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2,4-dihidroksi kinolin tiirevi diazo boyalarmin bazi fiziksel ve kimyasal ozellikleri teorik
yontemlerle incelenmistir. Bilesiklerin solvatokromik davranisini ve absorpsiyonunu belirlemek
i¢in alt1 farkli ¢oziicii kullanilmis ve deneysel veriler kuantum kimyasal hesaplamalardan elde
edilen teorik verilerle karsilastirilmistir. Bilesiklerin geometrik, elektronik ve bazi kimyasal
reaktivite parametrelerini elde etmek i¢in DFT hesaplamalart yapilmistir. Bilesiklerin elektronik
ozellikleri ile DNA baglanma, HelLa ve PC3 kanser hiicre hatlarina kars1 sitotoksisite kapasitesi
arasindaki iligkiyi belirlemek i¢in molekiil i¢indeki atom, dogal bag ydriingesi, durum
yogunlugu, kovalent olmayan etkilesim, Fukui fonksiyonu, elektron lokalizasyon fonksiyonu ve
elektron delokalizasyon araligi analizleri yapilmistir. —Cl ve —NO, siibstitiientlerine sahip
bilesiklerin daha yiiksek DNA baglanmasina ve daha yiiksek antikanser etkisine sahip oldugu
goriilmiigtiir.  Siibstitiientlerin pozisyonlarinin yan1 sira baglardaki elektron yogunlugu,
delokalizasyon indexi degerleri ve niikleofilik ve elektrofilik saldir1 bolgelerinin dagiliminin
bilesiklerin raktivitelerini belirleyen 6nemli faktorler arasinda oldugu goriilmiistiir. Ayrica, daha
iyi DNA baglanma 6zelligi gosteren bilesiklerin HOMO enerjilerinin durum yogunluklari diger
bilesiklere gore daha yiiksek hesaplanmstir.

Anahtar kelimeler: DNA baglanma, Antikanser, DFT, NCI, ELF, AIM.

Analysis of Relationship Between Some Disazo Dyes Derived from 2,4-
Dihydroxyquinoline and Its Anticancer and DNA Binding Properties by Density
Functional Theory

Abstract: It was studied some physical and chemical properties of 2,4-dihydroxy quinoline
derivative diazo dyes by theoretical methods. Six different solvents were used to determine the
solvatochromic behavior and absorption of the compounds, and the experimental results were
compared with the theoretical data obtained from quantum chemical calculations. DFT
calculations were carried out to obtain the geometric, electronic and some chemical reactivity
parameters of the compounds. The atom in molecule, natural bond orbital, density of state, non-
covalent interaction, Fukui function, electron localization function, and electron delocalization
range analyzes of the compounds were performed to determine the relationship between the
electronic properties and the DNA binding capacity and the cytotoxicity against HeLa and PC3
cancer cell lines. It was observed that the compounds substituted with —Cl and —NO, had higher
DNA binding and higher anticancer effect. Besides the positions of the substituents, the electron
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density in the bonds, the delocalization index values and the distribution of the nucleophilic and
electrophilic attack sites are among the important factors determining the reactivity of the
compounds. In addition, the HOMO energies of the compounds with better DNA binding
properties were calculated higher than the other compounds.

Key words: DNA binding, Anticancer, DFT, NCI, ELF, AIM.
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1. Introduction

Contrary to what is thought, synthetic dyes are known to be used in many fields such as
textile [1], paper [2], cosmetics [3], food [4], plastic [5], and pharmaceutical [6-8]. Azo
dyes constitute the largest and most diverse group in synthetic dyes class and have been
the subject of many studies, especially in the fields of biology and pharmacology [9-12].

Azo dyes containing heterocyclic rings have been proven to have brighter and deeper
hues compared to those containing benzene rings [13] and are still very important for
applications such as polyester fibers, disperse dyes [14,15]. Heterocyclic azo
compounds have recently found wide use in spectrophotometric analysis and are now
considered one of the most important classes of chromogenic reagents [16]. In addition,
dyes using 2-aminothiazole compounds having different substituents at the 4-position of
analog derivatives as diazo components have been reported to show bathochromic shifts
relative to similar dyes derived from benzenoid compounds [17-21]. Moreover, the
presence of biological properties of the heterocyclic groups that bind to the dyes was
also found to have an effect [22-24]. Biological effects of pyrazole [25], pyrimidine
[26], thiadiazole [27], quinoline [28] derivatives have been studied by many researchers
in the literature.

