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In the present investigation, we engineered a series of Pd(i) and Cu(i) metal complexes bearing N-aryl
fluorinated O-glycoconjugate Schiff base ligands as potential anticancer agents. These novel metal
complexes, incorporating CFsz and a-p-glucose groups, were designed, synthesized, and thoroughly
characterized using multinuclear NMR, ATR-FTIR spectroscopy, electron paramagnetic resonance (EPR),
mass spectrometry, elemental analysis, and single-crystal X-ray diffraction for select compounds. Their
effects were subsequently evaluated on six cancer cell lines: human Caucasian prostate adeno-
carcinoma (PC-3), mammary adenocarcinoma (MCF-7), human colorectal adenocarcinoma (HCT-15),
human lung adenocarcinoma (SK-LU-1), myelogenous leukemia (K-562), and human malignant
glioblastoma (U-251). Notably, compound Pd(L'G), exhibited the highest cytotoxicity against the various
cancer cell lines while demonstrating reduced activity against non-cancerous cells. This finding
underscores the potential of carbohydrate moieties to enhance selectivity towards malignant cells.
Additionally, in silico molecular docking studies were conducted to evaluate interactions between the
copper and palladium complexes, revealing binding patterns of the newly synthesized compounds. This
analysis indicated that Pd(i1) complexes with glycosylated ligands exhibit a stronger DNA binding affinity.
Generally, the glycosylated ligands enhance hydrogen bonding interactions, resulting in more stable and

rsc.li/njc effective binding.

1. Introduction

Cancer, a multifactorial disease, ranks as the second leading
cause of death globally, according to the World Health
Organization." The incidence of cancer is expected to increase
in the upcoming years, presenting significant challenges.
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These challenges stem primarily from the limited effectiveness
of treatments for specific types of cancer, the emergence of
drug resistance, and the discontinuation of treatments due to
severe and sometimes irreversible side effects. For example,
cisplatin, a well-known metal-based drug, remains a corner-
stone in the treatment of various solid tumors; however, its
clinical utility is compromised by significant side effects> and
the development of resistance in tumor cells. In response to
these issues, the design and synthesis of compounds with
enhanced antitumor properties, aimed at improving thera-
peutic profiles, have become crucial and burgeoning fields
of study.

In this context, the synthesis of bioactive molecules, such as
azomethine or Schiff bases derivatives and their metal com-
plexes, has demonstrated significant cytotoxic activity. These
compounds have emerged as alternative anticancer agents that
reduce toxicity and enhance efficacy, thus becoming a focal
point in the development of new pharmaceuticals. Notably, N,0
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Schiff bases are among the most attractive ligands for forming
thermodynamically stable coordination complexes. This is due
to their chelating effect, which allows for binding with a wide
variety of metal ions in different oxidation states. The resulting
complexes exhibit a broad spectrum of biological activities,**
including anticancer, antimicrobial, antioxidant, and anti-
inflammatory properties.’ To improve the biological selectivity
and reduce the toxicity of these metal complexes, fluorine
atoms or fluorinated groups have been strategically incorpo-
rated into the ligands, effectively enhancing their biological
activity. The introduction of fluorine, the most electronegative
atom with the smallest van der Waals radius, imparts unique
physicochemical properties to the complexes, such as increased
lipophilicity and cellular membrane permeability. These char-
acteristics are critical to modulate the pharmacokinetics and
pharmacodynamics of the compounds, often leading to an
increase in potency, selectivity, and metabolic stability, thereby
enhancing the bioactive profile of the resulting complexes.®™®

Another strategic approach to improving therapeutic proper-
ties is the glycosylation of metal complexes.” Carbohydrates,
the most abundant class of biomolecules, are integral to a
variety of biological processes including energy provision,
cellular signaling, and the formation of complex structures
such as glycoproteins and glycolipids. Their role is particularly
critical in the metabolic pathways and structural changes
associated with cancer cell proliferation and metastasis. The
synthesis of carbohydrate-conjugated metal complexes capita-
lizes on the unique properties of carbohydrates—such as
biocompatibility, hydrophilicity, and their ability to interact
with specific cellular transporters like glucose transporters
(GLUTs). These attributes enhance the solubility, stability,
and selectivity of metal-based drugs, positioning them as ideal
candidates for the development of targeted therapeutic
agents.'>"!

In this regard, research into metal-based glycoconjugates
involving various metals and ligands has revealed promising
diagnostic and therapeutic applications."”

Building on the research outlined above and considering the
anticancer properties of copper(n) and palladium(u) complexes
with aromatic Schiff base ligands, which interact with DNA
base pairs through covalent or non-covalent bonds, here we
report the synthesis and characterization of a new series of
Pd(n) and Cu(u) complexes. These complexes feature N,O Schiff
base ligands that are strategically substituted with carbo-
hydrates and CF; groups, designed to function as potential
anticancer agents. Additionally, we present an in vitro cytotoxi-
city study conducted on various cell lines.
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Scheme 1 Synthetic route for the ligands L*~L3.
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2. Experimental

2.1. Instrumentation and materials

2,4-Dihydroxybenzaldehyde (98%), 2-(trifluoromethyl)aniline
(99%), 3-(trifluoromethyl)aniline (99%), 4-(trifluoromethyl)ani-
line (99%), copper(u) acetate monohydrate (98%), acetobromo-
a-p-glucose (=95%), potassium carbonate anhydrous (<99)
and tetrabutylammonium bromide (>98.0%) were purchased
from Sigma-Aldrich. Solvents were obtained from J.T. Baker
and Chemical Co. and used as received without further pur-
ification. Palladium(u) acetate (>99) was obtained from STREM
Chemicals, Inc. 'H, "F{H} and "“C{H} NMR spectra were
recorded in DMSO-dg or CDCIl; on a Bruker 400 MHz Avance
III HD or a Bruker Avance 300 MHz. The chemical shift values
(0) are given in parts per million and values for coupling
constants (/) in Hz and are referred to the residual peak of
the deuterated solvent employed. Electron paramagnetic reso-
nance (EPR) spectra were obtained from acetone solutions at
77 K on a Jeol JES-TE300 spectrometer. Mass spectra were
collected by direct analysis in real-time (DART-MS) on a JEOL-
JMS-T100LC AccuTOF or a JEOL JMS-700 MStation by fast atom
bombardment (FAB) ionization technique in positive mode.
ATR-IR spectra were recorded on a Bruker Tensor 27 FT-IR
spectrometer in the 4000-500 cm ™" range. Melting points were
determined in open capillaries in an electrothermal IA9300
melting point apparatus and are uncorrected. Elemental ana-
lyses were performed on a Thermo Scientific™ Flash 2000 using
methionine as a verification standard and a Mettler Toledo XP6
microbalance.

2.2. Synthetic procedures

All manipulations were carried out under aerobic conditions.

2.2.1. Synthesis of hydroxylated N-aryl fluorinated Schiff
base ligands (L'-L?®). Ligands L'-L* (Scheme 1) were synthe-
sized following a methodology similar to that reported by the
S.K. Ghosh group.” The ligands were obtained by adding
0.9 mL (7.2 mmol) of the corresponding fluorinated aniline to
a solution of 1 g (7.2 mmol) of 2,4-dihydroxybenzaldehyde in
40 mL of water. The resulting mixture was stirred at room
temperature for 1 hour in the case of L, and 30 minutes for L*
and L>. After the reaction time, the products precipitated as
bright yellow solids, which were filtered, washed with water,
and dried.

