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A new palladium(ll) complex, [Pd(PPhs)(4-NO,-BZH)Cl,], bearing 4-Nitrobenzhydrazide and triph-
enylphosphine ligands has been synthesized and mainly characterized with single crystal X-ray diffrac-
tion analysis, FT-IR, Raman and NMR spectroscopic methods. Theoretical calculations were performed to
explain chemical structure and vibrational properties. The geometric optimization, vibrational wavenum-
bers and chemical shift values of the title compound were investigated using the DFT/ B3LYP method,

Keywords: 6-311G++(d,p) and LanL2DZ level of theory. An agreement between the experimental and the theoreti-
Palladium cal results was observed. The high chemical reactivity of the title compound was theoretically examined
X-ray by calculating the chemical potential, electrophilicity index, chemical hardness and global electrophilicity

Spectroscopic characterization
DFT

index.
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1. Introduction

Palladium complexes have unique physical and chemical prop-
erties and because of these features, they have been studied in
many different fields such as industry, medicine, pharmacy and
continue to be studied [1-4]. In recent years, especially anticar-
cinogenic properties of palladium complexes are studied. Because
these complexes have been observed that many different Pd(II)
complexes have a high degree of cytotoxicity against various cancer
cells. For instance, programmed cell death was observed in MCF-7
cells by the new synthesized palladium complexes [5]. Moreover,
Pd complex has also excellent anticancer activity for lung cancer
AGZY-83a [6].

Hydrazides have been widely used in the literature because of
their biological activities. When hydrazides are used with metal
complexes, metal complexes increase their biological activities
[7,8]. Due to the functional groups C=0, NH and NH, in the struc-
ture of hydrazides, they provide various potentially active donor
sites [9,10]. Hydrazides and their derivatives along with metallic
complexes have an important role in the improvement of their bi-
ological activities. Many metal complexes of hydrazides show bio-
logical properties [11-13]. Metal complexes of hydrazides indicate
especially antimicrobial activity. In the literature, hydrazide ligands
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and their respective Pd(II) complexes were synthesized and ob-
tained complexes used to determine «-glucosidase and carbonic
anhydrase II enzyme inhibition activities [14]. Moreover, Pd(II) and
Pt(Il) complexes of hydrazide derivative of ibuprofen were inac-
tive over Staphylococcus aureus, Escherichia coli and Pseudomonas
aeruginosa bacterial strains whereas [PdCl,(HIB),] complex was ac-
tive over ovarian cancer cell line [15]. However, in some studies,
it has been observed that molecules formed by hydrazides and
Pt complexes have highly effective anticarcinogenic properties on
some cancer cells [16-18]. In the literature, a few examples of
4 nitrobenzoic hydrazide complexes with Pt and Pd atoms have
been reported and obtained complexes showed cytotoxicity against
K562 tumoral cell line and it is concluded that these complexes
are significantly more cytotoxic than cisplatin [19]. On the other
hand, 4-hydroxybenzhydrazide (4-OH-BZH) is hydrazine derivative
molecule and it is well known for different applications such as
biological, analytical and agricultural. In the literature, the most
famous hydrazide is the isonicotinic acid hydrazide. Because this
molecule has been used as anti-tuberculosis drug. Nitro group con-
taining hydrazides show anticancer activity [18]. Moreover, there
are various studies about Cu(Il) and Ni(II) complexes with 4hbah
molecule, as well [20,21].

Density Functional Theory (DFT) calculations have been used
in structural characterization of molecular systems, interactions of
intra and inter molecules. Moreover, DFT is effective method for
determination of physical and chemical properties of molecules.
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Fig. 2. Synthesis of [Pd(PPh;)(4-NO,-BZH)Cl,] complex.

In many studies, it was observed that the results obtained theo-
retically and experimentally were compatible with each other by
combining spectroscopic characterization methods and DFT calcu-
lations [22-28].

Various new complexes containing Pd atom are still being re-
searched in the literature due to their very high biological ac-
tivities. Therefore, A new palladium(Il) complex, [Pd(PPh3)(4-NO,-
BZH)Cl,], bearing 4-Nitrobenzhydrazide and triphenylphosphine
ligands has been synthesized and characterized herein. In this
study, we present the synthesis, crystallographic structure and
spectroscopic characterization of [Pd(PPhs)(4-NO,-BZH)Cl,]. Title
compound was characterized using single crystal X-ray diffraction
(XRD), FT-IR, Raman and NMR spectroscopic methods. DFT is used
to determine structure analysis.

