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Funding information to be the best computational level for the complexes by benchmarking analysis.
Sivas Cumhuriyet University Pt (Ly),-type four-coordinated complexes were optimized in the aqueous phase

at the best level. Spectroscopic properties of optimized molecular structures
(IR, 'H-NMR, *C-NMR, and UV-Vis) were calculated, and the complexes
were characterized. It was determined that Pt (L,),-type complexes have a dis-
torted square planar geometry. Molecular electrostatic potential maps, molecu-
lar orbital energy diagrams, and some molecular properties of the complexes
were calculated. To estimate the anticancer and antibacterial activities of the
complexes, they were docked against Michigan Cancer Foundation-7 (MCF7)
and Mycobacterium tuberculosis (H37Rv) cell lines and compared with standard
substances. According to the calculated docking parameters, the complexes
were found to have higher activity than substances with anticancer and anti-
bacterial standards. The presence of an electron-donating group in Schiff bases
has been predicted to increase both anticancer and antibacterial activities.

Highlights

« Pt(L;),, Pt(L,),, and Pt(Lz), complexes were designed and optimized at the
MO062X/LANL2DZ/6-31G(d,p) level.

« The complexes were characterized by molecular structure parameters, IR,
nuclear magnetic resonance (NMR), and UV-Vis spectroscopic data and
were found to have distorted square planar geometry.

« The antitumor-antibacterial activity of the Pt(Ls), complex was predicted to
be higher than the references and the HL; ligand.
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1 | INTRODUCTION

Imines, also known as azomethine or Schiff bases, have
the general formula R;R,C=NR; (R; # H).Y In the
given general formula, the Ry, R,, and R; groups may be
alkyl, aryl, cycloalkyl, or heteroaryl. The size of these
groups, electron-withdrawing or electron-donating, has a
significant effect on the physical and chemical properties
of Schiff bases. Schiff bases are stable compounds that
can be synthesized from the reaction of aldehydes or
ketones with primary amines.””) Such compounds are
widely used for industrial purposes such as pigment, cat-
alyst, and chemical additives.! Additionally, it is known
that such compounds exhibit pharmacological activities
such as antimicrobial, antifungal medications, antitumor,
antimalarials, antiproliferative, anti-inflammatory, anti-
viral, and antipyretic.>+7!

Schiff bases are widely used ligands in complex chem-
istry.[®! The imine nitrogen in these ligands is basic and is
in the m-acceptor ligand class. Schiff bases donate the
electron pair on the nitrogen atom to the metal ion and
form a o bond and take electrons from the metal ions to
the n* orbital of azomethine group to form a = bond.'”!
Schiff bases can act as a bidentate ligand if they contain a
proton-donating functional group close to the imine
group.

Schiff base complexes could be easily synthesized
when Schiff bases and metal salts are reacted under mild
conditions."®! It can be said that factors such as the type
of metal ion, size, charge, coordination number, and
properties of Schiff base are highly effective on the stabil-
ity and biological activity of Schiff base metal com-
plexes I'In general, Schiff base complexes represent an
important group of compounds of biological importance.
There are many published articles on Schiff base metal
complexes showing antibacterial, antifungal, and anti-
cancer activity.['?~23!

Cisplatin-based complexes such as carboplatin, neda-
platin, oxaliplatin, lobaplatin, and heptaplatin are widely
used in the treatment of various cancer types such as
ovarian, testicular, bladder, colorectal, lung and head,
neck, pancreatic, gastric, and breast cancer.”! However,
cisplatin therapy has serious side effects such as nephro-
toxicity, cumulative peripheral sensory neuropathy, oto-
toxicity due to irreversible damage to hair cells, and
nausea and vomiting.”*>"*” For these reasons, studies are
underway to develop other platinum-based antitumor
drugs.

In our previous study, we designed HL,, HL,, and
HL; Schiff base ligands; characterized them by calculat-
ing their IR, '"H-NMR, C-NMR, and UV-Vis spectra;
and estimated their anticancer-antibacterial activities.!”’
The aim of this study is to design platinum-II complexes

of L, L,, and L5 Schiff base anions, to characterize them
with quantum chemical calculations, and to predict their
anticancer-antibacterial activities. For this purpose,
Pt(L,),-, Pt(L,),-, and Pt(L3),-type four-coordinated hypo-
thetical complexes were designed. The ground state struc-
tures of the complexes were optimized at MO062X/
LANL2DZ/6-314+-G(d,p) level in the aqueous phase.
These structures were characterized by calculating IR,
nuclear magnetic resonance (NMR), and UV-Vis spectra.
The complexes were docked against the MCF7 and the
H37Rv cell lines to predict their anticancer and antibac-
terial activities, and the docking results were compared
with standard substances.

2 | METHODS AND TECHNIQUES

Schematic structures of Pt (L,),-type Schiff base com-
plexes were designed in GaussView 6.0.16 program.!*®!
Optimized structures and vibrational frequency of com-
plexes were obtained at M062X/LANL2DZ/6-31+G(d,p)
level in Gaussian 09: AS64L-G09RevD.01 program in the
aqueous medium, and no imaginary vibrational fre-
quency was observed within the calculated frequen-
cies.?*3% M062X method is a hybrid method based on
density functional theory. This method defines the
exchange-correlation energy functional based on the
meta-GGA approximation.*) LANL2DZ/6-314+-G(d,p) is
a mixed basis set.*?! LANL2DZ basis set uses an internal
potential for the nucleus and inner shell electrons, and
this basis set is often used for post-third-order atoms.!*!
6-31+G(d,p) is a basis set with diffuse-functional that
adds d-functions to heavy atoms and p-functions to
hydrogen atoms.*?!