Ligand L": bright yellow powder. Yield: 95%. Melting point:
189-192 °C. "H NMR (DMSO-dg, 400 MHz) J 12.89 (s, 1H), 10.42
(s, 1H), 8.82 (s, 1H), 7.74 (t, ] = 8.6 Hz, 1H), 7.56 (d, /= 7.9 Hz, 1H),
7.49 (d, J = 8.5 Hz, 1H), 7.42 (t, J = 7.6 Hz, 1H), 6.44 (dd, J = 8.5,
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2.3 Hz, 1H), 6.33 (d, J = 2.2 Hz, 1H). “C{'H} NMR (DMSO-d,,
101 MHz) 0 164.4, 163.3, 162.8, 146.9, 135.1, 134.0, 128.2, 126.32,
126.27, 126.21, 126.16, 126.02, 125.5, 122.8, 122.5, 122.2, 121.9,
120.0, 112.1, 108.2, 102.4. “>F{*"H} NMR (DMSO-ds, 376 MHz) §
—59.3. IR (ATR): v/em™ ' = 3256, 3077, 2593, 1620, 1598, 1318,
1186, 1107, 1035, 764. Elemental anal. caled. (%) for C,,H;0FsNO,
(MW = 281.207 g mol ~*): C, 59.79; H, 3.58; N, 4.98, found C, 59.86;
H, 3.24; N, 5.23. DART-MS: m/z 282.04 (M + H|" of Cy,H;,FsNO,).

Ligand L”: bright yellow powder. Yield: 98%. Melting point:
165-167 °C. "H NMR (DMSO-ds, 400 MHz) § 13.10 (s, 1H), 10.36
(s, 1H), 8.87 (s, 1H), 7.70 (s, 1H), 7.68-7.59 (m, 2H), 7.63-7.55
(m, 1H), 7.47 (d, J = 8.5 Hz, 1H), 6.43 (dd, J = 8.5, 2.3 Hz, 1H),
6.32 (d, J = 2.2 Hz, 1H). *C{'"H} NMR (DMSO-ds, 75 MHz) §
164.3, 162.9, 149.3, 134.7, 130.5, 130.0, 125.8, 125.4, 122.4,
122.4, 117.7, 117.7, 112.0, 108.1, 102.4. >’F{"H} NMR (DMSO-
ds, 282 MHz) 6 —61.1. IR (ATR): v/cm ™" = 3064, 298, 2881, 2753,
2624, 1626, 1603, 1582, 1234, 1101, 798, 750, 688, 661. Elemental
anal. caled. (%) for C14H,,F5NO, (MW = 281.07 g mol *): C, 59.79;
H, 3.58; N, 4.98, found C, 59.96; H, 3.61; N, 5.27. DART-MS: m/z
282.08 (M + H]" of Cy,H;oF;NO,).

Ligand L3: bright yellow powder. Yield: 98%. Melting point:
143-145 °C. *H NMR (DMSO-dg, 400 MHz) 5 13.07 (s, 1H), 10.38
(s, 1H), 8.84 (s, 1H), 7.77 (d, ] = 8.3 Hz, 2H), 7.50 (dd, /= 15.8, 8.4
Hz, 3H), 7.30 (d, J = 8.2 Hz, 1H), 6.63 (d, J = 8.5 Hz, 1H), 6.43
(dd, J = 8.6, 2.3 Hz, 1H), 6.32 (d, J = 2.3 Hz, 1H). "*C{'"H} NMR
(DMSO-ds, 101 MHz) 6 165.2, 164.5, 163.3, 163.2, 163.1, 152.3,
134.8, 132.8, 126.8, 126.5, 126.3, 126.3, 126.2, 126.2, 122.0,
121.9, 113.0, 108.3, 102.4. "’F{'H} NMR (DMSO-d,, 283 MHz)
§ —60.49. IR (ATR): v/em " = 3066, 2871, 2754, 2615, 2510, 2361,
1635, 1601, 1327, 1098, 1067, 829. Elemental anal. caled. (%) for
C14H;oF3NO, (MW = 281.07 g mol ™ ): C, 59.79; H, 3.58; N, 4.98,
found C, 60.24; H, 3.73; N, 5.06. DART-MS: m/z 282.05 ([M + H]"
of C14H;oF3NO,).

2.2.2. Synthesis of Pd(u) and Cu(u) precursors with hydro-
xylated N-aryl fluorinated Schiff base ligands

2.2.2.1. Synthesis of Pd(u) precursors [Pd(L'),~Pd(L?),] (1-3).
A mixture of palladium() acetate (20 mg, 0.089 mmol), the
corresponding ligand (50 mg, 0.177 mmol), and 2 mL of THF
was subjected to microwave irradiation at 300 W for 40 minutes.
The reaction temperature was maintained at 76 °C for the Pd(L"),
complex and 96 °C for the Pd(L?), and Pd(L*), complexes. After
completion, the products were isolated as yellow powders through
recrystallization from a THF/hexane mixture.

Pd(L"), (1): yellow powder. Yield: 83%. Decompn. temp.:
189 °C. 'H NMR (DMSO-ds, 400 MHz) 6 9.92 (s, 2H), 7.82-7.67
(m, 6H), 7.57 (t,J = 7.7 Hz, 2H), 7.39 (dd, J = 17.6, 7.8 Hz, 2H),
7.18 (d,J = 8.7 Hz, 2H), 6.00 (dd, J = 8.8, 2.3 Hz, 2H), 5.15 (d, ] =
1.9 Hz, 1H). C{"H} NMR (DMSO-d,, 101 MHz) § 166.3, 166.3,
164.2, 164.2, 162.3, 162.1, 147.5, 137.0, 136.9, 132.6, 132.5,
128.3, 128.0, 126.5, 126.5, 125.7, 125.7, 125.3, 123.9, 123.7,
123.6, 123.4, 122.6, 113.3, 113.2, 106.5, 106.4, 103.2, 103.2.
F{'"H} NMR (DMSO-d¢, 376 MHz) § —56.57, —56.74. IR (ATR):
viem™! = 3296, 1560, 1529, 1315, 1175, 1120, 1057, 1033, 766.
Elemental anal. caled. (%) for CygH;sFeN,O,Pd (MW =
666.02 g mol ): C, 50.43; H, 2.72; N, 4.20, found C, 50.41; H,
3.11; N, 4.18. DART-MS: /2 666.98 ([M + H]" of C,sH;3FsN,0,Pd).
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Pd(L?), (2): yellow powder. Yield: 93%. Decompn. temp.:
273 °C. "H NMR (DMSO-d,, 400 MHz) 6 9.94 (s, 2H), 7.89 (s, 2H),
7.75-7.57 (m, 6H), 7.25 (d, J = 8.8 Hz, 2H), 6.06 (dd, J = 8.7,
2.3 Hz, 2H), 5.30 (d, J = 2.2 Hz, 2H). "*C{'"H} NMR (DMSO-d,,
101 MHz) § 165.9, 164.3, 162.4, 149.7, 137.1, 129.2, 129.1, 128.9,
128.6, 128.3, 128.2, 125.5, 122.8, 122.5, 122.4, 122.1, 122.0,
120.1, 113.7, 106.7, 103.2. "°’F{"H} NMR (DMSO-ds, 376 MHz)
d —60.7. IR (ATR): v/em * = 3105, 1585, 1536, 1325, 1242,
1121, 791, 756, 693, 681. Elemental anal. caled. (%) for
CpsH15FgN,O,Pd (MW = 666.02 g mol™'): C, 50.43; H, 2.72;
N, 4.20, found C, 50.54; H, 2.91; N, 4.53. DART-MS: m/z 667.02
(IM + H]" of C,5H,;3F¢N,0,Pd).

