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Tetra-substituted phthalocyanines bearing
thiazolidine derivatives: synthesis, anticancer
activity on different cancer cell lines, and
molecular docking studies+
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In the first step, (4R)-2-(2-hydroxyphenyl)thiazolidine-4-carboxylic acid (c) and 2-(2-(3,4-dicyano-
phenoxy)phenyl)thiazolidine-4-carboxylic acid (1) were prepared. Then, the peripherally tetra-substituted
metallophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)] were synthesized by using 1. The structures of
the obtained compounds were characterized by common spectroscopic methods. Aggregation behaviors
of the tetra-substituted metallophthalocyanines (2—4) were investigated by UV-Vis and fluorescence
spectroscopy in the presence/absence of soft metal ions. The electronic spectra of the newly synthesized
metallophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)] were analyzed by the Bayliss method. The flu-
orescence quantum yield of diamagnetic ZnPc (2) was obtained in DMSO at room temperature. Also, the
anticancer activity of the newly synthesized metallophthalocyanine derivatives was studied on C6,
DU-145, and WI-38 cell lines and investigated using six concentrations (3.125; 6.25; 12.5; 50; 75; 100 g
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logical activities of 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and its novel type
metallophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)] were compared with many parameters

rsc.li/dalton obtained from the Gaussian software and molecular docking methods.

methods is being reduced due to acute toxicities and the ability
of tumors to form drug-resistant phenotypes. In addition, treat-

1. Introduction

Cancer is the second most common cause of death worldwide
today, increasing due to many reasons such as advancing age,
decreased physical activity, harmful habits, smoking, alcohol,
and changing diets. In the 2020 World Health Organization
report on cancer, the organization estimated that cancer-
related deaths in low and middle-income countries will double
by 2040 compared to those in 2018. In addition, cancer is the
cause of approximately 30% of all premature deaths from non-
communicable diseases among adults aged 30-69 years."

It is known that chemotherapy and radiotherapy methods
are very effective in cancer treatment. However, the use of these
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ment success rates are pretty low in the case of late diagnosis in
the fight against cancer. For this reason, new treatment
methods are being developed, and will increase the success rate
of treatment. Therefore, scientists are looking for new drugs
and procedures for the treatment of cancer. Recently, photo-
dynamic therapy (PDT) has received widespread attention as an
alternative to chemotherapy and radiotherapy.”
Phthalocyanines are aromatic macrocyclic compounds that
are known as tetrabenzo[5,10,15,20]tetraazaporphyrins. It is
well known that the phthalocyanines have unique properties
with a conjugated 18 m-electron system. They are of great inter-
est in many application areas such as chemical sensors,® gas
sensors,® solar cells,”® electrochromic materials,” nonlinear
optics,® catalysts for electrochemical reactions,” Langmuir-
Blodgett films,'® antioxidants,"" antimicrobials,’* and photo-
dynamic therapy.'>'* Among them, photodynamic therapy is a
treatment method that uses certain drugs, called photosensi-
tizing agents, along with light and oxygen to kill cancer cells.
The ability of phthalocyanines to generate singlet oxygen
makes them promising for photodynamic therapy.'’

This journal is © The Royal Society of Chemistry 2021
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Therefore, scientists are working on the synthesis of new sub-
stituted phthalocyanine derivatives to investigate their anti-
cancer potential.

In recent research, the most critical problem has been to
synthesize compounds have strong biological activities such as
anti-tumor, antibacterial, anti-oxidative, and anti-viral activities.
In these studies, it has been shown that transition metal com-
plexes are more than their ligand molecules.
Synthesizing more effective and active molecules involves
many experimental procedures. In addition, these experi-
mental studies are very costly and time-consuming, so some
theoretical software packages have been developed, especially
in recent years.

The main goal in drug development is always the synthesis
of more effective molecules than the previous ones. Studies
have shown that transition metal complexes are more active
anticancer drugs than the ligand molecules that form them.
This leads to a time consuming and costly process. These dis-
advantages can be eliminated by getting support from the
theoretical software developed, especially in recent years.'®"”
As a result, the biological and chemical activities of the syn-
thesized compounds were compared using the Gaussian soft-
ware and the molecular docking method.

