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The Halogen Effectin [Cu(NHC)X] Compounds: A Case Study on
the Anti-Leishmania and Antiviral Activity of [Cu(IPr)X]

J. V. Fontes™,[@l M. E. F. AgnoliT,[® G. Clauss,@! M. S. A. Garcia,®! A. V. P. Ferreira,®’
G. A. Antoniucci,[ A. L. Costa-Oliveira,[< A.C.G. Jardim,!> 9 D. C. Miguel,!

and C. Abbehausen*[@!

In this study, we investigated the activity and properties of
three neutral Cu(l) N-heterocyclic carbene (NHC) complexes—
[1,3-bis(2,6-diisopropylphenyl) imidazol-2-ylidene]copper(l) with
Cl, Br, and |, specifically [Cu(IPr)CI], [Cu(IPr)Br], and [Cu(IPr)I]—to
evaluate the impact of halogen substitution on anti-Leishmania
and antiviral activity. The compounds were synthesized using
reported methods. *C NMR spectroscopy provided insights into
the electronic nature of the Cu—X bond by analyzing the NHC C?
chemical shift. Notably, the iodine derivative exhibited distinct
chemical properties compared to its counterparts, displaying a
more covalent Cu—l bond. As a result, [Cu(IPr)I]] was more sus-
ceptible to nucleophilic attack, as confirmed by HOMO-LUMO
gap calculations using DFT. Furthermore, this derivative demon-
strated the highest lipophilicity and the strongest antioxidant

1. Introduction

According to the World Health Organization (WHO), neglected
tropical diseases (NTDs) are caused by parasites, bacteria, fungi,
viruses, or non-communicable origin, predominantly affecting
populations in tropical and subtropical regions. These diseases
are often endemic or epidemic, remain difficult to control, lack
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activity in the series, as evidenced by the DPPH assay, surpass-
ing butylated hydroxytoluene (BHT) used as a positive control.
Bovine serum albumin (BSA) binding assays indicated weak
interaction (10° M~") across all compounds, with no significant
differences observed. In anti-Leishmania assays, [Cu(IPr)I] exhib-
ited the best selectivity index (SI = 4.0), showing greater toxicity
to the parasite (ECs, = 1.5 uM) while being less toxic to the
host cell (CCsp = 6.0 uM). However, this trend did not extend to
antiviral studies against the chikungunya virus, where [Cu(IPr)Br]
displayed the highest replication inhibition (ECs, = 0.807 uM)
and the best selectivity index (SI = 4.8). Our findings highlight
that halogen substitution plays a crucial role in modulating the
biological activity of neutral linear metal-NHC complexes.

effective vaccines or other preventative measures, and pose
significant health and economic burdens."

Among more than 20 recognized NTDs, leishmaniasis still
poses a great challenge in 88 countries. Caused by over 20
protozoa species that belong to the genus Leishmania, their flag-
ellated forms (promastigotes) are transmitted through the bite
of infected sand flies to several mammalian hosts, including
humans, wherein they transform into proliferative amastigotes
in mononuclear phagocytic cells, leading to distinct clinical
manifestations.'?!

Two classic forms of leishmaniasis are recognized: cuta-
neous (CL) and visceral leishmaniasis (VL). Current treatments are
based on intravenous administration of pentavalent antimonials
(sodium stibogluconate and meglumine antimoniate), liposo-
mal amphotericin B, miltefosine, and paromomycin. Despite
their effectiveness, these painful treatments are associated with
severe side effects, require hospitalization, and can be financially
prohibitive, as seen for liposomal amphotericin B, which despite
being effective, is limited for large-scale public health use due to
its high cost.’!

Another significant group of NTDs includes arboviral infec-
tions, such as dengue, chikungunya, Mayaro, and Zika fevers.
Among them, this work focuses on chikungunya virus (CHIKV),
the causative agent of chikungunya fever, an arthropod-borne
viral disease primarily transmitted by Aedes aegypti in urban
areas and Aedes albopictus in rural or wild environments.!4¢!
CHIKV infection is characterized by high fever, rash, and
severe arthralgia, which, in many cases, progresses into a
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chronic debilitating condition that persists for months or even
years. Despite the significant public health burden, no antiviral
drugs or vaccines are currently approved for CHIKV prevention
or treatment. The standard clinical approach remains symp-
tomatic management, underscoring the urgent need for effec-
tive antiviral therapies to reduce disease severity and long-term
complications.!”!

Our research group has been exploring metal-based com-
pounds as potential therapeutics for NTDs, including leishma-
niasis, Chagas disease, and arboviral infections.'*? We focus
on rational ligand design to establish structure-activity relation-
ships in our search for improved metal-based drug candidates. In
particular, we have been investigating gold(l) complexes with N-
heterocyclic carbenes (NHCs),!"°™?! and by analogy, copper(l)-NHC
complexes.

Copper is an essential trace element in humans, and its intrin-
sic toxicity can be mitigated by the body’s natural mechanisms
for copper transport and storage.'™! In biological systems, copper
exists predominantly in the Cu(l) and Cu(ll) oxidation states and
plays critical roles in ATP synthesis, redox reactions, neurologi-
cal function, heme biosynthesis, and iron metabolism." Cu(l) is
considered a soft acid according to Pearson’s classification and
preferentially coordinates to soft bases, forming linear, trigonal
planar, or tetrahedral complexes—features that make Cu(l) com-
plexes attractive for medicinal applications targeting thiol- and
selenol-containing biomolecules.!™!

