
Mendeleev Commun., 2014, 24, 26–28

–  26  –© 2014 Mendeleev Communications. All rights reserved.

Mendeleev
Communications

Palladium(ii) complexes are of considerable current interest 
because of their potentially beneficial pharmacological properties. 
Palladium complexes with aromatic N-containing ligands, such 
as pyridine, quinoline, pyrazole and 1,10-phenanthroline deriva
tives, have shown very promising antitumor characteristics.1–4 
Some of these complexes, especially the trans analogues with 
nonplanar heterocyclic amine ligands, have been found to over
come multifactorial cisplatin resistance in human ovarian cell 
lines.5,6 On the other hand, Pdii complexes exhibited catalytic 
activity in carbon–carbon and carbon–nitrogen bond-forming reac
tions.7,8 Four-coordinate palladium(ii) complexes with square-
planar geometry and various N-heteroaromatic ligands are useful 
building blocks for producing interesting molecular structures.9 
Metal complexes with N-heteroaromatic ligands exhibit luminescent 
properties, which strongly depend on their electronic structure.10–14

Here, we report the syntheses and spectroscopic characteriza
tion of (E)-8-hydroxyquinoline-2-carbaldehyde O-benzyl oxime 
(L) and a palladium(ii) complex with the ligand L. The optically 
active 8-hydroxyquinoline derivatives are promising fluorogenic 
chelating agents in luminescence investigation, and may possess 
the capacity to contribute excellent emission when it works with 
coordinated metal ions. Moreover, we also performed a quantum-
chemical study to characterize the molecular and electronic 
structures of the complex by the analysis of optimized mole
cular geometry and electronic populations using a natural bond 
orbitals scheme for identifying the nature of interactions between 
the ligands and the central ion. The time dependent density 
functional theory (TD-DFT) was finally used to calculate the 
electronic absorption spectrum. Based on a molecular orbital 
scheme, these results allowed us to interpret the absorption and 
emission spectra obtained at an experimental level.

(E)-8-Hydroxyquinoline-2-carbaldehyde O-benzyl oxime was 
prepared by microwave assisted synthesis,† and the palladium(ii) 

complex was obtained by a reaction of the ligand with PdCl2 
(metal : ligand ratio, 1 : 2) in acetonitrile.‡ The ligand and the 
complex were characterized by conventional spectroscopic tech
niques and single-crystal X-ray analysis.§ The IR spectrum of the 
ligand shows a strong absorption band at 3422 cm–1 assignable 
to the O–H stretch, which is not present in the spectrum of the 
complex. Oxime C=N and C–O gave strong bands at 1640 and 
1012 cm–1 in the ligand and 1647, 1027 cm–1 in the complex. The 
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The title complex was synthesized and characterized by IR, NMR and UV-VIS spectroscopy and X-ray crystallography; the electronic 
structure of the complex was calculated using the density functional theory.

†	 Synthesis was performed in a CEM discovery microwave reactor with 
temperature and pressure control. Equimolar quantities of 8-hydroxy
quinoline-2-carbaldehyde and O-benzylhydroxylamine were dissolved in 
dry ethanol, and then two drops of AcOH were added as a catalyst. The 
resulting mixture was heated in a microwave reactor at 85 °C for 10 min 
(maximum microwave power, 50 W). After cooling, the precipitated 
yellow solid was filtered off, washed with diethyl ether and crystallized 
from MeOH. Yield, 83%. IR (KBr, n/cm–1): 3422 (s, nOH), 3028 (nArH), 
2942 (nCH), 1640 (C=N oxime), 1560 (nCN/C=C), 1243 (dOH), 1012 (N–O 
oxime). 1H NMR (DMSO-d6, 400 MHz) d: 9.85 (m, 1H, OH), 8.37 (s, 
1H, CH), 8.32 (d, 1H, J 8.8 Hz), 7.90 (d, 1H, J 8.4 Hz), 7.49–7.39 (m, 7 H), 
7.12 (d, 1H, J 8.8 Hz), 5.30 (s, 2 H, CH2). 13C NMR (DMSO-d6, 100 MHz) 
d: 153.94 (C–Oquin), 150.42 (CH–N–O), 149.66, 138.56, 137.69, 137.25, 
129.24, 128.94, 128.90, 128.86, 128.49, 118.31, 118.24, 112.65, 76.63 (CH2).