Among these heterocyclic groups, quinolines are quite remarkable [28,29], because they
can chelate Fe(ll) and Fe(l1l) and inhibit free radical production in the Fenton reaction
and that quinolines can also intercalate DNA duplexes and react with free radicals to
protect DNA from oxidative damage [30]. At the same time, the use of these
compounds derivatives is quite common in anticancer activity assays in recent years
[31-35]. Quinoline derivatives are also used in many areas other than biological
applications as chemosensor [36-38], catalyzer [39], alkaloid [40].

As in the previous study, we synthesized 2,4-dihydroxy quinoline derivative disazo dyes
and characterized by spectroscopic methods such as FT-IR and *H-NMR. Then UV-vis
absorption properties of the compounds with various solvents, such as dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), Acetonitrile (ACN), CH3;OH
(Methanol), CH3COOH (Acetic acid), and CHCI; (chloroform) were also studied. The
experimental data was supported by the quantum chemical calculations. Also, the data
obtained from the experiments and calculations were analyzed, compared and
interpreted.

Although there are studies in the literature using DFT on anticancer and DNA binding,
the molecules have been theoretically examined in the studies, but no significant
relationship has been established between the electronic and anticancer properties of the
compounds [41-50]. In this study, a detailed atom in molecule (AIM), natural bond
orbital (NBO), density of state (DOS), non-covalent interaction (NCI), Fukui function,
electron localization function (ELF), and electron delocalization range (EDR) analysis
of the compounds were done and the relationship between the electronic properties of
these compounds and DNA binding capacity and the cytotoxicity against HeLa and PC3
cancer cell lines was investigated.

2. Material and Methods

In the previous work [29], the 2,4-dihydroxyquinoline derived disazo dyes, given in
Scheme 1, were synthesized. Both spectral properties and DNA protection,
antimicrobial, and anticancer activities of these compounds were investigated. It was
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observed that 3h and 3j had high DNA binding capacity, and also showed cytotoxicity
against HeLa and PC3 cancer cell lines.

The aim of this study is to reveal the relationship between the electronic properties and
the DNA binding capacity and the cytotoxicity properties against HeLa and PC3 cancer
cell lines of the compounds.
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R: a.-H b.p-NCr2 ¢. p-OCH, d.p-Cl c.p—CHJ f. m-NO2 g m-OCH,

h. m-Cl 1. m-CH3 j- 0—N02 k. O-OCU3 L.o-Cl m. (J-CH3
Figure 1. Synthesized quinoline derivative compounds.

2.1. Computational details

All calculations were performed by using the GAUSSIAN 09 [51] software package
program. Kohn-Sham density functional theory (KS-DFT) [52,53] was used in the
optimization process of the compounds without any geometric restriction. Molecular
optimizations and spectral data calculations were performed by using Becke3-Lee-
Yang-Parr hybrid exchange-correlation functional (B3LYP) [54,55] with cc-pvtz basis
set. The Self-Consistent Reaction Area (SCRF) method and the Conductive Polarizable
Sustainability Model (CPCM) were used under time-dependent density functional
theory (TD-DFT) to calculate vertical excitation energies. The calculations were carried
out in accordance with the experiment in dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), methanol, chloroform, acetic acid and acetonitrile phases.

Vibrational frequency calculations of the compounds were employed in the gas phase,
and it was also determined that the compounds did not have imaginary frequencies, that
is, the results correspond to the global minima on potential energy surfaces.

Proton nuclear magnetic resonance (*H NMR) shifts of the compounds were computed
by using the Gauge-Including Atomic Orbital (GIAO) method, in DMSO phase, using
the conductor-like polarizable continuum model (CPCM).

FMO energy eigenvalues of the compounds were used to calculate electronic
parameters such as energy gap (AE), chemical hardness (1) and electronegativity ().