N-Heterocyclic carbenes are excellent ligands for stabilizing
Cu(l), forming robust, linear complexes. Their strong o-donor
and significant w-acceptor properties allow for fine-tuning of
complex characteristics, including lipophilicity, ligand exchange
kinetics, and redox stability.™®! Despite these favorable proper-
ties, the medicinal potential of Cu(l)-NHC complexes remains
less explored compared to their Ag(l)- and Au(l)-NHC coun-
terparts. Literature reports indicate that Cu(l)-NHC complexes
exhibit promising biological activity, with low inhibitory concen-
trations against tumor cells, Leishmania major, Candida albicans,
methicillin-resistant Staphylococcus aureus (MRSA), and other
bacteria.l”-20]

Our group has also been investigating both Cu(I)*?" and
Cu(l)-NHC??! complexes as potential leishmanicidal and antivi-
ral agents. In our initial studies, we demonstrated that [1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]copper(l) with chlo-
ride [Cu(IMes)Cl], undergoes speciation in solution, affecting
biological outcomes, while [Cu(IPr)Cl] remains stable and exhibits
superior biological activity, with a favorable selectivity index
against Leishmania amazonensis and up to 91% inhibition of
chikungunya virus (CHIKV) replication. Despite these promising
results, cytotoxicity toward host cells limits testing to concentra-
tions below 3 puM.1?"

Numerous studies have demonstrated that the substitution
of chloride with iodide in metal complexes can significantly
enhance both biological activity and selectivity.”>! In our
investigations, we have observed a marked improvement in
antitumor activity in Pd(ll) complexes upon coordination with
iodide.”* Despite these findings, the majority of halide NHC-
metal(l) complexes predominantly feature chloride or bromide
as the leaving group, with only a limited number of studies
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exploring the biological activities of Cl, Br, and 181261 Fyr-
thermore, only two studies specifically address the correlation
between the reactivity of different halogens and their biological
effects.!?7:28]

In this study, we investigate the leishmanicidal and antiviral
properties of a series of [Cu(l)(IPr)X] complexes (X = Cl, Br, I).
Remarkably, iodine substitution significantly enhanced the selec-
tivity index against L. amazonensis, indicating improved antipar-
asitic potential. In contrast, antiviral (CHIKV) assays revealed
[Cu(IPr)Br] as the most selective compound, highlighting distinct
structure-activity trends. To better understand these differences,
we examined the lipophilicity and electronic features of the
Cu—X bonds, along with total antioxidant capacity and inter-
actions with bovine serum albumin (BSA). These findings pro-
vide valuable insights for the rational design of multifunctional
copper-based therapeutics.

2. Experimental Section

2.1. Materials and Equipment

All syntheses were carried out under air without any precautions
to avoid oxygen and humidity. The solvents were acquired and
used as received without further purification (Aldrich, Synth, or LS
Chemicals). The ligand IPr.HCI was synthesized using a method pre-
viously described.[?®! Elemental analysis (CHNS) was acquired using
a Perkin—Elmer 2400 CHNS/O elemental analyzer. Nuclear magnetic
resonance (NMR) 'H and '3C spectra were obtained from Bruker
equipment, Avance DPX 250 MHz, or Avance Ill 500 MHz models.
Absorption spectra in the UV-vis region were obtained in the HP
8453 UV-vis Agilent spectrophotometer in a 10 mm optical path
3 mL cuvette. Fluorescence spectra were performed using an Agilent
Cary Eclipse fluorescent spectrophotometer with a 3 mL and 10 mm
optical path cuvette.

2.2. Synthesis

2.2.1. Synthesis of Ligand 1,3-Bis(2,6
diisopropylphenyl)imidazolium Chloride (IPr.HCI) (1)

Synthesis was carried out according to the methodology of Hans
et al?®! The compound was obtained in two steps. The first step
was the synthesis of N,N“-bis(2,6-diisopropylphenyl)ethylenediimine.
A solution of glyoxal (70% v/v aqueous, 1.6 mL, 68.41 mmol) in
isopropanol was mixed with a solution of 2,6-diisopropylaniline
(68.41 mmol, in isopropanol). The resulting solution was stirred for
24 h at room temperature. After the filtration, the yellow solid was
dried in an IR lamp. In the next step, paraformaldehyde was added
to a solution of N,N™-bis(2,6-diisopropylphenyl)ethylenediimine in
ethyl acetate at 70 °C and vigorously stirred for 45 min. Afterward, a
solution of chlorotrimethylsilane in ethyl acetate was added, and the
resulting solution was stirred for 2 h and stored at 6 °C overnight.
The white solid was filtered and washed with ethyl acetate and
ethyl ether and dried under an IR lamp to afford pure 1,3-bis(2,6-
diisopropylphenyl)imidazolium chloride as a white microcrystalline
powder. (Yield: 70%, 1.95 g, 4.57 mmol).