2. Experimental
2.1. Reagents and apparatus

Palladium(Il) chloride (99%), triphenylphosphine (99%), 4-
nitrobenzoyl chloride (99%), hydrazine monohydrate (98%), pheny-
lacetic acid (99%) and sodium hydroxide (>97%) were purchased
from Sigma Aldrich.

2.2. Complex synthesis

Ligand and its palladium complex synthesis procedure is given
in Figs. 1 and 2.

2.2.1. Synthesis of 4-nitrobenzhydrazide (4-NO,-BZH)

Ligand synthesis was conducted by following the published
data with slight modifications [29]. The reaction between equimo-
lar ratio of 4-nitrobenzoyl chloride (1 eq, 500 mg, 2.7 mmol) and
hydrazine monohydrate (1 eq, 135 mg 2.7 mmol) in anhydrous
acetone at 25 °C for 12 h resulted in the desired product in high
yields. (316 mg; Yield: 65%; m.p.: 216 °C), Anal. Calc.: C;H;N305: C,

46.41%; H, 3.90%; N, 23.20%. Found: C, 46.59%; H, 3.79%; N, 23.45%.
TH-NMR spectra of 4-NO,-BZH molecule was given in Fig. S1.

2.2.2. Synthesis of the palladium (II) complex,
[Pd(PPhs3)(4-NO,-BZH)Cl; |

To the anhydrous 10 mL acetonitrile solution of palladium(II)
chloride (PdCl,) (1 eq, 50 mg, 0.28 mmol) which was stirred for
30 min at 65 °C, 4-nitrobenzhydrazide (1 eq, 51 mg, 0.28 mmol)
solution in 10 mL acetonitrile was added drop by drop over 5 min.
Resulting mixture was left to stir for 1 h at the same temperature.
After this, triphenylphosphine (PPhs3) (1 eq, 74 mg, 0.28 mmol) so-
lution in the same solvent was added over 5 min and the result-
ing clear orange mixture was left for stirred overnight under re-
flux temperature. After the completion of the reaction, the mixture
was left for slow evaporation of the solvent and X-ray suitable dark
orange cubic crystals were obtained. (91 mg; Yield: 52%); Anal.
Calc.: Cy5H,,CloN303PPd: C, 48.37%; H, 3.57%; N, 6.77%. Found: C,
48.62%; H, 3.45%; N 6.58%. TH NMR spectra of PPh; molecule was
given in Fig. S2.

2.3. X-ray Data Collection and Structure Refinement

Single crystal X-ray diffraction data of Pd(II) complex was col-
lected with Bruker AXS APEX-II CCD diffractometer equipped with
a rotating anode at 296.15 K (Mo-Ko radiation at A = 0.71073 A).
Data integration was done with the Bruker SMART program pack-
age [30]. Using Olex2 software [31], structure solution was done
with ShelXS [32] using DirectMethods and refinement was done
with ShelXL [33] refinement package using Least Squares mini-
mization. Ellipsoid structure of complex was drawn at MERCURY
program [34].

2.4. Characterization details

FT-IR spectrum was collected with Perkin Elmer Spectrum Two
using KBr pellets, range from 4000 to 400 cm~! having 4 cm™!
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Table 1
Crystal data and structure refinement for the [Pd(PPhs )(4-NO,-BZH)Cl,] complex.

Empirical formula Cp5H,,Cl;N3O3PPd

Formula weight 620.73
Temperature 296 K
Wavelength 0.71073 A
Crystal system, space group triclinic, P-1

a = 10.1056(4) A alpha = 86.005(2) °
b = 12.1848(5) A beta = 78.535(2) °
¢ = 22.6523(8) A gamma = 67.901(2) °

Unit cell dimensions

Fig. 3. Chemical structure of Pd(Il)-Hydrazide-Triphenylphosphine Compound.

resolution. Raman spectrum was obtained by a Renishaw Invia Ra-
man microscope spectrometer with 532 nm excitation between
4000 and 400 cm~! at a resolution of 4 cm~!. Thermal analysis of
the complex was conducted using Perkin Elmer STA 8000. TG and
DTG curves were obtained in a static air atmosphere at a heating
rate of 10 Kmin~! in the temperature range from 25 °C to 600 °C
using platinum crucible. NMR spectra were collected with JEOL ECZ
500R. dg-DMSO and tetramethylsilane (TMS) were used as solvent
and internal standard, respectively.

