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Introduction
Pyrimidine derivatives represent a class of heterocycles of great importance. Many pyrimidines or their derivatives possess

remarkable biological activity and have been widely used in fields ranging from the medicinal to industrial applications.
Certain Pt*" complexes with pyrimidines display a definite on costatic effect [1-3]. The ability of 2-aminopyrimidine to form
complexes with transition metal ions is of great interest. Complexes of 2-aminopyrimidine of the type cis- or trans-[PtL,X;]
type were known [4]. 2-Aminopyrimidines are coordinated to the inner-sphere of Pt** as a monodentate ligands and the bond
with the metal is formed with the heterocyclic (N) nitrogen atom of the pyrimidine ring [4]. On contrast a literature survey

revealed only an example of Pd®* complex with 2-amino-4, 6-dimethylpyrimidine which is bound to the ligand through the
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pyrimidine ring nitrogen atom while the amino group is not involved in the complex formation [5]. Thiourea derivatives have
been extensively studied as a potential anti-TB, anti-HIV, anti-tumor and plant growth regulators [6-8]. Poly azomethines
have been widely studied for their high thermal stability, mechanical properties, electrical and magnetic properties, liquid
crystal properties and non-linear optical properties [9,10]. Thiourea and its related molecules are important as structural
components and as intermediates in agricultural and pharmaceutical chemistry [11]. Recently, these compounds have attracted
considerable attention for their potential use as binding units for artificial receptors in supramolecular chemistry because of
their characteristic behavior based on Lewis acids and strong hydrogen-bond donors [12]. Furthermore, thioureas serve as a
useful scaffold by connecting them to electroluminescent organic dyes [13]. Their enormous potential led to the development
of several methods for preparing thiourea derivatives [14]. The most common of these methods involves the condensation of
isothiocyanates with amino derivatives. However, despite its utility and simplicity, limitations are sometimes encountered,
particularly with less reactive amine substrates. The present work aims to synthesize and characterize complexes of (E,E)-N,
N"-(6-aminopyrimidine-2, 4-diyl) bis-(N'-phenylcarbamimidothioic acid) with Cu*** Co®* Pt*"* Pd** and Nd** ions. The
possible modes of chelation, the geometry and the nature of bonding of the complexes are discussed on the basis of various
spectroscopic techniques, elemental analyses, spectral (IR, UV-vis., *H-NMR, **C-NMR and mass), magnetic and thermal
measurements. Moreover, our attention is directed to evaluate of the antioxidant and anticancer activity of L* and the isolated
complexes.

Experimental

Instrumentation and materials

All the chemicals were purchased from Aldrich and Fluka and used without further purification. Sodium pyrophosphate,
NBT (nitro blue tetrazolium), NADH (nicotin amide adenine dinucleotide; reduced form (sodium salt, Sigma), phenazine
methosulfate (sodium salt). The growth medium DMEM-Dulbecco's Modified Eagle Medium (Gibco®), fetal bovine serum
(FBS), penicillin, streptomycin and trypsin were used in the studies of biological activity. Carbon, hydrogen and metal
contents (Cu®" Co*" Pt*" Pd®* and Nd** ions) were determined by the standard methods [15]. IR spectra (4000 cm™-400 cm®
1) for KBr discs were recorded on a Mattson 5000 FTIR spectrophotometer. Electronic spectra were recorded on a Unicam
UV-Vis and UV2 and V-100 spectrophotometers. The magnetic measurements were carried out at room temperature (25°C)
on a Sherwood magnetic balance. Diamagnetic corrections were calculated using Pascal's constants [16]. *H-NMR and **C-
NMR measurements in de-DMSO at room temperature were carried out on Jeol-90Q Fourier transform (400 MHz)
spectrometer at the Microanalytical Unit, Cairo University and King Saud University, Saudi Arabia. The mass spectra of the
ligands were recorded on MS 70 eV EIGC, MS QP-1000 EX Shimadzu (Japan) mass spectrometer at Cairo University.
Also, the mass spectra of the four complexes were recorded using direct inlet unit (DI-50) of Mass Spectrometer model
SHIMADZU GC/MS-QP5050A at the Regional Center for Mycology and Biotechnology, Al-Azhar University. TGA
measurements in the range 20°C-800°C were recorded on a TGA-50 Shimadzu TGA analyzer at a heating rate of 15°C/min

and nitrogen flow rate of 20 mL/min.

Synthesis of (E, E)-N, N"-(6-aminopyrimidine-2, 4-diyl) bis-(N'-phenylcarbamimidothioic acid) (L'): L' was
synthesized by refluxing hot ethanolic solution of pyrimidine-2, 4, 6-triamine (1.3 g, 0.01 mol) and phenyl isothiosyanate
(2.4 g, 0.02 mol) in 1:2 M ratio for 4 h. The solution was evaporated and after cooling a yellow solid was precipitated. The

precipitate was filtered off, recrystallized from absolute ethanol (Yield: 78%) and finally dried in a desiccator over
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anhydrous P,O,. The purity was checked by TLC and spectra (IR, *H-NMR, *C-NMR and mass). The melting point of L*
was found to be (190°C).