'H NMR (250 MHz, CDCly): § 1.15-1.27(d, 3Jyy = 6.8 Hz, 24H,
CH(CHs)y), 2.30-2.40 (sept, 3Jp-y = 6.8 Hz, 4 H, CH(CH3),), 7.51-7.54 (d,
3J4n = 7.8 Hz, 4H, m-CH Dip),7.66-7.72 (t, 3Jyy = 7.7 Hz, 2 H, p-CH
Dip), 8.58 (s, 2 H, CH*> Im), 10.30 (s, 1 H, CHIm).
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2.2.2. Synthesis of Complex [Cu(IPr)X] Where X = Cl, Br, and |

The general procedure was carried out following the methodology
described by Santoro et al.1*! The ligand IPrHCI(1) (1.0 equiv), CuX
(1.0 equiv), and K,CO3 (2.0 equiv) were stirred in acetone (4.0 mL)
at 60 °C for 24 h. The reaction mixture was subsequently filtered
through silica and washed with dichloromethane, and the filtrate
was concentrated under reduced pressure. The addition of pentane
(3.0 mL) induced the precipitation of the target compound, which
was isolated by filtration, washed with additional portions of pen-
tane, and dried under vacuum. The resulting solid was recrystallized
using an acetone/diethyl ether solvent system, affording the final
product.

2.2.3. [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(l)
Chloride [Cu(IPr)CI] (2)

White solid (Yield: 63%, 71.8 mg, 0.15 mmol). MW: 487.595 g/mol CHN
Calc Cy7H36N,CICu. %: C 66.56; H 7.45; N 5.75. Found % C 66.51; H 7.44;
N 5.75. "H NMR (600 MHz, DMSO-dg): § 1.20-1.22 (d, 3Jy_ = 6.8 Hz,
24H), 7.39-7.43 (d, 3J4_n = 7.4 Hz, 4H), 7.53-7.59 (t, 3J4_y = 8.3 Hz,
2H), 7.89 (s, 2H). *C NMR (150.9 MHz, DMSO-dg): 23.83 (CHs), 24.86
(CH3), 28.72 (CHs), 124.45 (C* and C° Im), 124.91 (CH Ar), 130.74 (s, C
Ar), 134.92 (C Ar), 145.76 (CH Ar), 178.74 (C? Im). HRMS (acetonitrile) =
m/z: 492.2442.

2.2.4. [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(l)
Bromine [Cu(IPr)Br] (3)

White solid (yield: 68%, 84.9 mg, 0.16 mmol) MW: 532.049 g/mol
CHN Calc. CyH36N,BrCu %: C 60.95; H 6.82; N 5.27. Found % C
62.06; H 6.70; N 534. '"H NMR (600 MHz, DMSO-dg): § 1.20-1.21 (d,
3J4—n = 6.8 Hz, 24H), 7.40-742 (d, 3Jy—n = 7.8 Hz, 4H), 7.54-7.65
(t3Ju—n = 7.8 Hz, 2H), 7.90 (s, 2H). *C NMR (150.9 MHz, DMSO-d¢):
23.34 (CHs), 24.37 (CHs), 28.21 (CH;3), 123.93 (C* and C° Im), 124.38 (CH
Ar), 130.23(s, C Ar), 134.37 (C Ar), 145.25 (CH Ar), 179.00 (C? Im). HRMS
(acetonitrile) = m/z: 492.2442.

2.2.5. [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(l)
lodide [Cu(IPr)I] (4)

Pale yellow solid (yield: 78%, 1057 mg, 018 mmol). MW:
579.049 g/mol CHN Calc. C;7H36N,Cul %: C 56.01; H 6.27; N 4.84.
Found % C 55.86; H 6.01; N 4.81. '"H NMR (600 MHz, DMSO-ds): &
120-122 (t, 3Jy—py = 6.6 Hz, 24H), 7.40-7.41 (d, 3Jy—n = 7.8 Hz, 4H),
7.53-7.60 (t, 3Jy_y = 7.8 Hz, 2H), 7.90 (s, 2H). *C NMR (150.9 MHz,
DMSO-dg): 23.42 (CHs), 24.37 (CH3), 28.22 (CHs), 123.90 (C* and C° Im),
12430 (CH Ar), 130.22(s, C Ar), 134.33 (C Ar), 145.27 (CH Ar), 180.91 (C?
Im). HRMS (acetonitrile) = m/z: 492.2442, 939.3990.

2.3. Ligand Exchange Kinetics Followed by '"H NMR

The experiment was conducted applying the same conditions as
reported by Fontes et al,!*! which studied the stability of the
complex [Cu(IPr)CI].

In 750 pL of DMSO-d¢ or DMSO-dg/D,O (13:1), 4 mg of the
compounds [Cu(IPr)Br] and [Cu(IPr)I] were added, which were trans-
ferred to NMR tubes. The "H NMR (500 MHz) spectrum was obtained
at the time the solutions were prepared (time 0 h). The NMR tubes
were kept at a constant temperature of 25 °C for the subsequent
measurements of 3, 6, 8, 24, and 48 h in DMSO-dg and DMSO-d¢/D,0
(13:1).
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2.4. High-Resolution Mass Spectrometry

High-resolution mass spectra (HRMS) were recorded on an Orbitrap
Thermo QExactive mass spectrometer equipped with an electro-
spray ionization (ESI) source operating in positive ion mode. The
samples were dissolved in acetonitrile at a concentration of 1 mg/mL
and introduced via direct infusion at a flow rate of 200 pL/min
ACN:H,0 1:1 v/v.

