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a b s t r a c t

A new complex N-(2-hydroxyethylamino)ethylsalicylaldiminato]-palladium(II) chloride [Pd(L)Cl] was
synthesized by the reaction in ethanol of the Schiff base 2-(2-(2-hydroxyethylamino)ethylimino)methyl
phenol (LH) and Li2PdCl4. The complex was characterized by 1H NMR, 13C NMR, FT-IR and UVeVis
spectroscopic techniques. The structure of the complex was confirmed by single-crystal X-ray struc-
ture analysis. The electrochemical properties of PdCl2 and [Pd(L)Cl] have been investigated by cyclic
voltammetry. Additionally, the electronic structure, the solution spectrum and the redox property of
[Pd(L)Cl] have been rationalized by DFT and TDDFT methods.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Palladium complexes have gained a huge interest in synthetic,
pharmaceutical and material chemistry and their applications in
CeC and CeN cross-coupling reactions make them very popular for
the preparation of versatile organic building blocks [1e6]. Palla-
dium is relatively non-toxic, and some palladium complexes can be
handled under air [7], in supported form [8], in ionic liquidmedium
as well as in water [9]. These aspects are particularly important for
industries and contribute to the development of environmentally-
friendly chemical processes.

The use of Schiff base ligands in inorganic, biological and
analytical chemistry has been extensively studied [10]. Schiff bases
play an important role as organic ligands in coordination chemistry,
because they can easily coordinate transition metals to form stable
complexes [11,12]. Numerous reports have shown prominent
ssi).
biological properties of Schiff base complexes [13], especially due to
the presence of an imine group in the ligand [14e16]. Moreover, it is
well known that metal complexes having N,O donors exhibit
interesting biological activities such as anticancer [17], antifungal
[18] and antibacterial [19,20]. Furthermore, such complexes play a
major role in developing the coordination chemistry related to
catalysis, enzymatic reaction, electrochemistry, magnetism and
bioinorganic modeling studies [21e23].

Among the multitude of Schiff base ligands, the 2-(2-(2-
hydroxyethylamino)ethylimino)methyl phenol (LH) was first co-
ordinated to metals in the 1970s [24]. This versatile ligand pos-
sesses four coordination sites of different reactivity (see Scheme 1),
thus forming according to the reaction conditions and the transi-
tion metal used, complexes of variable denticity [25e28]. There-
fore, in view to contribute to the finding of new complexes that
could be valuable for the oxidation of natural terpenic olefins using
electrochemical methods, we report here the synthesis of a water-
stable Schiff base N,N,O palladium(II) complex [Pd(L)Cl]. The
complex was characterized by different spectroscopic techniques
and its molecular structure was confirmed by single-crystal X-ray
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Scheme 1. Synthesis of [Pd(L)Cl].

Table 1
Crystallographic and structure refinement parameters of [Pd(L)Cl].

[Pd(L)Cl]

Chemical formula C11H15ClN2O2Pd
Formula weight 349.10
Crystal system monoclinic
Space group P 21/a (no. 14)
Crystal color & shape yellow block
Crystal size 0.19� 0.18 x 0.16
a (Å) 12.4651 (7)
b (Å) 6.4785 (2)
c (Å) 15.8034 (9)
b (o) 93.868 (5)
V (Å3) 2338.2 (2)
Z 4
T (K) 293 (2)
Dc (g.cm�3) 1.821
m (mm�1) 1.658
Scan range (o) 2.58< q< 28.90
Unique reflections 3442
Reflections used [I> 2s(I)] 2999
Rint 0.0303
Final R indices [I> 2s(I)]a 0.0267, wR2 0.0658
R indices (all data) 0.0337, wR2 0.0683
Goodness-of-fit 1.037
Max, Min Dr/e (Å�3) 0.560, �0.698

a Structures were refined on F0
2: wR2¼ [S[w(F02 - Fc

2)2]/Sw(F02)2]1/2, where
w�1¼ [S(F02) þ (aP)2 þ bP] and P¼ [max(F02, 0)þ 2Fc2]/3.
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structure analysis. Theoretical analysis of the geometries and
electronic properties of the complex was studied using DFT and
TDDFT methods, while, the redox properties of PdCl2 and [Pd(L)Cl]
were investigated by cyclic voltammetry.

