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Optically pure α-ketoimines were obtained under solvent-free conditions starting from 2,2′-pyridil
and (S)-(−)-1-phenylethylamine and (S)-(−)-1-(4-methylphenyl)ethylamine, respectively. These new
chiral ketoimines were then complexed with palladium yielding new optically pure mono-Pd com-
plexes 3A–B. The compounds have been characterized by IR, 1H NMR, and 13C NMR spectro-
scopies along with MS-FAB+ spectrometry. The crystal and molecular structure of 3A has been fully
confirmed by single-crystal X-ray studies. In vitro studies of 3A–B display growth inhibition against
leukemia (K-562 CML), colon cancer (HCT-15), breast cancer (MCF-7), central nervous system
(U-251 Glio), and prostate cancer (PC-3) cancer cell lines.
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1. Introduction

Interest in palladium(II) complexes stems mainly from their structural diversity along with
all-encompassing and far-reaching applications as, inter alia, catalysts in organic synthesis,
and as antitumor drugs [1–21]. Along this latter line, since the discovery of the tumor-in-
hibiting of [cis-PtCl2(NH3)2] (cisplatin) by Rosenberg et al. [22], the complex has been in
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widespread use, one of the most effective and successful drugs to treat a variety of human
solid tumors. Nevertheless, cisplatin and other second-generation platinum drugs have
major drawbacks such as severe tissue toxicity including nephrotoxicity, neurotoxicity, and
ototoxicity, the presence of, or acquisition of, resistance to the treatment, and low water
solubility, as salient limitations [1]. Therefore, the search for safer platinum complexes con-
tinues and also, in this regard, an alternative issue is using palladium on the basis of the
structural and thermodynamic analogy between platinum(II) and palladium(II) complexes. It
is reasonable to consider platinum as a better option than palladium due to their ligand
exchange kinetics considering that the hydrolysis of leaving ligands is much faster than in
corresponding platinum complexes. Nevertheless, a variety of palladium-containing com-
pounds have been synthesized and tested for their anticancer activity [1(a) and (e), 23, 24].
Most attention has been aimed at synthesizing complexes derived from a wide-ranging
assortment of functionalized ligands and, as a part of an ongoing project centered into the
preparation of new chiral Pd complexes, we are currently focusing our efforts on the syn-
thesis of such compounds derived from enantiopure α-diimines [25] and α-ketoimines
owing to their attractive features as potential catalysts and bioactive compounds. In this
regard, we report herein our results concerning the preparation of the mononuclear Pd(II)
complexes 3A–B, derived from the chiral α-ketoimines of 2,2′-pyridil (see scheme 1), their
characterization, and anticancer activities.

2. Results and discussion

The chiral α-ketoimines 2A–B were synthesized in almost quantitative yields under micro-
wave irradiation in solvent-free conditions starting from (S)-(−)-1-phenylethylamine and

Figure 1. ORTEP-like view of 3a with displacement ellipsoids at the 30% probability level.
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(S)-(−)-1-(4-methylphenyl)ethylamine with 2,2′-pyridil, respectively (see scheme 1). The
formation of the α-ketoimine compound was followed by TLC analysis and 1H NMR
spectroscopy. Compounds 2A–B have similar 1H NMR spectra in CDCl3. A characteristic
feature of the 1H NMR spectra for 2A and 2B are the methyne protons which appeared as
quartets centered at 4.6 and 4.4 ppm for 2A for 2B, respectively, with JHH coupling
constant of 6.9 Hz for the former and 6.6 Hz for the latter. The methyl protons of the chiral
carbon are one doublet centered at 1.55 and 1.58 ppm for 2A and 2B, respectively, also
with JHH coupling constant of 6.9 Hz for the former and 6.6 Hz for the latter, and for 2B
the distinctive feature being the methyl group in the para position at 2.19 ppm. The IR
spectrum of 2A–B in KBr revealed the C=N stretch at 1625 and 1613 cm−1, respectively.
Mass spectra for 2A–B displayed the molecular ion peaks at m/z 315 and 329, respectively,
matching the expected molecular weights in each case.

Treatment according to the previously reported procedure [26] led to formation of the
corresponding complexes, 3A–B, and their structures were partly established by
spectroscopic analysis. The complexes are apparently air stable in solid and in solution,
with no evidence of decomposition even after exposure of the solutions to air for several
days.