2.5. Antioxidant Activity: DPPH Radical

Stock solutions of the complexes and BHT (1 x 10~* M) were pre-
pared in ethanol with 10% DMSO (V/V) and protected from light. A
fresh DPPH (1 x 10~* M) solution in ethanol was also shielded from
light. In a 10 mm quartz cuvette, 1.0 mL of DPPH solution was mixed
with 1.0 mL of the sample or DMSO (control). The absorbance was
measured by spectroscopy in the ultraviolet/visible region (UV-vis),
at the wavelength 517 nm, after 60 min of reaction of the samples
(Asample) @and control (Apppy). All analyses were done in triplicate. The
antioxidant capacities were expressed as a percentage reduction of
DPPH* (Equation 1).

(ADPPH- - Asample ) x 100
AppPH.

%Reduction =

2.6. Bovine Serum Albumin Interaction with Complexes:
Fluorescence Quenching

Solutions of the complexes (1.5 mM) were prepared in DMSO, while
BSA (20 pM) was prepared in phosphate buffer (10 mM, pH 7.4).
The albumin solution was titrated with 8 pL increments of copper
complexes, and fluorescence spectra (excitation: 280 nm, emis-
sion: 300-400 nm) were recorded after 1 min. Measurements were
performed at 25 °C.

The emission intensity at 350 nm was evaluated by the Stern-
Volmer equations. The Stern-Volmer constant (Ksy) was obtained by
Equation (2), where Ip and [ are the relative fluorescence intensities
of BSA in the absence and presence of the quencher, respectively,
and [Q] is the quencher concentration.

o/l =1+ Ksy [Q] v}

Scatchard Equation (3) was used to evaluate the number of sites
(n) and the equilibrium constant between free and bound molecules
(Ky) of complexes [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IP)I].

log (lo — 1) /I = logKy, + nlog [Q] (3)

2.7. Lipophilicity

The logarithmic partition coefficient (log P) of the copper com-
plexes was determined using the shake flask method, following
OECD guidelines with modifications.*"3? Complexes were dissolved
in Milli-Q water (pre-saturated with 1-octanol) to prepare 0.1 mM
stock solutions, then mixed with an equal volume of n-octanol (pre-
saturated with water) and shaken for 2 h at room temperature. After
phase separation by centrifugation, experiments were conducted in
duplicate. The initial and final aqueous phases were acid-digested
(50% HNOs), calcinated (500 °C, 20 min), and dissolved in 1% HNO;
(Merck, ICP grade) for ICP-OES analysis. The partition coefficient
was obtained considering [Culoctanot = [Culiotat — [Culyater and
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calculated according to Equation (4).

|Og pP— [Cu]octanol (4)

[Cu]water

2.8. Computational details

The copper complex structures were optimized using density func-
tional theory (DFT) calculations with the ORCA v. 6.0 package.l3%!
Geometry optimizations were performed with the ®»B97X-D3B)J
functional,®”! employing the SARC-ZORA-TZVP basis set for iodine,
ZORA-def2-TZVP for all other atoms, and SARC/J auxiliary basis
functions,®®! along with the RIJCOSX approximation.?*) Implicit
solvation in DMSO was considered using the CPCM model.[404"!

A convergence criterion of 1.0 x 10~% a.u. was applied. Fre-
quency calculations, performed at the same theoretical level,
confirmed the optimized structures as true minima (absence
of imaginary frequencies) and provided thermodynamic data at
298.15 K. Bader atomic charges were calculated using the Multiwfn
program,!*?l based on the electronic densities obtained from the
optimized structures. The frontier orbital energies of the complexes
were also analyzed.

2.9. Anti-Leishmania Evaluation

2.9.1. Parasite Culture

The promastigote forms of L. amazonensis (IFLA/BR/67/PH8) was
kindly donated by Dr Norma Andrews (UMD, USA) and cul-
tured at 25 °C in 25 cm? culture bottles containing promastigote
growth medium: M199 (Gibco BRL) pH 7.4 supplemented with
10% heat-inactivated fetal bovine serum-FBS (Invitrogen), 5% peni-
cillin/streptomycin, 0.1% hemin (25 mg/mL in 50% triethanolamine),
10 mM adenine (pH 7.5), and 5 mM L-glutamine, as previously
described.®3! Cultures were split every 5 days, after promastigotes
reached late logarithmic growth phase.

2.9.2. Extraction of Primary Host Cell

Bone marrow-derived macrophages (BMDM) were obtained after
differentiation of precursor cells extracted from femurs and tibias
of female Balb/C mice. The medullary cavities of the bones were
washed with a 5 mL syringe and a 21G needle with Roswell Park
Memorial Institute (RPMI 1640) medium (Gibco-Invitrogen) supple-
mented with 20% FBS and 30% L929 fibroblast culture supernatant
in 75 mm Petri dishes. Recovered cells were kept at 37 °C with 5%
CO, atmosphere. After 7 days, differentiated BMDM were collected
with fresh RPMI medium after scraping the plate with a sterile cell
scraper (Biofil). The Ethics Committee on Animal Use of the Univer-
sity of Campinas (CEUA/UNICAMP, protocol #6022-1/2022) approved
all procedures using mice.

