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ABSTRACT. A novel distorted square-planar palladium(II) complex of the type [Pd(Hdz)(PPhs)Cl], where (Hdz
= dithizone mono deprotonate and PPh; = triphenylphosphine), was synthesized in dichloromethane reactions
between PdCl, and a mixture of Hdz and PPh;. The new Pd(II) complex has been identified by FT-IR, electronic
spectra, DFT calculations, molar conductivity, and single-crystal X-ray diffraction. An X-ray diffraction study
revealed the structure of this complex, indicating distorted square planar coordination geometry around the Pd(II)
ion by N, S, P, and Cl donor atoms. XRD analysis has also shown that the Pd(I) complex contains one five-
membered ring formed by the coordination of the Hdz ligand through the nitrogen and sulfur atoms to the palladium
metal center. To comprehend the strength of nucleophilic and electrophilic attack between the ligands and metal
ions, the natural bond orbital (NBO) was used. Finally, density functional theory (DFT) was used to show the
molecular reactivity and stability of the ligands and palladium complex.

KEY WORDS: Palladium(II), Dithizone mono deprotonated, Distorted square planar geometry, NBO analysis,
DFT calculations

INTRODUCTION

Most divalent and trivalent transition metal ions form a colored complex with dithizone, which is
a monoprotic organic acid capable of donating a proton and forming dithizonate [1]. The colored
dithizone complexes have become an important reagent for the determination of trace elements
[2]. Dithizone has been identified as a selective mercury adsorbent in industrial wastewater as
well as a potential anticancer copper chelator [3, 4]. One comparative study showed that dithizone
(H2dz) has diverse chelating forms, but the most common is monoanionic (Hdz) [5]. This
monoanionic species is formed by deprotonation of the hydrazine N-H group (Scheme 1),
followed by coordination of the sulfur atom and the terminal nitrogen atom of diazine to the metal
ion. Furthermore, different coordination complexes of the monoanionic ligand (Hdz) in square-
planar and octahedral geometries [M(Hdz),, M = Zn(Il), Cd(II), Pt(II), and Hg(II)] have been
prepared and characterized [6]. The monoanionic species (Hdz) can form neutral complexes of
the formula [M(Hdz),] and [M(Hdz);] with multivalent metal ions such as Cu(II), Ni(Il), Zn(II),
Pd(1D), Pt(11), Bi(Ill), and Sn(IV), as has been reported of the scientific literature [7-9]. This paper
presents the results and discussion of the synthesis and characterization of the obtained complex
[Pd(Hdz)(PPh3)Cl] (using UV-Vis spectra, X-ray structural, FT-IR, and molar conductivity
techniques). Theoretical studies, including Frontier Molecular Orbitals and Neutral bond orbitals
(NBO), are achieved using density functional theory (DFT).
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Scheme 1. The neutral dithizone is labeled as (H.dz) and the mono-deprotonated form as (Hdz).
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EXPERIMENTAL
Materials and methods

PdCL: (99.9%), dithizone (99%), triphenylphosphine (98%), methanol (99.9%), dimethyl
sulfoxide (99.8%), and dichloromethane (99.8%) were bought from Sigma Aldrich Company and
used directly without further purification for the synthesis and analytical analysis of the complex.
Crystallographic data for the complex was received on a Bruker Kappa Apex-II diffractometer
with a radiation wavelength of (A = 0.71073 A) and temperature of 200 K. FT-IR spectra were
recorded using KBr discs on a Shimadzu FT-IR-8400S spectrophotometer in the wavenumber
range of 4000-400 cm™'. The UV—Vis spectra of the free ligands and their complex were obtained
in the DMSO solvent with a concentration of (10 -3 M) using an LTD Shimadzu spectrophotometer
(AEUV1609 (UK) CO.) with a 1 cm quartz cell in the range of 200-800 nm. The molar
conductivity analysis of the metal complex in DMSO (107 M) at 25 °C was measured using a
Meter CON 700 Benchtop conductivity meter. The melting point was determined using a
scientific Stuart SMP3 melting point instrument.