In this work, the synthesis and characterization of 2-(2-(3,4-
dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and
its tetra-substituted metallophthalocyanines [ZnPc (2), CuPc
(3), and CoPc (4)] were reported. Aggregation behaviors of
tetra-substituted metallophthalocyanines containing thiazoli-
dine-4-carboxylic acid derivatives were investigated in solution
media. The effect of organic solvents such as DMF, DMSO,
and CHCI; on the UV-Vis spectra of tetra-substituted meta-
lophthalocyanines containing thiazolidine derivatives was
investigated. Also, the effect of soft metal ions on aggregation
properties was studied in solution media, and the obtained
results were interpreted. The fluorescence quantum yield of
ZnPc (2) was investigated to show the effect on the fluo-
rescence process. The anticancer activity of tetra-substituted
metallophthalocyanines containing thiazolidine-4-carboxylic
acid derivatives was studied on the different cancer cells.
Finally, the newly synthesized compounds’ chemical and bio-
logical activities (1-4) were compared with various parameters
obtained from the Gaussian software and molecular docking
methods.

active

2. Experimental

2.1. Materials and methods

The chemical substances and solvents used to synthesize com-
pounds were provided commercially (Merck, Sigma-Aldrich,
and Fluka). The Dulbecco’s Modified Eagle’s Medium
(DMEM), phosphate buffer saline (PBS), fetal bovine serum
(FBS), and penicillin-streptomycin (PS) were purchased from
Gibco (Meckenheim, Germany). The commercial kit XTT
(sodium 3-[1-[( phenylamino)-carbonyl]-3,4-tetrazolium]-bis(4-
methoxy-6-nitro) benzenesulfonic acid) was obtained from
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Cayman Chemical Company. Trypsin was purchased from
Biological Industries. "H and ">C-NMR spectra were recorded
using a Varian 300 MHz Mercury Plus instrument using
TMS as the internal standard. The PerkinElmer Spectrum
Two FT-IR (ATR sampling accessory) spectrometer was used
to measure vibrational spectra. The electronic spectra of
the compounds were recorded by using an Agilent Model 8453
diode array ultraviolet-visible (UV-Vis) spectrophotometer.
Fluorescence spectra were recorded by using a Hitachi S-7000
fluorescence spectrophotometer.

2.2. Synthesis

2.2.1 Synthesis of (4R)-2-(2-hydroxyphenyl)thiazolidine-4-
carboxylic acid. (4R)-2-(2-Hydroxyphenyl)thiazolidine-4-car-
boxylic acid (c) was prepared according to the literature.'®
2-hydroxybenzaldehyde (b) (10 mmol) was dissolved in EtOH
(10 ml). To the solution was added r-cysteine hydrochloride (a)
(1.57 g, 10 mmol) and NaOAc (0.98 g, 12 mmol) dissolved in
water (10 ml). The reaction mixture was then stirred for
24 hours at room temperature. The precipitate was then separ-
ated by filtration, and washed several times with EtOH
(Scheme 1). "H NMR (300 MHz, DMSO-d,) 3.05-2.94 (m, 1H?,
1H), 3.21 (dd, 1H?, J 6.8, 10.2 Hz), 3.34 (dd, 1H", J 6.9, 9.4
Hz), 3.83 (dd, 1H?, J 6.9, 8.9 Hz), 4.21 (dd, 1H", J 5.2, 6.8 Hz),
5.65 (s, 1H"), 5.84 (s, 1H), 6.73-6.83 (m, 2H*2H"), 7.06 (td,
1H%1HP, J 7.6, 1.7 Hz), 7.13 (td, 1H*1H®, J 7.7, 1.7 Hz), 7.30
(d, 1H*1HP, J 7.7 Hz), 7.34 (dd, 1H*1H, J 1.7, 7.7 Hz), 9.83 (s,
2H, -OH", -OH") (Fig. S11). *C NMR (75 MHz, DMSO) §:
173.6, 173.1, 155.8, 155.2, 129.7, 128.8, 128.6, 128.3, 126.7,
124.9, 119.7, 119.4, 116.3, 115.7, 68.3, 66.3, 65.9, 65.5, 38.8,
37.8.

2.2.2. The synthesis of 2-(3-(3,4-dicyanophenoxy)phenyl)
thiazolidine-4-carboxylic acid (1). (4R)-2-(2-Hydroxyphenyl)thia-
zolidine-4-carboxylic acid (1.1 g, 4.88 mmol) dissolved in DMF
(10 ml), and anhydrous K,CO; (5.36 g, 38.88 mmol) were
stirred at room temperature (x~25 °C) for 15 minutes. Then,
4-nitrophthalonitrile (1.0 g, 5.78 mmol) dissolved in DMF was
added to the reaction vessel drop by drop. The reaction
mixture was stirred at 40 °C for 48 h. TLC was used for check-
ing the completion of the reaction. After the reaction was com-
pleted, the reaction mixture was cooled at room temperature
(~25 °C) and poured into ice water. The product was precipi-
tated after adding some acid (2-3 drops of concentrated HCI)
to the medium. The obtained product was filtered and washed
with water several times. Further purification was performed
by chromatography over a silica gel column using an eluent of
CHCI; (Scheme 1).