Complexes 3A–B, isolated as clear orange solids in 78 and 69% yield, respectively,
were given structure 3 based on their spectroscopic features. The 1H NMR (400 MHz,
CDCl3) spectrum for 3A shown at 8.4–6.6 ppm multiple signals (11 H) owing to the
aromatic rings, and downfield at 6.4 ppm the distinctive quartet assigned to the proton
belonging to the chiral center, whereas at 1.9 ppm the doublet is ascribed to the methyl
group. The molecular weight of the complex was observed at m/z 493 by EI mode sug-
gesting a mononuclear complex. This fact was unequivocally established by single-crys-
tal X-ray diffraction (table 1) and the molecular structure is given in figure 1. For 3B,
almost identical spectroscopic data were obtained (see Experimental section), the only
difference being the additional signal owing to the methyl group in the para position for
the benzene ring of the ligand, and the distinctive features being the position of the sig-
nals in NMR for the proton of the chiral entity. Attempts to grow crystals of 3B suitable
for X-ray crystallography failed.

Scheme 1. Chiral α-ketoimines 2A–B derived from 2,2′-pyridil.
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2.1. Solid-state structure

The optical purity of crystallized 3A is confirmed by the space group P41. The asymmetric
unit contains one [PdCl2(2A)] complex, in general position (figure 1), and the PdII displays
the expected square-planar coordination geometry, universally observed for [PdIICl2L] com-
pounds in which L is a bidentate ligand. The main distortion from an ideal geometry arises
from the bite angle formed by the bidentate 2A, N3–Pd1–N12 = 80.52(12)°. In spite of this
distortion, the metal should present hybridization very close to dsp2, since the coordination
geometry is perfectly planar: the sum of cis angles around Pd1 is 360°.

The key feature for 2A is its conformation, which should fit the square-planar coordina-
tion of the metal and the steric requirements for the three aromatic rings. The α-ketoimine
core is bent, with a torsion angle O1=C1–C2=N3 of 72.1(5)°. Such a gauche conformation
is by far the less common for X-ray-characterized α-ketoimines. A scan of the CSD (v 5.36,
with all updates) [27] shows that for more than 3000 retrieved organic molecules including
that fragment, cis (τ = 0) and trans (τ = 180°) conformers are clearly preferred, compared to
any other conformation. In the case of 2A, the observed gauche conformer is an obvious
consequence of the substitution of vicinal C1 and C2 by pyridil rings and the conjugation
of imine and carbonyl double bonds with these aromatic systems. The same conformation
was described for free 2,2′-pyridil, with τ = 78.6° [28], and other non-planar conformations
have been observed in related small molecules, for instance in benzil, which crystallizes as
an anticlinal conformer (τ = 107.3°) [29]. The conformation of 2A in the PdII complex
allows the conjugation of the imine bond C2=N3 with the pyridil ring containing N12, and
therefore the formation of the planar palladacycle Pd1–N3–C2–C11–N12 required by the
PdCl2 fragment. Once N3 and N12 are coordinated to the metal, other potential donors in
the ligand, O1 and N6, are no longer available for coordination. Finally, the chiral moiety
centered on C4 adopts a position avoiding steric hindrance between the methyl group and
the α-ketoimine system, and favors significant π� � �π interaction between the phenyl ring
C18–C23 and the non-coordinating pyridil ring C5–C10: these rings are arranged almost
parallel [dihedral angle between mean planes: 24.8(3)°] and the centroid-to-centroid

Table 1. Crystal data for 3A.

Compound 3A: [PdCl2(2A)]
Empirical formula C20H17Cl2N3OPd
Formula weight 492.66
Color, habit Orange, prism
Crystal size (mm) 0.60 × 0.50 × 0.38
Space group P41
a = b (Å) 8.7111(8)
c (Å) 27.1870(16)
Unit-cell volume (Å3) 2063.0(4)
Z, Z′ 4, 1
ρcalcd (g cm−3) 1.586
2θ range (°) 4–60
Reflns. collected 5279
Independent reflns. (Rint) 3192 (0.026)
Transm. factors 0.228–0.296
Final R [I ≥ 2σ(I)] R1, wR2 0.027, 0.063
Final R (all data) R1, wR2 0.031, 0.065
Goodness-of-fit on F2 1.025
Data/restraints/parameters 3192/1/246
Largest peak/hole (eÅ−3) 0.377/−0.423
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separation is rather short, 3.76 Å. Surprisingly, 3A seems to be the first X-ray-characterized
transition metal complex bearing a pyridil-substituted α-ketoimine ligand.

