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Abstract

In this study, we report the synthesis and characterization of three Cu(I) complexes bear-
ing functionalized dipyridylamine ligands and DPEphos. Structural analysis confirms a
distorted tetrahedral coordination environment around the metal center. Photophysical
studies in DMSO show similar absorption profiles (λabs ≈ 341–343 nm) with ligand-centered
and MLCT transitions, while emission spans the visible region (λemi = 410–483 nm) and is
strongly influenced by ligand substitution, with the CF3 derivative displaying a marked
red shift. Emission is insensitive to oxygen and exhibits short lifetimes (τ ≈ 14.9–15.3 ns),
suggesting short-lived 1MLCT excited states. Biological evaluation in A375 melanoma
cells reveals that all complexes exhibit low-micromolar cytotoxicity under dark conditions
(IC50 = 3.33–4.92 µM). Notably, only the CF3-substituted complex shows a significant light-
induced enhancement of activity upon irradiation at 390 nm (IC50 = 1.18 µM), indicating
photoactivation.

Keywords: copper (I); dipyridylamine; antitumoral activity; PDT

1. Introduction
Copper(I) complexes have emerged as promising alternatives to noble metal-based

systems in both medicinal and photochemical applications, thanks to their earth-abundant,
low-cost nature and versatile photophysical properties [1,2]. In particular, heteroleptic
Cu(I) complexes with diimine and phosphine ligands have attracted significant attention
due to their tunable electronic structures, strong metal-to-ligand charge-transfer (MLCT)
transitions, and ability to access long-lived excited states [3–6]. These features have ren-
dered Cu(I) complexes attractive for a variety of applications, from light-emitting devices
and photocatalysis to, more recently, bioinorganic and medicinal chemistry [7,8].

Among the various ligand platforms available, dipyridylamine (dpa) derivatives
stand out as a particularly attractive class due to their modularity and ability to precisely
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adjust both steric and electronic environments around the metal center [1,9–12]. System-
atic substitution on the dpa scaffold enables rational control over coordination geometry,
redox potentials, and photophysical properties, which are key parameters for designing
functional Cu(I) systems [10,11,13]. When combined with appropriate auxiliary ligands,
these heteroleptic architectures can stabilize the Cu(I) center while modulating excited-state
properties relevant to biological applications [14].

In recent years, increasing attention has been directed toward the development of
metal-based compounds with antitumoral activity [15]. In this context, copper complexes
have attracted considerable interest due to their rich coordination chemistry and highly
tunable structural and electronic properties. These systems have exhibited cytotoxic effects
against a variety of cancer cell lines, often mediated by diverse mechanisms of action,
including reactive oxygen species (ROS) generation, DNA interactions, and mitochondrial
dysfunction [15–19]. Importantly, incorporating photoactive features into such systems
opens new avenues for photodynamic therapy (PDT) and, more recently, in photoacti-
vated chemotherapy (PACT), enabling spatial and temporal control of cytotoxicity via light
activation [20–25]. To date, however, reports of Cu(I) complexes exhibiting robust photocy-
totoxic activity remain extremely scarce, with only a single well-documented example, a
homoleptic Cu(I) diimine complex, reported in the literature [21]. This limited precedent
underscores the challenges associated with simultaneously achieving efficient photoactivity
and biological stability in Cu(I)-based systems.

In this context, heteroleptic Cu(I) complexes incorporating dpa-derived ligands rep-
resent a compelling platform for developing dual-function agents that combine intrinsic
cytotoxicity with potential photoinduced antitumoral activity. The presence of MLCT
states that can sensitize molecular oxygen or generate reactive intermediates upon irradia-
tion makes these systems particularly attractive for light-triggered therapeutic strategies.
In this study, we report the design, synthesis, and comprehensive characterization of
three heteroleptic Cu(I) complexes bearing functionalized dpa ligands, and evaluate their
photophysical properties and cytotoxic activity to explore their potential as photoactive
anticancer agents.