Chemical events taking place in living beings are gen-
erally in the aqueous environment. Therefore, computa-
tions on Pt (L,),-type complexes were performed in the
water medium by using conductor-like polarizable con-
tinuum model (C-PCM).**! NMR spectra were computed
with the gauge-independent atomic orbitals (GIAO)
method,**! and UV-Vis spectra were calculated with the
time-dependent-density functional theory (TD-DFT)
method.®® Mean molecular polarizability (@), static
dipole moment (u), energy of the HOMO (Egomo), and
energy of the LUMO (ELy0) were taken from the calcu-
lation output file. Some molecular properties such as ion-
ization potential (I), electron affinity (A), between LUMO
and HOMO energy gap (AE), hardness (7), absolute elec-
tronegativity (y), and electrophilicity index (w) of the
complexes were obtained from Equations 1-6..)

I'=—Enomo (1)
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A=—Erumo )

AE = Erumo — Ernomo 3)
n=I-A/2 (4)
y=I1+A/2 (5)
®=pey /2 (6)

Both Pt (L,),-type complexes and the antitumor standard
cisplatin were docked against the MCF-7 (PDB ID: 1JNX)
cell line.*”! Additionally, Schiff base complexes and anti-
bacterial reference N-(Salicylidene)-2-hydroxyaniline
(SHA)!?! were docked against the H37Rv (PDB ID: 3TZ6)
tuberculosis bacterial cell line.l** Docking server was
used in molecular docking calculations.!!

3 | RESULTS AND DISCUSSION

3.1 | Determination of the best
calculation level

Method and basis set selection has an important role in
computational studies. For this purpose, taking into
account the molecule whose properties will be calcu-
lated, different levels are created. At the levels created,
a measured property of the molecule is calculated. The
compatibility between the calculated and the measured
feature is analyzed. The level that provides the best fit
is taken into account as the best calculation level. This
process is called benchmark analysis. There is no
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experimental data in the literature for the Pt (L,),-type
complexes designed in this study. However, some
molecular structure parameters of Ni (L,), [bis(N-R-
1-naphthylethyl-3,5-dichlorosalicydenaminato)nickel (II)]
complex, which has a similar structure to Pt (L,),
complexes, are given in the literature.*”! The level that
gives the correct parameters for Ni (L,,), can also be used
for Pt (L,),-type complexes. Therefore, the Ni-N, Ni-O,
C=N bond lengths and N-Ni-O(1), N-Ni-O(2) bond
angles of the Ni (L), complex were computed at the
levels of HF/LANL2DZ/6-31G 1),
HF/LANL2DZ/6-31G(d) (2), HF/LANL2DZ/6-31G+(-
d,p) (3), B3LYP/LANL2DZ/6-31G (4), B3LYP/
LANL2DZ/6-31G(d) (5), B3LYP/LANL2DZ/6-31G+(d,-
p) (6), MO62X/LANL2DZ/6-31G  (7), MO062X/
LANL2DZ/6-31G(d) (8), and M062X/LANL2DZ/6-31+-
G(d,p) (9). The calculated values of the mentioned
bond lengths and bond angles are presented in Table 1
together with their experimental values.

The mean of the differences between the calculated
and the experimental values can be taken as a bench-
mark. Therefore, the mean of differences was calculated
from Equation 7 and given in the last column of Table 1.

[C—E|
N

MD= (7)

Here, MD is the mean of differences, C is the calculated
value, E is the experimental value, and N is the number
of values. The level with the MD value closest to zero can
be taken as the most appropriate level. As can be seen
from Table 1, the level with the MD value closest to zero
is (9). Therefore, M062X/LANL2DZ/6-31+G(d,p) level
was chosen for Pt (L,),-type complexes in this study.

TABLE 1 Some bond lengths (A) Bond lengths (A) Bond angles (°)

and bond angles (°) of the Ni (L,),

complex calculated at various levels Level Ni-N Ni-O C=N N-Ni-0(1)* N-Ni-0(2)* MD
1) 2.010 1.863 1.280 89.9 90.0 0.823
@) 2.024 1.867 1.272 90.7 89.3 0.528
?3) 2.026 1.872 1.272 90.7 89.3 0.529
@) 1.948 1.856 1.308 92.3 87.9 0.115
(5) 1.954 1.851 1.298 924 87.5 0.213
(6) 1.957 1.860 1.298 92.3 87.6 0.175
@) 1.965 1.853 1.297 91.6 88.0 0.155
®) 1.972 1.852 1.288 92.3 87.7 0.155
) 1.937 1.847 1.281 92.2 87.8 0.105
Exp. 1.936 1.823 1.280 92.1 88.2

%0(1) and O(2) were defined in Figure 1.
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FIGURE 1 Optimized structures of Pt(L,),, Pt(L,),, and Pt(L3), complexes obtained at the M062X/LANL2DZ/6-31+G(d,p) level

TABLE 2 Some bond lengths and some bond angles of Pt
(Lp),-type complexes computed at M062X/LANL2DZ/6-31+G(d,p)
level

Bond lengths (A) Pt(Ly), Pt(L,), Pt(L;),
Pt-N3=Pt-N4 2.044 2.046 2.045
Pt-O1=Pt-02 2.027 2.029 2.029
N4-C6=N3-C8 1.289 1.289 1.287
N4-C20=N3-C21 1.472 1.472 1.473
C5-C10=C9-C16 1.437 1.430 1.424
C6-C7=C8-C12 1.445 1.444 1.448
C5-01=C9-02 1.301 1.305 1.298
Bond angles (°) Pt(L,), Pt(L,), Pt(Ls),
01-Pt-N4=02-Pt-N3 91.7 91.7 91.6
01-Pt-N3=02-Pt-N4 88.3 88.2 88.4
01-Pt-O2=N3-Pt-N4 180.0 180.0 180.0
Pt-O1-C5=Pt-02-C9 126.0 126.7 126.0
Pt-N3-C8=Pt-N4-C6 123.3 1234 123.4

3.2 | Ground state structures of the
complexes

The ground state molecular structures of Pt (L,),-type
four-coordinated complexes were computed at M062X/
LANL2DZ/6-31+G(d,p) in the aqueous phase. The com-
puted ground structures of the complexes are given in
Figure 1.

