely involves the formation of
hydroxyl radical, superoxide ion, and other ROS.**~*® Copper
can perform a redox cycling reaction that induces the
formation of ROS. Many studies showing the ability of Cu
ions to participate in ROS demonstrated a resulting alteration
of the structure and/or function of biomolecules.””*® Thus,
ROS levels were evaluated in the three cell lines treated with
Cu complexes 3 and 5. To this aim the cell permeable
H2DCFDA was employed. It is cleaved by intracellular
esterases and oxidized by various ROS to green fluorescent
DCEF. The results indicated that compared to the control
group, the ROS production levels are significantly increased
after treatment with compound 3 at ICy, doses, whereas
compound $ could induce a statistically significant increase
already at the IC,5 dose (Figure 11 A, B).

Among the reactive species, the hydroxyl radical is
considered as the most powerful oxidizing agent able to
initiate oxidative damage to almost all cellular compo-
nents.”” ™" Tt also induces oxidation of bases and DNA strand
breaks.””””> The nucleosomal histone protein H2AX is
specifically phosphorylated (yH2AX) adjacent to DNA
double-strand breaks (DSBs) and is used for quantifying this
type of damage. In Figure 11 C,D yH2AX staining showed an
increased fluorescence of samples, suggesting that an enhanced
generation of ROS leads to DNA damage and death. Our data
was supported by several studies demonstrating that oxidative
damage induced by ROS plays a key role in Cu complexes
toxicity.96

2.6.5. Effect of Cu Compounds 3 and 5 in the Killing
Effect of TMZ on Glioma Cell Lines. Since its approval by the
US FDA in 2005, TMZ has been used in the first-line
chemotherapy regimen for GBM and, despite numerous
studies, patient survival has not substantially improved, due
to the emergence of treatment resistance.”” Several cell lines
have been extensively studied to understand the molecular
mechanisms causing TMZ resistance in GBM. However, this
phenomenon remains insufficiently understood as multiple
molecular mechanisms are involved.”” ™% Given that numer-
ous factors make the brain vulnerable to oxidative stress and
that Cu overload stimulates damaging ROS generation
mediated by Fenton reactions,'’’ we aimed to increase the
cytotoxic effect of TMZ by administering it together with the
Cu complexes. Thus, glioma cells were treated with TMZ
alone or in combination with compound 3 or § at IC,; doses.
The combination revealed that the addition of Cu compounds
enhanced the ability of TMZ to induce glioma cell death based
on ICg, values (Figure 12). In particular, compound § was able
to achieve more significant results, even halving the effective
TMZ dose. These findings revealed that Cu compounds, used
at a nontoxic dose, are able to enhance the killing effect of
TMZ on glioma cells. This effect is linked to an increase in the
level of ROS production and cell death. Indeed, IC,s doses of
compounds 3 or 5 by themselves did not increase ROS
production, which, interestingly, was increased when used in
combination with TMZ. Similar results were obtained with the
incorporation of PI, a sign of cell death (Figure S17).

Moreover, we underline the ability of Cu complexes to
increase the efficacy of TMZ despite the different sensitivities
of the three cell lines analyzed. Thus, there would be great
advantages in therapy because the drug could be administered
to patients at lower concentrations and with fewer side effects,
despite the variability in response to traditional drugs.

https://doi.org/10.1021/acs.jmedchem.4c00821
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00821/suppl_file/jm4c00821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00821/suppl_file/jm4c00821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00821/suppl_file/jm4c00821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00821/suppl_file/jm4c00821_si_002.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

A
ok HHAE
us? T98 U251 oS
* I_I
2.0 5 *  kkk
.
4 4
3 3 33
| L 10 . =
fred c ol
= = =
0. 3
0.0 [
¢ & B & =
oa‘* ,bb‘? oF (‘a“.@ ,,'b‘? o
& &
B *kk
sokk
1
usT T 1 T98 ek ok u2s1 *kkk
*K X
25 25 | 4 * KKk
2.0 2.0 | 4 |
T T T i)
15 2 15 &
g £ £ 2
= T 1, T g
Lo L 10 £
0. 05 '
0.0 E 0.0 > 0 o
& o & & o ¥ o a¥
& L w ) & ny q‘: L Qﬁa
{ & 8
< & &
C
us? T98 % uzs1 ok
20 * 1 sk
15 |
T E - E 2
g £ 10 H
£ E £,
0.0 o
S & : B
‘__o°6 o o df’n ﬁh'} 5\“\}
ol ] &
& & &
D *kk
ua7 T98 ** U251

MF! (Fold)

5 & 4 = 9w N
=] w -1 L =2 L
MFI (Fold)

e = = = N 0w
2 " =2 > =] W

(-7
*
. j
MFI (Fold)

& o & L83

[ & a7 8
6&‘: o e‘;’ )

o ¢

Figure 11. Effect of Cu compounds 3 and § on ROS production in
glioma cell lines. (A, B) ROS generation in glioma cell lines treated
with compounds 3, §, or with vehicle for 72 h. Cells were stained with
DCEFDA before flow cytometric analysis. Data are expressed as fold.
The mean fluorescence intensity (MFI) values of treated cells were
normalized to those of control. (C, D) Cytofluorimetric analysis of
glioma cells treated as above-described and labeled with anti-yH2AX
antibody. The mean fluorescence intensity (MFI) values of treated
cells were normalized to those of control. Results are the mean +
SEM of at least three independent experiments. * p < 0.05; ** p <
0.01; % p < 0.001; **%% p < 0.0001.