2. Results and Discussion
2.1. Synthesis and Characterization of Ligands and Complexes

The synthetic route starts with the preparation of the intermediate ligands (L1′–3′),
which are secondary amines, as shown in Scheme 1. These compounds are produced via a
Buchwald–Hartwig coupling between 9-(4-iodophenyl)-9H-carbazole and the correspond-
ing 2-amine pyridine derivative [26]. The crude products were purified through column
chromatography on silica gel using petroleum ether/ethyl acetate (30–50%) as the eluent.
After isolating the intermediate ligands, the same coupling method is used to synthesize the
final ligands (L1–3). These were obtained in good yields, ranging from 55% to 88%. Once
isolated, these were characterized structurally by NMR, FT-IR, and EA. For L2 and L3, the
molecular structures were confirmed by single-crystal X-ray diffraction (XRD), as shown
in Figures S14 and S19, respectively. The NMR data for both the intermediate and final
ligands are consistent with the proposed structures. In the case of L1′–3′, the appearance of
the N–H proton at a lower field, compared to the –NH2 precursor, confirms the success of
the coupling reaction. Conversely, for L1–3, the disappearance of the N–H proton confirms
the coupling of the second pyridine fragment into the molecule, along with an increase
in the integration of the protons belonging to the symmetric pyridinyl group. For details
about the characterization of the compounds, see the Supplementary Materials.
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Scheme 1. Synthetic route to the obtention of ligands L1–3 and complexes C1–3.

The heteroleptic copper (I) complexes (C1–3) were synthesized through a one-pot
reaction, as illustrated in Scheme 1, following previous reports [10]. Here, one equivalent
of each solid reactant (Cu(I) precursor, DPEphos, and N,N ligand) is placed into a glass
vial, purged with nitrogen, and then dry dichloromethane is added as the solvent. After
30 min, the mixture is filtered, the volatiles are removed, and the product is obtained by
crystallization at −20 ◦C (see the ESI). The Cu(I) complexes C1–3 were obtained as yellow
powders in excellent yields (93–97%) and were thoroughly characterized by NMR, FT-IR,
E.A., and XRD (for C1).

In the 1H NMR spectra, all three compounds show the expected dominance of
aromatic-region resonances, consistent with the coordinated dpa and phosphine ligands.
Complex C1 displays a characteristic singlet at δ 1.85 ppm (6H) due to methyl substituents,
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while C2 shows a singlet at δ 3.41 ppm (6H) assigned to methoxy groups. Conversely,
C3 lacks aliphatic substituent signals, aligning with the proposed ligand framework. The
13C{1H} NMR spectra further support this, showing the expected number of aromatic
carbon resonances, along with diagnostic signals for the substituents at δ 17.50 ppm (C1)
and δ 55.91 ppm (C2). In all cases, several carbon resonances appear as triplets owing to
C–P coupling, confirming the presence of coordinated phosphorus-containing ligands. The
31P{1H} NMR spectra of C1–3 each show two clear resonances: a singlet at ≈δ − 13.3 ppm
assigned to the coordinated phosphine, and a heptet at about δ − 144.6 ppm arising from
the PF6

− counterion (JP–F ≈ 713–717 Hz). Similarly, the 19F NMR spectra exhibit a doublet
at roughly δ − 74.0 ppm with a large F–P coupling constant (JF–P ≈ 720 Hz), which is also
characteristic of hexafluorophosphate.