Some bond lengths and some bond angles thought to
be characteristic for complexes are given in Table 2.

As seen in Table 2, Pt-N bond lengths in complexes
are 2.04 A, Pt-O bond lengths are 2.03 A, and C=N bond
lengths are around 1.29 A. These values are in agreement
with similar complexes available in the literature.[*! It is
also seen that the lengths of the bonds in trans positions
such as Pt-N3=Pt-N4 and Pt-O1=Pt-O2 are equal.

In ideal square plane geometry, the cis angles around
the central metal atom are expected to be 90° and the
trans angles to be 180°. As seen in Table 2, the bond
angles of O1-Pt-N4, O2-Pt-N3, O1-Pt-N3, and O2-Pt-N4,
which are the angles between the donor atoms in the cis
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positions, are approximately 90°, and the angles between
the donor atoms in the trans positions, N3-Pt-N4 and
01-Pt-O2 bond angles, were calculated as approximately
180°. Due to the inductive effects of the side groups in
the ligands, the bond angles differ slightly from the bond
angles of the ideal square plane structure. Therefore, it
can be said that the complexes have a distorted square-
plane geometry. In addition, these bond angles are com-
patible with similar complexes in the literature.[*!

3.3 | IR spectra of the complexes and
labeling of peaks

IR spectra of Pt (L,),-type complexes were calculated at
MO062X/LANL2DZ/6-31+G(d,p) level in an aqueous
medium. IR spectra are given in Figure 2, and the label-
ing of the peaks thought to be characteristic for the com-
plexes is given in Table 3.

Frequency (cm™)

The frequencies in Table 3 are harmonic. The anhar-
monic frequencies are calculated by multiplying the har-
monic frequencies with the appropriate scale factor for
each calculation level. Scale factors for Various levels are
in the range of 0.8-1 in the literature.[*?! In the literature,
a scale factor of the calculation level used in this study
was not found. However, the scale factor for M062X/
LANL2DZ, which is close to the calculation level we
used, is 0.952.14°

In IR spectroscopy, the 650-1250 cm ™" region, called
the fingerprint region, is not very distinctive. The descrip-
tion of the spectrum in this region is often not fully struc-
tured due to its complexity. On the other hand, if the
fingerprint region can be explained, important informa-
tion can be obtained since it is a characteristic for each
substance. As seen in Table 3, generally C-H and C-C-C
angle bending vibrations were observed in this region.
For all three complexes, peaks of asymmetric C,-Oq4
vibration were observed around 1370 and 1520 cm .
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Peak no. Mode no. Freq. (cm™ ') Labeling TABLE 3 Labeling of the peaks
observed in the IR spectrum of Pt (L,),-
Pt(L1), 1 50 750.9 @ (CorH) type complexes in the aqueous medium
2 75 1129.7 a (C,-H) calculated at M062X/
3 37 1256.2 y (Cor-H) LANL2DZ/6-31+G(d,p) level
4 89 1291.5 Vas (CarO)
5 94 1379.3 Vas (Car-Oq), 7 (CarH)
6 116 1533.0 Vas (Car-Car)s Vas (CarOa)
7 118 1624.5 Vas (Car-Car)
8 120 1687.5 Vas (CarCar)
9 122 1730.7 Vas(C=N)
10 124 3053.5 Vas (Car-H)
11 134 3162.4 Vas (Ca-H), Vas(C-H)imine
Pt(L,), 1 48 771.1 o (Cor-H)
2 54 881.2 8(Car-Car-Car)
3 73 1118.1 a (Cor-H)
4 81 1258.9 Vas (Car-Car), ¥ (Car-H)
5 88 1375.4 Vas (Car-Og), 7 (Car-H)
6 110 1521.6 Vas (Car-Car), Vas (Car-Oa)
7 112 1628.0 Vas (Car-Car)
3 114 1684.1 Vos (Car-Car)
9 116 1729.8 Vgs(C=N)
10 122 3090.7 Vas (Ca-H)
11 129 3144.9 Vas (Car-H), Vas(C-H)imine
Pt(Ls), 1 46 756.3 @ (Cor-H)
5 52 880.4 8 (Car-CarCay)
3 71 1164.6 a (CyrH), a (Cy-H)
4 75 1218.4 7 (CarH)
5 84 1375.8 Vas (Car-Oq), 7 (CarH)
6 98 1520.8 Vas (Car-Car)s Vas (Car-Oq)
7 100 1607.9 Vas (Car-Car)
8 102 1678.5 Vas (Car-Car)
9 104 1735.7 Vas(C=N)
10 108 3095.6 Vas (Ca-H)
11 112 31160.6 Vas (CarrH), Vas(C-H)imine

Notes: v, asymmetric stretching; y, rocking; w, wagging; a, scissoring; §, bending; al, aliphatic; ar, aromatic;

d, donor.

The peaks of aromatic C=C bond stretching vibrations
are observed around 1500 and 1600 cm ™. Peaks 6, 7, and
8 in complexes show C=C vibrations. It was observed at
the expected frequency.

The characteristic C=N stretching peak of Schiff
bases is observed in the region of 1600-1700 cm™'. The
peaks numbered 9 in the IR spectra belong to the C=N
asymmetric stretching vibrations. The peaks belonging to
the C=N group in the Pt(L,),, Pt(L,),, and Pt(Ls),

complexes were calculated as 1730.7, 1729.7, and
1735.6 cm™'. When these frequencies are multiplied by a
value between 0.8 and 1 (scale factor), they correspond to
the range of 1600-1700 cm ™', This indicates that the cal-
culated frequencies are in the expected region.