Synthesis of Cu?* Co®" Pt** Pd** and Nd** complexes: A hot EtOH solution of metal chlorides (CuCl,, CoCl,, PtCl,,
PdCl, and NdCls; 0.0025 mol) was added to hot EtOH solution of L* (1 g, 0.0025 mol) in 1:1 (M:L) molar ratio. The
mixture was heated under reflux for 1.5 h. The pH of the solutions was found in the range 4, 5, 2, 5 and 4, respectively. The
isolated solid complexes were filtered off, washed with EtOH followed by diethyl ether and finally dried in a vacuum

desiccator over anhydrous P4040. The complexes are stable in air and soluble in polar solvents.

Biological studies

Superoxide dismutase (SOD) like radical scavenger activity: The antioxidant activity of the isolated complexes and L*
was evaluated [17]. This assay relies on the ability of L or its complex to inhibit the phenazine methosulphate-mediated
reduction of nitroblue tetrazolium (NBT) dye. The SOD reaction mixture was contained in a final volume of 3.0 mL. It was
composed of 0.5 mL of 0.3 mmol NBT, 0.5 mL of 0.47 mmol NADH, 1.8 mL of 0.1 M sodium pyrophosphate buffer, 0.1
mL of L* or complex and 0.1 mL of 0.093 mmol phenazine methosulfate (PMS). The reaction was initiated by the addition
of PMS and the increase in absorbance at 560 nm was followed with a recording spectrophotometer for five min. The

percent inhibition was evaluated as reported earlier [17].

Viability of HepG2 cell cultures: Hepatocellular carcinoma (HCC) cell line HepG2 was obtained from VACSERA, Egypt.

The viability of HepG2 cells in culture was calculated by the MTT assay [18]. All experiments were performed in triplicate.

Computational details

We performed cluster calculations using DMOL? program [19-24] in Materials Studio package [25], which is designed for
the realization of large-scale density functional theory (DFT) calculations. DFT semi-core pseudopods calculations (dspp)
were performed with the double numerical basis sets plus polarization functional (DNP). The DNP basis sets are of
comparable quality to 6-31G Gaussian basis sets [26]. Delley et al. showed that the DNP basis sets are more accurate than
Gaussian basis sets of the same size [25]. The RPBE functional [27] is so far the best exchange-correlation functional [28],
based on the generalized gradient approximation (GGA), is employed to take account of the exchange and correlation effects

of electrons. The geometric optimization is performed without any symmetry restriction.

Results and Discussion

The data of elemental analyses together with some physical properties of the complexes are listed in TABLE 1. The
structures of the complexes are established by elemental analyses and by weight loss determination. The values of molar
conductivity of all complexes lie in the 6 ohm™ cm? mol™®-13 ohm™ cm? mol™ range (TABLE 1) indicating their non-

electrolytic nature except the Cu®* complex (82 ohm™ cm? mol™) which is electrolytic in nature [29].
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TABLE 1. Analytical and physical data of L*and its metal complexes.

Compound M.P.; % Found (Calcd.) A" | Yield
o M.Wt Color . o
(Empirical formula) (°C) c H M Cl DMSO | (%)
] 536 | 45
L".EtOH; C,0H»N;0S, | 441.585 Yellow 190 78
(54.4) | (5.3)
[Cu,(LY)(H,0).]2CI.3H,0 _ 250 | 293 | 38 | 174 | 97
717.609 | Greenish-brown 82 83
ClgHZQCU2N70782CI2 (Char) (301) (41) (177) (99)
Co,(LY)(H,0),Cl 243 35.3 3.9 18.9 11.4
[Coo(LIHOLCLL 1 297 Green 8 76
C18H19C02N70282C|2 (Char) (350) (31) (191) (115)
Pt,(L")(H,0),Cl¢].EtOH 21.6 3.0 20.0
[P )(H0):Cle 1078.479 | Light brown | >300 13 90
CaoH2sPt:N705S,Clg (22.3) | (2.3) (19.7)
[Pd,(LT)(H,0),Cl,].1/2EtOH 240 | 300 | 38 | 29.4 | 101
736.312 Dark brown 11 69
C19H22Pd2N7O5/282C|2 (Char) (309) (30) (289) (96)
[Nd,(LD)(H,0)sClg] 214 | 36 | 282 | 19.8
1040.841 Pale yellow >300 6 87
Ci15H33Nd,N70gS,Clg (20.8) | (3.2) | (27.7) | (20.9)
IR spectra