In the crystal, molecules interact through weak hydrogen bonds involving the carbonyl
group C1=O1 as acceptor, to form chains in the [0 0 1] direction, along the 41 screw axis.

2.2. Anticancer results

IC50 values (μM) of 3A–B and cisplatin against U251 (CNS), PC-3 (prostate), K562
(leukemia), HCT-15 (colon), and MCF-7 (breast) human cancer cells are displayed in table
2. The data show that both 3A–B do not show cytotoxicity toward K562 (leukemia) cell
lines. Complexes 3A and 3B have a IC50 value lower than 100 μmolL−1 against U251
(CNS), PC-3 (prostate), HCT-15 (colon), and MCF-7 (breast) cancer cells as salient fea-
tures, with 3A performing slightly better for all cell lines, i.e. complex 3A shows moderate
activity against U251 (CNS), and PC-3 cell lines (IC50 = 37 ± 1 and 29 ± 1 μmolL−1,
respectively), while 3B displays an IC50 = 48 ± 1 and 45 ± 1 μmolL−1, respectively. Both
complexes show better activity toward HCT15 (colon) and MCF-7 (breast) cell lines: 3A
shows values of = 3 ± 1 and 22 ± 1, respectively, while 3B exhibits IC50 = 36 ± 1 and 30
± 1, respectively. These complexes display, in general, similar cytotoxicity as shown by
chiral benzyl α-ketoimine Pd(II) complexes, reported earlier by our group [26]. These
complexes show much better cytotoxicity than related chiral dimine palladium complexes
[25]. These studies indicate that the nature of the aromatic rings have an effect in the
coordination mode of the metal and consequently in their cytotoxicity, but the IC50 values
do not show a definite correlation and as these studies are based on a limited series of
complexes, a point of convergence cannot be established yet.

3. Summary

The synthesis and characterization of two chiral ketoimines and their Pd(II) complexes are
reported. The crystal and molecular structure for 3A has been determined by single-crystal
X-ray studies. Molecular structure shows that asymmetric unit contains one [PdCl2(2A)]
complex, and the PdII metal presents a square-planar coordination geometry, where ligand
2A acts as a bidentate ligand. Anticancer activity of both the complexes has also been deter-
mined. The data show that both 3A–B do not show cytotoxicity toward K562 (leukemia)
cell lines, with 3A performing slightly better for all cell lines. These complexes show a
similar cytotoxicity as shown by benzyl α-ketoimine Pd(II) complexes and better cyto-
toxicity than related chiral dimine palladium complexes reported earlier by us. Work is in

Table 2. IC50 (µmolL−1) values of 3A–B and cisplatin against U251 (CNS), PC-3 (prostate), K562 (leukemia),
HCT-15 (colon), and MCF-7 (breast) human cancer cells.

Complex U251 (CNS) PC-3 (Prostate) K562 (Leukemia) HCT-15 (Colon) MCF-7 (Breast)

3A 37 ± 1 29 ± 1 >100 31 ± 1 22 ± 1
3B 48 ± 1 45 ± 1 >100 36 ± 1 30 ± 1
Cisplatin N. D. 10.5 ± 0.05 3 ± 1 5 ± 1 2.5 ± 0.6

N. D.: Not determined.
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progress with other optically pure α-ketoimines to increase the scope and fine-tuning the
cytotoxic activity by varying the functional groups.

4. Experimental

4.1. General methods
1H NMR and 13C NMR spectra were recorded on a Varian 400S spectrometer using CDCl3
as solvent and TMS as internal reference. IR spectra were performed on a Perkin-Elmer
283 B or 1420 spectrometer. The FAB spectra were obtained on a JEOL JMS-SX 102A
mass spectrometer operated at an accelerating voltage of 10 kV. Samples were desorbed
from a nitrobenzyl alcohol matrix using 6 keV xenon atoms. The electronic impact (EI)
ionization mass spectra were acquired on a JEOL JMS-AX505 HA mass spectrometer
operated in the positive ion mode. The acquisition conditions were ion source temperature
230°C, ionization energy 70 eV, emission current 0.14 μA, and ionization current 100 μA.
Mass measurements in FAB are performed at 10,000 resolution using electrical field scans
and the polyethylene glycol ions as reference material. Melting points were measured using
a Mel-Temp II apparatus and are uncorrected. Elemental analyses were recorded from a
Euro EA elemental analyzer. Reagents were obtained from commercial suppliers and used
as received.