Synthesis of [Pd(Hdz)(PPhs)Cl]

To a homogenous mixture of dithizone (217 mg, 0.846 mmol) and PPh; (222 mg, 0.846 mmol) in
CH;0H (25 mL), an equivalent solution of PdCl, (150 mg, 0.846 mmol) in CH;OH (25 mL) was
added dropwise. The solution was further refluxed for 2 h at 55 °C with a formation of a red-
brown precipitate, which was separated by filtration and dried at room temperature. After two
weeks of slow evaporation of a dichloromethane solution, the red-brown crystals of the type
[Pd(Hdz)(PPh3)Cl] complex were obtained. m.p. 82-84 °C. Yield: 558 mg (94.7 %). FT-IR (KBr,
cm™): 3400 (m), 3055 (w), 1579 (m), 1481 (m), 1436 (s), 1307 (w), 750 (w), 694 (s).

X-Ray crystallography

Slow evaporation of the dichloromethane solution yielded red-brown crystals of the complex after
two weeks. The crystal data were collected on a Bruker Kappa Apex II diffractometer using smart
software at a low temperature (200 K) with graphite monochromatic Mo K radiation wavelength
(0.071 073 nm). The structure was solved with SHELXT-2018/2 using a dual-space algorithm
and refined by least-squares procedures using SHELXI.-2018/3 as a graphical interface [10, 11].
C, P, N, Cl, S, and Pd atoms were refined on F? anisotropic parameters. The hydrogen atoms on
nitrogen and carbon atoms were created geometrically and refined isotropically [12]. The crystal
data and structure refinement details are listed in Table 1.
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Table 1. Crystal and structure refinement data of the complex.

CCDC number 2133589
Empirical formula C31H26CIN4PPdS
Formula weight 659.44
Temperature, K 200
Wavelength, nm 0.71073
Crystal system monoclinic
Space group P21/

Crystal size, mm 0.09 x 0.25 x 0.40
A/A 12.7599 (9)
b/A 16.8093 (10)
c/A 14.5886 (10)
al® 90

pr° 114.082 (3)

p/° 90

VIA3 2856.7 (3)

A 4

D./g cm? 1.533
Absorption coefficient, mm' 0.900

6 range for data collection, ° 1.7,28.3
Dataset -17:17; -14:22; -19:19
F o000 1336

No. of reflections 7071

No. of parameters 356

Rint 0.038

Ri, wR> 0.0277, 0.0592
N 1.02

[/>26(])] 5557

Apuin, Apmax/eA” -0.44,0.37

Computational details

The theoretical calculation was performed with the Gaussian 09 software package. The frontier
molecular orbitals of ligands and the Pd(II) complex were represented using density functional
theory (DFT) with the B3LYP hybrid level at the LanL.2Dz basis set [13, 14]. The neutral bond
orbital (NBO) analysis of the compounds was achieved using the Gaussian 09 program at the
B3LYP/LanL2Dz level of theory [15].

RESULTS AND DISCUSSION
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Scheme 2. The synthesis method of the target complex.

+ HCI

Bull. Chem. Soc. Ethiop. 2022, 36(3)



620 Hikmat A. Mohamad et al.
Synthesis of complex

The synthesis of the Pd(II) complex is illustrated in Scheme 2. The deserved complex of the type
[Pd(Hdz)(PPh;)Cl], where (Hdz = dithizone mono-deprotonate and PPh; = triphenylphosphine),
was synthesized in dichloromethane at room temperature by reactions between PdCl, and a
mixture of dithizone and triphenylphosphine in a molar ratio of 1:1:1. The Pd(II) complex was
produced in high yield as red-brown crystals suitable for X-ray crystallography analysis.