The IR bands of L* and its complexes are recorded in TABLE 2. L' can be represented by two tautomeric forms, the thione
(a) and thiol (b) forms as shown in (FIG. 1). The IR spectrum of L' in KBr shows three bands at 3445 cm™, 3412 cm™ and
3337 cm™ assigned to v (OH, EtOH), v, (NH,) and v, (NH,) [30], vibrations, respectively. Also, the spectrum shows three
bands at 3308 cm™, 3278 cm™ and 3178 cm™ assigned to v (NH) vibrations [31]. The observation of three bands for the NH
group suggests that the possibility of thione/thiol tautomerism (HN-C=S/N=C-SH). The bands located at 1663cm™, 1606 cm™
and 1555 cm™ are assigned to (C=N),,., (C=C) phenyl and (C=N) of the pyrimidine ring, respectively [32]. The weak band at
2360 cm™ which is characteristic for the SH group. The presence this band suggests that the free ligand exists mainly in the

thiol form [33] (F1G.1b). The previous assumption is confirmed by the molecular modeling of L as shown in (FIG. 2).
N Na
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FIG. 1. (E, E)-N, N"'-(6-aminopyrimidine-2, 4-diyl) bis-(N'-phenylcarbamimidothioic acid; L).
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FIG. 2. Molecular modeling of (a) L' (b) electron density.

A comparison of the IR spectra of L'and its metal complexes (TABLE 2) shows that L' coordinates to all metal ions in a ratio
2:1 (M: L). L' behaves as binegative tetradentate coordinating in the thiol form via the two nitrogen of pyrimidine ring and
two thiol sulfurs with losing two protons from the SH groups in all complexes except Nd** complex in which L* behaves as
binegative tetradentate coordinating in the thione form through the two nitrogen of pyrimidine ring and two thione sulfurs.
The presence of thiol form in Cu*" Co?*" Pt*" and Pd*" complexes is supported by the absence of the bands assigned to (SH)
and (C=S) in the spectra of complexes. L' behaves as a binegative NNSS tetradentate ligand via the two nitrogen of the
pyrimidine ring and the two thiol sulfur atoms in case of Cu®* and Co?* complexes with the general formulae, [Cu,(L")
(H,0)4]2C1.3H,0 and [Co,(L") (H,0),Cl,], (FIG. 3 and 4). This behavior is supported by:

i. The disappearance of the band assigned to (SH) indicates the participation of this group in coordination with

deprotonation [34].

ii. The negative shifts of the bands in the regions 1551 cm™-1553 cm™ attributed to pyrimidine ring indicate that
this group takes part in coordination (161).

iii. The appearance of band in the region 1668 cm™-1655 cm™ assigned to azomethine group (C=N) is taken as an
additional evidence of the presence of thiol form.

iv. New bands are observed in the regions (473, 447 and 430, 421) cm™ assigned to (M-S) and (M-N),
respectively [35].

V. The spectra of the complexes show a broad medium band at 3441 cm™ and 3552 cm™, attributable to water of

coordination as well as the water of solvation [36].
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FIG. 3. Molecular modeling of FIG. 4. Molecular modeling of
[Cuy(LY) (H,0)4]2C1.3H,0. [Cox(LY)(H,0),Cl,].

In [Pt, (LY) (H,0),Clg]. EtOH and [Pd, (L) (H,0),Cl,].1/2EtOH complexes (FIG.5 and 6), L' behaves as a binegative NNSS
tetradentate manner through two (C=N) of pyrimidine ring and two S atoms of deprotonated C-SH groups. This behavior is
revealed by the shift of (C=N),,, to lower wavenumber, the appearance of band assignable to (C=N),, and disappearance
attributed to (S-H) bands. The spectra of the complexes show a broad medium band at 3523 cm™ and 3437 cm™ attributable to

water of coordination as well as the EtOH of solvation, respectively [36].

FIG. 5. Molecular modeling of FIG. 6. Molecular modeling of
[Pty(LY) (H,0),Clg].EtOH. [Pdy(LY) (H,0),Cl,].1/2EtOH.

The IR spectrum of [Nd, (L) (H,0)sCls] (FIG. 7) shows that L'acts as NSNS neutral tetradentate via two (C=N),yr and both
(C=S).

This behavior is supported by:
i. Shift of (C=N)j,, to lower wavenumber indicating the coordination of the metal ions to pyrimidine nitrogen [37].
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The appearance of band at 3278 cm™ assigned (NH) vibration and no observation of a band characteristic for a thiol

group (2300 cm™-2650 cm™) is found in the spectrum of the Nd** complex is taken as evidence of the presence of thione

form [38,39].