2-(3-(3,4-Dicyanophenoxy)phenyl)thiazolidine-4-carboxylic
acid (1) is soluble in organic solvents such as CHCl;, THF,
DMSO and DMF. Yield of (2): 1.16 g (75%). Anal. Caled for
C1sH13N;0;S (351.38 g mol™): C, 61.53; H, 3.73; N, 11.96;
Found: C, 62.15; H, 3.69; N, 12.08. FT-IR (uma/cm™): 3280
(carboxylic acid OH), 3094, 3060, 3022 (H-Aromatic), 2230
(C=N), 1678 (C=0), 1577(Aromatic C=C), 1460, 1380, 1244,
1213, 755, 522. "H NMR (300 MHz, DMSO-d,) § 8.08 (s, 1H?),
7.96 (d, J = 8.4 Hz, 1H*), 7.76 (dd, J = 8.4 Hz, 1H?), 7.51
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Scheme 1 Synthetic route of 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1).

(d,] = 7.8 Hz, 1H"), 7.38 (d, ] = 8.2 Hz, 1H), 7.30 (d, J = 7.5 Hz,
1HP), 7.20 (d, J = 7.7 Hz, 1HY), 7.05 (dt, J = 24.2, 7.6 Hz, 3H?),
6.86-6.64 (m, 4HP), 5.86 (s, 1H?), 5.60 (s, 1H"), 3.89 (dd, J = 6.5
Hz, 1H?, 1HP), 3.13 (dd, J = 10.0, 6.5 Hz, 1H* 1HP), 2.96-2.72
(m, 1H?, 1H") (Fig. S21). MALDI-MS: m/z: 352.514 [M + HJ',
435.623 [M + K + 2Na-2H]".

2.2.2. General procedure for the synthesis of metallophtha-
locyanines (2-4). The tetra-substituted metallophthalocyanines
containing thiazolidine-4-carboxylic acid derivatives [ZnPc (2),
CuPc (3), and CoPc (4)] were prepared by the cyclotetrameriza-
tion reaction of compound (1) in the presence of zinc acetate
or copper chloride or cobalt chloride salts in n-hexanol/DBU
media. 2-(3-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-car-
boxylic acid (1) (100 mg, 0.28 mmol) was stirred at 140 °C
temperature for 5 h under a N, atmosphere in hexanol and
1,8-diazabicyclo[5.4.0] undec-7-ene (DBU, 0.05 ml) media in
the presence of anhydrous metal salts [(Zn(CH;COO),, CuCl,
and CoCl,]: ~(0.030 g, excess) (Scheme 2). The yellow products

Hexanol, DBU

o CN Metal salts

CN 5h, 140 G

O

M =2Zn(2), Cu(3), Co(4)

were obtained, and they were precipitated with hexane, then
afterward, washed with cold MeOH several times. The further
purification of the obtained phthalocyanine derivatives was
performed by column chromatography using CH,Cl, as an
eluent. Finally, the obtained new metallophthalocyanines
[ZnPc (2), CuPc (3), and CoPc (4)] are soluble in DMF, DMSO,
and CHCl;.

Yield of compound (2): 33.5 mg (32%). Chemical formula
of (2): C;3Hs5,N1,0,1,5,Zn (1470.93 ¢ mol ™). Elemental analysis
of compound (2) (%), calculated: C (58.79), H (3.56), N (11.43)
O (13.05), S (8.72) Zn (4.45), found: C (58.96) H (3.51),
N(11.76). UV-Vis (DMSO) Ama/nm: 692 (Q-band), 623
(vibrational satellite), 309 (B-band). FT-IR v/em™': 3216 (car-
boxylic acid OH), 3040, 3016 (H-aromatic), 1673 (C=0), 1584
(aromatic C=C), 1444, 1389, 1244, 1092, 750. "H-NMR
(d-DMSO, 5 ppm): 8.46-8.25 (m, 12H), 8.16-7.95 (m, 16H), 5.65
(s, 4H), 5.86 (s, 4H), 4.20 (m, 8H), 3.20-3.0 (m, 4H). 1472.01
[M + H]" and 1541.12 [M + 3Na + H]".
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Scheme 2 Synthetic route of the novel metallophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)].
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Yield of compound (3): 32 mg (30%). Chemical formula of
(3): C5,H5,N;,0,,8,Cu (1469.06 ¢ mol™*). Elemental analysis of
compound (3) (%), calculated: C (58.87), H (3.57), Cu (4.33), N
(11.44) O (13.07), S (8.73), found: C (59.05) H (3.52), N (11.66).
UV-Vis (DMSO) Apa/nm: 690 (Q-band), 621 (vibrational satel-
lite), 314 (B-band). FT-IR v/cm™": 3216 (carboxylic acid OH),
3088, 3056, 3032 (H-aromatic), 1671 (C=0), 1581 (Aromatic
C=C), 1452, 1382, 1242, 1213, 1108, 753. MALDI-MS: m/z:
1470.53 [M + H]" and 1516.21 [M + 2Na + H]".