2.5. Computational details

Volume
Z, Calculated density

2532.76(17) A3
2, 1.628 Mg/m3

Absorption coefficient 1.040 mm™!
F(000) 1248.0
Crystal size 0.08 x 0.06 x 0.04 mm

Theta range for data collection
Limiting indices

Reflections collected | unique
Completeness to theta
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

1.834 to 56.79 deg.

-13<=h<=13, -16<=k<=16, -29<=1<=30

51607/12659 [R(int) = 0.0287]
28.395 99.4%

Integration

Full-matrix least-squares on F?
12659 / 0 [ 631

1.027

R1 = 0.0332, wR2 = 0.0803
R1 = 0.0474, wR2 = 0.0887
1.01 and -0.60 e.A

Table 2

Selected intramolecular bond distances (A), bond
angles and intermolecular hydrogen bonds of
[Pd(PPhj3 )(4-NO,-BZH)Cl,] complex

Parameters Experimental  Calculated
Geometric optimization, vibrational frquencie; and geo_metric Bond Lengths (A)
parameters of title compound were calculating using Gaussian 09
program package [35]. The valence triple-zeta basis set augmented E}; P((l)) iigggs; g;gé
with diffuse and polarization functions in both the hydrogen and Pd(1)-CI(2) 2.281(7) 2308
weighty atoms 6-311++G(d,p) has been used for geometry opti- Pd(1)- N( ) 2.138(4) 2.153
mization and vibrational frequency calculations. The LanL2DZ ba- P(1)-C(2 ) 1.812(2) 1.844
sis set augmented with polarization and diffuse functions was g (}) (32 1-2}}1(3) }'22‘51
used for the Pd atom, with the core orbitals replaced by Effective N((l))-I\E(Z)) 1 4018 1416
Core Potentials (ECP) [36]. Vibrational frequencies were scaled with N(2)-C(44) 1.326(3) 1.339
Scaled Quantum Mechnanical (SQM) program [37-40] to gener- C(44)-0(1) 1.218(3) 1.240
ate the corrected frequencies. The fundamental vibrational modes C(48)-N(3) 1.467(3) 1.471
were assigned and the total energy distribution (TED) calculations N(3)-0(3) 1.213(3) 1.226
. - N(3)-0(2) 1.208(4) 1.294
were performed by the SQM. Chemical structure of title compound Bond Angles (°)
is given in Fig. 3.
P(1)-Pd(1)-Cl(1)  94.85(2) 86.55
. . CI(1)-Pd(1)-N(1) ~ 90.52(6) 97.98
3. Results and discussions N(1)-Pd(1)-Cl(2)  88.28(6) 97.96
CI(2)-Pd(1)-P(1)  86.28(2) 86.55
3.1. Single crystal X-ray analysis C(26)-P(1)-Pd(1)  113.94(8) 115.28
C(32)-P(1)-Pd(1)  106.95(8) 112.68
. . . C(38)-P(1)-Pd(1)  118.77(8) 112.68
The reaction of palladium(ll) chloride (PdCly), 4- PA(1)-N(1)-N(2)  116.01(14) 115.96
nitrobenzhydrazide (4-NO,-BZH) and triphenylphosphine (PPhs) N(1)-N(2)-C(44)  121.90(2) 120.63
resulted in air and moisture stable palladium(ll) complex ogi C(44§ (c)((45)) g;éég; Eggg
([Pd(PPh3)(4—N02-.BZH)C12]) in high . yields. C(.)mple?( abso}ute C(48)-N(3)-0(2) “8:53(3) 11583
structure was mainly characterized with X-ray diffraction besides C(48)-N(3)-0(3)  117.80(3) 115.83
other spectroscopic techniques (NMR, FT-IR. Elemental analysis). 0(3)-N(3)-0(2) 123.70(3) 124.08
Crystal data, refinement parameters, selected bond distances and Cl(1)-Pd-CI(2) 177.54(3) 150.38
bond angles are presented in Tables 1 and 2. Complex ChemDraw P(1)-Pd-N(1) 174.27(6)
. . . Torsion Angles (°)
and ORTEP structures are given in Fig. 4.
ORTEP structures of Pd(Il) complex is depicted in Fig. 4. The Pd-N1-N2-C4 -178.2(2) 0.00
complex crystallising in the triclinic, P-1 space group contains P-Pd-N1-N2 -170.0(5) -179.99
. . . . 02-N3-C48-C47  6.20 0.00
two independent molecules with slightly distorted square planar C26-P-Pd-C12 59.52(10) 0.00

geometry relative to the metal center. Central atom surrounded
with phosphorus (P1) and nitrogen (N1) atoms of two separate
ligands in trans- positions and two chlorine ions (Cl1 and CI2)
as counter anions. Measured bond distances between Pd(1)-P(1),
Pd(1)-CI(1), Pd(1)-CI(2), Pd(1)-N(1) atoms are 2.232, 2.280, 2.281
and 2.138 A, respectively. The bond length of palladium-phosphine

Hydrogen bonding interactions (A)

C(44)-0(1)—-H1A 3.056

N(3)-0(3)——H1B 3.001

N(6)-0(6)——H2 3.070
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Fig. 5. Experimental (a) and theoretical (b) IR spectra of title compound.