The existence of water within the coordination sphere in the hydrated complex is supported by the appearance of band at
3445 cm™ in the IR spectra of the Nd** complex [40].

iv. New bands are observed in case of Nd** complex at 450 cm™ and 429 cm™ which are tentatively assigned to the (M-S)
and (M-N) [36], respectively.
FIG. 7. Molecular modeling of [Nd, (L") (H,0)sCle].
TABLE 2. Principle IR bands of L' and its metal complexes.
v v(NH v(C=N) | v(C=N),y
Compound v (NHy) v(SH) v(M-S) | v(M-N)
(OH) ) azo r

3308
1 (3412)q
L".EtOH; CyH,3N;0S, 3445 3278 | 2360 1663 1555

(3337),

3187
Cu,(LY(H,0),]2CI.3H,0 3400
[CL(L)(HO)] 2 3441 (3400 3186 | - | 1668 1533 473 430
ClgHngU2N7O7SZC|2 (3337)3
Co,(LY)(H,0).Cl 3437
[Co(L)(HO)CLL] 3552 (3437)e 3192 | -— | 1655 1551 447 421
C18H19C02N70282C|2 (3327)3
Pt,(L")(H,0),Clg]. EtOH 3410
[PLL)(H0):Cle] 3523 (3410)e 3194 | - | 1642 1534 480 430
Pd,(LY(H,0),Cl,].1/2EtOH 3415
[Pa(L)(H0),CL 3437 (341)ss 3180 | -— | 1643 1536 490 425
C19H22Pd2N705/2S,Cl; (3319),
Nd,(LY)(H,0)sClI 3411 3278
N1 )(H0)Cle 3445 (3410 — | 1661 1550 450 429
Ci8H33Nd,N;0gS,Clg (3339); 3191

azo: azomethine; pyr: pyrimidine ring
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'H-NMR and *C-NMR spectra

The *H-NMR spectrum of L' in dg-DMSO displays three signals at 11.52 ppm, 7.72 ppm and 5.91 ppm, relative to TMS,
assigned to SH [41], NH [30] and CH [42,43] protons, respectively. The multiplet signals at (6.16-7.37) ppm are assigned to
the protons of the phenyl ring. The signal at 3.4 ppm is attributed to the NH, protons while the signals at 4.8 ppm, 3.5 ppm
and 1.1 ppm are attributed to OH, CH, and CHj; protons of EtOH [40] confirming the proposed formula. The presence of SH
signal confirms that the ligand is existed in the thiol form in the solid state as shown in (FIG. 1b). Additional evidence for
the structure of L' comes from the *C-NMR spectrum (FIG. 8) in which the chemical shift of (C6 and C2) are observed at
195.5 ppm [44] and the (N5) atom causes a large downfield shift of the (C6 and C2) resonance. Also, the signal of (C9-SH)
is observed at 161.8 ppm while the signal of (C4) appears at 160.7 ppm. Aromatic phenyl carbons give signals in overlapped
areas of the spectrum with chemical shift values from 140.4 ppm-124.3 ppm and the signal due to CH of pyrimidine ring is
observed at 94.6 ppm. The signals due to (CH, and CHs) of EtOH are observed at 57 ppm and 19 ppm, which is taken as a
strong evidence of the existence of EtOH.
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FIG. 8. ®C-NMR spectrum of L' in d¢-DMSO.

The *H-NMR spectra of Pt* and Pd** complexes show the absence of the signal at 11.52 ppm assignable to (SH) proton
confirming the participation of two thiol group in coordination to the metal ion together deprotonation. The presence of
signals at 10 ppm and 4 ppm which disappeared upon addition of D,O attributed to NH and (OH of EtOH and H,0). The
signals observed at 1.05 ppm and 3.5 ppm in Pt** and Pd** complexes are attributed to the protons of CH,, CH, of EtOH which
is existed outside the coordination sphere [40].
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The *H-NMR spectrum of Nd** complex (FIG. 8) displays two signals at 12.0 and 3.4 ppm, relative to TMS, assigned to NH
[30] and NH, protons, respectively. The signal of the OH proton of the H,O molecule is combined with NH, signal and
observed at 3.4 ppm. The observation of the first signal at 12.0 ppm, downfield of TMS, in comparison to that observed in the
spectrum of the free L' suggests that the complex is mainly exists in the thione form. The multiplet signals at (7.2-7.5) ppm
are assigned to the protons of the phenyl ring and CH of pyrimidine ring [42,43]. Additional evidence for the structure of the
Nd** complex comes from the **C-NMR spectrum, in which chemical shift of (C9-S) is observed at 189.5 ppm suggests that
the complex is mainly exists in the thione form. The signals of the carbons characterized to the C6, C2 and C4 are overlapped
together and are observed at 152.97 ppm [44]. This signal is shifted to up field in comparison to that observed in the spectrum
of the free ligand due to the involvement of N5 and N3 in coordination. Aromatic phenyl carbons give signals in overlapped
areas of the spectrum with chemical shift values from 140.04 ppm-124.1 ppm. The signal due to CH of pyrimidine ring is
observed at 93.3 ppm.

Mass spectrum of L*
The mass spectrum of L (FIG. 9) shows the molecular ion peak at m/z=441 (72%) corresponding to (CaoH2sN;0S,),

M.wt=441.585. Also, the results of elemental analyses, ‘H-NMR and **C-NMR spectra are taken as evidences for the
proposed structure.
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FIG. 9. Mass spectrum of L.