2. Experimental

2.1. Material and methods

PdCl2, LiCl, ethanol, 2-hydroxyethylamine and salicylaldehyde
were purchased from Sigma Aldrich. The ligand 2-(2-(2-
hydroxyethylamino)ethylimino)methyl phenol (LH) has been pre-
pared by the condensation of salicylaldehyde and 2-
hydroxyethylamine as described in the literature [29]. [Pd(L)Cl]
was synthesized by a procedure adapted from our previous work
[30]. NMR studies were recorded in DMSO‑d6 using a Bruker Avance
300 spectrometer. Chemical shifts are given in ppm relative to
external TMS and coupling constants (J) are provided in Hz. FT-IR
analysis was performed on a VERTEX 70 in KBr and the UVevis
2550 Shimadzo spectra were recorded at room temperature in
the range of 200e900 nm. For MS detection, the ionization was
performed on a 4000 QTrap (AB SciexTM) in positive ESI mode
using a mass scan range of 200e550 Da. Experimental source pa-
rameters were as follows: ion spray voltage 5500 V, ion source gas
GS1 30 psi, curtain gas CUR 10 psi and declustering potential 80 V.
The sample was dissolved in methanol (HPLC grade), at 1 mg/mL,
and injected in the Turbo VTM ion source by a syringe pump
(Harvard Apparatus, USA) with a flow rate of 20 mL/min. Cyclic
voltammetry measurements were realized using a potentiostat
PGZ100 equipped with a standard three-electrode configuration. A
platinum wire working electrode, a platinum mesh auxiliary elec-
trode and Ag/AgCl (saturated KCl) reference electrode. Voltamme-
try measurements were carried out in distillate water/ethanol (50/
50: v/v) solution with 2mM nitrate potassium as the supporting
electrolyte.

2.2. Synthesis of [Pd(L)Cl]

A mixture of PdCl2 (43mg, 0.24mmol) and LiCl (30mg,
0.7mmol) in 20mL of ethanol was stirred at 60 �C until the
appearance of a light orange color. Then, the LH ligand (0.015 g,
0.07mmol) was added at room temperature. After 2 h, a yellow
precipitate was observed. The solid was filtered and washed with
ethanol. Recrystallization from ethanol afforded the product, [Pd(L)
Cl] in 53% yield (0.013 g, 0.037mmol).

C11H15ClN2O2Pd Color yellow: ESI-MS (positive mode) m/
z¼ 313.3 [M-Cl]þ. FT-IR (cm�1, KBr): y(C]N) 1635, y(CeO) 763. 1H
NMR (300MHz, DMSO‑d6, ppm): 3.20e3.80 (6H, m), 3.91 (1H, m),
4.81 (1H, t, J¼ 5.2 Hz), 5.93 (1H, S), 6.53 (1H, t, J¼ 7.3 Hz), 6.72 (1H,
d, J¼ 8.4 Hz), 7.20 (1H, td, J¼ 8.5, 1.72 Hz), 7.36 (1H, dd, J¼ 8.5,
1.72 Hz), 8.05 (1H, S). 13C NMR (75MHz, DMSO‑d6, ppm): 52.29
(CH2), 53.46 (CH2), 58.39 (CH2), 59.82 (CH2), 114.36 (CH), 120.01
(CH), 120.05 (C), 134.41 (CH), 134.44 (CH), 158.77 (CH]N), 163.41
(C).
2.3. X-ray crystallography

A crystal of [Pd(L)Cl] was mounted on a Stoe Image Plate
Diffraction system equipped with a f circle goniometer, using Mo-
Ka graphite monochromated radiation (l¼ 0.71073 Å) with f range
0-200�. The structure was solved by direct methods using the
program SHELXS-97, while the refinement and all further calcula-
tions were carried out using SHELXL-97 [31]. The H-atoms were
included in calculated positions and treated as riding atoms using
the SHELXL default parameters, while the non-H atoms were
refined anisotropically using weighted full-matrix least-square on
F2. Crystallographic details are summarized in Table 1. Fig. 1 was
drawn with ORTEP [32].