Aliphatic C-H and imine C-H stretching vibrations
are observed in the 2850-3100 cm ™' region. Peaks 10 and
11 in Pt (L,),-type complexes belong to C-H stretching
vibrations. According to the fundamental equation of
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vibrational frequency, C-H vibrations are obtained at
high frequencies, since the reduced mass of the C-H
bonds is small.

3.4 | NMR spectra of the complexes and
labeling of peaks

NMR spectra and chemical shift values of the complexes
were calculated by GIAO method in the aqueous phase
at the level of M062X/LANL2DZ/6-314+G(d,p). Tetra-
methyl silane (TMS) was used as a reference. In the aque-
ous phase for TMS, '"H-NMR chemical shift value was
computed as 31.74 ppm and the '*C-NMR chemical shift
was 197.25 ppm. The calculated "H-NMR spectra of the
complexes are given in Figure 3.

When Figure 3 is examined, it is seen that the Pt(L;),
and Pt(L,), complexes contain 12 equivalents of protons
and the Pt(L3), complex contains nine equivalents of pro-
tons. These numbers are also the number of hydrogen

e/ JNCARC T R
12 3 4 s 6 7 8 9 10
Shift (ppm)

atoms present in L, ligands. This result shows that the
protons in the L, ligands are not equivalent. The fact that
there are two molecules of these ligands in the complexes
and that the same number of "H-NMR peaks are
observed shows that the molecular structures of the com-
plexes are distorted square planar, because there are
trans and cis positions to each other in the square planar
structure. Protons in the trans and cis positions are inter-
changed by rotation around a C, axis. Therefore, they are
equivalent protons. Equivalent protons peak at the same
chemical shift value. The "H-NMR chemical shifts calcu-
lated in the aqueous medium are given in Table 4.

H39, H40 protons in Pt(L,), and Pt(L,), complexes
and H42, H43 protons in Pt(L;), complexes have the
highest chemical shift values. When Figure 1 is exam-
ined, it is seen that these protons are located in the azo-
methine (H-C=N) group. The carbon atom in the
azomethine group has both sp® hybridization and is
bonded to the nitrogen atom, which has a higher electro-
negativity. Therefore, the H-C=N proton is less shielded.
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TABLE 4 'H-NMR chemical shifts

Pt(L,); 6 (ppm) Pt(L), 6 (ppm) Pt(Ls), 6 (ppm)
(ppm) of Pt (L,),-type complexes
H23=H32 1.05 H23=H32 1.14 H23=H32 0.98 calculated by GIAO method in the
H24=H31 1.28 H24=H31 1.34 H24=H31 1.24 aqueous phase at M062X/
H25=H33 1.83 H43=H47 1.99 H25=H33 1.86 LANL2DZ/6-31+G(d,p) level
H26=H29 3.40 H25=H33 2.19 H26=H29 3.40
H45=H49 3.96 H44=H46 2.42 H27=H28 4.78
H47=H50 3.97 H45=H48 2.71 H35=H37 7.23
H46=H48 4.24 H26=H29 3.46 H17=H38 7.98
H27=H28 4.87 H27=H28 4.94 H34=H36 7.99
H34=H36 7.15 H35=H37 7.33 H42=H43 9.04
H35=H37 7.19 H17=H38 7.91
H17=H38 7.56 H34=H36 8.02
H39=H40 9.13 H39=H40 8.77
Abbreviation: GIAO, gauge-independent atomic orbitals.
7 oL 1o FIGURE 4 '3C-NMR spectra of Pt (L,),-
- 6 (L1)s type complexes calculated by gauge-
g 5 19c independent atomic orbital (GIAO) method in
o 4- a3 8c 0-c the aqueous phase at M062X/
S s H-C 3C 6C LANL2DZ/6-31+G(d,p) level
g 2 30-C P1-C 7tC 15-C 9-C 6-C
(a) 1 22-C 0-C 12-C 11-C 5¢C 84C
N\ K u
0 20 40 60 80 100 120 140 160 180
Shift (ppm)
7 -
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a 10-C
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e 41-C 14-C 11-c 9-C
0 4
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TABLE 5 "C-NMR chemical shift
chemiea S PY(Ly); 5@pm)  PHL); 5(pm)  PH(Ly), 8 (ppm)
values (ppm) of Pt (L,),-type complexes
calculated by GIAO method in the C22=C30 21.9 C41=C42 19.8 C22=C30 22.0
aqueous phase at M062X/ C43=C44 56.1 C22=C30 22.4 C20=C21 60.5
LANL2DZ/6-31+G(d,p) level C20=C21 60.3 C20=C21 59.5 C14=C19 125.7
C14=C19 125.0 C14=C19 125.4 C7=C12 132.6
C13=C18 128.8 C7=C12 129.8 C10=C16 144.2
C7=C12 129.9 C10=C16 145.9 C11=C15 150.3
C11=C15 142.7 C11=C15 148.1 C13=C18 151.0
C10=C16 163.8 C13=C18 149.4 C5=C9 175.9
C5=C9 168.4 C5=C9 176.6 C6=C8 179.4
C6=C8 179.2 C6=C8 182.0
Abbreviation: GIAO, gauge-independent atomic orbitals.
Less shielded protons come out at high ppm. In all three 30.000 PHL1)s 2577 :2'25 3?
complexes, H23, H32 protons peaked at the lowest ppm 25.000 1 _0’25 =
value. When Figure 1 is examined, it is seen that these 20.000 Lo.2 gv
protons are in the alkyl group. The alkyl group carbons ~ * 15.000 L0.15 @
’ -~
are sp> hybridized, and the s-character is low. In addition, 10.000 01 8
these protons do not feel the inductive effect of electro- 5.000 - -0,05@
negative atoms, because they are far away from electro- O s ——— =
negative atoms such as N and O. For these reasons, 15 200 ZS&avzrl)gng:Ifo(nm?o 450 500
proton nuclei are highly shielded by their electrons and
peak at low ppm.
L . 30.000 254.0 -0,4
OCHj; protons attached to the aromatic ring in the Pt(L2)> [ 0.35
Pt(L,), complex are labeled with H45, H46, H47, H48, 25.000 - _0'3 0,
H49, and H50. Chemical shift values are in the range of 20.000 - I 0'25 )
3.81-4.24 ppm. Chemical shift values labeled as H23, w 15.000 - 2634 345:6 02 =
H24, and H25 for the CH; protons attached to the aro- 10.000 - | L0,15
matic ring in the Pt(L,), complex are in the range of 5.000 -0,1 §
1.08-2.29 ppm. The chemical shift values of the aromatic et -0,05
ring hydrogens H17, H34, H35, H36, H37, and H38 in all e e Sl
three complexes were found in the range of 6.82- 150 200 250 300 350 400 450 500
g2 Wavelength (nm)
.2 ppm.
13 .
C-NMR spectra of Pt (L,), complexes calculated in 30.000 - = 0,35
the aqueous phase at the level of MO062X/ 25.000 4 T2 P 0,3 g
LANL2DZ/6-31+G(d,p) by GIAO method are given in 20,0004 -ozs:‘—;
. . -
Figure 4. 13 o . ) w 15,000 - 264.4 344.1 102§
When “C-NMR spectra in Figure 4 are examined, it 10,000 F0,15 4@
X B -
is seen that there are 10 equivalent carbon atoms in the 5.000 o1 8
Pt(L,), and Pt(L,), complexes and nine equivalents in the ' o I g,os'g,_