Pd(L%), (3): yellow powder. Yield: 89%. Decompn. temp.:
268 °C. 'H NMR (DMSO-d,, 400 MHz) § 10.01 (s, 2H), 7.87
(s, 2H), 7.77 (d, J = 8.4 Hz, 4H), 7.52 (d, J = 8.2 Hz, 4H), 7.24
(d, J = 8.7 Hz, 2H), 6.06 (dd, J = 8.7, 2.3 Hz, 2H), 5.30 (d, J =
2.3 Hz, 2H). "*C{'"H} NMR (DMSO-dg, 101 MHz) § 166.0, 164.5,
162.3, 152.7, 137.3, 126.3, 126.1, 125.1, 113.9, 113.1, 106.9,
103.4. "F{'H} NMR (DMSO-dg, 283 MHz) 6 —58.84, —60.33.
IR (ATR): v/em ' = 3438, 3251, 2617, 1597, 1537, 1320, 1167,
1107, 847. Elemental anal. caled. (%) for C,gH;5FsN,0O,Pd
(MW = 666.02 g mol™"): C, 50.43; H, 2.72; N, 4.20, found C,
50.56; H, 2.99; N, 4.53. DART-MS: m/z 666.98 (M + H]" of
C,sH15FgN,0,Pd).

2.2.2.2. Synthesis of Cu(u) precursors [Cu(L*),-Cu(L?),] (4-6).
The copper(n) metal complexes were synthesized at room
temperature by slowly adding a solution of copper(u) acetate
monohydrate (17.74 mg, 0.088 mmol) in methanol to a stirred
solution of Schiff base compound (50 mg, 0.177 mmol), with a
total volume of 20 mL. As the reaction proceeded, the solution
color changed from bright yellow to brown. The reactions were
stirred for 1 hour and left to slowly evaporate, yielding products
as dark brown crystals.

Cu(L"), (4): dark brown crystals. Yield: 80%. Melting point:
244-246 °C. IR (ATR): v/em™ ' = 2962, 2890, 2780, 2712, 2637,
2599, 1608, 1581, 1236, 1184, 1112, 1024, 763. Elemental anal.
caled. (%) for C,gH;3CuFgN,O, (MW = 623.05 ¢ mol™'): C,
53.90; H, 2.91; N, 4.49, found C, 53.93; H, 2.81; N, 4.49.
DART-MS: m/z 624.03 (M + H]" of C,gH;5CuFgN,0y,).

Cu(L?), (5): dark brown crystals. Yield: 86%. Melting point:
233-235 °C. IR (ATR): v/em ™' = 3469, 3040, 2915, 2781, 2661,
1609, 1582, 1548, 1242, 1123, 795, 755, 696, 662. Elemental
anal. caled. (%) for CygHi5sCuFgN,0, (MW = 623.05 g mol )
C, 53.90; H, 2.91; N, 4.49, found C, 53.66; H, 3.27; N, 4.51.
DART-MS: m/z 623.99 (M + H]" of C,gH;5CuF¢N,0y,).

Cu(L?), (6): dark brown crystals. Yield %: 88%. Melting
point: 180-183 °C. IR (ATR): v/em * = 3055, 1608, 1580, 1537,
1320, 1175, 1109, 1064, 839. Elemental anal. calcd. (%) for
C1sH;5CUFgN,0, (MW = 623.05 g mol~Y): C, 53.90; H, 2.91; N,
4.49, found C, 53.69; H, 3.31; N, 4.63. DART-MS: m/z 624.03
(IM + H]' of C,5H;3CuFgN,0,).

2.2.3. Synthesis of Pd(u) and Cu(u) complexes with N-aryl
fluorinated O-glycoconjugate Schiff base ligands (7-12)

2.2.3.1. Synthesis of Pd(un) complexes [Pd(L'G),~Pd(L’G),]
(7-9). Complexes 7-9 were synthesized using a modified
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procedure based on the synthesis of acylated phenolic glyco-
sides reported by the Li Y. group.™ The corresponding Pd(L"),
precursors (0.05 g, 0.0749 mmol), acetobromo-a-p-glucose
(0.0924 g, 0.2247 mmol), and TBAB (0.0120 g, 0.0372 mmol)
were dissolved in 1 mL of acetone. Subsequently, 1 mL of an
aqueous 10 M K,CO; solution was added, and the resulting
mixture was stirred at 45 °C for varying reaction times. After
completion, ethyl acetate was added to the reaction mixture,
and the organic phase was washed three times with distilled
water, once with brine, dried over anhydrous Na,SO,, filtered,
and concentrated. The products were isolated as yellow
powders by recrystallization from a CH,Cl,/hexane mixture.

Pd(L'G), (7): yellow powder. Yield: 77%. Melting point: 118~
121 °C. 'H NMR (300 MHz, CDCl3) § 7.70 (2, 2H), 7.59 (m, 3H),
7.52 (s, 2H), 7.45 (3, = 6.5 Hz, 4H), 7.41-7.27 (m, 3H), 7.00 (dd,
J =120.0, 8.8 Hz, 2H), 6.15 (s, 1H), 6.08 (s, 1H), 5.41 (s, 1H), 5.30
(s, 1H), 5.27 (m, 1H), 5.25 (m, 1H), 5.23-5.15 (m, 2H), 4.92 (d, /=
7.9 Hz, 1H), 4.48-4.31 (m, 2H), 4.08 (m, 1H), 3.73 (m, 1H), 3.14
(s, 1H), 2.20-1.98 (m, 24H). *C{'"H} NMR (CDCl;, 101 MHz) §
170.9, 170.7, 170.5, 170.3, 169.7, 169.5, 169.4, 168.8, 167.2,
167.1, 167.0, 166.9, 162.6, 162.5, 162.0, 156.5, 147.6, 139.4,
136.8, 136.4, 135.8, 132.0, 129.2, 128.4, 127.5, 126.6, 126.5,
126.4, 126.2, 125.4, 117.7, 114.5, 112.3, 110.0, 106.4, 105.2,
104.2, 97.8, 74.3, 72.8, 72.1, 71.0, 68.2, 67.6, 66.5, 61.7, 61.1,
59.0, 29.8, 24.1, 21.4, 20.9, 20.9, 20.8, 20.7, 20.6, 19.8, 13.8.
F{"H} NMR (CDCl;, 376 MHz) § —57.76 to —57.82 (m), —57.97
to —58.04 (m). IR (ATR): v/em ' = 2963, 2878, 1749, 1601, 1524,
1315, 1217, 1191, 1123, 1056, 1034, 767. Elemental anal. calcd.
(%) for CseH54FeN,0,,Pd (MW = 1326.21 g mol~): C, 50.67; H,
4.10; N, 2.11, found C, 50.64; H, 4.10; N, 2.25. FAB-MS: m/z 1327
(IM + H]" of Cs56H54FsN,0,,Pd).