Yield of compound (4): 26 mg (25%). Chemical formula of
(4): C5,H;5,N;1,04,8,Co (1463.20 g mol™). Elemental analysis of
compound (4) (%), calculated: C (59.05), H, (3.58), Co, (4.02),
N (11.48), O (13.11), S (8.76), found: C (59.39), H (3.50), N
(11.61). UV-Vis (DMSO) Apax/nm: 693 (Q-band), 625 (vibrational
satellite), 304 (B-band). FT-IR v/em™": 3249 (carboxylic acid
OH), 3106, 3048 (H-aromatic), 1678 (C=O0), 1582 (aromatic
C=C), 1436, 1348, 1236, 1188, 1132, 747. MALDI-MS: m/z:
1464.82 [M + H]" and 1488.35 [M + Na + H]".

2.3. Fluorescence quantum yields

The comparative method was used to determine the fluo-
rescence quantum yields (@) of the phthalocyanine complexes
using the below eqn (1).*°

F-Aga - 1?

Dp = Dp(Std
! r( )Std'A'nStdZ

(1)
F and Fyq are the areas under the fluorescence curves of the
complexes and the standard, respectively. A and Ayq are the
respective absorbances of the sample and standard com-
pounds at the excitation wavelength. n and ngq are the refrac-
tive indices of the used solvents, respectively. Un-substituted
ZnPc was used as a standard in DMSO where &5 = 0.20.%°

2.4. Biological study

2.4.1. Determination of total antioxidant status (TAS). A
commercial kit manufactured by Rel Assay Diagnostics was
used to determine the total antioxidant status. According to
this method, the antioxidants in the sample are reduced from
the dark blue-green ABTS radical form to the colorless reduced
ABTS form. The change in the absorbance at 660 nm is related
to the total antioxidant capacity of the sample. The assay was
calibrated with the reference substance used as the stable stan-
dard antioxidant solution, which is the vitamin E analog and
called the Trolox equivalent. The TAS measurement was per-
formed according to the kit procedure. After calculating the
difference between the absorbances, the TAS value is calcu-
lated according to eqn (2).>"

AA(sample)

Ad=x= AA(standard)

X 20 (2)

2.4.1.1 Cell lines. Rat glioma cancer (C6), human prostate
carcinoma (DU-145), and normal human lung fibroblast
(WI-38) cell lines were generously provided by the Hepokur
cancer research laboratory Sivas Cumhuriyet University, Sivas,
Turkey. Cells were cultured in DMEM (high glucose) sup-
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plemented with 10% fetal bovine serum (FBS), 1%
r-glutamine, 100 TU mL™" penicillin and 10 mg mL™" strepto-
mycin in a 95% humidity and 5% CO, incubator at 37 °C.

2.4.2. In vitro photodynamic therapy. For photodynamic
therapy experiments, healthy and cancer cell lines were incu-
bated in 24-well plates with different concentrations (0-100 pg
L") of Zn, Cu, and Co metal phthalocyanine compounds for
2 hours. After incubation for 2 h, a red diode laser (fluence
4.5 ] cm™?, power density 114.60.10"°> MW cm™?) was applied
to each well with a light source of 90 mW and a 1 cm radius of
the light source (660 nm, the 40 s) (Cube System, Coherent).
All these processes were carried out at room temperature in
the dark.

2.4.3. Cytotoxic tests

2.4.3.1. Determination of the ICs, dose of the compounds in
cancer cell lines. The ICs, value of the synthesized organic com-
pounds, which kills half of the cells, was determined at the
end of the process. Sterile 96-well plates were seeded with 10 x
10* cells per well. The cells were counted using the Olympus
R1 cell counter. The compounds were applied to these wells at
different concentrations (100-50-25-12.5-6.25-3.125 pg L7%).
At the end of the determined incubation times, the com-
pounds were removed from the wells, and the XTT (2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[( phenylamino)carbonyl]-2H-
tetrazolium hydroxide) kit was applied.

