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ABSTRACT

For the synthesized 9b, 9¢ and 9d complexes, hypothetical complexes were formed by adding electron-
withdrawing (NO;) and electron-donating (NH,) groups. Benchmark analysis was performed using
the bond lengths of the synthesized complexes (9b, 9c and 9d). B3LYP-LANL2DZ/6-31+G(d), B3LYP-
LANL2DZ/6-31G(d), B3LYP-SDD/6-31+G(d), B3LYP-SDD/6-31G(d), M062X-LANL2DZ/6-31+G(d), M062X-
LANL2DZ/6-31G(d), M062X-SDD/6-31+G(d) and M062X-SDD/6-31G(d) levels were used for these analysis.
According to the correlation coefficient, the best level was determined as M062X-SDD/6-31+G(d). IR spec-
tra of all complexes were examined in detail. Experimental results and calculation results for IR spectra
were found to be in agreement with each other. The activities of the complexes were compared with
the quantum chemical parameters. It was predicted that complexes containing electron donor groups are
more advantageous in terms of biological activity. Electrophilic and nucleophilic regions for complexes
were determined by molecular orbitals diagrams and electrostatic potentials maps. In addition, all com-
plexes were evaluated in terms of their optical properties (NLO and OLED) and were found suitable for
both materials. Experimentally, the 9b, 9c and 9d complexes were active against the A2780 ovarian can-
cer cell lines. Therefore, molecular docking was performed with the selected protein (PDB ID: 5FI4) and
all complexes. The obtained computational results were found to be in agreement with the experimental

data.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Recently, it has been reported that a significant number of
organometallic compounds are strongly toxic to cancer cells, and
organometallic compounds are used in newly investigated anti-
cancer drug candidates [1]. Rhenium complexes have an impor-
tant place in photodynamic therapy and photoactive chemother-
apy, thanks to their broad spectroscopic and photophysical proper-
ties [2]. The outer shell of Re(I) contains six electrons in the elec-
tron configuration. Form low spin octahedral complexes. Thanks
to this configuration, Re(I) tricarbonyl complexes are kinetically
inert and therefore devoid of toxicity compared to other heavy
metals [3]. It forms new complexes of homonuclear Re(CO); with
pyridine-containing ligands, which can have profound effects on
its biological properties [4]. In the [Re(I)(N*N)(CO)3L] complex, the
neutral bidentate diimine ligand (N~N) is the moiety that regu-
lates its optoelectric properties, and X is a halogen or electron rich
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group. Re(I) complexes are recommended for use as emissive emit-
ters in OLEDs due to their easy synthesis, short phosphorescent
life and outstanding luminescence properties [5]. The excited states
of [Re(I)(N~N)(CO)3L] complexes cause metal-ligand charge transfer
(MLCT). With this transition, it makes complex luminescence. Thus,
its excited states have the most suitable photophysical properties
for biological imaging [6]. In addition, Re(I) tricarbonyl complexes
have the ability to be precisely detected in cells [7].

In this study, nine rhenium complexes were discussed. 9b,
9c and 9d complexes were synthesized and hypothetical com-
plexes were formed by adding electron-withdrawing (NO,) and
electron-donating (NH,) groups for these synthesized complexes
and the effect of the groups was investigated. The complexes
were evaluated structurally by detailed analysis of bond lengths,
bond angles and IR spectra. Biological activities of complexes,
highest energy occupied molecular orbital energy (Epomo), low-
est unoccupied molecular orbital energy (E;ymo), the difference
between HOMO and LUMO energy (AE), hardness (n), softness
(o), electronegativity (), chemical potential (u), global molecu-
lar electrophilicity (w) index, global molecular nucleophilicity (¢)
index, electron-accepting (w*) and electron-donating (™) index.
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Table 1
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The calculated bond lengths (A) by using the B3LYP, experimental bond lengths (A) and correlation coefficients (R2)

for 9b, 9c and 9d complexes.