PA(L>G), (8): yellow powder. Yield: 82%. Melting point: 123-
125 °C. *H NMR (300 MHz, CDCl,)  7.77-7.43 (m, 10H), 7.25
(s, 2H), 7.10 (m, 2H), 6.27 (m, 2H), 5.56 (m, 2H), 5.36-5.11
(m, 5H), 4.97 (m, 01H), 4.47-4.30 (m, 2H), 4.03 (d, J = 11.7 Hz,
2H), 3.74 (m, 2H), 3.23 (s, 2H), 2.10-2.01 (m, 24H). "*C{'H}
NMR (CDCl;, 75 MHz) § 170.7, 170.4, 169.5, 169.4, 162.9, 162.3,
149.9, 139.4, 136.6, 136.4, 129.2, 128.2, 122.7, 115.9, 107.4,
105.0, 97.8, 74.3, 72.8, 72.1, 71.1, 68.0, 67.6, 66.5, 61.6, 59.1,
24.2, 20.7, 19.8, 13.8. “’F{"H} NMR (CDCl;, 376 MHz) § —61.85
to —62.14 (m), —62.22 to —62.32 (m). IR (ATR): v/em ' = 2963,
175, 1591, 1526, 1327, 1227, 1123, 799, 700. Elemental anal.
caled. (%) for CseHs4FeN,0,,Pd (MW = 1326.21 g mol )
C, 50.67; H, 4.10; N, 2.11, found C, 50.56; H, 4.24; N, 2.53.
FAB-MS: m/z 1327 (M + H]" of C5¢Hs4F¢N,0,,Pd).

Pd(L*G), (9): yellow powder. Yield: 79%. Melting point: 108~
110 °C. 'H NMR (300 MHz, CDCl;) § 7.75-7.64 (m, 6H), 7.60
(s, 1H), 7.55 (s, H), 7.43 (m, 5H), 7.07 (td, J = 9.1, 3.5 Hz, 3H),
6.26 (m, 1H), 6.16 (d, J = 8.6 Hz, 2H), 5.63-5.48 (m, 1H), 5.44
(m, 1H), 5.33-5.12 (m, 4H), 4.97 (dd, J = 7.2, 2.5 Hz, 1H), 4.51-
4.18 (m, 4H), 4.03 (m, 1H), 3.71 (m, 1H), 3.25 (m, 1H), 2.16-1.94
(m, 24H). "*C{'"H} NMR (CDCl;, 75 MHz) § 170.3, 169.6, 136.9,
136.4, 125.7, 125.7, 125.5, 107.6, 107.0, 104.3, 97.2, 72.8, 72.1,
71.1, 68.0, 66.5, 61.6, 29.8, 20.8, 20.7. "’F{'"H} NMR (CDCl;, 282
MHz) § —61.65 (d, ] = 12.8 Hz), —61.98 (d, J = 11.8 Hz). IR (ATR):
vlem ! = 2962, 1750, 1597, 1528, 1323, 1223, 1123, 1065, 1040, 848.
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Elemental anal. caled. (%) for CseHsiF¢N,OzPd (MW =
1326.21 g mol%): C, 50.67; H, 4.10; N, 2.11, found C, 50.33; H,
4.2; N, 2.58. FAB-MS: m/z 1327 ([M + H]" of C56H54F¢N,0,,Pd).

2.2.3.2. Synthesis of Cu(u) complexes [Cu(L'G),-Cu(L’G),]
(10-12). The Cu(L"G), complexes were synthesized using a
similar procedure as the Pd(L"G), complexes. The corres-
ponding Cu(L"), complex (0.05 g, 0.0801 mmol), acetobromo
a-p-glucose (0.0988 g, 0.2403 mmol) and TBAB (0.0120 g,
0.0372 mmol) were dissolved in 1 mL of acetone. Subsequently,
1 mL of an aqueous 10 M K,CO; solution was added, and the
resulting mixture was stirred at 45 °C for 5 h. After completion,
15 mL of ethyl acetate was added to the reaction mixture, and
the organic phase was washed three times with distilled water
(3 x 5 mL), once with brine (1 x 5 mL), dried over anhydrous
Na,S0,, filtered, and concentrated. The products were isolated
as light brown powders by recrystallization from a CH,Cl,/
hexane mixture.

Cu(L'G), (10): light brown powder. Yield: 73%. Melting
point: 146-148 °C. IR (ATR): v/em ' = 2964, 2878, 1750, 1612,
1598, 1228, 1194, 1120, 1035, 765. Elemental anal. calcd. (%) for
Cs56H5,CUFN,0,, (MW = 1283.24 g mol™): C, 52.36; H, 4.24; N,
2.18, found C, 52.11; H, 4.32; N, 2.66. FAB-EM(+ev): m/z 1284
(IM"] of C56Hs54,CuFgN,0,,).

Cu(L’G), (11): light brown powder. Yield: 80%. Melting
point: 134-136 °C. IR (ATR): v/em * = 2964, 2879, 1752, 1608,
1588, 1545, 1328, 1227, 1123, 800, 759, 699. Elemental anal.
caled. (%) for CseHs4sCuFgN,0,, (MW = 1283.24 g mol )
C, 52.36; H, 4.24; N, 2.18, found C, 51.89; H, 4.69; N, 2.22.
FAB-EM(+ev): m/z 1284 ([M'] of Cs56H54CuFgN,0,,).

Cu(L*G), (12): light brown powder. Yield: 43%. Melting
point: 104-106 °C. IR (ATR): v/em ' = 2964, 2878, 1747, 1590,
1538, 1323, 1219, 1178, 1162, 1116, 1065, 1037, 844. Elemental
anal. caled. (%) for CsHs4CuFgN,0,, (MW = 1283.24 g mol ')
C, 52.36; H, 4.24; N, 2.18, found C, 51.89; H, 4.52; N, 2.3.
FAB-EM(+ev): m/z 1284 ([M'] of Cs5¢H54,CuFgN,0,,).

2.3. Crystal structure analyses

Single crystal X-ray diffraction analyses were performed on a
Bruker D8 Venture k-geometry diffractometer 208039-01 with
CCD detector and low temperature device with the exception of
Cu(L"), which was collected on a Bruker APEX-II CCD. The
radiation used for ligands was CuKo (1 = 1.54178 A) and for
complexes were MoKa (4 = 0.71073 A) by performing ® scan
frames. Absorption corrections were applied using multi-scan
SADABS 2016/2" and refined by full-matrix least-squares treat-
ment against |F|* in anisotropic approximation with SHELXL-
2018/3'° in the ShelXle program.'” H-atoms were included in
the geometrically calculated positions. All non-hydrogen atoms
were refined with anisotropic atomic displacement parameters.
Data were corrected for absorption (semi-empirical from the
equivalents method) and polarisation. Molecular structures
were visualised and drawn with OLEX2 v1.5.'® Intermolecular
distances in the crystal structures of compounds were analysed
with MERCURY v2021.3.0."
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2.4. Cytotoxic activity assays

The in vitro cytotoxic potency of ligands and metal complexes
was evaluated by the sulforhodamine B (SRB) assay on 6 cancer
cell lines: U-251 (human malignant glioblastoma), PC-3
(human Caucasian prostate adenocarcinoma), K-562 (human
myelogenous leukemia), HCT-15 (human colorectal adeno-
carcinoma), MCF-7 (human mammary adenocarcinoma), and
SK-LU-1 (human lung adenocarcinoma). Including a non-
cancerous cell line of African green monkey kidney (COS-7)
for comparative purposes. Cell lines were purchased from the
National Cancer Institute (Bethesda, MD, USA). The cells were
seeded into 96-well plates at a density of 5 x 103 cells per well
and cultured for 24 h before use. The cells were treated with
different concentrations: 25 pM for ligands and Cu(un) com-
plexes and 25, 5 and 1 uM for Pd(u) complexes dissolved in
DMSO. After 48 h incubation, the cells were washed with
phosphate-buffered saline (PBS) (3x) and treated by the SRB
staining assay. The absorbance was detected in a microplate
reader at 540 nm and the cell viability was calculated with the
formula: survival % (As4onm for the treated cells/As4onm for the
control cells), 100%, where the As;o,m was the absorbance
value. Each assay was repeated three times. The cytotoxicity is
presented as inhibition percentage, no ICs, values were
determined.