2.9.3. Cell Viability Assays

Cell viability was evaluated by the MTT ((3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay>*! using log phase Leishma-
nia promastigote cultures (5 x 10° cells/well) or BMDM (5 x 10*
cells/well) in 96-well culture plates incubated with decreasing con-
centrations of the Cu complexes (25; 12.5; 6.25; 3.13; 1.56; 0.78; 0.4
e 0 uM) for 24 h. All complexes were freshly solubilized in pure
sterile DMSO (Sigma-Aldrich) at 10 mM stocks for each experiment.
Briefly, 30 uL of MTT (5 mg-mL~") was added to each well, and the
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plates were incubated for 3 h at 25 °C (for promastigotes) and 37 °C
(for macrophages). Next, the reaction was stopped by the addition
of 30 puL of SDS 20%. Absorbance reading was performed using
a plate spectrophotometer (reference and test wavelengths of 600
and 650 nm, respectively). Optical density values were converted
to percentages compared to untreated control groups incubated
with medium only (100% viability) to determine the 50% effective
concentrations (ECsy for parasites and CCso for macrophages) from
sigmoidal regression of dose-response curves (GraphPad Prism8
software, USA). The results obtained were compared in terms of the
selectivity index (SI) calculated for each compound (SI = CCs¢/ECsp).

2.10. Antiviral Studies
2.10.1. Cell culture

The Vero-E6 cell were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich) supplemented with 100 U/mL of
penicillin (Sigma-Aldrich), 100 mg/mL of streptomycin (Sigma-
Aldrich), 1% dilution of stock of non-essential amino acids (Sigma-
Aldrich), 5% of fetal bovine serum (FBS, Cultilab), incubated at 37 °C
and 5% CO..

2.10.2. Cell viability assay

Cell viability was measured by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] (Sigma-Aldrich) assay. Vero-E6 cells
were cultured in a 48-well plate at 5 x 10* cells/well and treated with
six different concentrations of compounds, ranging from 0.016 uM to
50 uM, for 24 h at 37 °C with 5% of CO,. After 24 h post-treatment,
media containing compound was removed, and MTT at 1 mg/mL
solution was added to each well, incubated for 30 min, and replaced
with 300 pL of DMSO to solubilize the formazan crystals. The
absorbance was measured at 560 nm on Glomax microplate reader
(Promega). Cell viability was calculated according to the equation
(T/C) x 100%, where T and C represented the optical density of the
treated well and control groups, respectively. The cytotoxic concen-
tration of 50% inhibition (CCsp) was calculated using GraphPad Prism
8.0.

2.10.3. Antiviral assays

To assess the antiviral activity of compounds, Vero-E6 cells were
seeded at a density of 5 x 10* cells per well into 48-well plates.
After 24 h, cells were infected with CHIKV-nanoluc!®! and treated
with different concentrations, ranging from 0.016 uM to 50 uM, at
37 °C with 5% of CO,. 24 h post-treatment, samples were harvested
using Renilla-luciferase lysis buffer (Promega), and virus replication
levels were quantified by measuring Renilla-luciferase activity using
the Renilla Luciferase Assay System (Promega). The antiviral activity
was calculated according to the equation (T/C) x 100%, where T
and C represent the mean of the treated group and mean of the
last concentration, respectively. The effective concentration of 50%
inhibition (ECso) was calculated using GraphPad Prism 8.0. The val-
ues of CCsy and ECsp were used to calculate the selectivity index (Sl
= CCso/ECsp).

2.10.4. Statistical analysis
Individual experiments were performed in triplicate, and all assays

were carried out a minimum of three times to confirm repro-
ducibility. GraphPad Prism 8.0 software was used to assess statistical
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X=Cl,Br,|l

Figure 1. Structural formula discussed in this work [Cu(IPr)X] (X = Cl, Br,
and I).

differences of means of readings. The ECso and CCsy were calcu-
lated using a non-linear regression considering log(inhibitor) versus
response, with variable slope (four parameters-p <0.05).

3. Results and Discussion

3.1. Synthesis and Spectroscopic Characterization

Ligand IPr.HCI and complexes [Cu(IPr)Cl], [Cu(IPr)Br], and
[Cu(IPr)I] were successfully synthesized (Figure 1). Among all
the diverse methodologies of symmetric imidazol-2-ylidene,
in this work, we followed one of the most atom-economical
and straightforward paths.*°#! The complexes were prepared
following the “weak base” method by Santoro and coworkers>"!
involving the reaction of IPr-HCl with the respective CuX salt
in acetone and two equivalents of K,CO;. Their group demon-
strated that this reaction pathway is highly effective, as only two
halide species were observed when the reaction was conducted
in the absence of a base. Upon addition of that, the reaction
profile changed immediately, highlighting the significant influ-
ence of basic conditions on the reaction outcome. Under these
conditions, only the halide corresponding to the CuX salt was
detected, suggesting that the base plays a key role in determin-
ing halide species in the complex. Elemental analysis confirms
the composition, and the structure was analyzed by 'H and ®C
NMR, HR ESI-MS.

The spectra of 'TH NMR of compounds IPr.HCI, [Cu(IPr)Cl],
[Cu(IPr)Br], and [Cu(IPr)I] are shown in Figures S1-S4 (Support-
ing Information). All of them agree with the reports in the
literature.[?>3%! The complexe’s elemental analysis, *C NMR spec-
tra (Figures S4-S8) show the compounds were pure. Stability
tests were performed by TH NMR spectra in DMSO-dg and DMSO-
de:D,0 1311 (v/v) and showed no change over time up to 48 h
(Figures S9-512). The formation of [Cu(IPr)X] was also confirmed
by HR ESI-MS (Figure S13-515).