2.4.4. Cell cycle analysis. The cell cycle analysis was per-
formed by flow cytometry in DU-145 cells which were treated
with 3.28 pg L™" of CuPc (3) for 24 h. Then, all cells were col-
lected and centrifuged for 5 min at 300g at 25 °C. 250 mL of
trypsin buffer was added to each tube and incubated at 25 °C
for 10 min. After 10 min, 200 mL of the trypsin inhibitor and
RNase buffer were added to the mixture, which was again incu-
bated for 10 min. 200 pL of the cold PI stain solution was
added to each tube, and data from 3 x 10 cells were measured.
All data were compared with those of the untreated control
cells.

2.4.5. Apoptosis analysis. Apoptosis analysis was per-
formed by flow cytometry in DU-145 and WI-38 cells. In this
analysis, we used a commercial kit (BD Pharmingen™, Cat.
no: 559763, San Diego, CA, USA) following the manufacturer’s
recommendations. DU-145 and WI-38 cells were treated with
3.28 ug L' concentration of CuPc (3) for 24 h, then collected
and washed twice with ice-cold PBS. To the cells, pellets were
added and 100 pL 1x binding buffer was added to each tube.
After that 5 pL of FITC Annexin V and 5 pL of PI were added to
each tube, and all mixtures were incubated for 15 min in the
dark at 25 °C. Data from 1 x 10 cells were harvested and ana-
lyzed. The results were compared with those of the untreated
negative control cells.

2.5. Theoretical methods

2.5.1. Gaussian study. Some methods are used to obtain
information about the biological and chemical activities of
compounds. Among these, the most commonly used theore-
tical methods are DFT and docking calculations. These
methods provide excellent convenience for comparing the

Dalton Trans., 2021, 50, 15778-15792 | 15781
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activities of the compounds. In this study, GaussView 5.0.8,
Gaussian09 AS64L-G0O9RevD.01, ChemDraw Professional 15.1,
and Chemcraft V1.8 package programs were used in the prepa-
ration of molecules.>*”** Theoretical results were obtained by
the Hartree-Fock (HF),>*?” Lee-Yang-Parr (B3LYP),”®*° and
M06-2X>° methods with 3-21G, 6-31G, and sdd basis sets. As a
result of the calculations made on these basis sets, many para-
meters can be obtained, and are called quantum chemical
parameters such as Eygomo, Erumo, AE (HOMO-LUMO energy
gap), electronegativity (y), chemical potential (x), chemical
hardness (i), electrophilicity (@), nucleophilicity (&), global
softness () and proton affinity (PA).>'* HOMO is the highest
occupied molecular orbital, and LUMO is the lowest unoccu-
pied molecular orbital. The HOMO and LUMO values are used
to get information about the activities of the molecules by
using these methods.

== (5v ©
H=—X= ON o
1 (0°E 1/ 0u

=3 (o)., =2 () <4>

Ionization energy (I) and electron affinity (4) of the studied
molecules are calculated with the HOMO and LUMO energies,
that are involved in electronegativity, global softness, and
chemical hardness, which were obtained by the following
equations.*

r=-u=(13%) 5

2

n=-—— (6)

It is well known that global softness is defined as the
inverse of the chemical hardness.

o=1/n (7)
S (fEHOMOZf EM) "
. (EM ;EHOMO) "

The global electrophilicity index®® (w) that is investigated by
Parr et al. is the inverse of nucleophilicity and is calculated by
eqn (10). Electrophilicity and nucleophilicity are used for the
prediction of organic and inorganic reaction mechanisms.
Nucleophilicity (¢) is defined as the inverse of the electrophili-
city in eqn (11).

w=pu’/2n=y"/2n (10)

e=1/w (11)

2.5.2. Docking study. The molecular docking method was
used to contribute to a better understanding of the biological
activities of the new compounds [(1), ZnPc (2), CuPc (3), and
CoPc (4)]."® In the docking study, the biological activity values
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of the compound (1) and its phthalocyanine derivatives [ZnPc
(2), CuPc (3), and CoPc (4)] against human galectin-8, brain
cancer cells, and protease cancer cells were compared. *.pdb
extension files were obtained by using the optimized struc-
tures obtained from the Gaussian software program.®” Cancer
tissues and molecule files were studied using HEX 8.0.0.>® For
docking displays, help was received from the SeeSar 9.0 soft-
ware program.>®