(Pd(1)-P(1) = 2.232 A) is longer than palladium-hydrazide (Pd(1)-
N(1) 2138 A) and these values are found to be similar with lit-
erature reports [41]. In addition, some intermolecular hydrogen
bonding interactions were observed between nitro (-NO,) and car-
bonyl (-C=0) oxygens and amine parts of hydrazide (NH, and
NH) ligand which were responsible for the stabilization of crystal
structure (Fig. 4). The distances of measured hydrogen bonds are
listed in Table 2. The coordination angles between metal center
and donor atoms (P(1)-Pd(1)-Cl(1), CI(1)-Pd(1)-N(1), N(1)-Pd(1)-
Cl(2) and CI(2)-Pd(1)-P(1)) vary between 86.28 - 94.85¢. The de-
viation of angles to bigger than 902 at P(1)-Pd(1)-Cl(1) = 94.85¢
and CI(1)-Pd(1)-N(1) = 90.52¢ is due to the steric effect of both
phosphine and tail part of hydrazide ligand.

3.2. Vibrational studies

3.2.1. N-H vibrations

Theoretical and experimental IR and Raman spectra of title
molecule are given in Figs. 5 and 6, respectively. NH stretching
modes are seen in the range from 3300 cm~! to 3600 cm~! in the
literature [42]. In this study, NH stretching modes were observed
at 3385 and 3328 cm~! in the IR spectrum, 3379 and 3329 cm™!
in the Raman spectrum and the NH stretching modes were calcu-
lated to have frequencies 3387 and 3331 cm™!, respectively. Asym-
metric NH vibration peaks are observed have higher intensity than
the symmetric NH vibration peak in the IR spectrum whereas the
symmetric NH vibration peaks are observed as more intensity in
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Fig. 6. Experimental (a) and theoretical (b) Raman spectra of title compound.

the Raman spectrum, because electronic polarizability of NH sym-
metric vibrational form changes more than NH asymmetric vibra-
tional form and so differences in band are observed [43]. Similar
observations were also reported in previous works [44,45]. More-
over, NH-in plane bending mode was observed at 1221 cm~! in the
IR spectrum, at 1224 cm~! in the Raman spectrum and this mode
was calculated as 1219 cm~! in this study. The NH out of plane-
bending mode was calculated to be 638 cm~!. The band was ob-
served experimentally at 629 cm~! in the IR spectrum, 630 cm~!
in the Raman spectrum. NH torsion mode was seen at 532 cm™!
in the IR spectrum and at 533 cm~! in the Raman spectrum and
calculated as 538 cm~.

3.2.2. C-H vibrations

In general, CH stretching vibrations for aromatic compounds are
observed in the range from 3100 to 3000 cm~! [46-50]. In this
study, CH stretching modes of title compound were seen between
3247 and 2986 cm~! in the IR spectrum and observed between
3170 and 2954 cm~! in the Raman spectrum. CH stretching vi-
brations were computed between 3245 and 2995 cm~!. The vi-
brations observed at 1185 and 974 cm~! in the IR spectrum and
observed at 1181 cm~! in the Raman spectrum are where intense
bands arising from out-of-plane C-H bending vibrational modes.
Moreover, CH in plane vibrational mode of title compound was ob-
served at 1272 cm~! in the IR spectrum and this band was not ob-
served in the Raman spectrum. CCH bending vibrations were seen
at 1480 and 1433 cm~! in the IR spectrum and observed at 1483
and 1433 cm~! in the Raman spectrum. HCH bonding vibration of
title compound was observed at 1518 cm~! in the IR spectrum,

1522 cm~! in the Raman spectrum. Theoretical wavenumbers and
experimentally obtained these wavenumbers are given in Table 3.
All results for CH stretching are in agreement with the literature
[51].