The ™H NMR spectrum of the ligand IPreHCI displays two
doublets between 1.24 and 1.73 ppm, attributed to the methyl
protons, and a multiplet at 2.35 ppm corresponding to the CH
protons. Aromatic protons appear in the region of 7.5-7.7 ppm.
The imidazole ring protons at positions 4 and 5 appear as a
singlet at 8.58 ppm, while the proton at position 2 (C>—H) is
observed as a singlet at 10.23 ppm. The primary evidence for

ChemistrySelect 2025, 10, 02039 (5 of 9)

complex formation is the disappearance of the C>—H signal at
10.23 ppm in the 'H NMR spectra of the complexes, confirming
carbene coordination to the copper center. Additional spectral
changes support this transformation: the methyl protons appear
as a single doublet at 1.2 ppm, the CH protons shift to 2.5 ppm
(overlapping with the DMSO solvent signal), and the imidazole 4
and 5 protons shift to 7.9 ppm. These shifts are consistent across
all complexes, indicating similar coordination environments.

The BC NMR spectra of the complexes exhibit chemical shifts
that are similar to those of the free ligand, except the imidazole
C2 signal. In the free ligand, this carbon is readily detected at
144.8 ppm. In the metal complexes, the C? signal provides valu-
able insights into the electronic structure of the complexes. This
resonance progressively shifts to higher frequencies from the
chlorine to the iodine derivative, with signals observed at 178.7,
179.0, and 180.9 ppm for [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IP)I],
respectively. While the chemical shift differences between the
chlorine and bromine derivatives are minimal, the iodine deriva-
tive shows a significant shift (A = 2.2 ppm). This trend reflects
the increasing donor strength and atomic radius of the halides
in the sequence | > Br > Cl. The shift to higher frequencies sug-
gests an increase in the covalency and bond length of the Cu—X
interaction. Although iodine is the most donating ligand, the C?
carbon of the NHC is still more deshielded in the iodide complex,
likely due to iodine’s higher polarizability.>?}

High-resolution electrospray ionization mass spectrometry of
compounds [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IPr)I] are presented
in Figures S13, S14, and S15, respectively. The mass spectrum of
all compounds shows the m/z 492.2442 [Cu(IPr)(CH;CN)] ™" ion as
the main signal, showing the exchange of ligand X~ for CH;CN
(used as solvent). It is possible to observe a monocharged sig-
nal of 939.3990 m/z, of very low abundance, which shows the
isotopic pattern of [(IPr)Cu(u-CH3CN)Cu(IPr)]* (Figure S15), but
it's only observed in the mass spectrum, which could strongly
indicate an artifact of the technique.

3.2. DFT Calculations

The structural parameters of the optimized geometries show
that the Cu—C bond lengths are similar across all three com-
plexes, averaging 1.9 A, which aligns with reported crystallo-
graphic data for [Cu(IPr)Cl] (1.953 A).**! Additionally, the opti-
mized structure of [Cu(IPr)Cl] is consistent with the experimental
Cu—C| bond length (21 A) and C—Cu—Cl bond angle (179.6°)
(Table S1).

Bader atomic charges were calculated using the Multiwfn
program, based on the electronic densities obtained from the
optimized structures. The charge values (Table S2) reveal the
influence of halide substitution on the charge distribution within
the complexes. Notably, the positive charge on the NHC C?
carbon, bonded to Cu(l), increases in the order [Cu(IPr)Cl] <
[Cu(IPr)Br] < [Cu(IPr)I], consistent with the observed *C NMR
downfield shifts for these molecules, where the iodine analogue
exhibits the least shielded carbon.

Additionally, the halide charges in the complexes follow the
trend CI~ < Br~ < |7, indicating that iodine is the least negative,
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Table 1. Percentage of DPPH reduction, calculated by Equation (2) of
100 pM (1) and 50 puM of (2)-(6) and BHT at 30 min.

Samples Asi7nm £+ SD Reduction (%)
DPPH 0.51 + 0.03 -

[Cu(IPr)CI] 0.34 + 0.03 3313

[Cu(IPr)Br] 0.28 + 0.00 44.54

[Cu(IPn)I] 0.24 £+ 0.02 52.03

BHT 0.27 £+ 0.02 46.12

suggesting a greater ability to donate electron density to the
Cu(l) center. This is further supported by the Cu(l) atomic charge,
which follows the trend [Cu(IPr)CI] > [Cu(IPr)Br] > [Cu(IPr)I],
with the iodine complex exhibiting the lowest positive charge.
These findings align with Huynh’s observations,*! where in
[PdBr,(iPr,-bimy)L], complexes, the C NMR shifts of iPr,-bimy
shifted downfield as the trans ligand’s electron-donating ability
increased.

Based on the obtained results, the frontier orbital ener-
gies of the complexes were also analyzed (Figure S16). The
energy HOMO-LUMO GAPs are 10.42, 10.44, and 10.17 eV for
[Cu(IPr)CI], [Cu(IPr)Br], and [Cu(IPr)l]. While the difference
between [Cu(IPr)CI] and [Cu(IPr)Br] is minimal, the [Cu(IPr)I] has
a lower GAP. The LUMO orbitals of the complexes show sig-
nificant orbital contribution on the copper center, suggesting
that nucleophilic attack is likely directed at the metal. This elec-
tronic feature may facilitate ligand exchange reactions, in which
the incoming nucleophile displaces the halide coordinated to
the copper. Furthermore, in Figure S12, it is noticeable that the
HOMO shape of the iodide complex differs from those of the
chloride and bromide complexes. This reflects an inversion in
the ordering of the occupied molecular orbitals. In the iodide
complex, the HOMO has a greater contribution from the iodide
ligand, whereas in the other complexes, the HOMO is more
localized on the C—Cu bond.