3. Results and discussion

3.1. Spectroscopic characterization of novel type
phthalocyanines

The structure of the tetra-substituted metallophthalocyanines
containing thiazolidine-4-carboxylic acid derivatives [ZnPc (2),
CuPc (3), and CoPc (4)] was characterized by the combination
of some spectroscopic techniques such as FT-IR, 'H-NMR,
and UV-Vis spectroscopy. The obtained spectra were found to
be compatible with the related structures. Four isomer-mixed
products are obtained in the synthesis of phthalocyanines,
and they may not be able to separate by column chromato-
graphy easily. The four isomer mixtures of phthalocyanines
could not be separated by the column method. Therefore, the
obtained spectra of the novel type metallophthalocyanines
(znPc (3), CuPc (4), and CoPc (5)) are a mixture of four
isomers.*’

Infrared spectroscopy is a simple and useful technique for
the characterization of the synthesized compounds. It is well
known that 4-nitrophthalonitrile used as the starting material
in this study shows characteristic peaks at 1532 cm™' and
1350 cm™" due to the nitro groups and at 2220 cm™ ' due to
C=N vibration.*" The novel phthalonitrile derivative 2-(3-(3,4-
dicyanophenoxy)phenyl)thiazolidine-4-carboxylic ~ acid was
obtained by the nucleophilic aromatic substitution reaction
between 4-nitrophthalonitrile and (4R)-2-(3-hydroxyphenyl)
thiazolidine-4-carboxylic  acid. Characteristic peaks at
1532 cm™" and 1350 em ™" related to the nitro groups were not
observed in the infrared spectrum after the reaction was com-
pleted. The peak of the -C=N vibration at 2220 cm™" shifted
to 2242 cm™" for the 2-(3-(3,4-dicyanophenoxy)phenyl)thiazoli-
dine-4-carboxylic acid. Aromatic CH peaks at 3097 cm™’,
3061 em™' and 3022 cm™' and carbonyl stretch (C=O) at
1655 cm™" were observed for 2-(3-(3,4-dicyanophenoxy)phenyl)
thiazolidine-4-carboxylic acid. In the infrared spectra recorded
after the synthesis of new metal phthalocyanines, the peak at
2242 cm™" of the C=N vibration has disappeared (Fig. S37).
This could be the evidence of a cyclotetramerization reaction.

"H-NMR spectroscopy was used for the characterization of
the synthesized compounds. The 'H-NMR spectra of new
phthalonitrile 2-(3-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-
carboxylic acid and its zinc metallophthalocyanine ZnPc (2)
were obtained in deuterated dimethyl sulphoxide solution.
The 'H-NMR spectra of copper metallophthalocyanine CuPc
(3) and cobalt metallophthalocyanine CoPc (4) could not be
recorded due to the paramagnetic nature of copper and cobalt

This journal is © The Royal Society of Chemistry 2021
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ions.*? The aromatic protons of ZnPc (2) could be recorded as
broad peaks due to the phthalocyanine’s conjugated 18
n-electron system.

It is well known that the electronic spectra of the phthalo-
cyanines are one of the essential properties. Their spectral pro-
perties are due to the aromatic cyclic conjugated 18 n-electron
system, and they show characteristic peaks called Q- and
B-bands in their electronic spectra. The Q-band appears at
650-700 nm due to the n—rn* transition and the B band appears
at 300-400 nm due to the deeper n—n* transition. Therefore,
UV-Vis spectroscopy is routinely used for the characterization
of phthalocyanines.”® The Q-bands of the novel type metal-
lophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)] appeared
at 692 nm, 690 nm, and 693 nm as a single band, respectively
(Table 1). The B-bands of related metallophthalocyanines
(znPc (3), CuPc (4), CoPc (5)) were observed at 309 nm,
314 nm, and 304 nm, respectively (Fig. 1). The Q and B-band
values are compatible with the literature values of newly syn-
thesized metallophthalocyanines bearing thiazolidine groups
in peripheral positions.

3.2. Aggregation studies

Phthalocyanines are known to exhibit aggregation properties.
It is difficult to predict what causes the aggregation of phthalo-
cyanines due to the influence of many factors such as conju-
gated 18 m-electron systems, solvents, concentration, the
central metal, axial substituents on the central metal, the
nature of the functional group, and temperature.** However,
the aggregation tendency of phthalocyanines can be reduced
by changing these properties. UV-Vis spectroscopy is a very
simple and useful technique that can be used to study the
aggregation phenomena of phthalocyanines because the aggre-
gation behavior of phthalocyanines primarily affects the Q
bands. Therefore, the aggregation behavior of the newly syn-
thesized metallophthalocyanines was investigated by UV-Vis
spectrophotometry.