2.5. Computational details

To ensure the stability and accuracy of the geometries, we
optimized the geometries of the Cu(u) and Pd(u) complexes
and compared them with the crystallographic reference struc-
tures. For Cu(u), we used the B3LYP functional combined with
the 6-31+G(d,p) basis set. For Pd(u), we used the same func-
tional with the LanL2DZ pseudopotentials.>* The geometries
were confirmed as minima through frequency calculations. In
addition, natural bond orbital (NBO) charge calculations were
conducted to provide accurate atomic charges necessary for
subsequent molecular docking studies.”" The electronic struc-
ture calculations were carried out using the Gaussian 16 suite
of programs.*?

For the molecular docking studies, we used the DNA frag-
ment from the protein data bank (PDB code: 1AI0),>* since it
has been proven in previous docking studies.”*** The DNA
structure was prepared using AutoDock Tools,?® where Gastei-
ger charges were assigned to ensure accurate modeling of
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electrostatic interactions.”” Both the ligands and DNA were
then subjected to molecular docking using AutoDock 4.%¢

The interactions between the ligands and DNA were visua-
lized and analyzed using Maestro,?® PyMOL,*® and Chimera
softwares,*® thereby facilitating a comprehensive interpreta-
tion of the docking results and their potential biological
implications.

3. Results and discussion

3.1. Synthesis and characterization of ligands L'-L* and metal
precursors N-aryl fluorinated complexes 1-6

The ligands L'-L* were prepared using an adapted procedure
previously reported from commercially available 2,4-dihidr-
oxybenzaldehyde, 2-(trifluoromethyl)aniline (L), 3-(trifluoro-
methyl)aniline (L*) and 4-(trifluoromethyl)aniline (L%) in excel-
lent yields (95-98%) outlined in Scheme 1. All ligands were
further characterized by "H, "*C{"H}, "’F{'"H} NMR, IR and mass
spectrometry analysis and structurally confirmed by compar-
ison of previously reported data (full details are provided in the
Experimental section).**

With the ligands in hand, the synthesis of the palladium and
copper precursor complexes (1-6) was pursued, Scheme 2. The
Pd(u) precursor complexes (1-3) were synthesized by reacting
ligands L'-L? with palladium acetate under microwave irradia-
tion, resulting in good yields (83-93%). Meanwhile, the Cu(u)
precursor complexes (4-6) were obtained at room temperature,
with yields ranging from 80-88%. Pd(u) complexes 1-3 were
characterized in solution by NMR, showing a significant down-
field shift of the imine protons to around 7.8 ppm compared to
the free ligands L'-L* (~8.8 ppm). This shift is attributed to
coordination with the palladium center, confirming the for-
mation of the Pd(u) complexes. Additionally, the absence of the
resonance corresponding to the hydroxyl group proximal to the
imine moiety further supports the bidentate coordination of
the ligand through the anionic oxygen and nitrogen of the
imine group. The presence of the CF; group was confirmed by
a singlet resonance at approximately —60.7 ppm in the "*F{H}
NMR spectra of complexes 2 and 3. In contrast, complex 1,
which has the CF; group in the ortho position, exhibited two
singlets at 56.6 and 56.7 ppm due to the inequivalence of the
CF; groups.

On the other hand, Cu(u) complexes (3-6) were analyzed by
EPR, where visible hyperfine splitting was observed due to the

- CFs3
Z
Z/ | /CF3 i I
~ z B A
SN B | N
Pd—o N X ,Cu’o OH
HO o- \\JQ/ Pd(OAc),, THF Cu(OAc), MeOH_ HO 0 ‘\/\©/
< PA(OAC),, THE e e
| LN MW, 40 min  HO OH 1h,25°C | s
76 - 96°C
/[ ‘s &
FiC L'-L FiC
Pd(LY);, 1 gu s 4
Pd(L2), 2 CU(L:)z, 5
Rl 5 Cu(L%), 6

Scheme 2 Synthetic route for the metal precursor complexes (1-6).
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Table 1 EPR parameters of Cu(i) complexes

Complexes g g1

Cu(LY), 2.29 2.06
Cu(L?), 2.30 2.06
Cu(L%), 2.30 2.07
Cu(L'G), 2.29 2.05
Cu(L*G), 2.31 2.06
Cu(L’G), 2.24 2.05

Recorded in acetone solutions at 77 K.

interaction between the unpaired electron of Cu(u) (S = 1/2) and
the Cu(u) nucleus spin (I = 3/2). This behavior is commonly
observed in Cu(u) complexes with nitrogen-containing ligands,
suggesting coordination between the Cu(u) ions and nitrogen
atoms. The observed g-value trend (g, > g > ge (2.0023))
indicates axial symmetry (g, = g, # g), suggesting that the
unpaired electron resides in the d,._,. orbital, characteristic of
axially elongated mononuclear copper(u) complexes (Table 1).
This anisotropic system implies that the symmetry around
the copper centers corresponds to a square planar geometry,
consistent with the X-ray diffraction analysis of the Cu(L"), and
Cu(L?), complexes.

In addition, to confirm the coordination of the metal centers
to the ligands, FT-IR spectra were recorded. A comparison with
the spectra of the free Schiff bases revealed a characteristic
absorption band in the 1620-1634 cm ™" region, attributable to
the azomethine group (C=N). Upon complexation, this band
shifted to lower frequencies, indicating coordination of the
azomethine nitrogen to the palladium (1584-1599 em™") and
copper (1607-1609 cm ) centers. This shift is likely due to the
donation of electron density from the nitrogen atom to the
vacant d-orbitals of the metal center.>” Additionally, the FT-IR
spectra of both the ligands and their corresponding complexes
displayed characteristic bands of the aromatic rings, including
O-H stretching vibrations between 3080-3290 cm ' and C—=C
stretching bands in the 1500-1600 cm ™" range. The distinctive
substitution patterns of the aromatic rings were evident from
the out-of-plane bending bands in the fingerprint region
and overtones in the 2000-1650 cm ™" region. Moreover, strong
bands in the 1350-1050 cm ' range were assigned to C-F
stretching vibrations, with no significant changes observed
between the ligands and the metal complexes. The formation
of complexes 1-6 was further validated by mass spectrometry.
The spectra revealed molecular ion peaks at 666.98 m/z for
both Pd(L'), and Pd(L®),, corresponding to the [M'] ion of
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C,sH15F6N,0,Pd, and at 667.02 m/z for Pd(L*),, representing
the [M + 1]" ion of C,5H;5F¢N,0,4Pd. For the Cu(n) complexes,
molecular ion peaks were observed at 624.03 m/z, 623.99 m/z,
and 624.03 m/z for Cu(L"),, Cu(L?),, and Cu(L?),, respectively,
which align with the expected molecular weight of [M']
C,3H,3CuF¢N,0,. Furthermore, the molecular structures of
complexes 1-6 are consistent with their elemental analysis
data and X-ray diffraction results, corroborating the proposed
structures.