4.2. Synthesis of chiral α-ketoimines 2A–B

2,2′-Pyridil (1 g, 4.7 mmol) was allowed to react with the chiral amine in equimolar
amounts, i.e. with (S)-(−)-1-phenylethylamine (0.56 g, 4.7 mmol) and (S)-(−)-1-(4-methyl-
phenyl)ethylamine (0.64 g, 4.7 mmol), respectively, under focused microwave irradiation at
400 W during 15 min in solvent-free conditions. The products obtained were characterized
by spectroscopic techniques and were used without purification.

N-(S)-(−)-(phenylethyl)pyridil-pyridilidenamine (2A). Yield (97%), orange powder,
mp = 158 °C. FT-IR (KBr): 1692.7 (C=O), 1625.5 (C=N) cm−1. 1H NMR (400 MHz,
CDCl3): δ 7.93–7.182 (m, 13 H, Ar), 4.64 (q, 1H, H–C*), J = 6.9 Hz., 1.55 (d, 3H, H3C–
C*), J = 6.9 Hz. 13C NMR (75 MHz, CDCl3): δ 199.5 (C=O), 164.8 (C=N), 149.2, 148.2,
142.9, 137.1, 136.9, 136,3, 128.4, 127.4, 126.6, 124.3, 121.6, 120.7, 61.9 (HC*), 22.1
(CH3–C*). MS-EI m/z = 315 (M+). [α]25D = −14.2 (c = 0.1, CHCl3). Anal. Calcd for
C20H17N3O: C, 76.17; H, 5.43; N, 13.32. Found: C, 76.13; H, 5.33; N, 12.92.

N-(S)-(−)-(4-methyl-1-phenylethyl)pyridyl-pyridilidenamine (2B). Yield (93%), yellow
oil. FT-IR (KBr): 1685.5 (C=O), 1613.8 (C=N) cm−1. 1H NMR (400 MHz, CDCl3):
δ 8.62–7.12 (m, 12 H, Ar), 4.40 (q, 1H, H–C*), J = 6.6 Hz., 2.19 (s, 3H, H3C–Ph), 1.58
(d, 3H, H3C–C*), J = 6.6 Hz. 13C NMR (75 MHz, CDCl3): δ 196.9 (C=O), 165.0 (C=N),
153.7, 151.6, 149.4, 148.3, 139.9, 137.2, 136.5, 129.6, 128.5, 128.2, 126.5, 124.4, 122.2,
61.9 (HC*), 50.9 (CH3), 21.3 (CH3–C*). MS-EI m/z = 329 (M+). [α]25D = −35.6 (c = 0.1,
CHCl3). Anal. Calcd for C21H19N3O: C, 76.57; H, 5.81; N, 12.76. Found: C, 76.44; H,
5.75; N, 12.62.

3810 D. Gutiérrez et al.
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4.3. Synthesis of 3A–B

A solution of benzene (30 mL) containing the ligand (1 mmol), i.e. 2A (315 mg, 1 mmol)
and 2B (329 mg, 1 mmol) along with Pd(COD)Cl2 (285 mg, 1 mmol) was stirred for 2 h
and a precipitate was formed almost instantaneously. The solid was filtered and washed
with AcOEt/CH2Cl2 (1:1). Crystals were formed after 1–2 days.

Complex 3A. Yield (78%), orange crystals, mp = 208°C. FT-IR(KBr): 1701 (C=O), 1589
(C=N) cm−1. 1H NMR (400 MHz, CDCl3): δ 8.48–6.69 (m, 13H, Ar), 6.40 (q, 1H, H–C*),
1.95 (d, 3H, H3C–C*).

13C NMR (CDCl3/TMS): δ 150.8, 148.5, 139.1, 136.5, 131.0,
128.5, 128.2, 127.4, 127.1, 126.2, 122.6, 64.0 (HC*), 18.7 (CH3–C*). MS-EI
m/z = 493 M+. [α]25D = +20.6 (c = 0.1, CH3Cl3). Anal. Calcd for C20H17Cl2N3OPd: C,
48.76; H, 3.48; N, 8.53. Found: C, 48.69; H, 3.45; N, 8.50.