Re-N1  Re-N2  Re-Cl1  Re-C1 Re-C2 Re-C3 R?
LANL2DZ 6-31+G(d) 9b 2.186 2.203 2.553 1.912 1.929 1.922 0.9798
9c 2.186 2.203 2.549 1.914 1.929 1.922 0.9978
9d 2.185 2.203 2.550 1.914 1.929 1.922 0.9945
6-31G(d) 9b 2.211 2.226 2.520 1.920 1.931 1.924 0.9931
9c 2.211 2.226 2,517 1.922 1.931 1.925 0.9982
9d 2.210 2.226 2.517 1.922 1.931 1.925 0.9989
SDD 6-31+G(d) 9b 2.201 2.216 2.552 1.924 1.942 1.935 0.9827
9c 2.201 2.216 2.548 1.926 1.943 1.936 0.9989
9d 2.200 2.217 2.548 1.926 1.943 1.936 0.9960
6-31G(d) 9b 2.221 2.234 2.517 1.932 1.945 1.939 0.9931
9c 2.221 2.234 2.514 1.934 1.945 1.939 0.9979
9d 2.221 2.234 2.514 1.934 1.945 1.939 0.9983
Exp. 2171 2.215 2.422 1.9421 1.931 1.916

Frontier molecular orbitals and molecular electrostatic potential
(MEP) maps were interpreted. In addition, all complexes were eval-
uated for their optical properties (NLO and OLED). The computa-
tionally investigated rhenium complexes, ovarian cancer was eval-
uated by molecular insertion studies with the target protein PDB
ID = 5FI4 corresponding to the A2780 cell line.

2. Calculations techniques

Three-dimensional structures of the complexes were plotted
in Gauss-View 6.0.0 [8] and calculated in Gaussian 09 AML64L-
Revision C.01 [9]. Calculations for each complex were performed
using DFT-B3LYP [10] and M062X [11] methods and LANL2DZ/6-
31+G(d), LANL2DZ/6-31G(d), SDD/6-31+G(d) and SDD/6-31G(d)
basis sets [12].

3. Result and discussion
3.1. Benchmark analysis and optimized structures

Comparing sets of benchmark errors is an important tool for
evaluating theories in computational chemistry [13]. The idea be-
hind the benchmark concept is to measure the relative behavior of
chemicals rather than the absolute value of a particular behavioral
trait [14]. Benchmark analysis is the most important step in com-
putational chemistry [15]. Computational chemistry offers multiple
levels of computation for the studied chemical species. The corre-
lation between an experimental parameter and the calculated pa-
rameter is given by the correlation coefficient (R?) values. Closer to
1 and/or 1 for "R2" increases the accuracy of the calculation level.
Experimental bond lengths of the 9b, 9c and 9d complexes syn-
thesized by Wilson et al. were compared with the calculated bond

Table 2

lengths by using DFT-B3LYP and M062X methods and LANL2DZ-
6-314+G(d), LANL2DZ-6-31G(d), SDD-6-31+G(d) and SDD-6-31G(d)
basis sets. The calculated bond lengths by using the B3LYP and
MO062X methods are listed in Tables 1 and 2, respectively.
According to the R? values obtained by considering the bond
lengths in Tables 1 and 2, the greatest closeness between the ex-
perimental and calculated bond lengths for the three complexes
was obtained at the M062X-SDD/6-31+G(d) level. For this pur-
pose, all calculations after this section for both the synthesized
and hypothetical complexes were performed at the M062X-SDD/6-
31+G(d) level. The optimized structures of the 9b, 9¢, 9d, 9b-NH,,
9c-NH,, 9d-NH, and 9b-NO,, 9¢-NO,, 9d-NO, complexes with the
MO062X-SDD/6-31+G(d) level are shown in Table 1.

3.2. Vibrational spectrum

In computational chemistry, each of the fundamental vibra-
tional motions results from the atoms changing their bond lengths
and bond angles, and these vibrational motions correspond to a
vibrational frequency. Vibrational spectra containing vibration fre-
quencies give important information about molecular structure
[16]. The IR spectra of all rhenium complexes were calculated at
MO062X/SDD/6-31+G(d,p) level. Calculated IR spectra are given in
Fig. 2 with peak numbers.