CCDC-1844929 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ,
UK; fax: (internat.)þ44e1223/336-033; E-mail: deposit@ccdc.cam.
ac.uk].
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Fig. 1. Ortep drawing of [Pd(L)Cl] at 35% probability level ellipsoids.

Table 2
Selected X-ray and calculated bond distances (Å) and angles (�) of [Pd(L)Cl].

X-ray Calc

Bond (Å)
Pd e N1 1.9586 (18) 2.01115
Pd e N2 2.0516 (19) 2.13577
Pd e O1 1.9912 (16) 2.01231
Pd e Cl 2.3349 (6) 2.35836
Angles (�)
N1e Pd e N2 84.60 (8) 83.50263
N1e Pd e O1 93.02 (7) 92.42701
N1e Pd e Cl 176.02 (6) 175.06306
N2 e Pd e O1 175.77 (7) 175.68727
N2 e Pd e Cl 91.47 (6) 93.20425
O1 e Pd e Cl 90.88 (5) 90.94852
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2.4. Computational studies

Computational investigations were carried out using the
Gaussian 09 program package [33]. Geometrical optimization of the
[Pd(L)Cl] structure was performed at the B3LYP level using the
Density Functional Theory DFT method [34,35]. 6e31þþG (d,p)
basis set was employed for the C, H, O, N and Cl atoms, and Los
Alamos National Laboratory 2-Double-Z (LanL2DZ) [36e38] basis
set with effective core potential was assigned for the Pd atom.
Further, to ensure that the optimized geometry is the most stable
conformation, vibrational frequency calculations were used, and
the calculated results showed no imaginary (negative frequencies)
eigen values. The vertical electronic excitations on the optimized
geometry of [Pd(L)Cl] were performed using the time dependent
density functional theory (TDDFT) method [39,40] with the
conductor-like polarizable continuum model (C-PCM) [41,42] in
ethanol as solvent. Additionally, GaussSum program [43] was used
to calculate the percent contribution of different groups to a
particular molecular orbital (MO) using the Mulliken population
analysis.

3. Results and discussion

3.1. Structural characterization

The title complex [Pd(L)Cl] was synthesized in ethanol by the
reaction of 2-(2-(2-hydroxyethylamino)ethylimino)methyl phenol
(LH) and PdCl2 in the presence of LiCl. A schematic diagram of the
complexation is shown in Scheme 1. The complex is air stable at
room temperature. The FT-IR study of [Pd(L)Cl] shows strong ab-
sorption bands at 1635 and 763 cm�1 due to the C]N and CeO
groups respectively, confirming the presence of the Schiff base
ligand. In the 1H NMR spectrum, a single peak at 8.05 ppm corre-
sponding to the proton of the azomethine (HC]N) group is
observed. Moreover, the four aromatic protons of L appeared be-
tween 6.53 and 7.36 ppm. Nevertheless, the molecular structure of
the complex was confirmed by single-crystal X-ray structure
analysis.

3.2. Crystal structure

The molecular structure of [Pd(L)Cl] shows the palladium atom
to have an almost perfect square-planar geometry, in which the
sum of the angles defining the square being equal to 360� (see
Table 2). Moreover, the maximum deviation from the plane defined
by Pd, Cl, O1, N1 and N2 (root mean square deviation of fitted
atoms¼ 0.0263) is only 0.0317(9) Å, confirming the high planarity
of the complex. This square-planar palladium(II) complex possess
similar geometrical parameters to those observed in analogous
O,N,N-Schiff base palladium complexes [44e49].
3.3. Computational investigations and DFT calculations

Optimization of the palladium complex was carried out in a
singlet ground state by DFT method to further understand the
electronic structure. All the bond lengths and angles for the com-
plex seems well reproducing the experimental crystal X-ray
diffraction structure data. The experimental and calculated
geometrical parameters are listed in Table 2.