The fragmentation pattern of L' shows corresponding to the successive degradation of the ligand (C,oH2sN-OS,). The first
peak at m/z=441 with 72% abundance represents the molecular ion (Calcd. 441.585). The peak in 394 with 26% abundance
correspond to [CigH17N;S,]" (Caled. 395.515). There are signals represent the stepwise loss of Ph-N, SH and Ph-N
fragments; [C1,H1oNgS,]" in 304.9 with 8% (Calcd. 304.4), [C1oH1:NgS]" in 272.9 with 30% Calcd. 272.33) and [CgHsNsS]*
in 180.9 with 27% abundance (Calcd. 180.22), respectively, and the peak in 133 with 100% abundance represent of
[CsHsNs]™ (Caled. 135.13) fragment. The peaks at 120 and 61 with 7 and 84% abundance (Calcd. 120.12 and 63.1)
correspond to [CsH4N,]" and [C,HN]" fragments, respectively.
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Electronic spectra and magnetic data
The electronic spectra of L* and its complexes were displayed in Nujol mull. The spectra of the complexes are dominated by
intense intra-ligand charge-transfer bands. The spectrum of the ligand shows two bands at 292 nm and 344 nm (34246 and 29069

cm™) region assignable to © — 7* transition of (C=N),,and (C=N) pyrimidine rings, respectively [45].

The electronic spectrum of the Cu?* complex in Nujol shows two bands at 604 nm and 492 nm (16556 cm™ and 20325 cm™)
assigned to the 2B, — °E and °B, — 2B; transitions in a tetrahedral geometry around the Cu®" " [46]. Also, the band at 441
nm (22675 cm™) is assigned to charge-transfer of the type (L — M) transition. Moreover, the value of the corrected magnetic
moment (per=1.3 BM) per each Cu®* ™ [47]. The electronic spectrum of the Co** complex shows four bands at 671 nm, 600
nm, 172 nm and 436 nm (14903 cm, 16666 cm™, 21186 cm™ and 22935 cm™). The first band is attributed to *A, — T, (F) in
a tetrahedral geometry around the Co?* ion. The second band (16666 cm™) is assigned to *A, — “T; (P) [48]. The other two
bands at 21186 cm™and 22935 cm™ are assigned to charge-transfer (L — M). Also, the value of the corrected magnetic
moment (ue=4.3 BM) per each Co®" ion is taken as a strong evidence for the existence of a tetrahedral geometry around the
Co? [49]. The ligand field parameters were calculated and found to be (Dq, B and B) are: 640.8 cm™, 513.1 cm™ and 0.53 cm™
respectively.

The electronic spectrum of the diamagnetic [Pd, (L') (H,0),Cl,].1/2EtOH, shows bands at 401 nm and 485 nm (24937 cm™
and 20618 cm™) due to *A;; —'B,4 and *A,; —'E, transitions in a square-planar configuration. But the absorption band 539
nm (18552 cm™) is assigned to combination of charge-transfer transitions from the Pd** d-orbital to the n*-orbital of L'
[50,51]. The Nd** complex shows four bands at 802 nm, 746 nm, 428 nm and 304 nm (12468 cm™, 13404 cm™, 23364 cm’
'and 32894 cm™). The two first bands are assigned to *lg;, — *l13, and *lg;, — *l15,,, while the other two bands are assigned to
*lor, — *Fap and *lg;, — *Fso. The value of magnetic moment (pr-3.8 BM) falls in the range reported for Nd** ions [52] per
each Nd** ion.

Molecular modeling

Geometry optimization with DFT method: The analysis of the data in TABLES 1and 2 calculated for the bond lengths

and angles for the bond, one can conclude the following remarks:

The bond angles of the L* are altered somewhat upon coordination, the largest change affects C (4)-Npyr (3)-C (2), C (2)-N
(12)-C (19), N (12)-C (19)-S (21), N (5)-C (4)-N (10), C (4)-N (10)-C (9), and N (10)-C (9)-S (11), which are reduced or
increased on complex formation as a consequence of bonding [53].

1. The bond angles in case of [Cu,(L") (H,0)4]2Cl.3H,0 and [Co,(L")(H,0),Cl,] complexes afforded an tetrahedral
geometry, while in the [Pty(L")(H,0),Cl¢].EtOH is quite near to an octahedral geometry predicting, and adopts a
square-planar arrangement in [Pd,(L")(H,0),Cl,].1/2EtOH.

2. All the active groups taking part in coordination have bond lengths longer than that already exist in the ligand (like
C-S and C=N,y,) [53].

3. The optimized C=N bond length in the pyrimidine ring is elongated due to its coordination in all complexes. The N
(10)-C (9), Naz (8)-C (9), N (12)-C (19), Noz (20)-C (19), C (9)-S (11) and C (19)-S (21), bond lengths become

slightly longer in complexes as the coordination takes place via S (11) and S (12) atoms which is formed on

10
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deprotonation of SH group in [Cuy(L")(H,0)4]2CI.3H,0, [Co(LY)(H,0),Cl,], [Ptx(LY)(H,0),Cls].EtOH and
[Pd,(LY)(H,0),Cl,].1/2EtOH. This is taken as evidence that the ligand is coordinated to the metal ion in thiol form.