3.2.3. NO, vibrations

The asymmetric NO stretching modes of nitro group are ob-
served in the range from 1570 to 1485 c¢cm~! and symmetric
stretching modes are observed between 1370 and 1320 cm~! [52].
In this study, the asymmetric stretching of nitro group was seen
at 1585 and 1586 cm™! in the IR and Raman spectra, respectively.
The symmetric stretching mode of nitro group was observed at
1343 cm~! in the IR spectrum and observed at 1348 cm~! in the
Raman spectrum.

The deformation mode of nitro group was seen at 851 cm™!
in the IR spectrum, at 854 cm~! in the Raman spectrum. The
NO wagging mode was observed at 749 cm~! in the IR spectrum
and observed at 753 cm~! in the Raman spectrum. Theoretical re-
sponses of these vibration motives are given in Table 3.

3.2.4. NN vibration

NN stretching bands were observed in the previous studies be-
tween 1350 and 1535 cm~! [53,54]. In this study, NN stretch-
ing band was observed at 1304 cm~! in the IR spectrum and at
1306 cm™! in the Raman spectrum. This band was calculated as
1309 cm~!. Intensity of this band is higher in the IR spectrum than
Raman spectrum. Moreover, CNN in plane bending vibration of title
compound was observed at 422 cm~! in the IR spectrum, although
this bending vibration was not seen in the Raman spectrum.
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Table 3

Comparison of the experimental and calculated vibrational wavenumbers of title compound

Assignments Experimental 6-311++G(d,p)/LANL2DZ
Modes  TED(>10%) IR Raman  Unscaled  Scaled Ir Ir
Uy u(N-H)(98) 3385 3379 3569 3387 0.21 0.04
Uy v(N-H)(98) 3328 3329 3511 3331 14.07 60.04
Uy v(C-H)(100) 3247 - 3415 3245 2.07 -
Uy v(C-H)(100) 3170 3170 3337 3170 6.29 138.69
Us u(C-H)(96) - 3137 3298 3138 - 48.22
Vg v(C-H)(95) 3103 3091 3261 3099 19.13 102.00
U7 v(C-H)(93) - 3082 3242 3083 - 128.65
Ug v(C-H)(90) - 3072 3230 3072 - 155.66
Vg v(C-H)(85) 3056 3054 3221 3060 39.37 365.74
V1o v(C-H)(80) 3016 - 3186 3020 11.04 -
U u(C-H)(80) 3004 2987 3160 3005 421 97.01
U1z v(C-H)(67) 2986 2954 3148 2995 6.75 20.84
U1 v(C-0)(60) 1676 1668 1718 1676 13.12 141.80
Vs v(C-N)(28) + B(C-H)(11) 1632 - 1675 1632 13.08 -
Uis B(C-H)(85) + v (C-C)(14) 1604 1602 1648 1607 1962  35.58
Vg v(N-0)(53) 1585 1586 1626 1588  1.14 43,68
V17 B(C-H)(67) + v (C-C)(16) 1554 1571 1594 1558 1020  19.91
Vg u(C- (74) + B (H-C-H)(22) 1518 1522 1555 1521 870.84
V1o v(C-C)(57) + B (C-C-H)(65) 1480 1483 1529 1486 4524  100.22
V3o B(H-C-H)(56) 1433 1433 1475 1437 439 788.78
Un B(H-C-H)(36)+a(C-C-C)(14) 1397 - 1432 1397 1568 -
U v(N-0)(32) 1343 1348 1378 1343 1.06 157.22
Uns y(C-H)(39)+ B (H-C-H)(10) 1323 - 1360 1325 12731  325.14
Uga U(N-N) (24) 1304 1306 1341 1309 4627  479.22
Uss B(C-H)in prane (61) 1272 - 1311 1272 2338 -
U6 B(N-H)(34) 1221 1224 1262 1221 24.72 12.99
U2y B(H-C-C)(52) 1185 1181 1218 1185 2036  18.29
Usg B(C-C-H)(45)+ v(C-C)(10) 1157 1161 1188 1159 2983  14.09
Uag B(C-C-H)(30) 1142 1142 1175 1147 3.33 349.68
U3 v(C-0)(10) 1114 1107 1146 1114 1.70 2,53
U3t v(C-C)(28) 1097 1088 1128 1096 1586  54.37
U3y B(H-C-H)(54) 1071 - 1101 1077 5.01 -
U33 B(C-C-H)(29)+1(H-C-C-C)(10) 1039 - 1076 1047 4356 -
Usa B(C-C-H)(42) 1026 1028 1058 1030 056 22.75
Uss B (H-C-C)(25)+ v(C-C)(16) 1010 1000 1033 1017 5.68 999.97
Uss v(C-C)(32)+ B(C-C-C)(15) 997 - 1026 999 2.46 -
V37 B(C-H)out of planc(47) 974 - 1013 979 2.84 -
Usg U(N-N)(27) 925 - 958 929 2.66 -
V3o 7(H-C-C-C)(32) 901 900 933 907 0.09 0.45
V4o B(ring)in prane (48) 878 - 898 875 473 -
Vi B(C-H)out of plane(34) 866 - 881 866 2718 -
Var B(N-0)(10) 851 854 872 856 1.00 6.52
Vg3 (ring) (25) 827 - 849 837 1287 -
Vaa B(C-N)in planc(36) 776 776 796 777 21.86  11.38
Vs B(C-O)in piane(42) 763 - 785 766 4897 -
Use B(N-0) (28) 749 753 766 745 75.94 35.45
Va7 v(C-H)(18) 718 - 740 721 5.81 -
Vg B(C-C-C)(23) 706 706 722 707 0.42 364.48
Vag B(C-C-C)(34) + v (C-C)(21) + B (C-N)(10) 689 692 713 696 1110 579.50
Usg y(NH)(27) 629 630 651 638 14.05 55.86
Usy B(0-C-C)(62)+ B (C-C-H)(49) 618 616 640 625 0.33 32.86
Usy B(NH,)(35) + B(C-0)(21) 506 - 613 599 519 -
Uss 7(NH,)(36) 532 533 550 538 7.03 4.90
Usa B(C-C-C)(10) 508 506 523 511 0.15 4.49
Uss B(C-C-N)(18) 503 - 517 505 1.34 -
Use v(Pd-N)(33) 454 471 469 458 331 65.44
Usy 7(NH,)(10) 441 444 457 448 5733  67.02
Usg B(C-N)(34) 430 - 443 432 8.31 -
Uso BC-N-N)in prane(27) 422 - 436 426 0.47 -
Uso B(C-O)out of planc(31) 415 - 425 417 9.98 -