3.2.1. C-H vibrational analysis

In general, the CH bond stretching frequencies of the com-
plexes were observed in the range of 3200-3050 cm~!. The first
region in the spectra was labeled as the C-H bond stretching
region. It was observed that aromatic C-H bond stretching fre-
quencies were higher than aliphatic bond stretching frequencies.
However, the molar absorption coefficients of the aromatic C-H

The calculated bond lengths (A) by using the M062X, experimental bond lengths (A) and correlation coefficients

(R2) for 9b, 9c and 9d complexes.

Re—-N; Re—N, Re-Cl, Re-C; Re-C, Re-C3 R?
LANL2DZ 6-31+G(d) 9b 2.198 2.209 2.550 1.898 1.919 1.912 0.9852
9c 2.200 2.210 2.546 1.899 1.919 1.912 0.9997
9d 2.199 2.210 2.547 1.899 1.919 1.912 0.9970
6-31G(d) 9b 2.232 2.239 2.521 1.907 1.920 1.915 0.9939
9c 2.233 2.240 2.517 1.909 1.920 1.915 0.9933
9d 2.232 2.240 2.517 1.909 1.920 1.915 0.9951
SDD 6-31+G(d) 9b 2.214 2.223 2.551 1.907 1.928 1.921 0.9878
9c 2.215 2.224 2.547 1.908 1.928 1.922 0.9996
9d 2.215 2.224 2.548 1.908 1.928 1.922 0.9975
6-31G(d) 9b 2.244 2.248 2.520 1.916 1.930 1.925 0.9934
9c 2.246 2.250 2.516 1.918 1.930 1.925 0.9909
9d 2.245 2.250 2.518 1.918 1.930 1.925 0.9930
Exp. 2.171 2.215 2.422 1.9421 1.931 1.916
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Fig. 1. Calculated optimized structures of the studied rhenium complexes at the M062X-SDD/6-31+G(d) level.

bond strain modes were found to be lower. C-H bond stretch fre-
quencies for the 9b complex were calculated as 3201.74, 3112.94
and 3048.64 cm~'. C-H bond stresses were observed at 3198.07,
3108.11 and 3046.56 cm~! for the 9b-NH, complex. The C-H
bond regression frequencies for the 9b-NO, molecule are 3199.94,
3111.89 and 3048.06 cm~'. Similarly, the 9¢c and 9d complexes and
their NH, and NO, forms have nearly close C-H bond strain fre-
quencies. These values  show that the change in the electron
withdrawing and donor properties of the ligand attached to the

central atom does not cause a change in the C-H bond stresses of
the substituent containing the aliphatic moiety.

3.2.2. C-0 bond stretching

Experimentally synthesized 9b, 9c and 9d complexes have car-
bonyl bond stretch frequencies. The CO bond stretching frequency
for the 9b complex is experimentally 2016, 1907 and 1880 cm~!.
Carbonyl bond strectch frequencies of 2055.13, 1965.70 and
1940.48 cm~! were calculated for the M062X/SDD/6-31+G(d,p)
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level. Although the calculated frequencies were harmonic frequen-
cies, the results were found to be quite consistent with the experi-
mental values. CO bond stretching for 9b-NH, are 2030.61, 1934.54,
1914.78 cm~!, for 9b-NO, the CO bond stretching are 2060.73,
1970.55, 1958.59 cm~! in gas phase with the level M062X/SDD/6-
31+G(d,p) calculated. This caused an increase in the CO bond
stretching frequencies of the NH, structure. It can be said that this
situation increases the back-bonding of the carbonyl ligand com-
pared to the NO, ligand of NH,. This is indicative of the electron
donor property of the NH, ligand. This situation is also observed in
9c-NH,, 9¢-NO,, 9d-NH, and 9d-NO, complexes. The experimental
CO bond stretching for the 9c and 9d complex are 2018, 1930, 1856
and 2017, 1923, 1848 cm™!, respectively. These results were ob-
tained with the calculation level as 2056.98, 1969.17, 1944.19 and
2056.76, 1968.87, 1943.91 cm~!. Experimental and calculation re-
sults were found to be compatible with each other. As with the 9b
complex, the CO bond stretch frequencies are higher in the 9¢ and
9d complexes containing the NO, ligand (2032.54, 1938.14, 1918.59
and 2032.31, 1937.89, 1918.39 cm~!, 9¢-NO, and 9d-NO, for 9c-
NH, and 9d-NH,, respectively). for 2062.74, 1974.11, 1962.13 and
2062.55, 1973.94, 1961.89 cm™!, respectively)