Contour plots for the selected molecular orbitals (MOs) are
depicted in Fig. 2. The calculated MOs energies indicate the
chemical stability of the complex. The MOs energies as well as their
percent contribution are given in Table 3. The higher energy
occupied molecular orbital (HOMO) to the low lying virtual orbital
(LUMO) band gab energy is 3.65eV.

Molecular electrostatic potential (MEP) approach is used to
assess the reactivity of inorganic and organic molecules as well as
the existence of internal and external molecular interactions [50].
As it is observed in Fig. 3, we notice that the electron-rich sites are
located on the OePdeCl group while the electrophilic sites are
found around the two nitrogen atoms.



LUMO LUMO+1 LUMO+2

HOMO HOMO-1 HOMO-2
Fig. 2. Contour plots of some selected MOs of [Pd(L)Cl].

Table 3
Energy and composition of some selected molecular orbitals of [Pd(L)Cl].

Mos Energy (eV) % of contribution

Pd Ligand (L) Cl

LUMOþ5 0.01 25 75 0
LUMOþ4 �0.12 18 82 0
LUMOþ3 �0.24 3 97 0
LUMOþ2 �0.28 4 96 0
LUMOþ1 �1.93 2 98 0
LUMO �2.23 52 37 12
HOMO �5.88 11 87 2
HOMO-1 �6.76 36 41 23
HOMO-2 �6.87 81 14 5
HOMO-3 �7.14 27 12 61
HOMO-4 �7.36 9 56 34
HOMO-5 �7.72 73 26 1
HOMO-6 �7.76 12 65 23
HOMO-7 �8.01 2 93 5
HOMO-8 �8.41 26 31 43
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3.4. TDDFT calculation and electronic spectrum

The UVevis absorption spectrum of the synthesized complex
was measured in ethanol. Several absorption bands were observed
in the spectrum of [Pd(L)Cl] as shown in Fig. 4: Low energy broad
bands at 285 and 460 nm as well as moderate intensity bands at
305, 340 and 385 nm.Moreover, two intense high-energy bands are
observed at 224 and 241 nm respectively.

Therefore, to associate these bands to electronic transitions, the
absorption bands of [Pd(L)Cl] were determined by TDDFT. The
experimental bands along with the calculated excitation energies,
absorption bands, oscillator strengths (f), and MOs transitions
configuration are listed in Table 4. The low energy band at 460 nm
corresponds to HOMO / LUMO transition (lexcitation¼ 496 nm,
f¼ 0.0008) having LMCT (ligand tometal charge transfer) character
along with minimal contribution of MXCT (metal to halogen charge
transfer) transition. The band at 432 nm (lexcitation¼ 433 nm,
f¼ 0.0064) exhibits mixedMLCT (79%) and XMCT (halogen tometal
charge transfer, 11%) contributions). The intense high-energy ab-
sorptions observed at lmax of 224 nm (lexcitation¼ 218 nm,
f¼ 0.3869) and 241 nm (lexcitation¼ 238 nm, f¼ 0.006) have both
MLCT and LMCT characters.
3.5. Electrochemical studies