The UV-Vis spectrum of the newly synthesized metal-
lophthalocyanines at different concentrations was recorded in
DMSO. When the concentration of the metallophthalocyanines
was increased, the intensity of the Q bands, which appeared at
692 nm, 690 nm, and 694 nm, also increased. The new band
formation and blue/redshift were not observed (Fig. S4 for (2),
Fig. 2 for (3), and Fig. S51 for (4)). When the graphs obtained

Table 1 UV-Vis and fluorescence data of the novel metallophthalocya-
nines (2—4)

UV-Vis Fluorescence

Aabs loge/em™  Jem Aex Stokes
Compound  (nm) mol™' L (nm)  (nm) = shift Dy
ZnPc (2) 692 4.67 703 691 11 0.13
CuPc (3) 690  4.59 — — — —
CoPc (4) 693  4.74 — — — —
ZnPc” 672¢ 672  682¢ 10° 0.20¢

“The values were obtained from ref. 19.
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Fig. 1 UV-Vis spectra of the novel metallophthalocyanines [ZnPc (3),
CuPc (4), and CoPc (5)] in DMSO at room temperature.
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Fig. 2 UV-Vis spectra of CuPc (3) at different concentrations in DMSO
at room temperature (inset: the plot of Q band absorbance versus
concentration).

are examined, it can be concluded that the newly synthesized
metallophthalocyanines bearing thiazolidine groups in peri-
pheral positions are non-aggregated in DMSO.

In the present study, the electronic spectra of the novel type
metallophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)] have
also been analyzed by the Bayliss method in the DMF, DMSO,
and CHCI; solvents. The frequency of the Q-band maximum of
the novel type metallophthalocyanines was plotted against f(n)
= (n* — 1)/(2n*> + 1). “n” in this function is the refractive index
of the used solvents. For the novel type metallophthalo-
cyanines, a more red-shifted Q-band maximum was obtained in
the DMSO solvent, while a shorter-wavelength maximum was
obtained in DMF (Fig. S6 for ZnPc (3), Fig. 3 for CuPc (4), and
Fig. S71 for CoPc (5)). When these graphs were examined, the
change in the frequencies of the Q-band maxima was obtained
linearly. A linear correlation of the novel type metallophthalo-
cyanines in the DMF, DMSO, and CHCI; solvents indicates
that the red shifts in the electronic spectra are mainly due to
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Fig. 3 UV-Vis spectra of CuPc (3) in different solvents (inset: the plot of
the Q band frequency of CuPc (3) against (n® — 1)/(2n® + 1)).

the solvation effect. Also, this shows that the coordination
effect of the solvents is small.

3.3. Metal ion binding studies

The sensitivity behaviors of 2-(2-hydroxyphenyl)thiazolidine-4-
carboxylic acid (c¢) were investigated by UV-Vis spectroscopy
and fluorescence spectroscopy in the presence of some metal
ions such as K*, Ag”, Ca®>", Mg”*, Mn**, Mg**, Pb*", Zn**, Fe*",
Hg>*, Pd*>" Ni**, and Cu®" in our previous study. According to
the results obtained from that study, the functional group 2-(2-
hydroxyphenyl)thiazolidine-4-carboxylic acid is optically sensi-
tive to Pd*", Cu®" and zZn*" ions.*® Also, it is well known that
substituted phthalocyanines with suitable functional groups
might be optically sensitive towards valuable metal ions such
as Ag" and Pd**.*® Therefore, the optical sensitivity properties
of the novel type metallophthalocyanines bearing thiazolidine
groups in peripheral positions (2-4) were investigated by
UV-Vis spectroscopy. According to the UV-Vis results obtained,
the substituted phthalocyanines with thiazolidine groups are
optically sensitive towards Ag" ions. However, the novel type
metallophthalocyanines (2-4) are not optically sensitive to
other metal ions studied in the present work.

Phthalocyanines generally tend to show H-type aggregation
in solution media due to the regularity of push and pull forces
in H-aggregation. Other factors affecting aggregation can be
listed as temperature, concentration, nature of the additive,
and the effect of the substituted group. However, J-type aggre-
gation occurs less frequently compared to H-type aggregation.
It is important for applications such as photodynamic therapy
that the Q-band shifts to red in J-type aggregation. Therefore,
the aggregation behavior of the synthesized phthalocyanines
when the Ag" ion was doped was investigated in solution
media at room temperature.