3.2.3. N-H bond stretching

Experimentally, there is no N-H bond stretching frequency.
N-H bond stretching frequencies at the level of M062X/SDD/6-
314+G(d,p) are 364844 cm~! and 3521.75 cm~'for the 9b-NH,
complex; It was calculated as 3531.08 cm~! for the 9¢c-NH, com-
plex and 352854 cm~! for the 9d-NH, complex. N-H bond
stretching frequency values  are theoretically 3500 cm~!. Fre-
quency values calculated at M062X/SDD/6-31+G(d,p) level are in
the range of 3500-3650 cm™!.

3.2.4. C-C bond stretching

Experimentally, there is no aromatic C-C bond stretch fre-
quency. Caro-Caro bond stretch frequencies at the M062X/SDD/6-
31+G(d,p) level are 1700 cm~!, 1637.85 cm~! and 1645.73 cm™!
for the 9b complex; 1699.04 cm~!, 1644.18 cm~! and
1634.65 cm~! for the 9b-NH, complex; 1700.46, 1643.76 and
1637.27 cm~! for the 9b-NO, complex one; 1681.60, 1677.26,
1643.54 and 1635.95 cm~! for the 9c complex; 1674.21 cm™!,
1642.28 cm~! and 1632 for the 9¢c-NH, complex; 1679.88 cm~!,
1673.27 cm~!, 1641.22 cm~! and 1634.33 cm~! for the 9c-
NO, complex; 171641 cm~!, 1675.63 cm~!, 1645.08 cm~! and
1632.67 cm~! for the 9d complex; 1677.41 cm~!, 1673.58 cm™!,
1643.36 cm~!, 1629.21 cm~! for the 9d-NH, complex; It was
calculated as 1679.68 cm~!, 1671.86 cm~!, 1642.80 cm~! and
1631.70 cm~! for the 9d-NO, complex.

Theoretically, Caro-Caro bond stretching frequency values are
in the range of 1670-1600 cm~! and the frequency values

calculated at M062X/SDD/6-31+G(d,p) level are in the range of
1700-1500 cm~!. According to the results, the Caro-Caro bond
stretching frequency values are consistent with the theoretical
results.

3.2.5. C-N bond stretching

Experimentally, there is no C=N bond stretching frequency.
C=N bond stretching frequencies at the level of M062X/SDD/6-
31+G(d,p) 1684.57, 1637.85, 1601.77 cm~! for the 9b com-
plex, 1682.72, 1634.65, 1600.79 cm~!, 9b for the 9b-NH, com-
plex 9b-NO, complex 1678.45, 1637.27, 1602.04 cm~!, for 9c
complex 1681.60, 1677.26, 1635.95, 1602.80 cm~!, for 9c-NH,
complex 1632.55, 1602.02 cm~!, for 9¢c-NO, complex 1673.27,
1634.33, 1603.14 cm~! for the 9d complex 1716.41, 1675.63,
1632.67, 1602.96 cm~! for the 9d-NH, complex 1677.41, 1629.21,
1601.82 cm~! for the 9d-NO, complex 1679.68, 1671.86, 1631.70,

Journal of Molecular Structure 1278 (2023) 134835

It was calculated as 1603.08 cm~!. In the IR Spectra for the com-
plexes in Fig. 2, these regions are labeled as C=N bond stretching
regions.

C=N frequency values are theoretically in the range of 1690-
1640 cm~!. C=N bond stretching frequency values calculated at
MO062X/SDD/6-31+G(d,p) level are in the range of 1700-1600 cm~!
and are theoretically compatible.

3.2.6. Bending region

The bending zone is known as bending vibrations in bonds as
opposed to bond stretching [17]. Generally, bond angles vary in
this region. Wagging, scissoring, rocking and twisting may occur
in the bending region, depending on the type of angle change. In
the Infrared Spectra in Fig. 2, the bending zone was determined for
each complex. For all the complexes studied, this range is generally
1250-600 cm~1.