Suitable single crystals for XRD of C1 were obtained by slow diffusion of pentane into
a dichloromethane solution of the complex at low temperature (−20 ◦C). The molecular
structure was successfully solved (Figure 1) and refined at the anisotropic level. Selected
distances and angles are summarized in Tables S1 and S2. The molecular structure confirms
the formation of the proposed heteroleptic Cu(I) complex, as inferred from NMR character-
ization. The geometry around the Cu(I) center can be quantified by the τ4

′ parameter [27],
which is 0.89 for C1, indicating a coordination environment slightly distorted from the
ideal tetrahedral geometry (τ4

′ = 1), consistent with the hindrance exerted by the dpa and
DPEphos ligands. The N,N-chelating unit forms a six-membered metallacycle that adopts
a boat-like conformation rather than a planar one (Cu–N1–C00C–N2 = −24.9(9)◦). This
deformation arises from coordination to the Cu(I) center, combined with steric interactions
imposed by the bulky phosphine ligand, as is commonly observed for this class of com-
plexes [10]. The PF6

− counterion is present but does not participate in coordination, as
expected.

Figure 1. ORTEP plot of complex C1, with partial numeration scheme. Hydrogen atoms and the
counterion were removed for clarity. Thermal ellipsoids were drawn with 30% of probability.

To evaluate the stability of the complexes under conditions relevant to their handling
and biological studies, a time-dependent 1H and 31P NMR experiment was conducted
in DMSO-d6, using C1 as a representative example. The spectra were recorded over an
extended period (t = 0, 1 day, 3 days, 1 week, and 1 month) under ambient conditions
(Figures S40 and S41). Throughout the monitoring period, no significant changes in the
spectral profile were observed, and all characteristic resonances remained unchanged in
position and intensity. These results indicate that complex C1 is stable in DMSO solution
over time, and similar stability is expected for the related complexes in the series.

2.2. Absorption and Emission Spectroscopic Study of C1–3

The absorption spectra of complexes C1–3 were recorded in DMSO as the solvent,
as depicted in Figure 2, and the data are summarized in Table 1. All complexes display
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very similar profiles, with a strong, high-energy absorption band in the UV region (around
290 nm), attributed to ligand-centered (LC) π–π* transitions of the dpa and phosphine
ligands [10,28]. This is followed by a broader, less intense shoulder around 350 nm. The
position and shape of this lower-energy band show only minor variations among C1–3,
indicating that the different substituents on the ligands have a limited effect on the frontier
molecular orbitals. This band is attributed to metal-to-ligand charge transfer (MLCT)
transitions, typical of heteroleptic Cu(I) diimine–DPEphos systems [10,28].

Figure 2. UV-Vis absorption spectra of C1–3 in DMSO.

Table 1. Summary of absorption and emission data of complexes C1–3 a.

Complex λabs [nm] λemi [nm] ϕ b τ [ns]

C1 342 410 0.19 14.9
C2 343 427 0.18 15.3
C3 341 483 0.37 15.2

a All measurements were recorded in DMSO as the solvent. For the emission data, all values were taken from the
deaerated measurements. b Estimated using [Cu(dmp)(POP)]BF4 en CH2Cl2 as a standard (fPLQY = 0.15) [29,30].

On the other hand, the emission spectra of complexes C1–3 were recorded in DMSO
under deaerated conditions (Figure 3). The data of this study are summarized in Table 1.
The complexes exhibit similar spectral profiles, with broad, structureless emission bands in
the visible region between 410 and 483 nm, consistent with predominantly emissive MLCT
states typically observed in heteroleptic Cu(I) diimine–phosphine systems [4,10,28]. The
electron-donating groups in C1 (CH3) and, particularly, C2 (OCH3) tend to destabilize the
ligand π* orbitals, leading to slightly higher-energy (blue-shifted) emission. In contrast,
the strongly electron-withdrawing CF3 group in C3 stabilizes the π* orbitals, resulting in a
relative red shift in the emission band.
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Figure 3. Normalized emission spectra of C1–3 in deoxygenated DMSO.

To determine the nature of the emitter state, the spectra were recorded under air-
equilibrated DMSO solutions (Figure S36). Notably, no significant differences in emission
intensity or band shape were observed upon removal of dissolved oxygen, suggesting that
the excited states are not efficiently quenched by molecular oxygen. This behavior indicates
that the emissive state could correspond to a prompt fluorescence of 1MLCT nature [31,32].