Furthermore, Bader’s theory of atoms in molecules (AIM) [56-58] analysis was carried
out to determine the intramolecular interactions and electron charge distribution. The
single point energy calculation of the compounds was performed at B3lyp/6-
311++g(2d,2p) level, and used for DOS, NCI, Fukui function, ELF, and EDR analysis,
in gaseous phase, at the same level of theory.

3. Results and Discussion

The relationship between the electronic properties of the compounds and DNA binding
capacity and anticancer properties depends on the conformational structure of the
compounds. The conformation of a compound directly affects the interaction of the
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compound with the environment, because conformation determines many properties of
the compound such as from the intramolecular interaction to the dipole moment, from
the steric effect to the degree of freedom of the reactive regions. In the theoretical
approaches, although intermolecular interactions can be partially performed in addition
to single molecule calculations, the formations generated by molecule-environment
interactions cannot be fully reflected in the results of the calculations. At this point,
choosing the right conformer is of great importance. In the first step of the calculations,
the compounds were sequentially scanned dihedrally and conformers with the lowest
energy were obtained. Compounds were scanned using four dihedral rotors D;4, as
given Figure 1, at b3lyp/3-21g levels of the theory.

’ Carbon ° Oxygen : O
‘ Nitrogene O Hydrogen %

t‘%jz;‘o

‘Oeo

Calculated electronic parameters of the compounds is given Table 1. The higher binding
affinity of the —Cl and —NO, substituted compounds to the negatively charged DNA
may be associated with their electronic properties. The molecular energies of the
compounds at the p- position of their substituents were the lowest, while at the o-
position they received the highest value. If the unsubstituted compound 3a is taken as
reference, it is seen that the effect of the substituted groups on the HOMO-LUMO
energies of the compounds varies according to the structure of the substituent. It was
observed that the —Cl and —NO, substituents decreased both HOMO and LUMO
energies, while the —-CH3 and —OCH3 substituents increased. Both the HOMO and
LUMO energies of the —Cl and —NO, substituted compounds were calculated lower
than the other compounds. The HOMO-LUMO energy gap AE was calculated as the
largest for —NO, substituted compounds and the smallest for —OCH3; substituted
compounds. The inductive effects of -NO, and —CI substituents are greater than that of
other substituents.

O

O O D, : Dihedral rotation O

Figure 1. Dihedral scanning of the compounds.

Table 1. Electronic parameters of the compounds, calculated by 6-311++g(2d,2p) basis set.

Comp. Subs. E (kJ mol™) Egomo (BV) E umo (8V) AE n (V) x(eV)  u(Debye) a(au,)
3a -H -3326755.98 -6.158 -3.339 2.819 1409 4.748 4.685 362.909
3j 0-NO, -3863822.01 -6.417 -3.398 3.019 1509 4.908 4.057 369.954
3f m-NO; -3863851.42 -6.470 -3.533 2.937 1.469 5.001 0.767 377.519
3b p-NO, -3863853.32 -6.587 -3.717 2.870 1435 5.152 6.032 393.815
3l o-Cl -4533481.20 -6.233 -3.363 2871 1435 4.798 3.694 378.979
3h m-Cl -4533499.91 -6.296 -3.428 2.868 1.434 4.862 2.940 375.234
3d p-Cl -4533501.47 -6.217 -3.432 2785 1392 4.825 4.061 385.946
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3m 0-CH3 -3430005.79 -6.116 -3.357 2.759  1.379 4.737 4.865 381.672

3i m-CHjs -3430015.50 -6.116 -3.319 2,797  1.399 4.718 5.092 376.270
3e p-CHs -3430016.55 -6.036 -3.289 2.748  1.374 4.662 5.122 383.548
3k 0-OCH; -3627517.87 -5.892 -3.245 2.647  1.323 4.569 6.062 387.449
39 m-OCHjs -3627535.14 -6.052 -3.376 2675 1.338 4.714 5.086 381.890
3c p-OCHjs -3627539.32 -5.835 -3.240 2595  1.297 4.538 6.415 396.116

E: Molecular energy, Exomo: HOMO energy, Eyymo: LUMO energy, AE = E; ymo — Enomo, N: Chemical hardness, x:
Electronegativity, g: Dipol moment, a: Polarizability.