‡	 The mixture of (E)-8-hydroxyquinoline-2-carbaldehyde O-benzyl oxime 
(0.28 g, 1 mmol) and PdCl2 (0.1 g, 0.5 mmol) in acetonitrile (50 cm3) 
was refluxed for ~3 h. The yellow single crystals were obtained by slow 
evaporation of the solvent. Yield, 91% (0.33 g). IR (KBr, n/cm–1): 3027 
(nArH), 2926, 2873 (nCH), 1647 (C=N oxime), 1554 (nCN/C=C), 1027 (N-O 
oxime). 1H NMR (500 MHz, CDCl3) d: 8.37 (s), 8.01 (dd, J 10.7 and 
8.7 Hz), 7.61 (t, J 11.9 Hz), 7.55–7.32 (m), 7.00 (d, J 7.9 Hz), 5.31 (s, CH2). 
13C NMR (126 MHz, CDCl3) d: 167.95 (C–Oquin), 152.76 (CH–N–O), 
149.79, 138.38, 136.36, 127.63, 119.47, 115.22, 113.01, 110.40, 76.78 
(CH2). UV-VIS [acetonitrile, l/nm (log e)]: 347 (3.16), 333 (3.41), 239 
(sh), 212 (4.92).
§	 The X-ray intensity data of L and [Pd(L)2] were collected on a Gemini A 
Ultra diffractometer equipped with an Atlas CCD detector and graphite 
monochromated MoKa radiation (a = 0.71073 Å) at room temperature. 
Lorentz, polarization and empirical absorption  correction using spherical 
harmonics implemented in the SCALE3 ABSPACK scaling algorithm19 
were applied. The structure was solved by the Patterson method and 
subsequently completed by the difference Fourier recycling. All the non-
hydrogen atoms were refined anisotropically using a full-matrix, least-
squares technique. The hydrogen atoms were treated as ‘riding’ on their 
parent carbon atoms and assigned isotropic temperature factors of 1.2 
(non-methyl) and 1.5 (methyl) times the value of equivalent temperature 
factor of the parent atom. The methyl groups were allowed to rotate about 
their local threefold axis. The SHELXS-97 and SHELXL-97 programs20 
were used for all the calculations. 
	 Selected crystallographic data for C17H14N2O2 (L): monoclinic, space 
group P21/c, a = 13.7263(13), b = 11.3149(11) and c = 9.1935(9) Å, 
b  =  103.803(9)°, V = 1386.6(2) Å3, Z = 4, dcalc = 1.333 g cm–3; m = 
0.089 mm−1; data/restraints/parameters 2447/0/191; S = 0.998. Final R 
indices [I > 2s(I)]: R1 = 0.0446, wR2 = 0.0966. R indices (all data): R = 
= 0.0731, wR = 0.1070. 
	 Selected crystallographic data for C34H26N4O4Pd ([Pd(L)2]): triclinic, 
space group P1

–
, a = 4.8859(3), b = 9.0453(5) and c = 16.0294(11) Å, a = 

= 89.011(5), b = 87.620(6), g = 83.387(5)°, V = 703.04(8) Å3, Z = 1, dcalc = 
= 1.561 g cm–3; m = 0.708 mm−1; data/restraints/parameters: 2480/0/232; 
S = 1.049. Final R indices [I > 2s(I)]: R1 = 0.0580, wR2 = 0.1291. R indices 
(all data): R = 0.0620, wR = 0.1315.
	 CCDC 928019 and 936303 contain the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk. 
For details, see ‘Notice to Authors’, Mendeleev Commun., Issue 1, 2014.
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characteristic bands of the C=C and C=N stretching modes appear 
at 1560 cm–1 in free ligand and are shifted to 1554 cm–1 in the 
complex. The shift is connected with C=C and C=N bonds elonga
tion by about 0.02 Å upon coordination (see Table S2 in Online 
Supplementary Materials). The bond lengths in oxime part are 
slightly shorter in the complex than in free ligand, which is in 
accordance with IR spectra. 

(E)-8-Hydroxyquinoline-2-carbaldehyde O-benzyl oxime (L) 
and its palladium(ii) complex ([Pd(L)2]) crystallize in monoclinic 
P21/c and triclinic P1

–
 space group, respectively, and their mole

cular structures are presented in Figure 1. The structures are 
stabilized by short contacts, which can be classified as weak 
hydrogen bonds and p-stacking interactions (see Tables S3, S4 and 
Figure S1 in Online Supplementary Materials). The palladium(ii) 
atom in complex [Pd(L)2] has square planar environments with 
the ligands bonded to the metal through the pyridine nitrogen 
and hydroxyl oxygen atoms. Because the palladium atom in the 
complex structure is located on an inversion centre, the asym
metric unit contains one half of the complex. The Pd–N and 
Pd–O bond lengths of 2.076(4) and 1.986(3) Å, respectively, are 
comparable with those in other palladium(ii) complexes. The 
square planar environment of palladium is distorted and the 
deviation from the expected 90° comes from the bite angle of 
ligand [O(1)–Pd(1)–N(1) 81.95(14)°].