3. CONCLUSIONS

In the present study, the bifunctional species bis(3,S-
dimethylpyrazol-1-yl)-acetate was conjugated to the known
drug amantadine to obtain the new ligand L2 which was
used as a chelator for the synthesis of new Cu(1I) complexes 1-

3 and Cu(I) complexes 4 and 5. The hydrophilic 1,3,5-triaza-7-
phosphaadamantane and the lipophilic triphenylphosphine
were used for the synthesis of Cu(I) complexes, to stabilize Cu
in +1 oxidation state. All complexes were fully characterized in
the solid state and in solution. SR-XPS and NEXAFS data
analysis allowed assessment of the molecular and electronic
structure stability of the ligands in both Cu(1I) and Cu(I)
coordination compounds, confirming the preservation of the
L** and phosphane (either PPhy or PTA) coligands. XAS
studies allowed, by observing the XANES spectra and
comparing them with literature data, to ascertain the copper
ion oxidation state confirming the proposed chemical
structures; on the other hand, the analysis of the extended
EXAFS region provided information about the local geometry
of ligands around the copper center. For complex 3 XAS
results are in excellent agreement with XRD findings. The
single-crystal XRD analyses revealed the molecular structure of
complex 3, where the stoichiometric ligand-to-metal 2:1 ratio
promotes the entry of a second L*! unit into the metal
coordination sphere, in place of the two bromide anions which
instead participate in the Cu(II) donor set of complex 2. The
two ligand molecules coordinate copper, forming a bis-
tridentate, trans-facial distorted octahedral environment.
Notably, the two bromide counterions, although getting
involved in a hydrogen bond network with cocrystallized
water molecules, enjoy an unusual degree of positional
freedom at the crossing of a 2-fold proper rotation axis with
a mirror plane and thus assume disordinate positions in the
unit cell. All the complexes and the corresponding uncoordi-
nated ligand were evaluated for their ability to affect the cell
viability of three different GBM cell lines (U87, T98, U251).
In particular, Cu(II) complex 3 and especially Cu(I) complex
S decreased the viability of all the studied cell lines, with ICs,
values in the low micromolar range and efficacy significantly
higher than that of the reference drug cisplatin. They affected
GBM cell growth, proliferation, and death. Moreover, unlike
cisplatin, they showed significantly lower toxicity in nontumor
microglial BV2 cells. Interestingly, the effects of 3 and § on
glioma cell viability were prevented by treatment with the Cu
chelator TTM, strongly suggesting the involvement of copper
in their cytotoxic activity. The results also indicated that both
complexes were able to increase ROS production levels,
leading to DNA damage and death. A more and more
fascinating finding was obtained by using nontoxic doses of 3
or § in combination with TMZ, the first-line chemotherapy
agent for GBM treatment. Indeed, both compounds strongly
enhance the TMZ-killing effect on glioma cells. This effect is
linked to an increase in ROS production and cell death. The
therapeutic advantage of this combination could lie in the
reduction of TMZ doses to patients, thereby limiting the
adverse effects of this drug. Considering the suggested role of
copper in enhancing the bioavailability of MTIC derived from
TMZ,"® the interaction between copper complexes 3 or § and
TMZ would deserve to be investigated. Moreover, due to their
interesting biological profiles, complexes 3 and especially §
deserve to be further studied, to shed light on the mechanism
of their antitumor activity and to better evaluate their potential
application in the treatment of GBM.

4. EXPERIMENTAL SECTION
4.1. Chemistry. 4.1.1. Materials and General Methods. All

reagents used for the synthesis of ligands and complexes were
purchased from Sigma-Aldrich and used without further purification.
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Figure 12. Role of Cu complexes 3 and § in increasing the TMZ response. (A, B) Cell viability was assessed after treating the glioma cell lines with
increasing concentration of TMZ in combination with IC,; doses of compounds 3 or 5. The values of ICs, shown represent the TMZ
concentration, alone or in combination with Cu complexes, required to inhibit 50% net cell viability. (C, D) Bar graph represents the response in
terms of cellular viability to treatment with TMZ (600 uM) and compounds 3 and § at IC,; doses. Data shown are expressed as mean + SEM of
three separate experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Elemental analyses (C, H, N, S) were performed in-house with a
Fisons THERMO Fisher Flash 2000 instrument. Melting points were
taken on an SMP3 Stuart Scientific Instrument. IR spectra were
recorded from 4000 to 200 cm™" with a PerkinElmer Frontier FT-IR
Instrument. IR annotations used: br = broad, m = medium, mbr =
medium broad, sh = shoulder, s = strong, vs = very strong, w = weak,
wbr = weak broad. 'H,*'P, and '*C NMR spectra were recorded on an
Ascend 500 Bruker spectrometer (500.1 MHz for 'H, 202.5 MHz for
3P, and 125.8 MHz for '*C). Chemical shifts, in parts per million, for
'"H NMR spectra are relative to internal standard Me,Si. 3'P NMR
chemical shifts were referenced to an 85% H;PO, standard. The *'P
NMR chemical shifts were acquired with 'H decoupling. NMR
annotations used: s = singlet, d = doublet, br = broad, m = multiplet,
sbr = singlet broad, dd = doublet of doublets, q = quartet, sept =
septet, t = triplet. Electrospray ionization-mass spectra (ESI-MS) were
obtained in positive- and negative-ion mode on a Series 1100 MSD
detector HP spectrometer using a methanol and acetonitrile mobile
phase. The compounds were added to reagent grade CH,;OH,
CH;CN, CH;CH,OH, or H,O to give solutions of approximate
concentration of 0.1 mM. These solutions were injected (1 L) into
the spectrometer via an HPLC HP 1090 Series II fitted with an
autosampler. The pump delivered the solutions to the mass
spectrometer source at a flow rate of 300 yL min~’, and nitrogen
was employed both as a drying and nebulizing gas. Capillary voltages
were typically 4000 and 3500 V for the positive- and negative-ion
modes, respectively. Confirmation of all major species in this ESI-MS
study was aided by a comparison of the observed and predicted