3.2.7. Re-C bond stretching

The bond stretching frequency between the central atom and
the groups attached to it is 652.61 cm~! and 480.77 cm~!
for the 9b complex with the help of animation; 658.50 cm™!
and 484.89 cm~! for the 9b-NH, complex; 653.19 cm~! and
47957 cm~! for the 9b-NO, complex; 652.03 cm~! and
48136 cm~! for complex 9c; 657.99 cm~! and 484.51 cm~! for
the 9¢c-NH, complex; 652, cm~! and 458.91 cm~! for the 9c-
NO, complex; 651.72 cm~! and 480.53 cm~! for the 9d com-
plex; 657.91 cm~! and 484.57 cm~! for the 9d-NH, complex; It
is 652.30 cm~! and 478.89 cm~! for the 9d-NO, complex.

3.2.8. Re-Cl bond stretching

Re-Cl bond stretchings were observed for the 9b, 9c and 9d
complexes with the help of bond stretching frequency animation
between the central atom and the groups attached to it. Re-Cl bond
stretching frequencies of these complexes were found as 274.16,
275.02, and 274.19 cm~!, respectively (Fig. 2).

3.3. Quantum chemical parameters

The frontier molecular orbitals are the highest energy occupied
molecular orbital (HOMO) and the lowest energy non-bonding va-
cant molecular orbital (LUMO) energies. The increase in the energy
of the HOMO can be associated with the decrease in the energy of
the LUMO, respectively, with the electron donating and uptake ca-
pacity of the chemical species [18]. The difference (AE) between
HOMO and LUMO energy allows predictions about molecular sta-
bility and reactivity [19]. Due to the nature of the maximum stiff-
ness principle, hard molecules have a high energy gap (AE) value.
Due to electronic construction principles, hardness is a measure of
stability. Softness is the opposite of hardness. In terms of biological
activity, chemical species should have low hardness and high soft-
ness. Electronegativity can be characterized as the electron attrac-
tion capacity, almost similarly to the electrophilicity index. Chem-
ical potential and nucleophilicity index are related to this elec-
tron donating capacity. Decreased values  of electronegativity and
electrophilicity index and increasing values  of chemical potential
and nucleophilicity index are considered advantageous for activ-
ity prediction. The last parameter is electron donation power and
electron acceptance power parameters are also related to electron
exchange [20]. Quantum chemical parameters are calculated as fol-
low:

I = —Egomo (1)

A= —Eymo (2)
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Fig. 2. Calculated IR spectra of studied rhenium complexes.
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Table 3
Quantum chemical parameters of investigated rhenium complexes.
9b 9b-NH, 9b-NO, 9c 9c-NH,  9¢-NO,  9d 9d-NH,  9d-NO,
Enomo* —6.6916  —-54791  —6.7139  —6.8464 56355 —6.8709 —6.8274 —5.6246 —6.8519
Ewmo®  —1.9938  —1.7834  —2.1228  -2.3239  -2.1143 24490 -22912 -2.0844 -2.4164
AE* 46978 3.6956 45911 45226 3.5212 44219 45362 3.5402 44355
n* 2.3489 1.8478 2.2956 2.2613 1.7606 2.2109 2.2681 1.7701 22177
o 0.4257 0.5412 0.4356 0.4422 0.5680 0.4523 0.4409 0.5649 0.4509
x* 43427 3.6313 44183 4.5852 3.8749 4.6600 45593 3.8545 4.6341
w 43427  -3.6313 44183  —45852 -3.8749 —4.6600 —4.5593 -3.8545 —4.6341
Q 4.0144 3.5680 42521 4.6486 42642 49109 45826 4.1967 4.8417
£ 0.2491 0.2803 0.2352 0.2151 0.2345 0.2036 0.2182 0.2383 0.2065
Q+ 2.0578 1.3378 1.5932 1.7430 1.5913 1.8388 1.7184 1.5677 1.8137
w- 6.479 5.615 6.748 7.224 6.422 7.517 7.146 6.345 7.436
A 296.6867  299.4385  299.9781  301.328 304361  305.186  305.871  308.996  309.682
eV, **; eV-1
electron-poor region. The region indicated in green is a neutral re-
_ . _|oE _ (1A (3) gion that does not express potential [22]. Contour diagrams of the
p=-x= ON ) N 2 frontier molecular orbitals of the complexes and molecular electro-
static potential maps are given in Figs. 3 and 4, respectively.
1| 02E I—-A According to the Contour diagrams, the HOMO and LUMO
n= 2|:3Nzi| =T (4) molecular orbital electron densities are on the pi conjugated sys-
v tems. If the complexes give or receive Electrons, this also means
o=1/n (5) that they ab.st.)rb a light, indicating that they wi.ll correspond to
7 —* transitions. The central atom electron density does not play
an efficient path in HOMO—LUMO transitions. There is an elec-
W= X2/2’7 = “2/27’ (6) tronic transition from N,N-Dimethyl-p-phenylenediamine to picol-
inaldehyde unit. It can be thought that 7 delocalization is im-
e=1/w (7)  portant in electronic transitions, and it will increase the NLO and
OLED properties of the complexes.
ot =+ 3A)2/(16(I -A)) (8) The red and yellow regions are the negative and electron rich
regions. According to Fig. 4, the region of N,O and Re in 9b-NO,,
o = (3I+A)2/(16(1 —A) 9) 9c-NO,, 9d-NO, structures is the electron-dense region. In 9b, 9c,