2.3. In Vitro Cytotoxicity Assay

The cytotoxic activity of all ligands and complexes was evaluated in A375 melanoma
cells under dark conditions and upon irradiation at 390 nm, using the Neutral Red uptake
assay. The results are summarized in Table 2, and the dose–response graphs are shown in
Figures S43–S46. A clear distinction in biological behavior is observed between the free
ligands (L1–3) and their corresponding Cu(I) complexes (C1–3). The ligands exhibit no
measurable cytotoxicity (IC50 > 50 µM) under either condition, confirming that the organic
frameworks alone are biologically inactive within the concentration range explored.

Table 2. IC50 values for ligands and Cu(I) complexes in A375 cells under dark and light conditions a.

Entry Compounds IC50 [µM] Dark IC50 [µM] Light b

1 L1 >50 >50
2 L2 >50 >50
3 L3 >50 >50
4 C1 4.92 ± 0.19 5.20 ± 0.21
5 C2 3.33 ± 0.65 4.44 ± 0.39
6 C3 4.80 ± 0.66 1.18 ± 0.25
7 Cisplatin 5.50 ± 0.73 5.97 ± 0.17

a Values are expressed as mean ± SEM of three independent experiments, each performed in triplicate. b LED
light 390 nm.

In contrast, all three Cu(I) complexes exhibit significant cytotoxicity in the dark, with
IC50 values in the low-micromolar range (3.33–4.92 µM), comparable to or exceeding that
of cisplatin (5.50 ± 0.73 µM). In this series, all complexes exhibit comparable activity in
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the low-micromolar range under dark conditions, with no clear substituent-dependent
trend. Importantly, the comparable activity of C1–3 relative to cisplatin indicates that
these Cu(I) complexes are promising candidates as chemotherapeutic agents based on
earth-abundant metals.

Upon irradiation at 390 nm, distinct behaviors are observed within the complex
series. Complexes C1 and C2 show no significant improvement in cytotoxicity, with IC50

values remaining similar to or slightly higher than under dark conditions. In contrast, C3
exhibits a pronounced light-induced enhancement of cytotoxicity, with the IC50 decreasing
from 4.80 ± 0.66 µM in the dark to 1.18 ± 0.25 µM under irradiation, corresponding
to an approximately fourfold increase in potency. This result clearly demonstrates that
C3 (CF3-containing complex) is photoactivatable. In contrast, the modest or negligible
differences observed for C1 and C2 indicate that their activity is primarily driven by
intrinsic cytotoxicity rather than photoactivation.

The photobiological behavior appears to correlate more closely with the nature of
the relaxed excited state than with the emission lifetime. In this series, the bathochromic
shift in the emission of C3 may reflect an excited-state electronic structure better suited for
photochemical activation, which could account for its significantly enhanced cytotoxicity
upon irradiation. However, further studies are required to establish a clear mechanistic
relationship between the photophysical properties and the observed photocytotoxic activity.