isotope distribution patterns, the latter calculated using the IsoPro 3.0
computer program. The purity of the novel compounds was
determined by combustion analysis and is >95%.

The spectroscopic characterization of the ligand L*9 and the
complexes 1—5 (FT-IR, 'H-, ®C{'H}- and *P{'H} spectra) has been
reported in the Supporting Information (Figures S18—S40).

4.1.2. Synthesis of L9, DIPEA (0.294 g, 2.280 mmol) was added
to a stirred solution of amantadine (0.157 g, 1.040 mmol) in DMF
(10 mL). A solution of L*H (0.200 g, 1.040 mmol) and TBTU (0.334
g, 1.040 mmol) in DMF (10 mL) was then added dropwise, and the
resulting solution was stirred for 20 h at room temperature. After
dilution with brine (30 mL), the mixture was extracted with ethyl
acetate (2 X 30 mL) and the organic phase was washed with distilled
water (5 X 20 mL), dried over anhydrous Na,SO, and evaporated.
The residue was purified by flash chromatography eluting with
cyclohexane/ethyl acetate (5:5) to give the ligand L**? as a white solid
in 86% yield. Mp: 149—152 °C. Solubility: CH,CN, CHCl,, CH,CL,
acetone, THF and DMSO. FT-IR (cm™): 3324w, 3300w (N—H);
3080wbr, 3029wbr, 2905s, 2848m (C—H); 1671vs (C=0); 1554s
(C=C/C=N); 1493w, 1449s, 1418m, 1370m, 1360s, 1339s, 1320m,
1310m, 1293s, 1256w, 1278s, 1263m, 1243m, 1216w, 1188w,
1121mbr, 1103m, 1092s, 1063m, 1026m, 999w, 988w, 941wbr,
920w, 894m, 861w, 831s, 820m, 785s, 773s, 757s, 731m, 715m. 'H
NMR (CDCls, 293 K): 6 1.45—2.40 (m, 15H, CHpy and CHj), 5.84
(t, 2H, 4-CH,,), 6.63 (s, 1H, a—CH), 7.46 (s, 1H, NH). “C{'H}-
NMR (CDCl,, 293 K): 114, 13.6 (CH,); 294, 36.3, 41.1, 52.6
(CHapm); 71.6 (a-CH); 106.9 (4-CH,,); 141.1 (5-C,,); 149.2 (3-
C,.); 162.9 (C=0). ESI-MS(+) (major positive ions, CH;CN), m/z
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(%): 382 (60) [L* + H]*, 404 (100) [L** + Na]*, 420 (50) [L2A4 +
K]*, 785 (30) [2L**! + Na]*. Elemental Analysis (%) calcd for
C,,H, N;O: C 69.26, H 8.19, N 18.36; found: C 69.53, H 8.01, N
18.11.

4.1.3. Synthesis of [Cu(LZAd)Clz] (1). The ligand L2d (0.500 mmol,
0.190 g) was added to a solution of copper chloride (0.500 mmol,
0.085 g) in CH3CN (30 mL). The reaction was stirred for 24 h at
room temperature. The precipitate was filtered, washed with CH;OH,
and dried under reduced pressure to give the yellow complex
[Cu(L*)CL,] in 80% yield. Mp: 283—285 °C. Solubility: CH,OH,
CH;CH,O0H, CH,Cl,, CHCl;, CH;CN, DMSO, and Acetone. FT-IR
(ecm™): 3208wbr (N—H); 3060w, 2913m, 2853w (C—H); 1664vs
(C=0); 1646sh, 1558s, 1487w, 1457m, 1417m (C=C/C=N);
1394m, 1378m, 1360m, 1354sh, 1344sh, 1310s, 1268w, 1250sh,
1237m, 1191w, 1133w, 1087m, 1051m, 999mbr, 940w, 924m, 893w,
877m, 831m, 789m, 775w, 703m, 651s, 623wbr, 594wbr, 573s,
545wbr, S26wbr, 488m, 471wbr, 453m, 420wbr, 41lwbr, 378m,
359m, 324mbr, 302m; 280vs (Cu—Cl); 264s, 253m, 247s, 229s, 214s,
202vs ESI-MS(+) (major positive ions, CH;CN), m/z (%): 135 (20)
[CuCl, + H]*, 413 (100) [Cu(L*4),]**, 479 (15) [Cu(L*?) + CI]*.
Elemental Analysis (%) calcd for C,,H;;CLCuN;O,: C 49.48, H 6.23,
N 14.12; found: C 49.36, H 6.17, N 14.58.