3.2. Synthesis of Pd(u) and Cu(u) complexes with N-aryl
fluorinated O-glycoconjugate Schiff base ligands [M(L"G),]
(7-12)

The synthesis of complexes 7-12 is outlined in Scheme 3.
Glycosylation of complexes 1-6 was performed via a 1,2-trans-
B-glycosylation of a per-O-acetylated p-glucose donor, leading to
the formation of N-aryl fluorinated O-glycoconjugate complexes
7-12 in good yields 73-82%. The identities of these complexes
were confirmed through multinuclear NMR (specifically for
complexes 7-9), mass spectrometry, infrared spectroscopy
(IR), and elemental analysis.

Comparison of the "H NMR spectra of palladium complexes
1-3 with their glycosylated analogs revealed a loss of molecular
symmetry, broader aromatic proton signals, and new signals
corresponding to the O-acetylated p-glucose groups (Fig. 1, see
ESI,T Fig. S7 and S8). In addition, the signal for the ~-OH group
was absent in the "H NMR spectra of complexes 7-9 confirming
the deprotonation of this group and the formation of the
glycosidic bond. In the "F{'"H} NMR spectra of the glycosylated
complexes, two multiplet signals were detected in the range of
—57.76 to —62.28 ppm. The emergence of these two signals is
likely due to the loss of molecular symmetry, and the observed
multiplicity can be attributed to the interaction of fluorine
atoms with the surrounding molecular environment, influen-
cing their magnetic equivalence.

The mass spectra of all palladium complexes Pd(L'G),,
Pd(L’G), and Pd(L’G), revealed molecular ion peaks at m/z
1327, corresponding to the fragment ion [M + H]" for
Cs6Hs54FsN,0,,Pd (see Fig. S12 in the ESIT).

Copper complexes 10-12 (Cu(L'),, Cu(L?),, and Cu(L?),)
were obtained as light brown powders in moderate to good
yields (43-80%). The mass spectra of all the glycosylated copper
complexes exhibited a molecular ion peak at 1284 my/z, corres-
ponding to the molecular mass [M]" (Fig. S15 in the ESI{). Their
EPR analysis showed no significant changes in g-values between

CF. CFs3
7N iJ
OAc X AcO,
SN o K,CO; (aq), Acetone, OAc N l‘{ C! OAG
M-0 OH + AcO Br TBAF %\ o o-M-© o OAc
- —_—
HO 07 AcO e 35 h,45°C AcO” \ o
NPLN c 0Ac @/N X AcO
I/ z /2
FsC FsC
Pd(L"): 1-3 PA(L"G)y: 7-9
Cu(LM),: 4-6 Cu(L"G);: 10-12

Scheme 3 Synthetic route for the metal complexes (7-12).
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Fig. 1 H NMR spectrum of complex 7 in CDCls: Pd(L'G),.

the hydroxylated complexes (4-6) and their glycoconjugated ana-
logs, suggesting a similar coordination environment (Table 1).
The FTIR spectra of all glycoconjugated compounds dis-
played the most significant stretching frequencies at 1749-1751
em~' (C=0), 3080-2300 cm™" (C-H), and 1500-1600 cm "
(C=C). Additionally, the absence of the -OH vibration band
indicate deprotonation of the hydroxylated complexes and the
subsequent formation of the glycosidic bond. Selected bond
frequencies for the ligands and copper and palladium complexes
are shown in Table 2. Furthermore, the molecular structures of

Table 2 Selected ATR-IR frequencies (cm™)

their metal complexes

of Schiff base ligads and

Compounds v(O-H) V(C—=N) (C=0)
L' 3255 1620 —
L’ 3250 1626 —
L 3298 1634 —
Pd(LY), 3296 1599 —
Pd(L?), 3104 1584 —
Pd(L%), 3251 1597 —
Pd(L'G), — 1600 1749
Pd(L’G), — 1591 1751
PA(L’G), — 1597 1750
Cu(LY), 3000 1607 —
Cu(L?), 3469 1609 —
Cu(L?), 3055 1608 —
Cu(L'G), — 1612 1749
Cu(L’G), — 1607 1751
Cu(L’G), — 1589 1746

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

complexes 7-12 are consistent with their elemental analysis data
corroborating the proposed structures.

3.3. Single-crystal X-ray diffraction analyses

Suitable crystals of ligands L' and L?, as well as copper (1-3)
and palladium complexes (4-6), were obtained and analyzed by
single-crystal X-ray diffraction. The crystallographic data for L',
L?, and the compounds Cu(L'),, Cu(L?),, and Cu(L?®), are
presented in the ESIt Table SI-2. Ligand L' crystallized in the
orthorhombic system (space group Phca), while L” and Cu(L"),
were found in monoclinic systems (space groups Pn and P2,/c,
respectively). In contrast, Cu(L?), and Cu(L?), crystallized in
triclinic systems, both in the P1 space group.

Ligands L' and L” were identified as cis-keto tautomers, due
to the influence of the salicylidene moiety, which affects the
electronic distribution of the system and drives the equilibrium
from the phenol-imine form to the keto-amine form (Fig. 2).**

In the compounds Cu(L'), and Cu(L?),, the deprotonated
O-fragment from ligands adopted a trans disposition around of
metal center, resulting in a planar square geometry with sub-
stituent angles close to 90. In contrast, Cu(L?), exhibited a cis
arrangement, giving rise to a pseudo-tetrahedral geometry, with
74 = 0.506 (Fig. 3).>* The selected bond distances and angles are
summarized in Table 3.

The crystallographic data for the hydroxylated Pd(u) com-
plexes 4-6 are summarized in the ESIT Table SI-2. All palladium
complexes crystallized with two solvent molecules. Pd(L"), and
Pd(L?), crystallized in a monoclinic system (space group P2,/c),
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Fig. 2 Molecular structure of compounds L and L2 Ellipsoids are represented at 50% of probability. The intramolecular interactions are shown as

dashed red lines.

Pd(LY),

Pd(L?),

Pd(L),

Fig. 3 Molecular structure of the compounds Cu(LY),, Cu(L?),, Cu(L3), Pd(LY),, Pd(L?),, and Pd(L3),. Thermal ellipsoids are shown at 50% of probability.

Solvent molecules and disordered parts of Pd(L®), were omitted for clarity.