Single X-ray crystallography study

To better understand the coordination geometry around the Pd(II) metal, X-ray diffraction studies
were used to identify the complex's typical molecular geometry. Red-brown crystals, suitable for
X-ray diffraction analysis, were grown by slow evaporation of a dichloromethane solution. The
geometrical structure of the complex and atom numbering scheme is shown in (Figure 1).
Relevant bond angles and bond distances for the unit cell are collected in Table 2. (Figure 1)
depicts the Pd(II) metal center in a distorted square planar geometry, bonded by the P atom of the
PPh3 ligand and two dithizone ligand atoms (N and S) that form a five-membered ring. The Pd
atom lies 0.1207(5) A above the least square plane formed by the atoms N1, S1, P1, and Cl1. This
Pd(II) complex is monoclinic and crystallizes in the space group P2,c with Z = 4. The angles
between neighboring atoms of this Pd(II) complex are near to the ideal square planar value of 90°,
with the C11-Pd1-N1 [98.05(5)°], S1-Pd1-P1 [87.85(2)°], and the largest deviations were observed
for S1-Pd1-N1[82.65(5)°] angle [16]. The Pd1-Cl1, Pd1-S1, Pd1-P1, and Pd1-N1 bond distances
in the complex are in the ranges 2.3453(6), 2.2669(6), 2.2539(6), and 2.1264(19) A respectively
[17, 18]. It could be viewed, however, that the Pd1-N1 bond distance in the complex is shorter
than the others suggesting the great interaction between the nitrogen atom and the empty d-orbital
of Pd(II) metal. The crystal structure of this complex (see, Table 2) is stabilized by intramolecular
N4-H4---S1 and C32-H32---Cl1 hydrogen bonds [19, 20].

Figure 1. Crystal structure of [Pd(HDZ)(PPh;)Cl1] shown at 30% ellipsoid probability, H atoms
are omitted for clarity.
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Table 2. Selected bond distances, bond angles, and Hydrogen bonds for the Pd(II) compound.

Bond Distances, A Bond Angle, °
Pd1-Cll 2.3453(6) Cl1-Pd1-S1 174.46(2)
Pd1-S1 2.2669(6) Cl1-Pd1-Pl 90.79(2)
Pd1-P1 2.2539(6) Cl1-Pd1-N1 98.05(5)
Pd1-N1 2.1264(19) S1-Pd1-P1 87.85(2)
NI1-N2 1.282(3) S1-Pd1-N1 82.65(5)
N3-N4 1.323(2) P1-Pd1-N1 168.51(5)
P1-C31 1.823(2) Pd1-N1-N2 120.27(13)

Hydrogen bonds for the Pd(II) complex; symmetry code: -X, 1/2+Y, 1/2-Z
D-H--A d(D-H)/ A dH-A) /A d(D—--A)/ A <(DHA)/°
N4-H4---S1 0.83(2) 2.56(2) 2.930(2) 108.3(16)
C32-H32--Cll 0.9500 2.7600 3.348(2) 121.00

Table 3. Energy properties (eV) and NBO Charge (e) of ligands and their Pd(II) complex.

Parameter PPhs Dithizone Pd complex
HOMO -5.531 -5.589 -3.685
LUMO -0.642 -3.043 -3.041

AE 4.889 2.546 0.644
Pd - - -0.115
N1 - -0.154 -0.087
N2 - -0.313 -0.140
N3 - -0.269 -0.282
N4 - -0.338 -0.425

S - -0.209 -0.184
Pl 0.806 - 0.781
Cll - - -0.156
Cl - 0.189 0.216

Frontier orbitals

Frontier molecular orbitals are one of the most important theories for indicating molecular
reactivity and stability. This theory predicts that a reaction between two chemical compounds is
illustrated by the interaction between the HOMO orbital of one compound and the LUMO orbital
of another compound [21]. The energy gap (Enomo-Erumo) that splits the HOMO and LUMO
orbitals are related to the reactivity and stability of chemical compounds. As we can see, a
compound with a small HOMO-LUMO energy gap is more reactive than a compound with a big
HOMO-LUMO energy gap. A compound with a wide HOMO-LUMO energy gap is more stable
than a compound with a narrow HOMO-LUMO energy gap [22]. The theoretical values of the
HOMO and LUMO orbitals of ligands and their palladium complex are shown in (Figure 2) and
Table 3. In the free dithizone ligand, the energy gap between HOMO and LUMO orbitals is 2.546
eV while for triphenylphosphine is 4.889 eV [23]. We can see that the dithizone ligand is less
stable and more reactive than the triphenylphosphine ligand. The value of the energy gap of the
palladium complex is 0.644 eV. The energy gap values also imply that palladium complexes are
less stable and more reactive than ligands [24].