3. Materials and Methods
3.1. General Information

Tetrakis(acetonitrile)copper(I) hexafluorophosphate, Bis[(2-diphenylphosphino)phenyl]
ether (DPEphos), and the pyridine derivatives were purchased from commercial sources
and were used without further purification. Solvents (dichloromethane, petroleum ether,
ethyl acetate, pentane, and toluene) were obtained from commercial sources and, when
necessary, dried with activated molecular sieves. 9-(4-iodophenyl)-9H-carbazole was syn-
thesized following the reported literature [33]. NMR spectra were recorded on a Bruker
AVANCE 400 instrument (Billerica, MA, USA). Chemical shifts are given in parts per million
relative to TMS [1H and 13C, δ(SiMe4) = 0.0] or an external standard [δ(CFCl3) = 0.0 for 19F
NMR and δ(H3PO4) = 0.0 for 31P NMR]. Additional 2D experiments supported most NMR
assignments. FT-IR spectra were recorded on a Shimadzu IRTracer-100 Spectrophotometer
(Kyoto, Japan), using potassium bromide (KBr) as the solid matrix. Elemental analysis was
carried out using an Elementar Analysensysteme GmbH (Langenselbold, Germany), Model
Vario EL III. Absorption spectra were recorded using a Shimadzu UV-1900i spectropho-
tometer (Kyoto, Japan) at room temperature (293 K). Emission spectra were measured using
a HORIBA FluoroMax-4 fluorometer (Kyoto, Japan). Time-resolved fluorescence decays
were measured in a LifeSpec II fluorescence lifetime spectrometer (Edinburgh Instruments
Ltd., Livingston, UK) with a picosecond time resolution. The excitation of the complexes
was performed using a 375 nm laser diode (EPL-375, FWHM 100 ps). Emissions were
collected until 10,000 counts were reached at the maximum emission of each compound.
Emission lifetimes were determined from the emission decays using the deconvolution
fit from F980 V1.4 software. The goodness-of-fit was assessed by examining residuals
that were randomly distributed around zero and a chi-squared value between 0.9 and 1.2.
Single crystal X-ray diffraction analysis (XRD) for L2 (CCDC 2551507), L3 (CCDC 2544725),
and C1 (CCDC 2544727), was performed with a STOE IPDS II two-circle diffractometer
(Darmstadt, Germany) using Mo Kα radiation (λ = 0.71073 Å). The intensities were cor-
rected for absorption using an empirical X-Area correction [34]. The structures were solved
by direct methods (SHELXS) [35] and refined by full-matrix least-squares calculations
on F2 (SHELXL-97). Absorbance measurements for cell viability assays in microplates
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were performed using a Cytation 5 cell imaging multimode reader from Biotek (Winooski,
VT, USA).

3.2. General Synthesis of N,N Ligands

Under a nitrogen atmosphere, a Buchwald–Hartwig amination was carried out by
adding Pd(dba)2 (0.03 equiv) and rac-BINAP (0.06 equiv) to a reaction flask containing
dry toluene. The mixture was stirred until a color change was observed (ca. 30 min).
Then, the corresponding amine (1.1 equiv) and halogenated compound (1.0 equiv) were
added, and the mixture was stirred until complete dissolution, followed by the addition
of potassium tert-butoxide (1.4 equiv). The reaction mixture was heated at reflux for 24 h.
After completion of the reaction, the solvent was removed under reduced pressure, and
the crude product was purified by column chromatography on silica gel using petroleum
ether/ethyl acetate (30–50%) as the eluent. This procedure was used to obtain the interme-
diate ligands (L1′–3′) and, later, the final ligands (L1–3). For the spectroscopic details, see
the Supplementary Materials.

Ligand L1. White powder, 55% yield (224 mg, 508.4 mmol). 1H NMR (400 MHz,
CDCl3, 298 K): δ/ppm = 8.13 (d, J = 2.4 Hz, 1H), 8.04 (dt, J = 7.7, 1.0 Hz, 2H), 7.43–7.38 (m,
4H), 7.36–7.29 (m, 4H), 7.26–7.21 (m, 2H), 7.18 (tc, J = 7.53 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H),
2.20 (s, 6H).13C{1H} RMN (100 MHz, CDCl3, 298 K): δ/ppm = 156.17, 148.90, 144.45, 140.89,
138.75, 133.57, 128.11, 127.85, 126.72, 125.93, 123.34, 120.31, 119.91, 117.28, 110.05, 17.91.
FT-IR (ATR): ν/cm−1 = 1598, 1509, 1469, 1450, 1380, 1313, 1272, 1228, 1024, 826, 749, 724,
627, 574, 516, 418. Elemental analysis (C30H24N4): calc: C 81.79; H 5.49; N 12.72. Found: C
80.96; H 5.58; N 12.61.