Cyclic voltammetry was studied with 4mM of [Pd(L)Cl] and
PdCl2 in distilled water/ethanol (50/50: v/v) mixture with 2mM
nitrate potassium as the supporting electrolyte with a scan rate of
100mV/s in the potential range �1.5e1.5 V. The obtained cyclic
voltammograms are presented in Fig. 5. As it was observed, the
PdCl2 shows two peaks, one irreversible cathodic reduction peak
at �17mV and a second quasi-reversible peak with E1/2¼ 760mV
(DE¼ 77mV). Cyclic voltammograms of [Pd(L)Cl] revealed two
peaks with potentials values of 104 and 1150mV. It is clear that the
palladium(II) complex shift the peak potential to positive regions
with a large separation of peaks [51]. This displacement is due to
the interaction of themetal centrewith the environment. The cyclic
voltammograms of the palladium(II) complex show quasi-
reversible process with a redox complex due to the formation of
Pd(II)/Pd(I) couple at Epc¼�950mV and Epa¼ 104mV [52]. The
second peak of the complex at 1150mV is the same as the Pd(II)
that is irreversible. This process is due to the electron transfer
mechanism, that can be considered as Pd(II)/Pd(III). Furthermore,
for better comprehension of the oxidation process, calculations
using DFT/B3LYP the Mulliken atomic charges of [Pd(L)Cl] and
[Pd(L)Cl]þ were performed (Table 5). The result shows that the
chloride atom has a significant enhancement of negative charge,
thus the potential peak of the complex is shifted to the positive
region, and accordingly, the oxidation is assigned to Pd(II)/Pd(III).



Fig. 3. Molecular electrostatic potential map of [Pd(L)Cl].

Fig. 4. Experimental UVeVis spectrum of [Pd(L)Cl] in ethanol.
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4. Conclusion

In this work, a new palladium(II) complex [Pd(L)Cl] was syn-
thesized from the Schiff base 2-(2-(2-hydroxyethylamino)ethyl-
imino)methyl phenol (LH) and Li2PdCl4. The complex was fully
characterized using several techniques including FT-IR, 1H NMR, 13C
NMR and ESI-MS. The structure of [Pd(L)Cl] was confirmed by
single crystal X-ray structure analysis, thus showing a square-
planar complex with a tridentate ligand. Furthermore, it has been
shown from cyclic voltammetry technique that the complex exhibit



Table 4
Experimental and calculated electronic transitions by TDDFT/C-PCM method of [Pd(L)Cl] in ethanol.

E excitation (eV) lexpt. (nm) lcalc. (nm) Osc. Strength (f) Key transitions Character

2.49692 460 496 0.0008 HOMO / LUMO (89%) p(L)/ dp(Pd)
LMCT/MXCT

2.85992 432 433 0.0064 HOMO-2 / LUMO (79%) dp(Pd) /p(L)
MLCT/XMCT

3.23812 386 382 0.0085 HOMO-3 / LUMO (75%) Pp(Cl) / dp(Pd)
XMCT/MLCT

3.36352 340 368 0.0763 HOMO / LUMOþ1 (78%) dp(Pd) /p(L)
MLCT

4.22983 305 293 0.1296 HOMO-1 / LUMOþ1 (76%) Pp(Cl) /p(L)
XLCT/MLCT

4.53803 285 273 0.1521 HOMO-6 / LUMO (68%) p(L)/ dp(Pd)
LMCT

5.07764 241 238 0.006 HOMO-7 / LUMO (90%) p(L)/ dp(Pd)
LMCT

5.70340 224 218 0.3896 HOMO / LUMOþ8 (55%) dp(Pd) /p(L)
MLCT

f¼ oscillator strength, HOMO¼ highest occupied molecular orbital, LUMO¼ lowest unoccupied molecular orbital.

Fig. 5. Cyclic voltammetry of PdCl2 and palladium complex in distilled water/ethanol at 298 K.

Table 5
Mulliken atomic charges of [Pd(L)Cl] and [Pd(L)Cl]þ calculated by DFT/B3LYP.

Atoms [Pd(L)Cl] [Pd(L)Cl]þ

Pd 0.056151 0.101434
Cl �0.248118 �0.041918
O �0.256319 �0.154360
N1 0.004759 �0.020021
N2 �0.536959 �0.545117
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a Pd(II)/Pd(III) oxidation process. Calculated vibrational fre-
quencies, electronic spectra and redox properties are in agreement
with the experimental findings.
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