3.2.5. CN vibrations

In the literature, there are numerous studies about CN stretch-
ing and bending modes. CN stretching modes appear in the re-
gion 1750-1600 cm~! [55-57]. However, CN vibrations can be con-
tamined with CC and CO vibrational modes since these vibrations
are also observed in the same region as CN vibrational modes.
Therefore, the identification of C-N stretching frequency is a very
difficult task due to the mixing of bands. In this study, CN stretch-
ing mode was observed at 1632 cm~! in the IR spectrum. The band
was computed as 1632 cm~!. The bending mode of the CN group

was seen at 430 cm~! in the IR spectrum and the band was calcu-
lated as 432 cm~!. However, this bending mode was not observed
in the Raman spectrum. The frequencies 776 cm~! observed in the
both IR spectrum and Raman spectrum could be assigned to the
out-of-plane bending mode of CN.

3.2.6. CO vibrations

CO stretching mode of title compound was observed at
1676 cm~! in the IR spectrum and observed at 1668 cm~! in the
Raman spectrum. The band was calculated as 1676 cm~!. More-
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over, CO in plane and out plane vibrations were seen at 763 and
415 cm~!, respectively. However, these bands were not observed
in the Raman spectrum.

3.2.7. CC vibrations

Aromatic CC stretching modes are observed between 1625 cm™!
and 1315 cm~lin the infrared spectra [56]. In the literature, CC
stretching wavenumbers were appeared in the range from 1650
to 900 cm~! [58,59]. In this study, CC stretching vibrations have
variable intensity and these vibrations were appeared between
1604 cm~! and 997 cm~! as seen in Table 3. The CC stretching
modes showed pure modes, however certain of these vibrations
are contaminated with other vibrations. These values are in agree-
ment with literature [60,61].

The root-mean square deviation (RMSD) is evaluated and the
correlation coefficient R is calculated for the compound. This RMSD
value helps to understand the appreciable errors between theoret-
ical and experimental wavenumbers [62].

vexp)

Z? (vcal _ 2
n

An error of 4.215 for FI-IR and 9.323 for Raman data is ob-
served from RMSD value and the error may be because the exper-
imental data is taken in solid phase whereas the computed data
is in the gaseous phase. The correlation diagram of FTIR and FT-
Raman is given in Fig. S3.