4. S (11)-C (9) and S (21)-C (19) thione type in [Nd,(L") (H,0)sClg] no enolized leading to appearance of double
bond character over S (11)-C (9) and S (21)-C (19) and its absence over N (10)-(C9) and N (20)-C (19).

5. The complexes of L' can be arranged according to M-N,,r bond length as follows: N (5)-Nd (29)>N (5)-Pt (28)>N
(5)-Co (28)>N (5)-Pd (28)>N (5)-Cu (28).

6. The complexes of L* can be arranged according to M-S bond lengths as follows: S(11)-Nd (29)>S (11)-Pt (28)>S
(11)-Co (28)>S (11)-Pd (28)>S (11)-Cu (28).

7. All bond lengths correlate with the experimental IR frequencies. As there is an elongation in the bonds, a lower
energy of the vibration frequency is needed and the lower frequency is approved by the experimental IR frequency
values.

8. The bond angles within the L' backbone do not change significantly but the angles around the metal undergo
appreciable variations upon changing the metal center.

Chemical reactivity

Global reactivity descriptors: The determination of energies of the HOMO (n donor) and LUMO (x acceptor) are important

parameters in quantum chemical calculations. The HOMO is the orbital that primarily acts as an electron donor and the

LUMO is the orbital that largely act as the electron acceptor. These molecular orbitals are also called the frontier molecular
orbitals (FMOs).

The Enomo and E ymo and their neighboring orbitals are all negative (TABLE 3), which indicate that the prepared
molecules are stable [54].

The FMOs theory predicts sites of coordination (electrophilic attack) on aromatic compounds. An initial assumption is
that the reaction takes place with maximum overlap between the HOMO on one molecule and the LUMO on the other.
The overlap between the HOMO and the LUMO is a governing factor in many reactions. The aim of calculations is to
search for the largest values of molecular orbital coefficients. So, orbitals of the ligand with the largest value of
molecular orbital coefficients may be considered as the sites of coordination. This conclusion is confirmed by the data
obtained from the calculations indicating that the nitrogen of the (C=N) pyrimidine groups and sulfur of deprotonated
(C-SH) groups have the largest values of molecular orbital coefficients.

Gutmann’s variation rules, ‘‘the bond strength increases as the adjacent bonds become weaker’’ such as found by Linert
et al. [55]. This interpretation agrees well with the resultant as the increase of the Eomo IS accompanied by a weakness
(elongation) of the metal-ligand bonds, which leads to a strengthening (shortness) of the sites adjacent to the metal
ligand centers.

The HOMO level is mostly localized on the N (3), N (5) and deprotonated S (11) and S (21) atoms (FIG. 10) indicating
that this atom are the preferred nucleophilic sites at the central metal ion. This means that these moieties, with high
coefficients of HOMO density are oriented toward the metal ions.

The energy gap (Enomo-ELumo) is an important stability index which helps to characterize the chemical reactivity and
kinetic stability of the molecule [56]. The gap (Enomo-ELumo) IS applied to develop a theoretical model for explaining
the structure and conformation barriers in many molecular systems and influences the biological activity of the

molecule. A molecule with a small gap is more polarized and is known as soft molecule. Soft molecules are more
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reactive than hard ones because they easily offer electrons to an acceptor. The energy gap is small in L* indicating that
charge transfer easily occurs in it, which influences the biological activity of the molecule. Low value of energy gap is
also attributed to the groups that enter into conjugation [57].

vi. The lower HOMO energy values show that molecules donating electron ability is the weaker. On contrary, the higher
HOMO energy implies that the molecule is a good electron donor. LUMO energy presents the ability of a molecule

receiving electron [58].

ELUMO: -1.828 eV

(excited state)

Energy gap=3.008

EHOMO= -4.836 eV

(Ground state)
FIG.10 3D plots frontier orbital energies using DFT method for L.

DFT method concepts can indicate the chemical reactivity and site selectivity of the molecular systems. The energies of
frontier molecular orbitals (Eqomot ELumo), energy band gap (Enomo-ELumo) Which explains the eventual charge transfer
interaction within the molecule, electronegativity (y), chemical potential (l), global hardness (#), global softness (S) and
global electrophilicity index (w) [58,59] are listed in TABLE 3.

12
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X =" (E umo+ Evowo) 1)
p==x= 1 (E iuo+ Erowo) (2)
7= Y (Evumo+ Enowo) 3
s=1n (4)

w="4n ©

The inverse value of the global hardness is designed as the softness (&) as follow:

6=1/m (6)
Electrophilicity index is one of the most important quantum chemical descriptors in describing toxicity of various pollutants
in terms of their reactivity and site selectivity [60]. In addition, the electrophilicity properly quantifies the biological activity
of drug receptor interaction. This new reactivity index measures the stabilization in energy when the system acquires an
additional electronic charge from the environment. The importance of # and & is to measure the molecular stability and

reactivity. In a complex formation system, the ligand acts as a Lewis base while the metal ion acts as a Lewis acid.