Table 3 Selected bond distances in angstroms (A) and angles in degrees
(°) for Cu(i) complexes

Bond Cu(LY), Cu(L?), Cu(L?),
0O(1)-Cu(1) 1.9115(11) 1.8909(19) 1.9098(13)
N(1)-Cu(1) 1.9820(13) 2.019(2) 1.9671(16)
O(1)-Cu(1) 1.9115(11)° 1.8909(19)° 1.8862(13)
N(1)-Cu(1) 1.9821(13) 2.019(2)" 1.9606(16)
Angles Cu(LY), Cu(L?), Cu(L?),
0O(1)-Cu(1)-0(2) 180.0 180.00(11) 91.66(6)
0O(1)-Cu(1)-N(2) 90.19(5) 88.51(9) 94.35(6)
N(1)-Cu(1)-0(1) 89.81(5) 91.49(9) 94.35(6)
N(1)-Cu(1)-N(2) 180.0 180.00(10) 100.78(7)

¢ Generated by symmetry.

while Pd(L?), crystallized in an orthorhombic system (space
group Pbca). In all structures, the palladium center was found
to be tetra-coordinated, adopting a planar square geometry. The
ligands arranged themselves in the most thermodynamically stable

5194 | New J Chem., 2025, 49, 5187-5199

trans position, resulting in half of the molecule being generated by
symmetry. This arrangement led to O-Pd-O and N-Pd-N angles
of exactly 180°, indicating a planar square geometry, while the
bite angles in the O-Pd-N coordination were slightly greater
than 90°. Selected bond distances and angles are listed in
Table 4. The two rings of the skeleton were not coplanar; they
were completely out of phase, with interplanar angles decreasing
according to the following trend: 88.62° Pd(L"),, 66.18° Pd(L?),,
and 48.66° Pd(L%),. The presence of the CF; group at the ortho or
meta position produced larger angles compared to when the CF;
group is in the para position.>®

3.4. Invitro cytotoxic activity

The cytotoxicity of ligands and complexes (1-12) towards PC-3
(human Caucasian prostate adenocarcinoma), MCF-7 (human
breast cancer), HCT-15 (human colorectal adenocarcinoma),
SK-LU-1 (human lung adenocarcinoma), K-562 (human myelo-
genous leukemia) and U-251 (human malignant glioblastoma)
cancer cell lines was evaluated by sulforhodamine-B (SRB)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 4 Selected bond distances in angstroms (A) and angles in degrees
(°) for hydroxylated N-aryl fluorinated Pd(i) complexes

Bond Pd(LY), Pd(L%),

Pd-O 1.956(5) 1.986(3) 1.974(3)
Pd-0O¢ 1.956(5) 1.986(3) 1.974(3)
Pd-N“ 2.014(6) 2.019(4) 2.024(3)
Pd-N 2.014(6) 2.019(4) 2.024(3)
Angles Pd(L") Pd(L%), Pd(L%),
0“-Pd-N 87.0(2) 87.52(13) 88.40(13)
0O-Pd-N* 87.0(2) 87.52(13) 88.40(13)
0-Pd-N 93.0(2) 92.48(12) 91.60(13)
0°-Pd-N* 93.0(2) 92.48(12) 91.60(13)
0-Pd-0° 180.00(13) 180 180
N-Pd-N* 180.0 180 180

assay, including a non-cancerous cell line of African green
monkey kidney (COS-70), and precursors 2,4-dihydroxy-
benzaldehyde and acetobromo-o-p-glucose for comparative
analysis.

Ligands and complexes were initially tested at a concen-
tration of 25 uM (Table 5). The results indicated that the
ligands exhibited minimal cytotoxic activity across the different
cell lines, comparable to or even lower than that of the pre-
cursor 2,4-dihydroxybenzaldehyde. Hydroxylated N-aryl fluori-
nated Cu(u) complexes also demonstrated modest cytotoxic
activity, with the MCF-7 cell line being the most affected,
showing inhibition rates between 46% and 55%. Notably, these
complexes displayed low toxicity toward the non-cancerous
COS-7 cell line. A comparative analysis between hydroxylated
Cu(n) complexes and their glycoconjugate counterparts revealed a
marked increase in cytotoxic activity for the Cu(L'G), complex
across various cell lines, particularly K-562, HCT-15, MCF-7, and

Table 5 Cytotoxic screening of ligands and their complexes at 25 uM
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SK-LU-1. The Cu(L’G), and Cu(L’G), complexes exhibited vari-
able activity, with enhanced effects on the K-562 and U-251 lines
but reduced impact on MCF-7 and SK-LU-1. Importantly, the
glycoconjugate complexes were less toxic to the non-cancerous
COS-7 cell line compared to their hydroxylated counterparts.

Pd(u) complexes activity was also investigated, where both
hydroxylated and glycoconjugate variants exhibited high cyto-
toxic activity across all tested cell lines, including the non-
cancerous one (Table 5). Owing to their high activity at 25 pM,
we assessed the complexes at 5 pM. However, since the results
obtained were similar to those at 25 pM, with all complexes
showing high activity over all cell lines, and in order to improve
selectivity, we further evaluated the complexes activity at 1 pM
(Table 6). At this concentration, only Pd(L"), and its glycocon-
jugate form Pd(L'G), maintained substantial activity against
the cancer cell lines, particularly for PC-3, K-562, MCF-7, and
SK-LU-1 being the latest where both complexes exhibited the
highest activity. Notably, both Pd(i) complexes resulted more
cytotoxic than cis-platin at the same concentration.

Interestingly, even Pd(L'), complex resulted more active
than Pd(L'G), complex; the latter displayed significantly reduced
cytotoxicity towards the non-cancerous COS-7 cell line (23% vs.
70.3% of Pd(L"),), a trend similar to the observed in glycoconju-
gate Cu(u) complexes, where the activity over the healthy cell line
(COS-7) was lower than that from hydroxylated Cu(u) complexes.
Which demonstrate a substantial selectivity to cancer cells attri-
butable to the presence of carbohydrate moieties which, at the
same time, enhanced the biological activity of the glycoconjugate
complexes.

Another finding was that the position of the CF; group in the
benzene ring not only influenced the solubility of the com-
plexes but also had a notable impact on their cytotoxic activity.
Glycoconjugate complexes with ortho substitution displayed

% of inhibition

Compounds (25 uM) U251 PC-3 K-562 HCT-15 MCF-7 SKLU-1 COS-7
L' NC NC 7.2 16.0 30.6 10.3 12.5
L> 9.1 NC 5.8 24.6 41.3 12.6 13.0
L? 16.8 14.0 10.7 35.4 NC NC 29.0
Pd(L"), 100 100 95.6 100 100 96.1 89.7
Pd(L?), 100 79.9 75.5 83.3 97.2 94.8 92.6
Pd(L?),” 92.0 91.6 100 67.7 97.0 82.2 80.5
Pd(L'G), 97.5 100 95.7 100 100 94.3 76.7
Pd(L°G), 98.7 95.8 92.4 100 100 100 94.0
Pd(L°G), 100 100 95.9 100 100 99.0 99.7
Cu(LY), 6.3 4.4 8.9 21.1 46.9 20.1 18.3
Cu(L?), 4.8 9.3 5.8 22.9 53.2 17.3 22.2
Cu(L?), 6.5 5.2 7.4 13.5 46.1 25.0 21.5
Cu(L'G), 33.0 34.4 47.5 58.3 62.4 44.5 15.9
Cu(L’G), 17.4 6.2 16.7 3.5 32.5 12.7 16.0
Cu(L’G), 24.9 7.1 22.1 22.6 37.6 14.3 14.6
2,4-Dihydroxybenzaldehyde 19.9 5.2 5.9 46.1 60.0 10.7 28.7
Acetobromo-o-p-glucose 8.5 NC 11.6 0.9 2.0 3.8 5.1
Cis-platin 100 100 71.6 65.4 85.5 100 100

Vehicle: DMSO, 25 pM. NC: no cytotoxic. U-251 (human malignant glioblastoma), PC-3 (human Caucasian prostate adenocarcinoma), K-562
(myelogenous leukemia), HCT-15 (human colorectal adenocarcinoma), MCF-7 (human breast cancer), SK-LU-1 (human lung adenocarcinoma),

African green monkey kidney (COS-7). ¢

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Poor solubility. Data represents the mean of three replica measures.
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Table 6 Cytotoxic screening of Pd(i) complexes at 5 uM and 1 pM°©