Ligand L2. White powder, 63% yield (446 mg, 943.8 mmol). 1H RMN (400 MHz,
CDCl3, 298 K): δ/ppm = 7.98–7.94 (m, 4H), 7.36–7.28 (m, 4H), 7.24 (ddd, J = 8.2, 7.0, 1.2
Hz, 2H), 7.14–7.07 (m, 4H), 7.02 (dd, J = 8.9, 3.1 Hz, 2H), 6.85 (d, J = 8.9 Hz, 2H), 3.64 (s,
6H).13C{1H} RMN (100 MHz, CDCl3, 298 K): δ/ppm = 152.14, 151.79, 144.73, 140.76, 134.90,
132.63, 127.61, 125.78, 125.25, 123.93, 123.11, 120.13, 119.72, 118.35, 109.86, 55.81. FT-IR
(ATR): ν/cm−1 = 1571, 1450, 1389, 1314, 1262, 1229, 1180, 1031, 1010, 827, 751, 725, 627, 578,
532, 444, 419. Elemental analysis (C30H24N4O2): calc: C 76.25; H 5.12; N 11.86. Found: C
74.63; H 5.28; N 11.49.

Ligand L3. White powder, 88% yield (386 mg, 703.7 mmol). 1H RMN (400 MHz,
CDCl3, 298 K): δ/ppm = 8.51 (s, 2H), 8.02 (d, J = 7.6 Hz, 2H), 7.73 (dd, J = 8.8, 2.7 Hz,
2H), 7.52 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 7.36–7.24 (m, 4H), 7.18 (t, J = 7.4
Hz, 2H), 7.12 (d, J = 8.6 Hz).13C{1H} RMN (100 MHz, CDCl3, 298 K): δ/ppm = 159.50,
145.95, 142.93, 140.57, 136.66, 135.09, 129.53, 128.50, 126.16, 123.80 (q, JC–F= 271.1 Hz), 123.64,
121.56 (q, JC–F= 33.3 Hz), 120.51, 120.40, 116.33, 109.86. 19F RMN (400 MHz, CDCl3, 298 K):
δ/ppm = −61.85. FT-IR (ATR): ν/cm−1 = 2927, 1595, 1514, 1481, 1453, 1395, 1312, 269, 1231,
1164, 1108, 1078, 1009, 940, 834, 750, 724, 676, 647, 618, 603, 540, 524, 512, 425. Elemental
analysis (C30H18F6N4): calc: C 65.59; H 3.31; N 10.21. Found: C 67.02; H 3.22; N 9.96.

3.3. General Synthesis of Heteroleptic Cu(I) Complexes

In a sealed, nitrogen-purged vial, one equivalent of [Cu(CH3CN)4]PF6, one equivalent
of ligand (L1–3), and one equivalent of diphenylphosphino-phenyl ether were dissolved in
anhydrous dichloromethane. The resulting solution was stirred at room temperature for
30 min. Then, the reaction mixture was filtered, and the filtrate was concentrated under
reduced pressure. The crude product was recrystallized from a mixture of dichloromethane
and toluene at a low temperature (−20 ◦C).

Complex C1. White crystalline solid, 97% yield (261 mg, 220.2 mmol). 1H NMR
(400 MHz, CDCl3, 298 K): δ/ppm = 8.14 (d, J = 7.6 Hz, 2H), 7.77–7.70 (m, 2H), 7.56 (dd,
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J = 8.5, 2.4 Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H), 7.44–7.39 (m, 2H), 7.38–7.27 (m, 10H), 7.26–7.19
(m, 10H), 7.16 (d, J = 8.4 Hz, 2H), 7.12–7.01 (m, 12H), 6.90–6.83 (m, 2H), 1.85 (s, 6H).13C{1H}
RMN (100 MHz, CDCl3, 298 K): δ/ppm = 157.85, 153.15, 149.31, 142.61, 140.94, 140.70,
135.01, 134.34, 133.28 (t, JC–P = 8.2 Hz), 132.23, 130.92 (t, JC–P = 10.3 Hz), 130.86, 130.70,
130.33, 128.98, 128.77, 126.15, 125.34, 124.76, 124.33 (t, JC–P = 13.9 Hz), 123.49, 120.52, 120.35,
120.32, 120.24, 109.83, 17.50. 19F RMN (400 MHz, CDCl3, 298 K): δ/ppm = −74.09 (d,
JF–P = 720.5 Hz). 31P{1H} NMR (160 MHz, CDCl3, 298 K): δ/ppm = −13.29 (s), −144.62
(hept, JP-F = 717.0 Hz). FT-IR (ATR): ν/cm−1 = 1434, 1220, 837, 746, 694, 556, 509, 419.
Elemental analysis (C66H52CuF6N4OP3): calc: C 66.75; H 4.41; N 4.72. Found: C 68.12; H
4.69; N 4.58.