In line with generalizations, the order of biological activity ac-
cording to the increase in Eygnmo, Softness, chemical potential and
nucleophilicity index and electron donating and accepting power,
and decrease in E;yyvo, AE, hardness, electronegativity, and elec-
trophilicity index is as follows:

9d>9c>9b

9b-NH,>9b>9b-NO,

9¢c-NH,>9¢>9c-NO,

9d-NH;,>9d>9d-NO,

3.4. Molecular orbitals and electrostatic potentials

Contour diagrams of frontier molecular orbitals, on the other
hand, can provide useful information in determining the atomic
surfaces that play an active role during electron acquisition and
transfer [21]. Molecular electrostatic potential (MEP) is widely used
to obtain information about molecular size, shape and electrostatic
potential values. Molecular modeling is a useful method for stud-
ies such as reactive parts in chemical reactions and naming bi-
ological processes. The values of the electrostatic potentials of
the surface are defined with different colors. yellow, red, orange,
green and blue, and the color order of the potentials is red < or-
ange < yellow < green < blue. The yellow and red color on the
MEP surface is the negatively charged and electron-rich region. The
region indicated in blue is positively charged and represents the

9d structures, the electron-rich region is in 9b; It is seen that there
is an electron density originating from the O atom in the 9b-NH,,
9c-NH,, 9d-NH, structures. The fact that the blue region is more
in 9b, 9b-NH,, and 9b-NO, compared to the other structures on
the MEP surface indicates that the mentioned regions are electron-
poor. It is observed that there is no electrostatic potential in the
molecules except 9b, 9b-NH,, and 9b-NO,, especially in the regions
where Cl and Br atoms are located, and there is a neutral region.

3.5. NLO properties

Metal coordination compounds with nonlinear optical (NLO)
properties have been investigated for modern communication
technology products in recent years. A systematic study of the
electronic structure and nonlinear properties of metal complexes
is of great importance in this regard. DFT studies developed with
computational chemistry techniques can reveal the NLO properties
of complexes [23].

Total static dipole moment (1), mean linear polarizability (o),
polarizability anisotropy (Ac«) and first hyperpolarizability (8)
[24] of complexes including standard urea were used to predict
NLO properties, and these numerical values are given in Table 4.

1
) 2 (10)

w= (g + g + 2

1
a= §(axx+ayy+azz) (11)

1
;
[(aw — ayy)® + (ayy — az2)* + (azz — Ax)” + 6%, + 643, + 64, | 2

(12)

1
Aa=—
V2
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9¢

ELITNIO -1.99 eV -2.32eV
AE=4.69 eV AE=4.52 eV AE=4.53 eV
Y
Enomo -6.69 eV -6.84 eV

Fig. 3. Frontier molecular orbitals of studied complexes.

9d-NH,

Fig. 4. MEP maps of investigated rhenium complexes.
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Table 4

The calculated total static dipole moment(p), the average linear
polarizability (o), the anisotropy of the polarizability (Aw), first
hyperpolarizability (8).