The geometry of the complex was optimized in a singlet state 
by the DFT method with B3LYP functional using the Gaussian09 
software package.15,16 The B3LYP method in combination with 
DZVP basis17 gives a good estimation of the Pd–N and Pd–O 
bond lengths (Table S2 in Online Supplementary Materials). The 
calculated charge on the palladium atom (0.77) is considerably 
lower than the formal +2. Moreover, the populations of the Pd(ii) 
dxy, dxz, dyz, dx2 – y2 and dz2 orbitals of 1.74, 1.86, 2.00, 1.96 and 
1.19, respectively, indicate a significant charge donation from 
the ligand. The NBO analysis shows meaningful advantage of 
donation from ligands to metal (563.6 kcal mol–1) over Pd®L2 
backdonation (33.9 kcal mol–1). The Pd–L interaction has a 
Coulomb-type character, which is visible in the calculated Wiberg 
bond indices with values considerably lower than one (Pd–N, 0.38; 
Pd–O, 0.47). The charge flow data indicate the strong s-donor 
property of the ligand, which manifests itself in a significant 
population on b1g level (dx2 – y2). The splitting of 4d palladium 
orbital diagram is presented in Online Supplementary Materials 
(Figure S2). The relatively large difference in energy between 
b2g (p*xy) and b1g (s*x2 – y2) levels (2.80 eV) also indicates the 

(E)‑8‑hydroxyquinoline-2-carbaldehyde O-benzyl oxime as a 
strong ligand.

The UV-VIS spectrum of the complex presents a broad unsym
metrical band with maxima at 347 and 333 nm and two maxima 
at 239 (sh.) and 212 nm. The electronic spectrum was calculated 
with the TD-DFT method and the solvent (acetonitrile) effect 
was simulated using the polarizable continuum model with the 
integral equation formalism (IEF-PCM).18 The metal-to-ligand 
charge transfer transitions play a role at the lower energy bands 
with an admixture of LLCT transitions. In the higher energy part 
of spectrum, transitions from ligand to b1g term (pL ® dx2 – y2) were 
calculated. Generally, terms result from splitting, in D2h ligand 
field, palladium 4d orbitals play a role in the whole spectrum, 
which is connected with the square planar geometry of the 
complex and a large nephelauxetic effect of the 4d orbitals. (The 
inset in Figure S2 presents density-of-states diagram for [Pd(L)2] 
complex, and one can see that the palladium d-orbitals play role 
in a wide energy range of occupied molecular orbitals.)

Emission characteristics of the complex were obtained in 
optically diluted acetonitrile solutions at room temperature.¶ The 
solution of the complex was excited in a range of 250–500 nm, 
and fluorescence with a maximum at 398 nm by the excitation at 
303 nm was observed (Figure 2). The red shift of the emission 
maximum is typical of 4d metal(ii) complexes and the emission 
originating from the charge transfer states, derived from the 
excitations involving a dp ® p*L transitions. The quantum effi
ciency of 0.13 is rather high. In the solid state the emission has been 
quenched. The solution of the ligand does not exhibit emission 
upon excitation in a range from 200 to 350 nm.

Thus, (E)-8-hydroxyquinoline-2-carbaldehyde O-benzyl oxime 
and the palladium(ii) complex with this ligand were synthesized; 
their molecular structures were determined by X-ray analysis, 
and the IR, NMR and UV-VIS spectra were studied. Based on 
the crystal structures, computational studies were carried out 
in  order to determine the electronic structure of the complex. 
Electronic spectrum was calculated using the TD-DFT method 
and character of transitions was commented in connection with 
the structure of molecular orbitals. Excitation of an acetonitrile 
solution of the complex at 303 nm gave blue emission with a 
maximum at 398 nm (in the solid state, the emission is quenched). 

¶	 Quantum yields of fluorescence were calculated using the equation 
Fs = Fstd Grads hs

2/Gradstd h2
std, where Fs is the quantum yield of unknown 

sample; Fstd is the quantum yield of naphthalene as reference at 313 nm 
equal to 0.21; Grads and Gradstd are the gradients from the plot of integrated 
fluorescence intensity vs. the solutions absorbance at the excitation wave
length and hs and hstd are the refractive indices of the solvents. Samples 
were prepared with absorbance less than 0.1 at excitation wavelengths 
in order to minimize re-absorption effects and avoid inner-filter effects, 
which may perturb the quantum yields. Solvent (acetonitrile) was of 
spectroscopic grade.
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Molecular structures of (Figure  1  a) (E)-8-hydroxyquinoline-2-carbalde
hyde O-benzyl oxime (L) and (b) [Pd(L)2] complex with anisotropic dis
placement parameters shown at a 50% probability level.
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(Figure  2  1) Excitation and (2) fluorescence spectra of an acetonitrile 
solution of [Pd(L)2]. Insert: the 3D fluorescence map.
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Emission originating from the lowest energy metal to ligand 
charge transfer (MLCT) state, derived from the excitation involving 
a dp ® p*L transition (with admixture of LLCT transitions) was 
observed. The assignment is supported by the analysis of the 
frontier orbitals of the complex showing a partial contribution of 
ligands nature. 

The GAUSSIAN-09 calculations were carried out at the 
Wroclaw Centre for Networking and Supercomputing (WCSS) 
Poland, http://www.wcss.wroc.pl.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi:10.1016/j.mencom.2013.12.008.
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