Moreover, it can be said that the higher number of "lone pair electrons” of the -NO, and
—CI substituents contribute to their ability to react with the environment. Polarizability
Is affected from the intra- and intermolecular interactions, and plays an important role in
determining the spectroscopic signatures of molecules. It was observed that the
polarizability of the compounds varies with the positions of the substituents, and the
polarizability of the 0-NO, and m-Cl substituted compounds is calculated lower than the
other positions of the substituents.

AIM, NBO, DOS, FUKUI, and EDR analysis of the compounds

Analysis of charge distributions based on the positions of the substituents can be a
consistent approach to obtain meaningful data on both DNA binding and anticancer
properties of compounds. The charge distribution on the substituted groups is highly
influenced by intramolecular interactions, and so, it was seen that the distribution is
strongly dependent on the position of substituents and electronegativity (the o-, m-, and
p- positions).

AIM analysis revealed how the resonance or inductive effect of the substituents and the
phenyl ring is affected by intramolecular interactions, but also gave significant results in
determining the possible structure of the molecule-environment interaction.
Intramolecular interactions have caused the charge distribution of the substituents to
change, and consequently to the change of the molecular charge distribution. AIM
analysis data are given in Table 2.

Table 2. AIM data, calculated by B3LYP/6-311++g(2d,2p) method.

Comp. Substituent DIV Rho? Trho
3a -H - - 0.406828
3j 0-NO, 0.86795267245 0.260459 0.286918
3f m-NO, 0.86970528221 0.256793 0.317209
3b p-NO, 0.87876508916 0.260028 0.338629
3l o-Cl 1.13245241050 0.193333 0.352528
3h m-Cl 1.11165700380 0.187616 0.375987
3d p-ClI 1.11934730990 0.189062 0.396131
3m 0-CHs; 1.02209132280 0.251065 0.384635
3i m-CHj; 1.01282540030 0.249120 0.412680
3e p-CH; 1.01583830520 0.250145 0.424421
3k 0-OCH; 0.94666699963 0.300499 0.402349
39 m-OCHs; 0.92956218914 0.290977 0.408268
3c p-OCH; 0.93574722994 0.293343 0.453534

i: For the covalent bound between substituted group and C atom on the benzene ring, j: For the bond between the
substituent and the phenyl ring, Tgrno: Total charge of phenyl ring-including substituent.
AIM analysis revealed that when compared to the phenyl ring of the non-substituted
compound 3a, the total charge of the —Cl and —NO, substituted phenyl rings decreased
relatively, while that of the methyl and methoxy substituted compounds increased. —
NO; substituent is more electronegative than —CI, and besides, the resonance effect of —
NO, on the phenyl ring was greater than the inductive effect of —ClI, causing —NO,
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substituted compounds to be more reactive than —Cl substituted compounds. DNA
binding and consequently anticancer effect was observed on —Cl and —-NO, substituted
compounds having higher electron density on the active phenyl ring. Moreover, the
relative positions of the —C1 and —NO, substituents directly affect the DNA binding of
these compounds. The 0-NO, substituent caused an electron density greater than that of
the m- and p- positions on the phenyl ring with the contribution of intramolecular
interactions (Figure 2). Furthermore, for —C1 substituted compounds 3I, 3h, and 3d, the
electronegative nucleus of the chlorine withdraws electrons from the compound and
thus causes a dipole moment by strongly polarizing the bond. The mesomeric/inductive
effect on the phenyl ring occurs due to the polarization of the aromatic c-bond
framework by the —Cl. The Cl-substituent causes the mesomeric effect by donating the
electron to the m system covering the o-frame of the phenyl ring. The polarity resulting
from the decrease of delocalized electrons as a result of the increase of localized
electron causes the delocalization index (DI) to be smaller.
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Figure 2. AIM and NCI maps of the compound 3j.

The electron density (0.187616 au) and the delocalization index (1.1116570038)
between the chlorine substituent and the phenyl ring were calculated lower in the m-
position than o- and p- positions. However, in —NO, substituted compounds, the DI
between the substituent and the phenyl ring was calculated as the lowest in the o-
position, while the electron density was calculated as the highest. Also, the —-NO,
substituent caused strong intramolecular interaction at the o-position.