Pt(L3), complex. This result can be interpreted as the
interpretation of "H-NMR spectra and indicates that
structures of the complexes are distorted square planar.
The chemical shift values of Pt (L,),-type complexes in
the aqueous phase calculated by the GIAO method at the
level of MO062X/LANL2DZ/6-314-G(d,p) are given in
Table 5.

As seen is Table 5, the highest chemical shift values
were obtained for C6 and C8 in all three complexes. As
can be seen in Figure 1, these carbon atoms are in the

150 200 250 300 350 400 450 500
Wavelength (nm)
FIGURE 5 Calculated UV-Vis spectra of Pt (L,),-type

complexes in the aqueous medium at TD-M062X/
LANL2DZ/6-31+G(d,p) level

azomethine (H-C=N) groups. Carbon atoms in azo-
methine groups have a high s-character and are attached
to a nitrogen atom with high electronegativity. This
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FIGURE 6

causes less shielding of the carbon nucleus. Less shielded
nucleus peaks at high ppm.

C22, C30 carbons in Pt(L;), and Pt(Ls), complexes
and C41, C42 carbons in Pt(L,), complex peaked at the
lowest ppm value. As seen in Figure 1, these carbon
atoms are alkyl carbons located far from electronegative
atoms. C5, C7, C9, C10, C11, C12, C13, C14, C15, C16,
C18, and C19 carbons are in the aromatic rings. They
have smaller chemical shifts than the azomethine car-
bons. The chemical shift values of aromatic ring carbons
are in the range of 125-177 ppm, and their chemical shift
values change depending on their proximity to the elec-
tronegative atom. Since the C5 and C9 carbons are adja-
cent to the electronegative oxygen atom, they have a

I J‘
94

Pt(L,),

"]
]
- @

9

102

Pt(L3),

Contour diagrams of frontier orbitals for Pt (L,),-type complexes

higher chemical shift than the other aromatic ring car-
bons. C20, C21, C22, and C30 carbons are aliphatic car-
bons; they have sp® hybridization and have a low
chemical shift value since their s-characters are low.
These findings are in agreement with the values in simi-
lar complexes given in the literature.*¥

3.5 | UV-Vis spectra of the complexes
and assignment of bands

UV-Vis spectra of the platinum complexes were calcu-
lated in the aqueous phase at the level of TD-DFT/
MO062X/LANL2DZ/6-31+G(d,p). The default setting of
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the Gaussian 09 program was used in the TD-DFT calcu-
lations. The default settings of Gaussian 09 include
Nstate = 6, root = 1. Here, Nstate = 6 shows that six
electronic states are considered in TD-DFT calculations
and three of them are singlet states and the other three
are triplet states. Root = 1 indicates the first excited state.
UV-Vis spectra of the complexes calculated under the
specified conditions are given in Figure 5.

As can be seen from Figure 5, two bands are formed
in the electronic spectrum of each complex. UV-Vis spec-
trum of the Pt(L,), complex is slightly different from the
spectrum of Pt(L,), and Pt(L3), complexes in terms of
wavelengths. It is seen that the low wavelength band con-
sists of two peaks, and the higher wavelength band con-
sists of one peak.

To predict electronic transitions that reveal bands in
the electronic spectrum, the excitation coefficients in the
computational output files were examined and the transi-
tions with the highest transition coefficients were evalu-
ated. In general, it was predicted that the lower
wavelength bands emerge from the transitions between
HOMO-2—LUMO and HOMO-1—-LUMO+1 orbitals,
while the higher wavelength bands consist of transitions
between HOMO—LUMO orbitals. The characters of
HOMO-2, HOMO-1, HOMO, LUMO, and LUMO+1 can
be predicted from the contour diagrams. For this reason,
contour diagrams of the frontier orbitals for the com-
plexes were obtained and given in Figure 6.