NBO atomic charges
Neutral bond orbital (NBO) studies were used to evaluate the delocalization of electron density
between an electrophile atom (metal center) and nucleophile atoms (ligand donor atom), which is

reciprocal to the charge stabilizing donor-acceptor interaction. Table 3 shows the natural charges
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of ligands and the Pd(II) complex. The natural charge at the central atom for the Pd(II) complex
was -0.115e, indicating that the ligands transfer a large amount of charge density to the palladium
central metal [25]. The electron transport to the metal ion is confirmed by the net charges of donor
atoms in Table 3. According to the method used in calculating the atomic charge, the sulfur atom
S1 has a higher negative charge than the nitrogen N1 atom in the free ligand. This result indicates
that sulfur S1 is more reactive to metallic attack than nitrogen N1, which is consistent with X-ray
results indicating that the dithizone ligand is firmly coordinated to the metal ion via the sulfur
atom [26].

HOMO of the Triphenylphosphine (PPh;) LUMO of the Triphenylphosphine (PPh;)

HOMO of the [Pd(Hdz)(PPh;)Cl] complex LUMO of the [Pd(Hdz)(PPh;)Cl] complex

Figure 2. The illustrations of HOMO and LUMO orbitals of ligands and Pd(II) complex.
Electronic spectra and conductivity properties

The electronic spectra of the ligands and their Pd(II) complex are displayed in (Figure 3). The
spectrum of free ligand PPh; exhibits a band at 37735 ¢cm™! (265 nm), which is attributed to the
n-n* transition. This band shifts to 37037 cm™ (270 nm) on complexation, revealing the
connection of the phosphor atom to the Palladium ion [27]. The free dithizone ligand illustrates
two bands. The first one come out at 39379 ¢m™ (254 nm), which corresponded to the m-m*
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transition. While, the other is broadband and appears in the visible region at 24096 cm™ (415 nm),
which is related to the n—n* electronic transition [28]. The absorption spectra of the Pd(II)
complex showed two spin-allowed singlet-singlet d-d electronic transition bands at 19083 and
28735 cm’! (524 and 348 nm) and interrelated to 'Big«—'A g and 'Eg«' A, transition, respectively.
The band at 32573 cm™! (307 nm) is assigned to a combination of metal to ligand charge transfer
(MLCT). According to electronic spectra, the Pd(II) complex is found to be distorted square
planar geometry [29]. The molar conductivity value in DMSO (7.06 x10°S- ¢cm? -mol™) of the
prepared complex was found to be very low, implying that this is non-electrolyte in nature [30].
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Figure 3. Electronic absorption spectra of ligands and Pd(II) complex.

120
o v/‘“\h\N
110 h W;WW
\/ , I
! & :
! o =
i 2 Z [ m
100 | g 2 % '
i = eI
% .
< R
/ = B
90 = 348
E ‘ y g
EPY i -
B d &
£ Z S
g = 4 L
£
80 Ty
2F
/
70 =
4000 3000 2000 1500 1000 500

1/em

Figure 4. IR spectrum of dithizone (H,dz) ligand.
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Figure 5. IR spectrum of [Pd(Hdz)(PPh;)Cl] complex.
FT-IR study

The IR spectrum of the dithizone ligand (Figure 4), showed broadband at 3446 cm! was attributed
to W(N-H) stretching frequency [31]. A strong band at 1589 cm™ due to vw(C=N) of the dithizone
ligand shifts to 1579 cm™! in the Pd(IT) complex (Figure 5), indicating that the N atom coordinates
with palladium metal [32]. The appearance of a new band at 542 cm™!, attributed to v(Pd-N), also
confirms the coordination of the nitrogen atom to a metal center [33]. A weak band observed at
759 cm’!, assigned to v(C-S) in the dithizone ligand, shifts to a lower frequency of 750 ¢cm™,
which reinforces the coordination of the sulfur atom to the Pd(II) center [34]. The strong band
was observed at 1436 cm™! related to v(P-Ph) [35].

CONCLUSION

To summarize, we have described the convenient synthesis and extensive identification of a novel
palladium(II) complex containing dithizone and triphenylphosphine ligands. Based on the results
of identification techniques, the dithizone and PPhs ligands are ligated to the Pd(II) metal center
in a distorted square planar geometry. The electronic spectra of the complex exhibited peaks at
19083 and 28735 cm’!, which corresponded to 'Big«'Aj, and 'Eg«! A, transitions, respectively.
The NBO results reveal that Pd-X bond interaction energies can be related to the strong ligand to
metal charge transfer and decreased by changing the X atom from N, P, S, and Cl. The DFT study
reveals that the palladium complex was less stable and more reactive than ligands.
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