Furthermore, NBO analysis showed that the interaction of lone pair electrons with the
phenyl ring resulted in increased electron density between the —NO, and the phenyl
ring. Considering the donor-acceptor (bond-antibond) interactions of lone pair electrons
on —Cl and —NO; substituted compounds, it was observed that the strongest stabilization
between the lone pair NBOs of substituents and the related antibonds took place
between adjacent atomic groups (Table 3). In addition, for the 0-NO, substituted
compound 3j and the m-Cl substituted compound 3h, the sum of the stabilization
energies of both the 2-center antibond (BD*) and 1-center Rydberg (RY*) interactions
of the lone pair NBOs was calculated as the lowest (54.78 kcal/mol for 3j, 10.14
kcal/mol for 3h). This indicates that 0-NO, and m-ClI substituents in compounds 3j and
3h are more reactive than other substituents in their own group.
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Table 3. Some NBO data of the NO, and CI substituted compounds.

] E(2) E.
Comp. Substutient Donor NBO Acceptor NBO keal/mol keal/mol
LP 043 C32-N42 12.55
3 o-NO N42-044 9.00 54.78
] 2 Lp ou4 C32-N42 12.47 :
N42-043 5.67
C34-N42 12.94
LP 043
af m-NO, N42-044 e.ig/gfs 61.99
LP 044 C34-N42 3.38
LP 042 N41-042 21.93
3b p-NO, LP 043 N41-042 11.92 85.69
3| o-Cl LP Cl42 C31-C32 14.2 30.1
3h m-ClI LP Cl43 C32-C34 4.23 10.14
3d p-Cl LP Cl41 C36-C38 8.71 23.25

E(2): stabilization energy, E,: Sum of stabilization energies (for LP to BD™ and RY"), C(31-34): Carbon atoms
where the substituents are attached to the phenyl ring, N(41,42)/0(42-44): Nitrogen and oxygen atoms of the
substituents.

DOS analysis revealed that HOMO energies and state densities were particularly
affected by the positions of the substituents (Figure 3). The state intensities of HOMO
energy levels of the compounds showing better DNA binding property were higher
compared to other compounds (Figure 3-b). In addition, low level HOMO energies
(from HOMO-1 to HOMO-4) of -NO;, and —CI substituted compounds were also
calculated lower than those of methyl and methoxy substituted compounds. In other
words, the —NO, and —CI substituted groups decrease the HOMO energies of the
compound 3a to which they are attached, while the methyl and methoxy substitute
groups have increased the HOMO energies.
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Figure 3. (a) DOS graph of compound 3j. (b) HOMO energy versus DOS graph of compound 3;j.

The Fukui function is related to the change of electron density with respect to the
number of electrons, and is also interpreted as a change in the chemical potential
relative to the local external potential. The dual descriptor Af(r) is defined in terms of
Fukui functions (f~ and f*) and allows the nucleophilic and electrophilic attack sites to
be examined at an r point in a molecular system. The electron delocalization range
EDR(r,d) function determines the degree of delocalization of an electron at the r point
in a calculated wave function along the distance d. Figure 4 shows how, for compound
3h, the positions of the substituted groups affect electron delocalization and reactive
sites for electrophilic and nucleophilic attack.
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It was observed that the electron delocalization range of m-NO; and p-NO; substituted
compounds was higher than that of compound 3j. This situation caused intramolecular
interactions in compounds 3f and 3b to be stronger than those of 3j and made the
interaction of the 0-NO; compound with the environment easier. In addition, the
electrophilic attack sites on the phenyl ring of compounds 3j and 3b (with 0-NO; and p-
NO,) are wider than those of the m-NO, substituted compound 3f, and these
substituents are more favorable than the meta position for the nucleophilic attack. The
m-Cl substituent also appears to strengthen the nucleophilic attack sites on the phenyl
ring more than the o- and p- positions. In general, it can be said that compounds with
larger nucleophilic attack sites show higher reactivity, and compounds whose EDRs
contribute less to intramolecular interaction, or in other words, compounds with higher
non-molecular EDRs (such as 3h and 3d) are also more reactive.