4.1.4. Synthesis of [Cu(L*9)Br,] (2). The ligand L**¢ (0.500 mmol,
0.190 g) was added to a copper(II) bromide (0.500 mmol, 0.110 g)
solution in CH;CN (20 mL). The reaction was stirred for 20 h at
room temperature and then for 4 h at reflux. The precipitate was
filtered and dried under reduced pressure to give the dark purple
complex [Cu(L*%)Br,] in 44% yield. Mp: 248—250 °C. Solubility:
DMSO, CH,OH, and CH,CH,OH. FT-IR (cm™): 3194wbr,
3053wbr, 2983w, 2963w, 2909m, 2851w (C—H); 1670sh, 1659sh,
1634vs (C=0); 1558s, 1455m, 1417m (C=C/C=N); 1400m,
1389m, 1372m, 1362m, 1353m, 1344w, 1325w, 1307s, 1268w,
1243m, 1129w, 1104w, 1087m, 1040m, 1003w, 993w, 982w, 926w,
889w, 871w, 826m, 817m, 796m, 776w, 704w, 666w, 648m, 637m,
620wbr, 588wbr, 575m, 543w, 486m, 460m, 427w, 413w, 387w,
366w, 337w, 309w, 295w, 285m, 274m, 258m, 250sh; 242vs, 232vs
(Cu—Br); 208s. ESI-MS(+) (major positive ions, CH;OH), m/z (%):
413 (100) [Cu(L*4),]**, 525 (10) [Cu(L**)Br]*, 906 (15)
[Cu(LZAd)ZBr]+. ESI-MS(—) (major negative ions, CH;OH), m/z
(%): 304 (100) [CuBr;]”. Elemental Analysis (%) caled for
Cp,Hy Br,CuN,O: C 43.68, H 5.17, N 11.58; found: C 44.14, H
5.18, N 12.04.

4.1.5. Synthesis of [Cu(L*9),Br,] (3). The ligand L*¢ (0.500
mmol, 0.190 g) and copper(1I) bromide (0.250 mmol, 0.056 g) were
dissolved in CH;CN (20 mL) and the reaction was stirred for 24 h at
reflux. A precipitate was formed, which was filtered and dried under
reduced pressure to give the light green complex [Cu(L*),Br,] in
76% yield. Mp: 243—245 °C. Solubility: CH,OH, CH,Cl,, CHCl,,
CH,CN, and DMSO. FT-IR (cm™'): 3181wbr (N—H); 3135w,
2949sh, 2935sh, 2901vs, 2850s, 2812s (C—H); 1667vs (C=0);
1586vs, 1560vs, 1414s (C=C/C=N); 1393vs, 1373vs, 1354vs,
1340s, 131lvs, 1266m, 124Svs, 1185m, 1133m, 1118w, 1111w,
1101w, 1050s, 995m, 941w, 921s, 888m, 873s, 814vs, 806vs, 785vs,
775sh, 702m, 653vs, 642s, 571vs, 535w, 505w, 487s, 457m, 448m,
412m, 378m, 360m, 339w, 318m, 302m; 281vs, 275s, 264s (Cu—Br);
255sh, 245m, 233s, 224s. ESI-MS(+) (major positive ions, CH;CN),
m/z (%): 413 (100) [Cu(L*),]**, 525 (10) [Cu(L*)Br]*, 824
(95) [2L** + Na + CH,CNJ*, 906 (20) [Cu(L**),Br]*. ESI-MS(—)
(major negative ions, CH,ClL,/CH;CN), m/z (%): 304 (20)
[CuBr;]™. Elemental Analysis (%) calcd for C,Hg,Br,CuN;,0,: C
$3.58, H 6.34, N 14.20; found: C 53.19, H 6.18, N 13.89.

4.1.6. Synthesis of [Cu{LZAd)(PTA)]PFG (4). 1,3,5-Triaza-phosphaa-
damantane (1.000 mmol, 0.157 g) was added to an acetonitrile
solution (30 mL) of tetrakis(acetonitrile)copper(I)-
hexafluorophosphate (0.500 mmol, 0.186 g). The reaction was stirred
for 3 h at room temperature, and then the ligand L*** (0.500 mmol,
0.190 g) was added. The reaction was stirred for 20 h at room
temperature and at reflux for 3 h. The solvent was evaporated at
reduced pressure, giving a white solid, which was washed with diethyl
ether (30 mL) and dried under reduced pressure to give the complex