% of inhibition

Complexes U251 PC-3 K562 HCT-15 MCF-7 SKLU-1 COS7
Pd(L),” 83.7 98.0 81.0 90.2 100 100 83.4
Pd(LY),’ 33.7 855 66.8 24.0 100 99.4  70.3
Pd(L%)," 223 401 661 3.7 63.0 409 926
Pd(L?),” 31 35 31 NC NC NC NC
Pd(L?),” 12.0 250 61.9 NC 700 433 688
Pd(L?),” NC 14 209 NC 0.6 2.5 8.3
PA(L'G)," 63.7 812 80.0 466 100 96.8  85.5
PA(L'G),” 14 714 60.0 NC 673 842 23
PA(L’G)," 50.5 719 857 19.4 100 99.1  88.9
Pd(L’G),’ 34 141 133 NC NC NC 10
PA(L’G)," 61.9 80.0 90.58 35.0 100 93.7 80
Pd(L’G),’ NC 211 132 NC 9.1 1.6  NC
Cis-platin® 48.7 28.7 36.6 17.8 27.0 450 343
Cis-platin® 334 151 9.2 128 17.4 257 5.7

Vehicle: DMSO. 5 pM.”?1 pM. NC: no cytotoxic. U-251 (human
malignant glioblastoma), PC-3 (human Caucasian prostate adenocarci-
noma), K-562 (myelogenous leukemia), HCT-15 (human colorectal
adenocarcinoma), MCF-7 (human breast cancer), SK-LU-1 (human lung
adenocarcinoma), African green monkey kidney (COS-7). © Data repre-
sents the mean of three replica measures.

greater activity than those with meta or para positions. However,
the mechanisms underlying their selectivity require further
investigation.

3.5. Computational results

The DFT-optimized geometries and X-ray structures for the
Pd(u) and Cu(u) complexes show little variation (Table 7). Based
on these optimized geometries, we proceeded to construct the
complexes with o-p-glucose, as these geometries are crucial for
conducting a comprehensive molecular docking study.

The molecular docking results provide insights into the
interaction of Cu(u) and Pd(u) complexes with DNA. Pd(u)
complexes, especially in their glycosylated forms, exhibited
stronger binding affinities, prompting the focus of our analysis
on these complexes (Table 8).

3.6. Binding affinity of Pd(u) complexes

Pd(n) complexes showed significantly higher binding affinities
with DNA compared to Cu(u) complexes, particularly when
coordinated with glycosylated ligands (L'G),, (L’G),, and
(L3G),. These complexes presented affinities of —7.43, —6.32,
and —6.21 kcal mol ', respectively.

The inclusion of a-p-glucose in the ligands enhanced binding
affinities due to the formation of hydrogen bonds, as illustrated in
Fig. 4. The a-p-glucose groups formed stabilizing hydrogen bonds
with DNA, while non-glycosylated Pd(u) complexes relied on
weaker hydrophobic interactions. These hydrogen bonds are key
to the increased stability of the DNA-Pd(u) complex interaction,
distinguishing them from the non-glycosylated Pd(i) complexes.
In contrast, non-glycosylated Pd(u) complexes primarily relied on
hydrophobic interactions.

The non-glycosylated palladium complexes were found to
occupy the same DNA binding site. However, they exhibited
a displacement, likely due to repulsion between the fluorine

5196 | New J. Chem., 2025, 49, 5187-5199
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Table 7 Comparison between the crystal structure and DFT geometry
optimization. The yellow color represents the crystal structure, while blue
denotes the DFT-optimized geometry. RMSD is given in Angstréms

Pd(u) Cu(ur)

),

RMSD = 0.33 RMSD = 0.42

Table 8 Binding affinity (kcal mol™) of Pd(i) and Cu(i) complexes with the
DNA model

Pd(u) Cu()
®hH), —5.34 —3.42
(L), —4.73 —4.63
(L%, —4.23 —3.75
(L'G), —7.24 —4.54
(L*G), —6.32 —3.32
(L’G), —6.21 —3.48

atoms in the ligands and the electronegative groups of the DNA
backbone. This fluorine-induced repulsion causes a shift
in binding conformation, affecting interaction stability (see
Fig. 521, ESIY).

In contrast, the glycosylated Pd(u) complexes displayed
no consistent binding mode. This inconsistency is attributed
to the bulky a-p-glucose groups and intramolecular fluorine-
ligand repulsions. These factors introduce a wider range of
binding conformations during molecular docking. The flexibility
conferred by the o-p-glucose groups allows Pd(u) complexes
to adopt diverse conformations, enhancing interaction with
various DNA regions and providing a broader interaction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 4 Molecular interaction between DNA target and complexes: (A) Pd(L'G), (B) Pd(LY), — distances shown in angstroms.

surface. Fig. S22 in the ESIT illustrates the structural versatility
of the glycosylated complexes, lacking a fixed binding pattern.

The increased size and complexity of the a-p-glucose ligands
suggest that glycosylated Pd(u) complexes may offer enhanced
adaptability in interactions with biological targets like DNA,
compared to the more rigid binding of non-glycosylated com-
plexes. This flexibility could be crucial for the overall efficacy of
Pd(ur) complexes in biological systems, where adaptable binding
is often key to successful molecular interactions.

3.7. Impact of glycosylation

Glycosylation not only enhanced binding affinity but also
introduced hydrogen bonding, resulting in stronger and more
stable interactions with DNA. In contrast, the non-glycosylated
Pd(n) complexes primarily engaged in hydrophobic interac-
tions, which contributed to binding but were weaker compared
to the hydrogen bonds present in the glycosylated complexes.

In Cu(u) complexes, glycosylation moderately improved
binding affinity, but their interactions with DNA remained less
effective compared to Pd(u) complexes. This underscores the
inherent advantages of palladium’s coordination chemistry for
DNA binding.

4. Conclusions

In conclusion, the introduction of carbohydrate fragments
into Pd(u) and Cu(u) metal complexes represents a promising
strategy for enhancing the selectivity and efficacy of metal-
based chemotherapeutics. This study demonstrated that the
incorporation of N-aryl fluorinated O-glycoconjugate Schiff
base ligands into copper and palladium complexes increases
their cytotoxic activity against various cancer cell lines while
exhibiting minimal activity against non-cancerous cell lines.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Notably, among all tested compounds, the Pd(L'G), complex
exhibited the highest cytotoxicity, showing reduced activity
against non-cancerous cells, underscoring the potential of
carbohydrate moieties in improving selectivity toward malig-
nant cells. Molecular docking analysis reveals that Pd(u) com-
plexes, especially those with glycosylated ligands, demonstrate
a stronger DNA binding affinity. The glycosylated ligands enhance
hydrogen bonding interactions, resulting in more stable and
effective binding. While Cu(u) complexes show moderate
improvements with glycosylation, their overall binding affinity
remains lower compared to Pd(u) complexes.

These results highlight the potential of Pd(u) complexes for
further investigation, with ligand modifications being crucial
for optimizing molecular interactions. The findings under-
score the promise of carbohydrate-metal complex conjugates
as targeted therapeutic agents, warranting further exploration
and development for clinical applications. Future studies
should focus on elucidating the precise mechanisms of action
to optimize the structural features of these complexes, particu-
larly fluorinated ortho-substituted compounds that demon-
strated improved activity over para and meta positions.
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