(a) Compound 3h (b)

Figure 4. (a) ELF, and EDR maps of the compound 3h (isovalue: 0.1 for EDR plotted by red grid, 1.68
for ELF colored by orange). (b) Green and blue surfaces correspond to electrophilic and nucleophilic
behavior regions of Af (), respectively (isovalue: 0.002 for dual descriptor).

UV-Vis absorption study of the compounds

In this study, we used six different solvents to determine the solvatochromic behavior of
the dyes 3(a—m) and the absorption spectrums of compounds were recorded between
10® and 10® M and over the range of A between 300-700 nm. These solvents have
different dielectric constants (g) as follows: i.e. DMSO (e: 46.45), DMF (e: 36.71),
ACN (e: 35.94), CH30OH (Methanol, &: 32.66), CH;COOH (Ascetic asit, €: 6.17), and
CHCI3 (Chloroform, &: 4.89) [59]. The effects of solvents on the UV absorption
properties of the compounds were also analyzed by DFT calculations and the
calculation results were compared with the experimental data. The experimental and
theoretical absorption values of the compounds are summarized in Table 4.

Absorbance is a measure of the amount of light absorbed, and affected by the chemical
composition, surrounding environment, solvent and temperature, concentration, and so
on. However, it was observed that compounds with lower absorbance values were more
active in DNA binding (see Figure 5).
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Table 4. Influence of solvent on Ay, (M) of dyes 3(a-m).

Dyes DMSO DMF Acetonitrile Methanol Acetic acid Chloroform
3a 322, 334, 450 321, 334, 429 320, 333, 424 313, 432 311, 322, 426 328, 496
3b 232, 336, 363, 459 323, 336, 357, 455 352, 4365 314, 326, 364 312.5, 324, 360 316, 356
3c 321, 335, 457 322, 334, 450 321, 335, 352s, 426 314, 325, 353s, 452 311, 322, 346, 437 352
3d 322, 335, 453 322, 334, 450 322, 333.5,420 314, 437 312, 322.5, 342s, 436 332, 344, 460
® 3e 321, 334, 387, 457 322, 335, 450 320, 333.5, 420 314, 325, 349s, 443 311, 322.5, 345s, 432 333, 3565, 433
15 3f 322, 335, 439 321, 334, 457 322, 332.5, 4125 313, 414, 480s 311, 322, 406 334, 4265
E 3g 322, 335, 452 322, 335, 450 321, 3335, 411.5 314, 326, 448 311.5, 322.5, 429 333, 3525, 436.5
I 3h 322, 335, 452 323, 335, 452 322.5, 3335, 421 314, 325, 346s, 438 311.5, 323, 345s, 425.5 333, 416
L),j 3i 322, 335, 425 321, 335, 387, 421 321.5, 3335, 411.5 314, 414 311.5, 322.5, 419.5 338, 436s
3j 321, 335, 452 321, 334, 453 320, 333,438 313, 325, 450 311, 322.5, 443 332, 485
3k 321, 334, 429 321, 335, 429 318, 334s, 424 313, 425 310, 321s, 424 314, 333, 426
3l 321, 334, 446 321, 334, 446 322, 333, 404 314, 448 311.5, 322, 435 335, 478
3m 334, 442 335, 446 329, 435 329, 453 326, 441 332, 478
3a 336, 523 332,515 331,512 330, 512 332,515 332,518
3b 312, 385, 527 307,374, 518 373,516 372,516 373, 520 369, 515
3c 348, 433,571 343, 429, 561 341, 427, 558 341, 427, 557 342, 428, 559 342, 429, 561
3d 341, 530 340, 522 336, 519 335, 519 337,523 337,525
= 3e 339, 427, 538 334,528 333,525 333, 525 334,527 335, 530
2 3f 321, 505 313, 500 312, 490 315, 498 313,493 314, 492
§ 3g 343, 543 322,535 340, 533 317,532 341, 537 321, 539
© 3h 338, 522 330, 515 334,512 322,512 335, 516 325, 518
o 3i 336, 526 320, 505 330, 515 330, 514 331,518 331, 520
3j 324, 484 317, 480 321, 479 313,478 323,482 324, 484
3k 340, 516 338, 517 337,516 337,516 338, 520 339, 523
3l 322,514 327,507 335, 512 334,511 335, 515 336, 518
3m 329, 420, 524 334,423, 519 333,516 332, 421,516 334,519 334, 424, 522
s: shoulder