[Cu(L*)(PTA)]PF¢ in 92% yield. Mp: 180—183 °C. Solubility:
CH,CN, DMSO. FT-IR (cm™"): 3228wbr (N—H); 3067wbr, 2907w,
2825wbr (C—H); 1672w (C=0); 1561w, 1528s, 1450w, 1417m
(C=C/C=N); 1361w, 1293w, 1242m, 1104m, 1041w, 1014m,
970s, 948m, 894w; 83Svs (PFy); 743m, 593m, 582s, 556vs, 480m,
448m. "H NMR (CD;CN, 293 K): 6 1.67—2.39 (m, 27H, CH,py and
CH,), 4.13 (s, 6H, NCH,N), 4.50—4.62 (dd, 6H, NCH,P), 6.03 (s,
2H, 4-CH,,), 6.58 (s, IH, a—CH). “C{'"H}-NMR (DMSO, 293 K):
8 11.1, 14.4 (CH,); 29.1, 36.1 (CHppy); 50.6, 51.8, 72.3 (CHpra);
107.0 (4-CH,,); 142.5 (5-CH,,); 1502 (3-CH,,); 165.0 (C=0).
SIP{'H}-NMR (CD;CN, 293 K): § —144.62 (sept, Jz_p = 706 Hz),
—94.35 (sbr). ESI-MS(+) (major positive ions, CH;CN), m/z (%):
145 (60) [Cu + 2CH,CNJ*, 158 (50) [PTA + HJ*, 261 (40)
[Cu(PTA) + CH,CN]*, 485 (70) [Cu(L*?) + CH,CN]"*, 601 (100)
[Cu(L*)(PTA)]*. ESI-MS(—) (major negative ions, CH;CN), m/z
(%): 145 (100) [PF¢]~. Elemental Analysis (%) calcd for
C,sH,43CuF(N;OP, (%): C 45.01, H 5.80, N 15.00; found: C 45.41,
H 5.97, N 15.30.

4.1.7. Synthesis of [Cu(L*%)(PPh3)]PF, (5). Tetrakis(acetonitrile)-
copper(I)hexafluorophosphate (0.500 mmol, 0.186 g) and triphenyl-
phosphine (1.000 mmol, 0.260 g) were dissolved in CH;CN (30 mL)
and the reaction was stirred for 3 h at room temperature. Then, the
ligand L* (0.500 mmol, 0.191 g) was added, and the reaction was
stirred for 24 h at room temperature. The solution was filtered, and
the solvent was evaporated at reduced pressure, obtaining a white
solid, which was washed with diethyl ether (10 mL) and n-hexane (10
mL) and dried under reduced pressure to give the complex
[Cu(L*9)(PPh,)]PF; in 56% yield. Mp: 282—296 °C. Solubility:
CH,OH, THF, CH,Cl,, CHCl,, CH,CN, and DMSO. FT-IR (cm™):
3379w (N—H); 3076wbr, 3013w, 2909w, 2859 (C—H); 1671m (C=
0); 1562w; 1532m, 1481w, 1455w, 1436m (C=C/C=N); 1360w,
1350w, 1337w, 1310w, 1250w, 1225w, 1098m, 1041w, 998w; 834vs
(PF4); 821s, 785m, 752m, 740m, 692m, 667w, 595w, 571m, 556s,
531s. 'H NMR (CDCly, 293 K): 6 1.53—2.56 (m, 27H, CH,py and
CH,), 5.93 (s, 2H, 4—CHp,), 6.81 (s, 1H, a—CH), 7.41-7.58 (m,
15H, CH,,), 7.60 (m, 1H, NH). BC{*H}-NMR (CDCl,;, 293 K): §
109, 13.7 (CH,); 29.3, 36.0, 402 (CHypy); 107.0 (4-CH,,); 1289,
129.0, 130.4, 132.2, 132.5, 132.8, 133.7, 133.8, 142.7 (CH,, and 5-
CH,,); 150.4 (3-CH,,); 162.8 (C=0). *'P{'H}-NMR (CDCl,, 293
K): 6 —144.02 (sept, Jr_p = 714 Hz), 7.49 (s). ESI-MS(+) (major
positive ions, CH;CN), m/z (%): 145 (30) [Cu + 2CH;CN]", 366
(90) [Cu(PPh,) + CH,CNT*, 485 (40) [Cu(L*Y) + CH,CN]*, 587
(40) [Cu(PPh,),]*, 706 (100) [Cu(L***)(PPh,)]*. ESI-MS(-)
(major negative ions, CH;CN), m/z (%): 145 (100) [PF4] .
Elemental Analysis (%) caled for C,HuCuF(N;OP,: C 56.37, H
5.44, N 8.22; found: C 56.73, H 5.43, N 8.27.