TABLE 3. Calculated Eyomo, ELumo, €nergy band gap (Ex-EL), chemical potential (u), electronegativity (x), global

hardness (i), global softness (S), global electrophilicity index (@) and softness (6) for L and its complexes.

= EL (En-EL) 4 M H S < 6
Compound L

eV eV eV eV eV eV eV’ eV eV
APCA -4.836 | -1.828 | -3.008 3.332 | -3.332 | 1.504 | 0.752 | 8.348872 | 0.664894

Cu complex -3.762 | -1.877 -1.885 2.8195 | -2.8195 | 0.9425 | 0.47125 | 3.74624 | 1.061008
Co complex -4.042 | -2.447 -1.595 | 3.2445 | -3.2445 | 0.7975 | 0.39875 | 4.197554 | 1.253918
Pt complex -4.18 | -2.816 -1.364 3.498 | -3.498 | 0.682 0.341 | 4.172477 | 1.466276
Pd complex -4.807 | -3.534 -1.273 | 4.1705 | -4.1705 | 0.6365 | 0.31825 | 5.535345 | 1.571092
Nd complex -5.568 | -3.085 -2.483 | 4.3265 | -4.3265 | 1.2415 | 0.62075 | 11.61957 | 0.805477
H: HOMO; L:LUMO

Molecular electrostatic potential (MEP)

The MEP is a plot of electrostatic potential mapped onto the constant electron density surface. It is also very useful in research
of molecular structure with its physiochemical property relationship as well as hydrogen bonding interactions [61-63]. The
electrostatic potential \V/(r) at a given point r (X, y, z) is defined in terms of the interaction energy between the electrical charge
generated from the molecule electrons, nuclei and proton located at r [64,65]. In the present study, 3D plots of molecular
electrostatic potential (MEP) of L' (FIG. 11) have been drew. The maximum negative, region which preferred site for
electrophilic attack is indicated by a red color, the maximum positive region which preferred site for nucleophilic attack

symptoms as blue color. Potential increases in the order red<green<blue, where blue shows the strongest attraction and red

13
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shows the strongest repulsion. Regions having the negative potential are over the electronegative atoms while the regions

having the positive potential are over the hydrogen atoms.

001330 I o,

FIG. 11. Molecular electrostatic potential (map) for L.

Dipole moment and other molecular properties
The calculations of the binding energy revealed that the increase of the value of the calculated binding energy of complexes
compared to L' indicates that the stability of the formed metal complexes is higher than that of L*. Also, energy components
were calculated by DFT method shown in TABLE 4.

TABLE 4. Some of energetic properties of L* and its complexes calculated by DMOL? using DFT-method.

Compound HOMO | LOMO | Binding energy | Total energy | Dipole moment
(eV) (eV) (Kcal/mol) (Kcal/mol) (D)

L' | -4.836 -1.828 -4929.7 -1.2 x 10° 6.1686
[Cuy(LY)(H,0),]2CI.3H,0 | -3.762 | -1.877 -5872.1 -1.6 x 10° 9.1791
[Coy(LY)(H,0),Cl,] | -4.042 | -2.447 -6187.2 -2.1x10° 7.4084
[Pt,(L')(H,0),Clg]. EtOH | -4.180 | -2.816 -6375.1 -3.3x10° 5.3967
[Pd,(L")(H,0),Cl;].(EtOH),;, | -4.807 | -3.534 -5512.7 2.1 x 10° 7.3525
[Ndy(LY)(H,0)sClg] | -5.568 | -3.085 -8411.2 -3.4 x 10° 5.8821

Thermogravimetric studies

The stages of decomposition, temperature range, decomposition product as well as the weight loss percentages of Cu?* Pt*
and Pd?" ©™e are given in TABLE 4. FIG. 11 shows the TGA/DTG curves of three metal complexes. The experimental
weight loss values are in good agreement with the calculated values. The final decomposition product was identified by the
conventional chemical analysis method. In the TG thermogram of the [Cu,(L")(H,0)4]2CI.3H,0 complex the first stage at
33°C-178°C with weight loss of 6.9 (Calcd. 7.5%) is corresponding to the loss of 3H,0 lattice water molecules. The second