RMSD =

3.3. NMR studies of title compound

Proton ('H) NMR spectrum of title molecule is given in Fig.
S4. As seen in Fig. S4, The chemical shift of H57 and H41 atoms
was found higher than other hydrogen atoms due to nitrogen and
palladium atoms. H40 proton peak was observed at 10.71 ppm
as a broad singlet peak. H57 and H41 atoms were appeared at
6.95 ppm as a broad singlet peak because of relaxation times.
The chemical shifts values of aromatic protons are generally sit-
uated between 8.00 and 7.00 ppm. However, these chemical shift
values can change depending on electronic environments of pro-
tons [63]. Signals of the protons H49, H50 (8.34 ppm) and H48,
H51(8.07 ppm), deshielded to higher chemical shifts by the nitro
and the carbonyl group, respectively, appear as doublets due to the
vicinal coupling (H48, H49 and H50, H51). Chemical environments
of H10&H11, H21&H22 and H32&H33 atoms are similar to each
other and so proton peaks of these atoms are overlapped. More-
over, these atoms were observed at 7.65 ppm as triplet because of
other hydrogen atoms of aromatic ring. A similar situation was ob-
served for H6&HS, H17&H19 and H28&H30. These atoms also were
appeared at 7.49 ppm as doublet. H12, H23 and H34 atoms were
seen at 7.54 ppm (Fig. S4).

Carbon (3C) NMR spectrum of title molecule is given in Fig.
S5. As seen in Fig. S5, the chemical shift of C52 atom was found
higher than other carbon atoms due to nitrogen and oxygen atoms.
The one was observed at 163.13 ppm. C44 atom was appeared at
149.21 ppm. Since it is attached to the nitro group, it has shifted to
the low magnetic field region. C47 atom was seen at 138.87 ppm.
C2, C13 and C24 atoms bonded to phosphorus atom are similar to
each other as chemical environment and so peaks belong to these
atoms were observed as overlapped and observed at 134.50 ppm.
Chemical shift values the carbon atoms in the title compound are
given in Table 4.

COSY (Correlation Spectroscopy) NMR experiment is good for
determining basic connectivity via J-couplings (through bond) [64].
All the connections between hydrogen atoms in the title com-
pound were clearly observed in the COSY (!H-'H) NMR spectrum
(Fig. 7). As seen in COSY NMR spectrum of title compound, The

Table 4
Calculated energy values of complex using
B3LYP/LanL2DZ method

Calculated Energies Values
Enomo (eV) -7.92
Erumo (eV) -2.70
Ionization potential (I) (eV) 7.92
Electron affinity (A) (eV) 2.70
Energy gap (AE) (eV) 522
Electronegativity (x) (eV) 5.31
Chemical potential (n) (eV) -5.31
Chemical hardness (1]) (eV) 2.61
Chemical softness (s) (eV) 0.19
Electrophilicity index (w) (eV) 5.41
Max. charge transfer (ANpax) 1.02
Table S1
Experimental and theoretical NMR chemical shifts of title
compound
Chemical Shifts (ppm)
Atoms "
Experimental ~ B3LYP/6-311++G(d,p)
H40 10.71 12.64
H49, H50 8.34 9.12
H48, H51 8.07 9.10
H10, H11 7.65 8.04
H21, H22 7.65 8.04
H32, H33 7.65 8.04
H12, H23, H34  7.54 7.96
H6, H8 7.49 7.88
H17, H19 7.49 7.88
H28, H30 7.49 7.88
H57, H41 6.95 8.01
C52 163.13 172.28
C44 149.21 155.23
C47 138.87 147.96
C2, C13, C24 134.50 138.41
C5, C7 131,16 136.60
C16, C18 131,16 136.60
C27, C29 131,16 136.60
C42, C46 129.32 134.28
C3,C4 127.89 131.14
C14, C15 127.89 131.14
C25, C26 127.89 131.14
(43, C45 121.24 126.07

neighborhoods between hydrogen atoms are observed as follows:
H49, H50—H48, H51 and H12, H23, H34— H32&H33, H21&H22,
H10&H11.

HMBC NMR experiment detects heteronuclear correlations over-
longer ranges of about 2-4 bonds [65]. HMBC NMR spectrum of ti-
tle compound is given in Fig. 7. As seen in HMBC ('H-13C) NMR
spectrum (Fig. 7), C45 and C43 atoms neighbor to H49 and H50
atoms from 1 bond distance and so C45, C43—H49, H50 connec-
tion can clearly be seen. Moreover, C42, C46—H48, H51 and C31,
C20, C5—H10, H23, H34 connections also can be observed in the
HMBC spectrum.