4.2. X-ray Crystallography. A batch of several quite large blue
crystals of complex 3, suitable for X-ray investigations, was obtained
by slow evaporation of an acetonitrile solution. A fragment of one of
such crystals was chipped away from a larger specimen, picked up
with a nylon loop, and mounted on the top of the goniometer head of
a Rigaku-OD Gemini E diffractometer, equipped with a 2K X 2K EOS
CCD area detector and sealed tube Enhance Cu/Mo X—ray sources.
Raw X-ray diffraction data for complex 3 were obtained at room
temperature [301(1) K] by means of the w-scans technique using
graphite-monochromated Cu Ka (4 = 1.54184) radiation in a 1024 X
1024 pixel mode and 2 X 2-pixel binning. Data collection, data
reduction, finalization, and cell refinement were carried out using the
CrysAlisPro software, Version 1.171.42.49 (Rigaku OD, 2022).'*
Diffraction intensities were corrected for absorption as well as for
Lorentz and polarization effects. The absorption correction was
performed by means of an empirical multiscan approach, with the
scaling algorithm SCALE3 ABSPACK, using equivalent reflections.
Accurate unit cell parameters were obtained by least-squares
refinement of the angular settings of the 30056 strongest reflections,
chosen throughout the whole data collection. Crystal stability was
checked by monitoring two reference frames every 50 frames, and no
significant change in peak intensities was observed; a manual data
reduction was performed to account for sample wobbling. The
structures were solved by direct phasing and refined by full-matrix

https://doi.org/10.1021/acs.jmedchem.4c00821
J. Med. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

least-squares based on F,2 with the SHELXT'® and SHELXL'®
programs through the Olex2 1.5 graphical interface.'® All non-H
atoms (except bromine; see below) were refined anisotropically. The
positions of H atoms were calculated and refined with a riding model,
with displacement parameters 1.2/1.5 times the U, of the parent
atoms. In the unit cell, each molecule of the cationic complex 3 is
accompanied by two bromide counteranions as well as by four water
and two acetonitrile molecules whose occupation is crystallo-
graphically fixed at 0.5. The refinement of the complex cation did
not prove difficult; the refinement of the positions of the bromide ions
was instead challenging and demanded several attempts to model, as
reported in the discussion. In the finally chosen scheme, in particular,
each Br~ anion is disordered over four positions, whose site
occupation factors were constrained to sum to 0.5 by applying a
SUMP restraint (refined sofs of 0.17, 0.14, 0.13, and 0.06,
respectively). All attempts to introduce anisotropy in the refinement
of bromide ions (also applying restraints) led to unsatisfactory results,
so these positions were refined only isotropically. Other RIGU
restraints were applied to the CH;CN molecule and C9, C10, C12,
and C14 atoms of the amantadine ring. The hydrogen atoms bound to
02 (close to the position of disordered bromide) proved also to be
troublesome. All attempts to introduce these atoms into the model
invariably led to nonconvergency of the refinement procedure. For
this reason, they were omitted from the final model. Full listings of
atomic coordinates, bond lengths/angles, and anisotropic thermal
parameters are available as Supporting Information, in the form of a
.«cif file. The crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre (CCDC), with a deposition
number 2332100. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures.

4.3. Spectroscopic Methods. 4.3.1. Synchrotron Radiation-
Induced X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were carried out on the five coordination compounds deposited
as thick films onto Au/Si(111) wafer substrates by following a drop-
casting procedure. SR-XPS experiments were performed at the
SuperESCA beamline at the ELETTRA synchrotron facility of Trieste
(Italy), collecting the data in fixed analyzer transmission mode (pass
energy = 5—20 eV), with the monochromator entrance and exit slits
optimized at 30 and 20 um, respectively. For the C 1s, O 1s, and N Is
spectral regions, a photon energy of 650 eV was used; for the C 1s, Au
4f, Cl 2p, and Br 3d spectral regions, a photon energy of 360 eV was
used. For C 1s and Cu 2p spectral regions, a photon energy of 1100
eV was used. The energy resolution was AE = 0.25 eV. Calibration of
the energy scale was made referencing the spectra to the C 1s core
level signal of aliphatic carbons, found at 285.0 eV, for all samples.'%°
Curve-fitting analysis of the C 1s, O 1s, N 1s, Au 4f (substrate
reference), Cl 2p, Br 3d, and Cu 2p spectra was done using Gaussian
curves as fitting functions, after subtraction of a polynomial
background. The ClI 2p;/,,/, and Cu 2p;,,/, doublets were fitted
using the same full width at half-maximum (fwhm) for both
components, a spin—orbit splitting of 1.6 and 19.8 eV, respectively,
and a branching ratio (2ps/,/2p,,,) of 2. For the Br 3dy), 3/, doublets,
a splitting of 6.6 eV, a branch ratio of 3ds/,/3d;/, of 3/2, and the same
fwhm values for both spin—orbit components were applied. For the
Au 4f;)),5/, doublets, a splitting of 3.7 eV, a branching ratio 4f;,,/4f;,,
of 4/3, and the same fwhm values for both spin—orbit components
were applied. When several different species were identified in a
spectrum, the same fwhm value was set for all individual photo-
emission bands.

4.3.2. Near Edge X-ray Absorption Fine Structure (NEXAFS)
Spectroscopy. NEXAFS experiments were performed at the BEAR
beamline (Bending magnet for Emission Absorption and Reflectivity)
at the ELETTRA storage ring, installed at the left exit of the 8.1
bending magnet exit. The apparatus is based on a bending magnet as a
source and beamline optics delivering photons from 5 eV up to about
1600 eV with a selectable degree of ellipticity. The UHV end station
is equipped with a movable hemispherical electron analyzer and a set
of photodiodes to collect angle-resolved photoemission spectra,

optical reflectivity, and fluorescence yield. In these experiments, we
used ammeters to measure the drain current from the sample.