3.3. Antioxidant Activity of Copper Complexes

DPPH (2,2-Diphenyl-1-picryl-hydrazyl-hydrate) is a stable chro-
mogenic radical used in assays to measure the antioxidant activ-
ity of molecules, governed by a HAT (hydrogen atom transfer)
and SET (electron transfer) mechanism, which can be followed
by spectrophotometry at 517 nm.[“-*! DMSO was the refer-
ence, while BHT was the positive control due to its well-known
antioxidant activity.”" Table 1 presents the percentage of DPPH
reduction caused by [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IPr)I] and
the reference BHT calculated according to Equation (1) described
in the Materials and Methods section.

The complexes show a reduction in DPPH following the
order: [Cu(IPr)ClI] < [Cu(IPr)Br] < [Cu(IPr)I]. Notably, the bromine
derivative shows values similar to those of BHT, while [Cu(IPr)I]
demonstrates superior activity. These findings align with previ-
ous studies, which suggest that the release of the bound halide
increases with ionic radius (CI~ < Br~ < I7), with iodine acting
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as the leaving group for substitution reactions in NHC-M(I) com-
plexes. Since the DPPH radical accepts either an electron or a
hydrogen atom for reduction, we propose that copper is transfer-
ring an electron, forming Cu(ll) species with ligand release, while
hydrogen transfer is less likely in these complexes.?! These
results confirm the significant redox activity of the complexes.

3.4. Interaction with Bovine Serum Albumin (BSA)

Albumins are multifunctional proteins responsible for transport-
ing a variety of endogenous and exogenous ligands through
the formation of adducts. Bovine serum albumin (BSA) is com-
monly employed in biomimetic studies as a substitute for human
serum albumin (HSA) due to its high structural homology and
the lower cost of BSA. Similar to HSA, BSA exhibits intrinsic fluo-
rescence with an emission maximum of around 345 nm, primarily
attributed to its two tryptophan residues: Trp134, located on the
surface of subdomain IB, and Trp212, situated within a hydropho-
bic binding pocket in subdomain IlIA. In addition, Cys34 is a
thiolate group highly reactive with metals and disulfides, near
to the binding sites of BSA.’'*?! The interaction of BSA with
metal complexes typically results in fluorescence quenching of
the protein.®3! The mechanism of quenching can be assigned to
the formation of a complex in the fundamental state, but also
quenching by interaction with the excited state.

In the present study, the interactions of the compounds
[Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IPr)I] with BSA were investigated
by monitoring the quenching of BSA fluorescence at 350 nm. The
fluorescence emission spectra and corresponding Stern-Volmer
analyses are provided in Figures S17, S18, and S19, respectively.
The Stern-Volmer constants (Ksy), calculated using Equation (2),
are presented in Table 2.

The linear Stern-Volmer plots (Figures S17-519) suggest the
presence of a single quenching mechanism, either static (result-
ing from the formation of a non-fluorescent complex between
the protein and the metal complex in the ground state) or
dynamic (occurring through collisional interactions during the
excited-state lifetime of the protein). The Ksy values obtained for
the BSA-[compound] systems are on the order of 10> M, indi-
cating weak interaction between the copper complexes and BSA.
The difference among the complexes is not significant, and we
can say they have similar Ksy constant. The data agrees with pre-
vious evaluation.?”! The stoichiometric binding number (n) for all
complexes was approximately 1, indicating that one molecule of
each copper complex is bound per BSA molecule.

3.5. Lipophilicity

Lipophilicity was evaluated for complexes [Cu(IPr)Cl], [Cu(IPr)Br],
and [Cu(IPr)I] using the n-octanoliwater partition coeffi-
cient expressed as a logarithm (log P), using shake flask
methodology.®?! An ideal lipophilic/hydrophilic balance is
essential for the drug activity of the compounds. Also, log P
is an informative parameter of the distribution tendency of
a substance between apolar structures (cell membranes, for
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Table 2. Stern-Volmer constant (Ksv, Equation (2)) for compounds [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IPr)I]. Binding parameters, n, and Kb, for the BSA system

POz '6v5939€2

with compounds [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IPr)I].

Compound R? Ksv (10> M) R? Kb (10* M) n logP+ SD

[Cu(IPr)CI] 0.98 6.73 0.99 0.45 112 —0.68 + 0.05
[Cu(IPr)Br] 0.99 7.53 0.98 224 113 —036 + 0.16
[Cu(IPn)I] 0.99 7.86 0.99 0.42 118 —0.22 + 0.03

Table 3. ECs calculated for the compounds against promastigotes of
L. amazonensis (& standard deviation). CCs, determined for BMDM. The
Selectivity index (SI) calculated as CCso/ECsp.

Table 4. Effects of the compounds on Vero-E6 viability (CCsp) and CHIKV
replication (ECsp). The selectivity index (SI) was calculated by the ratio
CCs0/ECso.

Compound [Cu(IPr)Cl] [Cu(IPr)Br] [Cu(IPr)] Compound [Cu(IPr)Cl] [Cu(IPr)Br] [Cu(IPr)I]
ECso (uM) 24 +£ 04 1.9 £+ 0.1 15 + 0.4 ECso (uM) 0.782 0.807 1.807
CCsp (uM) 28 + 04 43 + 04 6.0 + 0.8 CCso (uM) 1.983 3.892 3.297

Sl 12 23 4.0 Sl 2.54 4.83 1.83

example) and aqueous solutions (blood plasma and others).>4>!
Table 2 presents the experimental log P values for the com-
pounds [Cu(IPr)Cl], [Cu(IPr)Br], and [Cu(IPr)I]. The partitioning
was quantified by measuring copper in the aqueous phase using
ICP-OES, with the corresponding calibration curve provided in
Figure S20.