Complex C2. White crystalline solid, 94% yield (243 mg, 198.9 mmol). 1H NMR
(400 MHz, CDCl3, 298 K): δ/ppm = 8.11 (d, J = 7.7 Hz, 2H), 7.69–7.64 (m, 4H), 7.51
(dd, J = 9.0, 3.0 Hz, 2H), 7.35–7.29 (m, 6H), 7.29–7.23 (m, 4H), 7.22–7.15 (m, 10H), 7.08–
6.99 (m, 12H), 6.95 (dt, J = 8.2, 2.7 Hz, 2H), 6.88–6.82 (m, 2H), 6.82–6.76 (m, 2H), 3.41 (s,
6H).13C{1H} RMN (100 MHz, CDCl3, 298 K): δ/ppm = 157.55 (t, JC–P = 6.0 Hz), 154.88,
147.06, 144.69, 140.97, 136.40, 134.04, 133.33 (t, JC–P = 8.1 Hz), 132.21, 131.44, 130.54 (t, JC–P

= 16.7 Hz), 130.33, 128.95 (t, JC–P = 4.8 Hz), 128.35, 126.33, 125.88, 125.52, 125.35, 124.54 (t,
JC–P = 14.0 Hz), 123.08, 120.44, 120.20, 119.78, 117.90, 109.76, 55.91. 19F RMN (400 MHz,
CDCl3, 298 K): δ/ppm = −73.99 (d, JF-P = 721.4 Hz) 31P{1H} NMR (160 MHz, CDCl3, 298
K): δ/ppm = −13.29 (s), −144.66 (hept, JP-F = 712.6 Hz). FT-IR (ATR): ν/cm−1 = 1571, 1491,
1469, 1451, 1437, 1389, 1326, 1263, 1231, 1180, 1031, 828, 751, 726, 693, 627, 578, 556, 509, 444,
420. Elemental analysis (C66H52CuF6N4O3P3): calc: C 65.00; H 4.30; N 4.59. Found: C 64.18;
H 4.37; N 4.52.

Complex C3. Light-yellow crystalline solid, 93% yield (220 mg, 169.6 mmol). 1H NMR
(400 MHz, CDCl3, 298 K): δ/ppm = 8.22 (s, 2H), 8.12 (d, J = 7.8 Hz, 2H), 7.85 (d, J = 8.3 Hz,
2H), 7.72 (dd, J = 9.1, 2.5 Hz, 2H), 7.60 (dd, J = 11.2, 8.3 Hz, 4H), 7.47 (t, J = 7.7 Hz, 2H),
7.39 (q, J = 7.5 Hz, 6H), 7.29 (td, J = 7.6, 2.6 Hz, 10H), 7.16–7.03 (m, 12H), 6.98 (d, J = 9.0 Hz,
2H), 6.91–6.84 (m, 2H).13C{1H} RMN (100 MHz, CDCl3, 298 K): δ/ppm = 158.46, 157.88 (t,
JC–P = 5.9 Hz), 145.59, 140.25, 139.57, 139.22, 136.68, 134.75, 132.98 (t, JC–P = 8.0 Hz), 132.62,
131.34, 130.73, 130.07 (t, JC–P = 17.2 Hz), 129.71, 129.28 (t, JC–P = 4.8 Hz), 126.52, 125.69,
123.91, 123.19 (t, JC–P = 15.1 Hz), 121.88 (q, JC–F= 34.3 Hz), 120.78, 120.39, 120.44, 117.84,
110.03. 19F RMN (400 MHz, CDCl3, 298 K): δ/ppm = −62.55, −73.29 (d, JF–P = 712.8 Hz).
31P{1H} RMN (160 MHz, CDCl3, 298 K): δ/ppm = −13.50, −144.34 (hept, JP-F = 712.9 Hz).
FT-IR (ATR): ν/cm−1 = 1609, 1509, 1451, 1435, 1395, 1311, 1128, 1084, 1019, 913, 829, 745,
724, 693, 626, 555, 510, 451, 419. Elemental analysis (C66H46CuF12N4OP3): calc: C 61.19; H
3.58; N 4.32. Found: C 62.84; H 3.47; N 4.19.