Investigations were carried out on thick films deposited onto Au/
Si(111) substrates (same samples used to collect XPS spectra); C and
N K-edge spectra were collected at grazing (20°) incidence angles of
the linearly polarized photon beam with respect to the sample surface
in order to maximize the signal intensity. The raw spectra were
normalized to the incident photon flux by dividing the sample
spectrum by the spectrum collected on a freshly sputtered gold
surface; subsequently, a straight line that fits the part of the spectrum
below the edge was subtracted from the value at 330.00 and 420.00
eV for C and N, respectively, was assessed to 1.

For the C K edge spectra, the energy scale was referenced to the
7¥c—o transition of the amide function in the side chain of the L*A¢
liganc%;57 for the N K edge spectra to the 7*, transition of the pyrazole
rings.

4.3.3. X-ray Absorption Spectroscopy (XAS). XAS experiments
were carried out at LISA (BMO08) beamline’* at the ESRF (European
Synchrotron Radiation Facility) in Grenoble. The beamline is
equipped with a Si(111) double crystal monochromator, a
collimating, and a focusing mirror (before and after, respectively),
both mirrors are also coated with Si (or Pt stripes), useful for
harmonics rejection. The Cu complexes powders were dried in a
vacuum, weighted and mixed with a suitable amount of cellulose (50—
60 mg), and pressed into homogeneous pellets prior to the
measurements. Cu K edge (8979 eV) was probed at ambient pressure
and temperature in fluorescence geometry, using a 13-element HPGe
ORTEC detector, while measuring the incident light using a Ny,)-
filled ionization chamber prior to the sample (I,). During spectra
acquisition, transmission geometry measurements were also collected
using a secondary ionization chamber (I,) right after the sample; this
allowed one to compare the acquired spectra and verify the quality of
the data (absence of self-absorption/ Bragg peaks/edge deformations).
Lastly, a metallic Cu foil was used as reference material for energy
calibration, it was placed in between two Ny -filled ionization
chambers, (I; and L, right after the foil). Six to 8 scans were acquired
and averaged for each sample and XAS signals from fluorescence,
transmission, and reference foil, respectively, were calculated as
follows:

py I I
Xlyo = I_f‘atrasm =In TO Qref = In I_l

0 1 2

with I being the sum over the fluorescence signals of the elements
of the detector obtained selecting the Cu K, emission line from the
total fluorescence yield.

Experimental spectra were treated along the standard procedures
for background subtraction (& = @, — @), edge jump
normalization, and bare atom background subtraction ()™ to

. The edge

energy (E,) defines the energy scale of the photoelectron wave-

number k[A'] = A",/ 2m,(E — E,) (where m, is the mass of the

electron, E and E, in eV), and it was selected as the first inflection
point (first maximum of the first derivative) for all spectra.

4.4. Cytotoxicity Studies. 4.4.1. Cell Culture. Human
glioblastoma U87, T98 and U251 cells (European Collection of
Cell Cultures, Salisbury, UK) were maintained in Eagle’s minimum
essential medium (EMEM) (Gibco) supplemented with heat-
inactivated fetal bovine serum (FBS, 10% v/v), penicillin (100 IU/
mL) and streptomycin (100 pg/mL), 2 mmol/L L-glutamine,
nonessential amino acids (10% v/v), and sodium pyruvate (10% v/
v). Murine microglial BV2 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) (Gibco, Rodano, Italy) supple-
mented with FBS (10% v/v), penicillin (100 IU/mL), streptomycin
(100 pug/mL) and sodium pyruvate (10% v/v). All cell lines were
grown at 37 °C in a humidified atmosphere of 5% CO,.

4.4.2. Compounds. Cisplatin and TTM (Sigma-Aldrich, Milan,
Italy) were dissolved in DMSO. CuBr, and CuCl, were dissolved in
H,0. Cu complexes and [Cu(CH;CN),]PF, were dissolved in

,
a' —

extract the EXAFS structural signals X (k) =

@,
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DMSO to obtain 10 mM stock solutions and diluted in medium in the
same day of the experiment to adjust the final concentration of
DMSO so that it does not exceed 0.5% (v/v) in cell cultures.

4.4.3. Cell Treatment and Analysis of Viability. The cytotoxic
activity of Cu complexes was measured in U87, T98, U251, and BV2
cells using the MTT assay. Glioma cells were seeded in 96-well plates
at 3 X 10° cells/well, BV2 cells at 1.5 X 10* cells/well. Cu complexes
(1-5), CuBr,, CuCl, and [Cu(CH;CN),]PF,; at a range of
concentrations (1-50 uM), cisplatin (1-50 uM) or TTM (1-50
uM) were added to the medium, and cells were incubated for 72 h. In
combination with experiments with TTM, cells were treated with Cu
complexes 3 and 5 and TTM at the specific IC,s dose for each cell
line. In combination experiments with TMZ, cells were treated with
TMZ (100—900 yM) in combination with compounds 3 or § at IC,
doses specific for each cell line. After this incubation, MTT (0.8 mg/
mL) was added to each well and further incubated for 3 h at 37 °C.
Then, the culture medium was removed, 100 uL of DMSO/well was
added to solve the formazan crystals, and the absorbance at 540 nm
was quantified in a plate reader (BioTek Instruments, Winooski, VT,
USA). All experiments were repeated thrice.