The [Cu(IPr)X] compounds exhibited negative log P val-
ues close to zero, indicating a slight hydrophilicity. The
hydrophilicity-lipophilicity trend follows the halogen series,
with chloride being the most hydrophilic (—0.684) and iodine
the most lipophilic (—0.216).

3.6. Leishmanicidal Activity

The antileishmanial activity against Leishmania amazonensis
promastigotes (5 x 10° parasites/well) and the cytotoxicity
toward host cells were evaluated using bone marrow-derived
macrophages (BMDMs, 5 x 10 cells/well). Both parasite viability
and host cell viability were assessed following 24 h of incubation
with serial dilutions of the tested compounds at concentrations
ranging from 25 to 0.625 pM. The half-maximal effective con-
centration (ECso) and half-maximal cytotoxic concentration (CCsp)
values were determined from concentration-response curves.
The results are summarized in Table 3.

Although the compounds exhibited activity against pro-
mastigotes, they demonstrated toxicity toward BMDMs, resulting
in low selectivity indices (SI). In the context of novel metallodrug
development, comparative analysis revealed significant differ-
ences in the Sl values among the tested complexes.*?! The
incorporation of iodine proved advantageous in the design of
these complexes. Factors potentially contributing to these find-
ings include the electronic properties of the Cu—I bond and the
increased lipophilicity of the iodinated complexes, which were
evaluated and discussed in this work.

The incorporation of iodine proved beneficial in the design
of these complexes. Potential factors contributing to these find-
ings include the electronic properties of the Cu—l bond, the
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increased lipophilicity of the iodinated complexes, and the role
of the ligand scaffolds. These factors, in combination, appear to
be significant in improving drug efficacy and selectivity.

3.7. Antiviral Activity Assay

The antiviral activity against chikungunya virus and the cytotoxi-
city toward host cells were evaluated using Vero-E6 cell line. Both
viral inhibition and host cell viability were assessed following
24 h of incubation with serial dilutions of the tested compounds.
Curves are presented in Figure S21.The effective concentration
of 50% (ECsp) and cytotoxic concentration of 50% (CCs,) values
were determined from concentration-response curves (Figure
S21). The values of CCsy and ECs, were used to calculate the
selectivity index (SI = CCso/ECsp). The results are summarized in
Table 4.

The compounds effectively inhibit CHIKV replication. In this
study, we used the data to compare these compounds and
address the challenges in novel drug development.

Among the halogen series, [Cu(IPr)CI] was the most toxic,
while [Cu(IPr)Br] and [Cu(IPr)I] had similar cytotoxic concentra-
tion profiles (CCsp), with [Cu(IPr)Br] being slightly less toxic than
its iodine counterpart. In terms of viral replication inhibition,
the effectiveness followed the order: [Cu(IPr)CI] =~ [Cu(IPr)Br] >
[Cu(IPr)1], with the chloride and bromide showing nearly iden-
tical ECso values. Interestingly, the presence of iodine did not
enhance the antiviral effect; instead, it worsened replication
inhibition.

Therefore, among the tested compounds, bromine proved
to be the most promising for anti-CHIKV development, with
[Cu(IPr)Br] standing out in Sl analysis, with a significant value.

4. Conclusions

In this study, we investigated the activity and properties
of three metal-based compounds—I[Cu(IPr)Cl], [Cu(IPr)Br], and
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[Cu(IPr)ll—to assess the influence of halogen substitution on
anti-Leishmania and antiviral activity. Our findings reveal that
halogen variation significantly impacts both chemical behavior
and biological performance. Carbon NMR analysis, supported by
DFT studies, indicated that iodine forms a more covalent bond
due to its high polarizability, leading to greater NHC C? deshield-
ing and lower HOMO-LUMO gap, demonstrating it is more sus-
ceptible to nucleophilic attack. This effect was less pronounced
in the chloride and bromide derivatives, which exhibited similar
electronic environments. Additionally, [Cu(IPr)I] demonstrated
the highest antioxidant activity in DPPH assays and the great-
est lipophilicity. Biologically, the iodine derivative displayed the
highest anti-Leishmania potency, coupled with lower toxicity to
host cells, resulting in an improved selectivity index (Sl). This sug-
gests that lipophilicity and the nature of the Cu—l bond may
play key roles in its enhanced activity. In contrast, antiviral activ-
ity did not follow the same profile. While [Cu(IPr)l] exhibited
lower host cell toxicity compared to [Cu(IPr)CI] and similar tox-
icity to [Cu(IPr)Br], its potency in inhibiting CHIKV replication
was the weakest. This indicates that factors beyond lipophilic-
ity, antioxidant activity, and Cu-X bond characteristics influence
antiviral efficacy. Among the tested compounds, [Cu(IPr)Br]
demonstrated the highest SI against CHIKV, improving upon the
previously observed effects of [Cu(IPr)Cl] by reducing host cell
toxicity.

Overall, this study highlights the critical role of halogen
substitution in modulating the bioactivity of organometallic
compounds and underscores the potential of fine-tuning these
properties for drug development.
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