Parameters  p? ab Aab B

Urea 1.6523 4.6250 7.9523 4.25x10-26
9b 6.2562 10.5541 70.3601 1.94x10-25
9b-NH, 6.3265 11.2653 71.0130 1.88x10-25
9b-NO, 6.3865 11.3542 713654  2.80x10~%
9c 5.9809 10.9512 69.9684 2.55x10-%
9c-NH, 5.8025 10.0120 70.0148 2.77x10-%
9¢-NO, 6.5942 10.4215 69.5239 2.85x10-%
9d 5.1563 9.5123 66.2635 4.86x10-26
9d-NH, 5.1230 9.2101 66.0014 4,08x10-26
9d-NO, 5.2603 9.7123 66.8963 4.91x10-26

aIn Debye, PIn A3, In cm®/esu, 4In eV

Table 5
The reorganization energies, adiabatic/vertical ionization potentials
and electron affinities (all in eV) of (2)-(6) and (2")-(6").

Xe@y Ay IPa IPv EAa  EAv

9b 0.203 0.245 2.012 1.123  0.586  0.664
9b-NH,  0.185 0.213 2.325 1.101 0.456  0.615
9b-NO, 0.208 0.279 2.325 1.231 0.591 0.677
9c 0.203 0.253 2624 1254 0557 0.726
9c-NH; 0.199 0.234 2.785 1.109 0453 0.706
9¢-NO, 0.235 0.280 2.331 1345 0488 0.758
9d 0.244 0.236 1.968 1485 0.622 0934
9d-NH, 0.201 0.224 2.007 1401 0.614  0.925
9d-NO, 0.265 0.285 1.986 1436 0.714 0.969

1
B= [(ﬂxxx + By + ,szz)2 + (Byyy + Byzz + /3yxx)2 + (Bazz + Bowe + ﬂzyy)z] 2
(13)

The total static dipole moment(p), mean linear polarization (o),
polarization anisotropy (Ac«) and first hyperpolarization (8) val-
ues given in Table 4 are the basic parameters for estimating the
NLO properties. According to the obtained data, the investigated
complexes are superior in terms of all parameters producing stan-
dard substances. Increasing values of total static dipole moment(j),
mean linear polarization (« ), polarization anisotropy (A«) and first
hyperpolarization () parameters provide superiority in terms of
NLO significance. According to the results listed in Table 4, it was
predicted that it could be evaluated as a good NLO material com-
pared to reference materials urea.

3.6. Light emitting properties

An important factor in predicting the performance of OLEDs
is the reorganization energy (A) [25]. The electron transport layer
(ETL) and a hole transport layer (HTL) between the cathode and
an anode, the electron injection layer adjacent to the cathode (EIL)
and the hole injection layer adjacent to the anode (HIL) parameters
can be calculated for charge mobility of the OLED material [26].
The electron transport layer (ETL), a hole transport layer (HTL) be-
tween the cathode and an anode, and in addition to these layers,
the electron injection layer adjacent to the cathode (EIL) and the
hole injection layer adjacent to the anode (HIL) parameters were
calculated and were given Table 5.

he = (Ey —E7) + (E® — E9) (14)

A= (Ef —ET) + (EY - Eg) (15)

Where Ej and E; are the energies of the cation and anion of
neutral molecule. Ef and EZ are the energies of the cation and
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anion obtained from cation and anion. ER and E9 are the energy
of the neutral molecule calculated at the cationic and anionic state.
Eg is the energy of the neutral molecule at the ground state.

Another parameter are adiabatic/vertical ionization potentials
(IPa/IPv) and adiabatic/vertical electron affinities (EAa/EAv) [27].
These parameters are obtained from Eqs. (16)-(19).

IPa = Ef — EJ (16)
IPv = E§ — E§ (17)
EAa =EJ — E- (18)
EAv =EJ - E; (19)

Here E; and Ef are the energy of the re-optimized anion
(cation). EZ (EY)is the energy of the anion (cation) calculated with
the optimized anion (cation) structure, E® (E?) is the energy of the
neutral molecule calculated at the anionic (cationic) state. In addi-
tion, Eg is defined as the energy of the neutral molecule at the
ground state [22].