In the table, it is seen that the dyes give more than one maximum absorption point in
different solvents. According to the table it was observed that Amax of dyes 3(a-m)
shifted hypsochromically in all solvents from DMSO to acetic acid. For example, for
the dye 3a maximum absorption points are 322, 334, 450 nm in DMSO, 311, 322, 426
nm in acetic acid, for the dye 3c maximum absorption points are 321, 335, 457 nm in
DMSO, 311, 322, 346, 437 in acetic acid. However, it is observed that Anyax Of dyes in
chloroform solvent shifted batochromically than in the DMSO solvent. It is understood
that this is due to the oxygen and nitrogen atoms that contain nonbonding electron pairs
in the molecular structures [60]. The reason why the compounds give more than one
absorption point in different solvents is because of n-n * and n-n * electronic transitions
due to m bonds, nonbonding electron pairs and conjugation in the structures of
compounds. The first of these two absorption bands results from m-m * electronic
transitions and the second from n-z * electronic transitions. This is due to the reduced
polarity of the solvents causing low band gap in the n-z * electronic transitions and to
the shift to lower energy [61]. In addition, the presence of shoulders along with
absorption points in some dyes suggests that the compounds are not in a single
tautomeric form.

1.4 3b —3c 3d
~-3e —3f —3g
1.2 --3h —3i —3j
—3k —3lI 3m

0.8

Absorbance

0.6

0.4

0.2

300 330 360 390 420 450 480 510 540 570
Wavelength (nm)
Figure 5. Experimental UV data of compounds.
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FT-IR analysis of the compounds

IR calculations of the compounds were performed in the gaseous phase, and results is
given in Table 5. Vibrational frequencies of N-H group were observed at 3650-3286
cm™', 3651-3303 cm *, 3652-3306 cm ', 3653-3305 cm * for -NO,, —Cl, ~CHs, and —
OCHj3 substituted groups, respectively. Stretching vibration of aromatic and aliphatic
C—H were calculated for all compounds as 3233-3165 cm™* and 3137-3033 cm ™,
respectively. Stretching vibration of C=0 and N=N were obtained as 1746-1658 cm *
and 1476-1446 cm ™, respectively. Also, vibration of C-OCH3 (compounds 3Kk, 3g, 3c)
was obtained as 1060-1053 cm *. Antisymmetric and symmetric stretching vibrations of
the —NO; (compounds 3j, 3f, and 3b) were calculated as 1569-1560 and 1373-1357
cm %, respectively. It was seen that the experimental data and the theoretical results
were compatible.

Table 5. IR values of compounds, calculated by b3lyp/6-311++g(2d,2p) method.

Comp- VNH (strethinq) V Aromatic-H V Aliphatic-H Vc=0 VNH (bendina) VN=N VNO2 Vc-o
3651 ° 744
3a 3605 32143172 3133-3096 . 1532 1461 - ;
oo 1659
3650° ;
3j 3605° 32233181 31353049 (0. 1534 1462 1000 -
3209 ¢
. 3650° )
o 3f 3604 32333173 31353040 110, 153 1446 oo -
i 3286 °
3648° ;
3b 3604 " 3211-3174  3136-3050 (48 1533 1466 1260 .
g 1660 1357
3645° 1745 ¢
30 3604 " 32183171  3133-3048 . 1531 1454 - ;
Song 1665
= 3651 1745 ¢
@ 3h 3605 " 3221-3173  3134-3049 . 1532 1467 - ;
w oo 1659
3651° 1745 ¢
3d 3605 " 32193173 3137-3049 . 1533 1469 - ;
3307° 1659
3648° 722
3m 3604 " 3218-3165  3133-3049 . 1530 1454 - ;
o 1660
o 3652° ;
z 3i 3605 " 3217-3165 31333036  1/%4, 1532 1468 - ;
‘ oo 1659
3652 ¢ 1743 ¢
3e 3605 " 3212-3166  3133-3033 . 1531 1470 - ;
oo 1659
3649 ° 17434
3k 3605 " 32173171 3132-3048 . 1531 1456 - 1053
3342° 1662
L 36522 1744 ¢
O 3g 3605 32233173 3133-3049 . 1532 1472 - 1060
Q 3316° 1658
3653 ¢ 1742 ¢
3c 3606 " 32173172 3132-3048 . 1531 1476 - 1054
S 1658

a: pyrazole —NH, b: Quinoline —NH, c: Azo bridge —NH, d: Quinoline 2-substituted C=0, e: Quinoline 4-
substituted C=0.
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'H NMR analysis of the compounds