As can be seen from Figure 6, in general, in all com-
plexes, HOMO-2 and HOMO-1 show the s-molecular
orbitals in the benzene ring, and LUMO and LUMO-+1
show the =n*-molecular orbitals in the benzene ring.
According to this evaluation, it can be said that HOMO-
2—LUMO and HOMO-1—LUMO+1 transitions are pre-
dominantly t—z* transitions. As can be seen from the
HOMO contour diagram, the benzene ring n-molecular
orbitals, central metal atom d orbitals, donor oxygen, and
donor nitrogen orbitals make the most contributions to
the HOMO orbital. So, the HOMO—LUMO transition is
also a M—LCT transition in addition to the n—x*
transition.

3.6 | Molecular electrostatic potential
(MEP) maps of the complexes

To predict the electropositive and electronegative regions
of the complexes, the MEP map was calculated at
MO062X/LANL2DZ/6-31+G(d,p) level in the aqueous
phase and is given in Figure 7.

In these maps, the red color shows the regions with
high electron density and the blue color shows the
regions with low electron density. As can be seen from
Figure 7, the blue color intensity in the MEP map of the
Pt(L;), complex is lower than that of the Pt(L,), and
Pt(Ls), complexes. This finding indicates that the nucleo-
philicity of the Pt(L,), complex is higher than that of the
Pt(L,), and Pt(Ls), complexes. This result may be closely
related to the fact that the CH;O group in Schiff base
ligands is electron-withdrawing group (EWG) and the
CHj; and Cl are electron donor group (EDG).

3.7 | Molecular orbital energy diagrams
(MOED)

MOED of the investigated platinum complexes were cal-
culated at M062X/LANL2DZ/6-314+-G(d,p) level in the
aqueous medium. The energy diagrams of the molecular
orbitals between HOMO-2 and LUMO+1 were given in
Figure 8.

As seen in Figure 8, the frontier orbitals HOMO and
LUMO are given in yellow. The 104th and 105th molecu-
lar orbitals respectively are HOMO and LUMO for
Pt(L;), and Pt(L3), complexes whereas 96th ve 97th
molecular orbitals are HOMO and LUMO for Pt(L,),.
The energy and symmetry of each molecular orbital are
given next to it. Energies are in Hartree units. One
Hartree is 27.2116 eV. All of the molecular orbitals
appear to be of the “a” symmetry type. This type of sym-
metry shows that the molecule does not contain any sym-
metry operations; that is, it is an asymmetric molecule.
Since the molecules are not in a regular square plane, the
symmetry elements are eliminated. HOMO and LUMO
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LUMO+1 106 (&) —_— -0,02203 98 (a) —_— -0.02292 106 (a) —_— -0.03164
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vomo 108 P 026246 560 I oo 108 (@ Pl -o.25507
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Ptaz Pt(Tz)2 Pt(L3)2

FIGURE 8 Molecular orbital energy diagrams of Pt (L,), complexes computed at M062X/LANL2DZ/6-31+G(d,p) level in the aqueous

medium
Descriptors Pt(L,); Pt(L,), Pt(Ls),
Eromo’ —6.598 —6.719 —6.965
B —0.893 —0.905 ~1.118
P 6.598 6.719 6.965
A? 0.893 0.905 1.118
AE* 5.705 5.814 5.848
7 2.852 2.907 2.924
' 3.745 3.812 4.042
o* 2.459 2.499 2.793
u® 0.001 0.001 0.003
af 441.323 430.949 429.981

deV.

"Debye.

‘a.u.

energy order of the complexes are the same, and they are
Pt(L1)>>Pt(L;),>Pt(L3)..

3.8 | Some molecular properties of the
complexes

Ionization potential (I), electron affinity (A), energy gap
(AE), hardness (7), electronegativity (y), electrophilicity
index (w) of Schiff base-platin complexes, antitumor drug
cisplatin, and antibacterial standard SHA [N-(Salicyli-
dene)-2-hydroxyaniline] were calculated from
Equations 1-6. The energy of the HOMO (Epomo)
energy of the LUMO (E.yu0), static dipole moment (u),
and mean linear polarizability («) were taken from the
computation output files. The calculated values of these
molecular properties at the level of MO062X/
LANL2DZ/6-31+G(d,p) in water are given in Table 6.

Cisplatin SHA
—8.510 —7.338
—0.596 —0.952

8.510 7.338
0.596 0.952
7.913 6.385
3.957 3.193
4.553 4.145
2.620 2.691
11.176 1.652
108.345 241.396

TABLE 7

TABLE 6 Some molecular
properties for Pt(L,),, Pt(L,),, Pt(Ls),,
cisplatin, and SHA computed at
MO062X/LANL2DZ/6-314+-G(d,p) level in
the water phase

Comparison of the relationships between Pt(L,),,

Pt(L,),, and Pt(L3), complexes and molecular descriptors of
cisplatin and SHA

Descriptor

LAE 3y, @

A

"

a
Descriptor
I, AE, 5

A

X

@

R X

Comparison with cisplatin
Pt(L,),<Pt(L,),<Pt(Ls),<Cisplatin
Pt(L,),<Pt(L,),<Cisplatin<Pt(Ls),
Pt(L,),=Pt(L,),=Pt(L;),<Cisplatin
Cisplatin<Pt(L;),<Pt(L,),<Pt(L;),
Comparison with SHA
Pt(L,),<Pt(L,),<Pt(L3),<SHA
SHA<Pt(L,),<Pt(L,),<Pt(Ls),
Pt(L,),<Pt(L,),<SHA<Pt(Ls),
Pt(L,),<SHA<Pt(L,),<Pt(Ls),
Pt(L,),=Pt(L,),=Pt(Ls),<SHA
SHA<Pt(L3),<Pt(L,),<Pt(L,),
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As seen in Table 6, the values of y, i, AE, A, I, and
w parameters of Schiff base platinum complexes in the
aqueous phase increase in the order of Pt(L,),<Pt
(L,),<Pt(L3),. From the MEP maps of the complexes,
we determined that the nucleophilicity of the Pt(L;),
complex was high. As can be seen from Table 6, the
electrophilicity index (@) of the Pt(L,), complex is
lower than the others. It can be said that the electro-
philicity index (w) is inversely proportional to the
nucleophilicity index (g). In other words, if the nucleo-
philicity index of a substance is high, the electrophilic-
ity index will be low.