4.4.4. Morphological Analysis. To observe the effects of Cu
compounds based on morphological changes, glioma cells were
seeded at 2.5 X 10* cells/mL in 6-well plates and incubated for 72 h
with compounds 3 and $ under normal growth conditions. After
incubation, the cellular morphology was observed using an inverted
phase-contrast microscope (Nikon, Japan) at 10X magnification.

4.4.5. Cell Uptake Assay. To determine Cu compound uptake,
glioma cells were seeded in 96-well plates at 3 X 10° cells/well and
incubated for 24 h with compounds 3 and § under normal growth
conditions. After incubation, cells were gently rinsed with PBS
containing 200 M EDTA to remove extracellular Cu complexes, and
S uM BioTracker Green Copper diluted in culture medium was added
in each well and incubated at 37 °C, 5% CO, for 3 h. Given that
nonspecific fluorescence may be observed from acidic organelles, 100
nM bafilomycin Al was added to the medium 30 min before the
addition of Green Copper to suppress acidification of lysosome and
also to the Green Copper solution. After the staining, cells were
washed with PBS and observed with a C2 Plus confocal microscope
(Nikon Instruments) at 40X magnification.

4.4.6. Cell Cycle Assay. The DNA content was measured with flow
cytometry (FACS Accuri C6, BD Bioscience, San Jose, CA, USA),
and the distribution of U87, T98, and U251 cells during the cell cycle
phase was evaluated. Cells (2.5 X 10*/mL) were plated into 12-well
plates and treated with the specified vehicle or drugs for 72 h.
Thereafter, cells were harvested with trypsin, and the cell pellets were
fixed in ice-cold 70% ethanol at 4 °C overnight. The fixed cells were
treated with RNase (100 pug/mL) at 37 °C for 30 min and stained
with propidium iodide (PL, 20 ug/mL) at 4 °C in the dark for 30 min
before measurement. Data were analyzed using a BD Accuri C6 Plus
flow cytometer and its software (BD Biosciences, Milan, Italy).

4.4.7. Cell Proliferation Assay. CellTraceTM Cell Proliferation kit
(Thermo Fisher Scientific, Rome, Italy) was used to analyze the
proliferation of glioma cells in response to stimulation by compounds
3 and . Cells were labeled with 1—2 uM carboxyfluorescein diacetate
succinimidyl ester (CESE) for 20 min at 37 °C, then seeded 2.5 X 10*
cells/mL and cultured for 72 h in a culture medium containing
compounds 3, S, or vehicle. At the end of the treatment, florescence
was analyzed by FACS.

4.4.8. Colony Formation Assay. Glioma cells were seeded in 6-well
plates (500 cells/well) overnight, and then the medium was replaced
with compounds 3 and 5 and changed every 3 days. After 2 weeks, 4%
paraformaldehyde was added for 15 min for cell fixation, then washed
with PBS and stained with 0.1% crystal violet for 15 min. The stained
colonies were counted under the microscope and compared with the
control samples. The colony area percentage was calculated on
thresholded and intensity inverted regions that were single well
images by Image]J software (Version 1.54h).

4.4.9. Intracellular ROS Measurements. Intracellular ROS
generation was measured in vitro using S5-(and-6)-carboxy-2’,7’-
dichlorofluorescein diacetate (DCFDA). Cells (2.5 X 10* cells/mL)

were seeded in a 12-well plate and the Cu complexes 3 and § or
vehicle were added to the medium. In combination experiments, cells
were treated with 600 uM TMZ in combination with compound 3 or
§ at IC,5 doses specific for each cell line. Cells were incubated for 48—
72 h. Cells were washed with PBS, pulsed with DCFDA for 10 min at
37 °C, 5% CO,, and analyzed by a BD Accuri C6 Plus flow cytometer
and its software.

4.4.10. yH2AX Measurement by a Flow Cytometer. Cells (2.5 X
10* cells/mL) were seeded in a 12-well plate and the Cu complexes 3
and $ or vehicle were added to the medium. Cells were incubated for
72 h. Cells, fixed in 4% paraformaldehyde and permeabilized with T-
PBS (PBS with 0.1% Tween-20) were incubated with anti-yH2AX
antibody (1:200, Cell Signaling, Pero, Italy) in T-PBST containing 1%
BSA for 1 h at room temperature. Cells were then incubated with an
Alexa Fluor 647-labeled antirabbit antibody (Abcam, Cambridge,
UK) and analyzed by a flow cytometer.

4.4.11. Statistical Analysis. GraphPad Prism 9.0.1(128) software
(GraphPad Software, San Diego, CA, USA) was used for statistical
analysis. The results represent the mean + standard error of the mean
(SEM) of three experiments. One-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. The statistical
significance in the cell-cycle distributions was determined using the
chi-square test. p < 0.0S values were considered to be statistically
significant (*p < 0.05, **p < 0.01, **¥p < 0.001, ****p < 0.0001).
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