The reference material for ETL compounds is tris(8-
hydroxyquinoline) aluminum complex (Alg3) [28], while the
reference material for HTL compounds is N,N’-diphenyl-N,N’-.
bis(3-methylphenyl)-1,1-diphenyl-4,4’-diamine (TPD) [29]. A good
OLED material should have parameters superior to reference
materials.

To get an idea of the charge transfers characteristics, it is
necessary to evaluate the capabilities of Ae, Ah, IP, and EA, re-
spectively. Lower reorganization energy values  will encourage a
higher skip rate. When the OLED parameters for the complexes are
examined, it can be said that NH, substituents are more advanta-
geous than other groups. On the contrary, NO, groups cause a dis-
advantage. The ionization potential (IP) and electron affinity (EA)
can be used to evaluate the hole and electron injection energy bar-
riers of OLED materials. Materials with smaller IP act as good hole
carriers, while materials with larger EA are compatible with elec-
tron transport devices. While there is a trend between the IP val-
ues for the complex, this is the opposite for the EA values. For
complexes with these approaches, it can be said that it is more
advantageous than Alq3 as ETL materials. For the HTL material, the
Ah values  of all the complexes are less than the Ah value of the
TPD.

3.7. Molecular docking

The molecular Docking method has an important place in many
chemistry and cancer studies. As can be seen recently in litera-
ture, it has become a necessity in computational studies. It is an
effective approach to understanding the receptor binding affinities
of complexes and ligand-receptor interaction. The binding ener-
gies between the protein to be determined according to the can-
cer type and the chemical species investigated can be determined.
In this way, the activities of chemical species on biological macro-
molecules can be discussed [30] Docking calculations were per-
formed with HEX 8.0.0 [31]. The target protein representing the
A2780 ovarian cancer cell line was selected as PDB ID = 5Fl4
[32] for the investigated rhenium complexes. The binding energies
between the studied rhenium complexes and the target protein are
given in Table 6 and the interaction poses are in Fig. 5.

Anti-cancer activity is associated with the binding energy. A
negative increase in binding energy increases biological activity.
When the binding energies of the complexes are examined in
Table 6, the anticancer activity of the complexes containing the
NH, substituent is higher than the other complexes. The binding
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Fig. 5. The interaction poses between the

Table 6
Binding energies between investigated rhenium
complexes and 5FI4 target protein.

Complexes Binding Energies (kcal/mol)
9b —320.18
9b-NH, -320.32
9b-NO, -319.11
9c —-318.98
9c-NH, -320.13
9c-NO, —309.98
9d —329.23
9d-NH, —347.61
9d-NO, -316.62
Cis-Pt —-127.13

energies of 9b-NO,, 9¢c-NO, and 9d-NO, complexes with NO, sub-
stituents are generally lower than the others. The binding ener-
gies of the 9c, 9c-NH, and 9c-NH, complexes are —318.98, —320.13
and —339.98 kcal/mol, respectively. This is in good agreement with
the activity sequence obtained by quantum chemical parameters.

rhenium complexes and target protein.

In addition, rhenium complexes interact with the target protein at
different sites.

4. Conclusion

Rhenium tricarbonyl complexes were analyzed by computa-
tional chemistry methods. The structural parameters of the exist-
ing complexes (9b, 9c and 9d) were found to be compatible with
the experimental results. Structural parameters were predicted for
the hypothetical complexes (9b-NH;, 9b-NO,, 9¢c-NH,, 9c-NO,, 9d-
NH,, 9d-NO,). The IR spectra of all studied complexes were ana-
lyzed in detail. The activities of the complexes were predicted by
quantum chemical parameters. The activity order of the synthe-
sized complexes is 9d>9c>9b. This sorting is in agreement with
the IC50 values against the experimental A2780 cell line. In ad-
dition, complexes containing NH, substituent are more active than
complexes containing NO, substituents. The parameters for the
NLO and OLED properties of the studied complexes were calcu-
lated. It was predicted that it could be evaluated as a good NLO
and OLED material compared to reference materials. All complexes
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were docked on the 5FI4 target protein representing the A2780 cell
line. The substituent effect is similar to quantum chemical param-
eters.
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