14
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step with weight loss of 10.7 (Calcd. 10%) at 178°C-257°C is attributed to the elimination of 4H,O coordination water
molecules. The third step corresponds to the elimination of NH,+ 2HCI fragments with weight loss of 12.3 (Calcd. 12.3%) at
258°C-375°C. The fourth step at 375°C-628°C with weight loss of 19.3 (Calcd. 19.7%) is referring to the removal of CgHsS,
fragment. The fifth step is observed in the range 629°C-787°C with gradual mass loss corresponding to C¢HgN, fragment, 14.9
(Calcd. 14.6%). The residual part is [Cu, (CN),]+2C (Found 35.9, Calcd. 35.6%). In case of [Pty(L') (H,0),Clg].EtOH
complex the TG/DTG curve shows a first step in range 38°C-144°C with gradual mass loss 4.7 (Calcd. 4.3%) corresponding
to EtOH molecule out of side coordination sphere. The second step with weight loss of 10.7 (Calcd. 10.1%) at 145°C-291°C is
attributed to the elimination of 2HCI and two coordinated water molecules. The third step is observed in the range 292°C-
365°C with gradual mass loss corresponding to two chlorine ions 6.1 (Calcd. 6.6%). The fourth step at 365°C-560°C with
weight loss of 38.9 (Calcd. 39.2%) is referring to the removal of [(C¢HsSCN),+NH,+CH+2Cl+ C,N,] fragments. The residual
part is 2Pt+ 3C (Found 39.6, Calcd. 39.5%). Similar to the [Pd,(L") (H,0),Cl,].1/2EtOH complex the TG/DTG curve shows a
first step in range 35°C-134°C with gradual mass loss 3.1 (Calcd. 3.1%) corresponding to (EtOH);,molecule out of side
coordination sphere. The second stage at 150°C-359°C with weight loss of 12.4 (Calcd. 12.2%) is corresponding to the loss of
the two coordinated water, HCI molecules and NH3 fragment. This is followed by loss of [(CsHsSCN),+HCI] fragments with
weight loss of 42 (Calcd. 41.7%) in the range 359°C-794°C. The residual part is [Pd, (CN)4] (Found 42.5, Calcd. 43%). An
inspection of the data represented in TABLE 4 indicates that TG thermograms displayed a high residual part for the studied

complexes reflecting a higher thermal stability.

Biological application

Antioxidant activity: Superoxide radical is formed in all aerobic cells by the reduction of O, with the addition of a singlet
electron. Normally the superoxide anion is short-lived and is converted to hydrogen peroxide and molecular oxygen by
superoxide dismutase which maintains the steady-state levels of superoxide [66]. All cellular components can react with
oxygen-derived free radicals at the level of unsaturated bonds and thiol groups. Proteins, some amino acids and nucleic acids
are very sensitive to the attacks of superoxide radical, which could lead to induction of enzymatic activity alterations,
changes in conformation: generating DNA strand breaks or base modifications, leading to point mutations in DNA [67].
Antioxidants are the compounds that prevent such oxidative damage due to their free radical scavenging ability. The
superoxide dismutase is thought to be present in all oxygen-metabolizing cells, and has a protective mechanism against
superoxide radical and its potential damaging reactivates generated by aerobic metabolic reactions. All the compounds were
tested for antioxidant activity using superoxide dismutase like activity assay. An inspection of the data indicates that Cu*"
Co?* and Nd* complexes exhibits the potent anti-oxidative activity (FIG. 12). On the other hand, ligand itself and Pt*
complex did not show any antioxidant activity. While the Pd** showed from low to mediate anti-oxidative activity. The
complexes of Cu?" Co®* and Nd** had the highest activity of quenching phenazine methosulphate radicals at 100%, 99.3%
and 95.6% inhibition respectively. This high antioxidant capacity may be due to their unique coordination. These
compounds can be considered to be an important group of promising antioxidants. They might help attenuate oxidative

stress and participate in protection against the harmful action of reactive oxygen species, mainly oxygen free radicals.
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SOD scavenging radicals like activity

LU 99. 95

100 -
90 -
80 -
70
50 -
50 A 39.3
40 -
30 -

20 - 9.
-

APCA Cu-complex Co-complex Pt-complex Pd-complex Nd-complex

% Inhibition

Investigated compounds

FIG. 12. Superoxide dismutase scavenging radicals like activity of L' and its complexes.

Cytotoxic and antitumor activity
L*and its Cu*" Co*" Pt*" Pd*" and Nd** complexes were screened at different concentrations, ranging from 500 uM to 2.1

MM, for their antitumor activity against hepatocellular carcinoma cell line HepG2, as shown in FIG. 13. After 48 h
incubation period of the HPG2 liver cancer cells with different concentrations of ligand and its complexes, Nd** and Pd**
complexes proved to have the highest cytotoxic activity with I1Csy of 7.4, and 71.7 uM, respectively.

Conclusion

The viability of HPG2 tumor cells, after incubation with the Nd* ®™ Pd®* complexes was significantly affected. The cell
layer partially condensed forming cell-free areas, and finally detached from the culture plate. The ligand, Cu®*" Co?* and Pt**

complexes showed no cytotoxic activity.

Cytotoxic activity against HepG2 cell line %500

100 - m166.7

90 m55.6

80 n185
L
X 70 6.2
= 60 -
=4 m21
% 50
S
° 40 -
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20 -

10 -
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FIG. 13. Cytotoxic activity of the L* and its complexes.
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