Complex 3B. Yield (69%), light orange powder, mp = 243 °C. FT-IR(KBr): 1715 (C=O),
1611(C=N) cm−1. 1H NMR (400 MHz, CDCl3): δ 8.86–6.24 (m, 12H), 6.46 (q, 1H, H–C*),
2.24 (s, 3H, H3C–Ph), 1.95 (d, 3H, H3C–C*).

13C NMR (CDCl3/TMS): δ 148.6, 145.1,
139.7, 135.1, 132.3, 129.7, 128.2, 127.7, 127.3, 126.5, 121.5, 61.8 (HC*), 52.4 (CH3), 20.3
(CH3–C*). MS-EI m/z = 508 M+. [α]25D = +67.8 (c = 0.1, CH3Cl3). Anal. Calcd for
C21H19Cl2N3OPd: C, 49.78; H, 3.78; N, 8.29. Found: C, 49.21; H, 3.65; N, 8.19.

4.4. Crystallographic study

Diffraction data for 3A (table 1) were collected at room temperature with a Siemens P4
diffractometer (Mo Kα radiation) using standard procedures [30], and the structure was
solved and refined using SHELX programs [31]. A small coverage of Friedel pairs afforded
a refined Flack parameter consistent with the expected enantiomer S–C4 for 2A. In the final
cycles, all hydrogens were refined as riding to their carrier carbons, with bond lengths fixed
to 0.93 (aromatic CH), 0.96 (methyl CH3), or 0.98 Å (methine CH), and calculated isotropic
displacement parameters. A cif file including intensity data has been deposited with refer-
ence CCDC 1401876.

4.5. Assay for anticancer activity

Colon cancer (HCT-15), cancer breast (MCF-7), leukemia (K-562 CML), central nervous
system (U-251 Glio), and prostate cancer (PC-3) cell lines were supplied by the National
Cancer Institute (USA). Cytotoxicities of the tumors cells with the test compounds were
determined using the protein-binding dye sulforhodamine B (SRB) in microculture assay to
measure cell viability and cell growth, as described in the literature [32]. The cell lines were
cultured in RPMI-1640 supplemented with 10% fetal bovine serum, 2 mM L glutamine,
100 IU mL−1 penicillin G, 100 μg mL−1 streptomycin sulfate, and 0.25 μg mL−1 ampho-
tericin B (Gibco). They were maintained at 37 °C in a 5% CO2 atmosphere with 95%
humidity. For the assay, cells were detached with 0.1% trypsin-EDTA to make single-cell
suspension, and viable cells were counted using a haemocytometer and diluted with med-
ium to give 5 × 104 cell/mL (K562, MCF-7), 7.5 × 104 cell/well (U251, PC-3) and
10 × 104 cell/well (HCT-15). About 100 μL/well of these cells suspension were seeded in
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96-well microtiter plates and incubated to allow for cell attachment. After 24 h, the cells
were treated with logarithmic concentrations of the test products and the positive control,
doxorubicin. They were initially dissolved in DMSO (40 mM) and further diluted in med-
ium to produce five concentration test solutions (100, 31, 10, 3.1, and 1 μM). About
100 μL of each test solution with the compound to evaluate were added to each well. After
48 h, adherent cell cultures were fixed in situ by adding 50 μL of cold 50% (wt/vol) tri-
chloroacetic acid (TCA) and incubated for 60 min at 4 °C. The supernatant was discarded
and the plates were washed three times with water and air dried. Cultures fixed with TCA
were stained for 30 min with 100 μL of SRB solution (0.4% wt/vol in 1% acetic acid).
Unbound SRB was removed by four washes with 1% acetic acid and protein-bound dye
was extracted with 10-mM unbuffered tris base (tris[hydroxymethyl]aminomethane), and
the optical densities were read on an automated spectrophotometric plate reader at a single
wavelength of 515 nm. The IC50 (concentrations required to inhibit cell growth by 50%)
were calculated according to the protocol previously established. Mean and standard error
(SE) of the three independent experiments for each selected concentration of the studied
compound were determined.
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