TH and 13C chemical shift values of title compound were com-
puted by B3LYP/6-311++G(d,p) level of theory in DMSO solvent
environment (Table S1). In order to calculate the isotropic chem-
ical shifts related to TMS, the isotropic shielding values were used
[66].

X _ ~TMS X
8iso = Ois0” — Oiso

In order to determine the correlation between experimental
and theoretical chemical shift values of title compound, correlation
graphs were prepared and given in Fig. S6.
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Fig. 7. HMBC (a) and COSY (b) NMR spectra of title compound in DMSO.
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Fig. 8. HOMO and LUMO nodes and energy gap of title compound.
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3.4. HOMO-LUMO energy gap

LUMO, HOMO energy values and energy gap give important in-
formation about optical properties, chemical stability and molec-
ular electrical transport properties of molecules [67,68]. The en-
ergy values of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of title compound
were computed by B3LYP/LanL2DZ level of theory. The relevant
molecular orbital plots of the HOMO and LUMO for title compound
are given in Fig. 8. HOMO and LUMO energies values of the ti-
tle molecule were calculated as -7.922 eV and -2.708 eV, respec-
tively. The energy gap between HOMO and LUMO was computed
as 5.214 eV. Nodes of HOMO were located on the Pd and P atoms
and also carbon atoms of rings, whereas nodes of LUMO were lo-
cated on the oxygen, palladium and phosphorus atoms.

3.5. Thermal analysis

Thermal behavior of the complex was investigated by TG and
DTG methods in the temperature range from 25 to 600 °C in a ni-
trogen atmosphere. Thermal decomposition curve of the complex
is given in Fig. S7. The complex is stable up to 205 °C and then
begin to decompose. Endothermic decomposition of H,O [Found
(Calc.)(%): 2.55 (2.13)] was observed. Endothermic decompositions
of ligand molecules [Found (Calc.)(%): 21.18 (24.34)] and [Found
(Calc.)(%): 41.45 (43.66)] were seen in the temperature range from
205 to 252 °C and range from 252 to 375 °C, respectively.

3.6. Global chemical activity

The chemical reactivity of a molecule is determined by the en-
ergy gap of that molecule between HOMO and LUMO and chem-
ical reactivity is determined by chemical potential (u) and elec-
trophilicity index (w). The w value is related to the tendency of
electrons in the molecule to escape from the molecule. More-
over, chemical reactivity can explain global chemical hardness (1)),
chemical potential (1) and global electrophilicity index (W). Global
chemical hardness allows the determination of the resistance to
the redistribution of electrons in the molecule. Moreover, ioniza-
tion potential (I) is expressed as I = -Eygmo and electron affinity
(A) is expressed as A = -Ejymo. Such values are calculated as fol-
lows [69,70];

_(+4A)

X= 2
_(+4)

- 2
(-4

="

s= L

_n

w_277
_d+A

ANmax = 2(-A)

In this study, title molecule has higher chemical reactivity and
lower kinetic stability because of the fact that energy gap value of
title molecule is high value. All of the values are shown in Table 4.

Density of states (DOS) show number of states in unit en-
ergy interval. DOS can give information about state distribution of
molecular systems. Moreover, it is important for optical transition
probabilities. In this study, DOS analysis of complex was calculated

at B3LYP/LanL2DZ level of theory in the gas phase. DOS analysis
curve of title compound is given in Fig. S8. This analysis shows that
maximum density of states lies over occupied orbitals with energy
range of -20 eV and 0 eV.

4. Conclusion

In this study, A new Pd(Il)-Hydrazide-Triphenylphosphine com-
plex was synthesized and characterized by various spectroscopic
techniques including single crystal XRD, FT-IR, Raman and NMR.
Some geometric parameters and vibrational wavenumbers of ti-
tle molecule were computed with the DFT-B3LYP method using
6-311G++(d,p) and the LANL2DZ basis set. Obtained experimen-
tal results were compared with theoretical results and it was con-
cluded that theoretically obtained results have a good confirmation
with experimentally obtained results. Energy gap was calculated as
5.218 eV. It was clear that title molecule has higher chemical reac-
tivity and lower kinetic stability because of the fact that energy
gap value of title molecule is high value. The X-ray structure is
slightly different from its optimized molecular structures because
the crystal structure in the solid phase is stabilized by the inter-
molecular C-0...H, N-O...H and N-O...H hydrogen bonds that sup-
ply the leading contribution to stability.
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