The fact that the static dipole moments of the com-
plexes are almost zero Debye indicates that the com-
plexes are in disordered square plane structures. If the
structures were an ideal square plane, the static dipole
moment would be zero Debye.

The mean molecular polarizability of Pt(L,), and
Pt(L;), complexes are very close to each other. Mean
molecular polarizability is related to molecular size and
softness. The mean molecular polarizability values of the
Pt(L,), and Pt(L;), complexes are very close, indicating
that CH; and CI substituents are close in size.

In addition, the molecular properties of cisplatin,
which is used as a cancer drug, and SHA, which is used
as an antibacterial reference, given in Table 6, are close

P L L Ly

P L L L L L T r

P(L,),-3TZ6

Pt(L,),-3TZ6

Appl 13 0f 17
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to the calculated properties of platinum complexes. Com-
parisons between molecular structure descriptors of com-
plexes and molecular properties of cisplatin and SHA are
given in Table 7.

As seen in Table 7, the values of many molecular
descriptors of the complexes are smaller than those of cis-
platin and SHA, which are taken as references. The
molecular descriptors of the complexes being larger or
smaller than those of the references do not provide infor-
mation on biological activity. Having some descriptors
large and some small can increase activity. The shortest
way to predict biological activity is to do molecular dock-
ing calculations.

3.9 | Estimation of anticancer and
antibacterial activities of the complexes

Molecular docking calculations are one of the popular
techniques used to predict the biological activities of mol-
ecules and to design drug candidate molecules. Second-
ary chemical interactions between the minimalized
protein structure of cell lines and the drug candidate mol-
ecule can be investigated by molecular docking calcula-
tions. In this way, secondary chemical interaction types,
interaction modes, and interaction energies, which is

L R —————

Pt(L3),-3TZ6

FIGURE 9 Docking poses between Pt (L,,),-type complexes and target protein cell lines
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called the binding energy, between the target protein and
the drug candidate molecule can be computed.

In this research, the complexes optimized in the aque-
ous phase were docked against the breast cancer cell line
MCF-7 (PDB ID:1JNX) and the tuberculosis bacterial cell
line H37Rv (PDB ID: 3TZ6). Information on these cell
lines was given in our previous study on HL, ligands.'!
Docking Server was used for docking process.**! Geome-
try optimization of the complexes on the docking server
was done again with the MMFF94 method. The Gasteiger
partial load calculation method was chosen. pH = 7.0
was taken. Grid maps were created using 90 x 90 x 90 A
grid points and 0.2 A spacing. Lamarckian genetic algo-
rithm was used for insertion simulations. The population
size was set to 150. The 5 A quaternion and torsion steps
were applied for the studied complexes to search for the
appropriate region of the target protein. Docking poses of
Pt (L,), complexes against MCF-7 (PDB ID: 1JNX) and
H37Rv (PDB ID: 3TZ6) cell lines are presented in
Figure 9, and the interaction types between Pt (Ly),-type
complexes and cell lines of target proteins are presented
in Table 8.

As can be seen in Table 8, there are more types of
interactions between the Pt(L3), complex and the 1JNX
than both the reference and other complexes. Pt(Ls),
complex formed hydrophobic interactions with amino
acids CYS368, ALA366, CYS513, and VAL420 of the

1JNX protein; H bond interactions with GLY367, ILE559,
VALG606, and VAL418; and halogen bond interactions
with VAL512. Cisplatin, taken as a reference, made H
bond interactions with VAL606, ILE559, and GLY367.
This result shows that Pt(Ls;), complex may be more
active than other complexes against MCF-7 (PDB ID:
1JNX) breast cancer cell line.

Interaction types of Pt (L,),-type complexes with
H37Rv (PDB ID: 3TZ6) Mycobacterium tuberculosis bacte-
ria cell line are also given in Table 8. As seen in Table 8,
the Pt(L3), complex had hydrophobic interaction with
the amino acids PHE230 and PRO239 of the 3TZ6 protein
and polar interaction with ARG233. The reference SHA,
on the other hand, made hydrophobic interactions with
PHE230, polar interactions with ARG233, and pi-pi inter-
actions with PHE230.

To predict anticancer and antibacterial activities of Pt
(Ln)o-type complexes against 1JNX and 3TZ6 proteins,
binding energies (BE), intermolecular energies (IE), the
sum of interactions of van der Waals, H bond, dissolve
energies (WHDE), interaction surfaces (IS), and inhibi-
tion constants (Ki) were calculated for platinum com-
plexes and standards. Docking parameters of Pt (L,),
complexes and standards are given in Table 9. Values in
parentheses are for HL,, ligands and are taken from Kaya
et al.[9] to compare the anticancer and antibacterial
activities of Pt (L), complexes with HL,, ligands.