Figure 6. Numbering of the atoms on the compounds, for *H-NMR calculations.

Figure 6 is used to enumerate proton chemical shifts, and the calculated *H NMR data
are given in Table 6. The 'H NMR data reveal that the substituents influence the
chemical shifts of the hydrogen atoms in the phenyl ring containing reactive
substituents, ie the distribution of the charge on the reactive phenyl ring is more affected
by the substituents than on the other parts of the compounds.

Table 6. 'H NMR data of the compounds, calculated by b3lyp/cc-pvtz method.

Comp. O liphaticH O Aliphatic-H (*) O Aromatic-H S xH
H1 H2 H3 H1" H2" H3" H4 H5 H6 H7 H8 H9 HI10 H1l H12 H13 H14 H15
3a 27 30 30 - - - 85 80 81 82 90 89 80 83 81 88 107 158
3b 27 30 30 - - - 8591 - 92 90 89 80 84 81 87 108 159
3c 26 29 29 45 41 41 85 75 - 76 88 89 80 83 81 87 106 157
3d 27 30 30 - - - 8480 - 828989 80 83 81 88 107 158
3e 27 30 30 29 29 24 84 78 - 80 89 89 80 83 81 88 107 157
3f 27 3131 - - - 95 - 90 83 94 90 80 83 81 88 108 158
3g 27 30 30 43 40 40 79 - 76 80 85 89 80 83 81 88 107 157
3h 27 30 30 - - - 84 - 80 8188 89 80 83 81 88 107 158
3i 27 30 30 28 28 24 83 - 79 80. 88 89 80 83 81 88 107 157
3j 26 27 28 - - - - 82 80 838588 79 83 81 88 108 154
3k 27 29 29 44 41 41 - 76 79 77 89 89 80 83 81 88 107 159
3l 27 3129 - - - - 80 78 80 82 87 79 83 81 88 108 153
3m 27 29 29 31 31 26 - 79 79 81 91 89 80 83 81 88 107 159

*: for substitute groups.

3. Conclusion and Comment

2,4-dihydroxy quinoline derivative diazo dyes were characterized by spectroscopic FT-
IR and 'H-NMR methods. In addition, the UV-vis absorption properties of the
compounds in various solvents were also examined. Experimental spectroscopic data
were supported by DFT calculations. In addition, electronic data obtained from AIM,
NBO, DOS, NCI, Fukui, ELF and EDR calculations were analyzed and the results were
used to predict the DNA binding capacity of the compounds and their cytotoxicity
properties against HeL.a and PC3 cancer cell lines.

It was observed that the —Cl and —NO, substituted compounds with higher electron
density on the active phenyl ring have higher DNA binding and thus higher anticancer
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effect. The relative positions of the —Cl and —-NO, substituents determined the electron
density on the phenyl ring and the degree of electron delocalization, thus directly
affecting the DNA binding of the compounds. In addition to the substituent positions,
electron density and DI values on the bonds are among the factors that determine the
activities of the compounds. It has been found that the effectiveness of the nucleophilic
and electrophilic attack sites of the compounds is affected by the position of the
substituents, and the reactivity of the compounds changes accordingly. Moreover, the
state densities of HOMO energies of compounds showing better DNA binding property
were calculated higher than other compounds. It has also been observed that the low-
level HOMO energies of the -NO, and —CI substituted compounds are lower than the
methyl and methoxy substituted compounds.

Considering all the data, it is concluded that the biological effects of the molecules
depend on the electronic properties of the molecule in a multivariate, and that
significant predictions can only be made regarding the reactivity by handling the
variables with an integrated approach.
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