3.4. Cell Viability Assay

Human melanoma A375 cells were obtained from Sigma-Aldrich (ECACC, catalog
number 88113005). This cell line is reported to harbor the BRAF V600E mutation, a key
oncogenic driver in melanoma [36]. Cells were cultured in DMEM high-glucose medium
supplemented with 10% fetal bovine serum (FBS) and maintained at 37 ◦C in a humidified
5% CO2 atmosphere. Cells were seeded in 96-well plates at a density of 5000 cells per well
and allowed to adhere for 24 h prior to exposure to serial dilutions (0.005–50 µM) of the
tested compounds under both dark and light conditions. Stock solutions were prepared
in DMSO and further diluted in culture medium, ensuring a final DMSO concentration of
≤0.5%, which showed no detectable cytotoxic effect under the experimental conditions.
Cisplatin was dissolved in DMF to prepare a stock solution for use in the biological assay.

For dark experiments, cells were seeded in 96-well plates and incubated with the
compounds for 48 h prior to adding the Neutral Red reagent. For light experiments,
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cells were incubated with the compounds for 2 h in phenol red-free DMEM, followed by
photoirradiation for 10 min using a photoirradiation box equipped with a 390 nm Kessil
LED (see Figure S42), and further incubated to complete a total exposure time of 48 h from
the initial compound addition.

Subsequently, the accumulated dye was extracted, and absorbance was measured at
540 nm to determine cell viability using a microplate reader (Cytation 5, Biotek). Dose–
response curves were generated using GraphPad Prism V10.3.1 software. Each experiment
was performed in triplicate within each run, and three independent experiments were
conducted to assess reproducibility and calculate error estimates.

4. Conclusions
A series of three new heteroleptic Cu(I) complexes featuring functionalized dipyridy-

lamine ligands and DPEphos was successfully synthesized in high yields and fully char-
acterized. Structural analysis, including single-crystal X-ray diffraction of C1, confirms a
mononuclear distorted tetrahedral geometry around the Cu(I) center, with the dpa ligand
forming a six-membered metallacycle that adopts a boat-like conformation.

Absorption and emission studies show that all complexes have similar absorption
profiles, mainly due to ligand-centered and MLCT transitions. However, their emission
properties vary greatly depending on the electronic nature of the substituents. Notably,
the CF3-substituted complex demonstrates a significant red shift, which aligns with the
stabilization of ligand-centered π* orbitals. The emission is mostly unaffected by oxygen,
indicating the involvement of short-lived excited states primarily of 1MLCT character.

Biological evaluation shows that all complexes have significant cytotoxic activity in
the low-micromolar range. Notably, only the CF3-containing complex demonstrates a light-
induced increase in cytotoxicity, highlighting its photoactivatable nature. This behavior
indicates a direct link between excited-state electronic structure and the photobiologi-
cal response, emphasizing the important role of ligand electronic effects in influencing
both photophysical and biological properties. Further studies to elucidate the underlying
mechanisms and improve photoresponse are currently underway.
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