Hydrophobic  Polar pi-pi Hbonds Halogen bond TABLE 8 Types of interactions
between the complexes and the 1JNX

Pt(L1);-1INX ALA366 ) . VAL606 B and 3TZ6 target protein cell lines

ALA466 VALA418

ILE559

ALAG607

CYS513
Pt(L,),-1INX VALG606 - - GLY367 -

CYS513 VALA418

ALA466 ILE559

ALA366
Pt(L;),-1JNX CYS368 - - GLY367 VAL512

ALA366 ILE559

CYS513 VAL606

VALA420 VALA418
Cisplatin-1JNX - - - VAL606 -

ILE559
GLY367
Pt(L,)»-3TZ6 PHE230 ARG229 - ASP217 -
GLN226
GLU221

Pt(L,),-3TZ6 PHE230 ARG233 - PRO239 -
Pt(L3),-3TZ6 PRO239 ARG233 - - -

PHE230
SHA-3TZ6 PHE230 ARG233 PHE230 = =
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TABLE 9 Docking parameters showing the interaction of complexes with 1JNX and 3TZ6 target proteins
BE" IE* WHDE" IS Ki®

Pt(L,),-1INX —8.69 (—3.74) —9.60 (—4.35) —9.23 (—4.31) 738.76 (439.89) 425.76 (1800.0)
Pt(L,),-1INX —8.75 (—4.59) —9.35 (—5.49) —9.15 (—5.29) 739.08 (440.74) 384.00 (431.15)
Pt(L;),-1INX —9.90 (—4.69) —10.43 (—5.56) —10.18 (—5.34) 744.75 (444.86) 55.61 (382.48)
Cisplatin-JNX —2.30 —2.30 —1.81 151.94 2062.00
Pt(L,),-3TZ6 —4.21 (—3.74) —4.39 (—4.24) —5.19 (—4.23) 580.66 (407.22) 826.88 (1820.0)
Pt(L,),-3TZ6 —5.35 (—4.38) —5.87 (—5.26) —6.01 (—5.13) 521.10 (471.68) 119.03 (612.00)
Pt(L,),-3TZ6 —5.83 (—4.40) —6.41 (—4.86) —6.55 (—4.82) 399.41 (469.43) 53.41 (598.76)
SHA-3TZ6 —3.61 —3.93 —3.97 272.60 716.81

Abbreviations: BE, binding energies; IE, intermolecular energies; IS, interaction surfaces; Ki, inhibition constants; WHDE the sum of interactions of van der

Waals, H bond, dissolve energies.
#Kcal/mol.
bpM in unit; data in parentheses refer to HL,, HL,, and HL; Schiff bases.

As seen in Table 9, BE, IE, and WHDE values
between the complexes and 1JNX and 3TZ6 target pro-
teins are lower than those of the references and HL,
ligands. A lower energy value indicates higher interaction
between the two species. These results indicate that the
complexes interact more strongly with both 1JNX and
3TZ6 than standard substances and HL,, ligands. Accord-
ing to the calculated BE, IE, and WHDE, the investigated
complexes could be drug candidate molecules against
both the breast cancer cell line and the M. tuberculosis
cell line.

On the other hand, it is seen that the IS of Pt (L,),-
type complexes are higher than standards substances and
HL, Schiff bases. A higher IS means higher ligand-
protein interaction and results in an increase in antican-
cer and antibacterial activities. It is seen that the antican-
cer and antibacterial activities of the complexes
according to IS values are higher than those of standards
and HL,, ligands.

Ki is related to the amount of drug to be used in the
treatment. The smaller the Ki value, the less the amount
of drug used in the treatment.!**! Ki values of the Pt (L,),
complexes against the 1JNX protein appear to be smaller
than cisplatin and HL, ligands. This result shows that Pt
(L,), complexes should be used less than cisplatin and
HL,, ligands in the case of drugs for breast cancer. How-
ever, Ki values of the Pt(L;), complex against the 3TZ6
protein are greater than the reference SHA, while Ki
values of Pt(L,), and Pt(L;), are smaller than the
reference SHA.

In general, the antitumor and antibacterial activities
of the complexes against both 1JNX and 3TZ6 increased
in the order of Pt(L;),<Pt(L,),<Pt(L3),, according to BE,
IE, WHDE, IS, and Ki values. This ranking shows that
the Pt(Ls), complex has the highest antitumor and anti-
bacterial activities. This result may be related to the

binding of the electron-donating CI group to the meta
position of the azomethine group in the Pt(Ls), complex
and the halogen bonding of Cl with VAL512. This rank-
ing is the same as that obtained for HL, Schiff bases.”” In
addition, the antitumor and antibacterial activities of Pt
(Ln)z-type complexes are higher than those of HL, Schiff
base ligands. As a result, it can be said that the designed
Schiff base platinum complexes have both antitumor and
antibacterial activities and that experimental activity
studies should be done by synthesizing them.

4 | CONCLUSIONS

In this study, Pt (L,),-type hypothetical complexes were
designed and investigated computationally. For the com-
plexes, the MO062X/LANL2DZ/6-31+G(d,p) level was
found to be the best computational level. By optimizing
Pt (L,),-type complexes in the aqueous phase, their
ground state structures, spectroscopic properties (IR, 'H-
NMR, *C-NMR, and UV-Vis), MEP maps, and some
molecular properties were calculated. To estimate the
anticancer and antibacterial activities of the complexes,
they were docked against breast cancer cell line (MCF?7)
and tuberculosis bacterial cell line (H37Rv) and com-
pared with standard substances. From optimization and
spectroscopic studies, it was determined that Pt (L,),-type
complexes have distorted square planar geometry such as
cisplatin. According to the calculated docking parame-
ters, Pt (L,),-type complexes were found to have higher
activity than substances with anticancer, antibacterial
standards and HL,, Schiff bases. The binding of electron-
donating substituents to the meta position of the azo-
methine group in Schiff bases was predicted to increase
both anticancer and antibacterial activities. According to
the computational findings, the designed hypothetical
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Schiff base-platinum complexes have antitumor and anti-
bacterial activities and are worthy of experimental
investigation.
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