The effect of metal ions on the novel type metallophthalo-
cyanines (2-4) was studied by absorbance changes in the
UV-Vis spectra during titration with metal ions. Each titration
experiment was performed by stepwise addition of dissolved
metal salts into the phthalocyanines. The concentration of the
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metal salts and phthalocyanines was chosen as 10~ mol L™
and 107> mol L™" to eliminate the absorption decreases due to
dilution, respectively. During the titration of the novel type
metallophthalocyanines (2-4) with Ag" ions, the Q band inten-
sity due to monomeric species formed at 692 nm for (2),
690 nm for (3), and 693 nm for (4) decreased and shifted to
764 nm, 720 nm, and 715 nm, respectively (Fig. S8 for (2),
Fig. 4 for (3) and Fig. S91 for (4)). The titration of the novel
type metallophthalocyanines (2-4) with Ag' ions caused J-type
aggregation.

3.4. Fluorescence studies

The fluorescence behavior and fluorescence quantum yield of
ZnPc (2) were examined in DMSO at room temperature. The
obtained data of ZnPc (2) are given in Table 1. The fluo-
rescence excitation and emission spectra of CuPc (3) and CoPc
(4) were not recorded due to the paramagnetic properties of
cu®" and Co," ions in the Pc core.’” The absorption, excitation,
and emission spectra of ZnPc (2) are given in Fig. 5. The
Q-band absorption value of ZnPc (2) was observed at 692 nm
in the excitation spectrum (4gy = 650 nm). The emission peak
of ZnPc (2) appeared at 703 nm upon excitation at 650 nm. As
seen in Fig. 5, the fluorescence excitation spectrum is similar
to the absorption spectrum, and also, the fluorescence emis-
sion spectrum of ZnPc (2) is the mirror image of the excitation
spectra. Therefore, we can say that the ground and excited
states are not affected by excitation. The Stokes shift of ZnPc
(2) is 11 nm. This value is compatible with those of unsubsti-
tuted ZnPc derivatives.

The fluorescence quantum yield (&5) of ZnPc (2) was calcu-
lated according to the compared method in the literature. The
unsubstituted ZnPc was used as a standard compound. The
fluorescence quantum yield of unsubstituted ZnPc (@Fsyq) is
0.20.*® The fluorescence quantum yield (@) of ZnPc (2) was
found to be 0.13. The fluorescence quantum yield of ZnPc (2)

was lower than that of standard unsubstituted ZnPc.

Q-band at 691 nm
J-aggregation band at 720 nm
H-aggregation band at 655 nm
B-band at 306
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Fig. 4 UV-Vis spectra of CuPc (3) during the titration with Ag() ions
(inset: the plot of Q, B H-aggregation and J-aggregation band absorp-
tion values versus the amount of Ag()) ions).
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Fig. 5 Absorbance, excitation, and emission spectra of ZnPc (2) (Aexc =
600 nm).

Therefore, it can be said that the 2-(3-hydroxyphenyl)thiazoli-
dine-4-carboxylic acid in the peripheral positions of ZnPc (2)
caused a decrease in the fluorescence quantum yield.

The effect of Ag" ions on the fluorescence properties of
ZnPc (2) was also investigated by fluorescence emission spec-
troscopy. The fluorescence emission spectra of ZnPc (2) were
recorded with the addition of Ag" ions into the DMSO mixture
at room temperature. Firstly, the fluorescence emission inten-
sity of ZnPc (2) slowly increased with the addition of Ag" ions
and shifted from 703 nm to 697 nm. Then, the addition of Ag"
ions into ZnPc (2) caused fluorescence quenching (Fig. 6).

3.5. Biological results

In this study, we showed that the novel type metallophthalo-
cyanines [ZnPc (2), CuPc (3), and CoPc (4)] have anticancer
activity on C6, and DU-145 cells. The ICs, values of the com-
plexes on all cells are summarized in Table 2. According to the
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Fig. 6 The fluorescence emission change of ZnPc (2) during the titra-
tion with Ag* ions (inset: the change of maximum emission intensity
during the titration).

This journal is © The Royal Society of Chemistry 2021

Paper
Table 2 ICsq values of the novel metallophthalocyanine compounds in
cell lines
ICso (pg mL™) ZnPc (2) CuPc (3) CoPc (4)
DU-145 4.74 + 0.026 3.28 £ 0.041 5.02 £ 0.017
Cc6 11.16 + 0.87 19.53 +1.12 22.84 £1.03
WI 12.30 + 0.87 28.68 + 1.65 19.29 +1.54

obtained results, the newly synthesized phthalocyanine deriva-
tives [ZnPc (2), CuPc (3), and CoPc (4)] showed promising anti-
cancer activity against the tested DU-145 cells compared to C6
cells. The ZnPc (2) compound exhibits a highly selective cyto-
toxic effect, especially on DU-145 and C6 cells. The synthesized
novel type metallophthalocyanine compounds (2-4) might be
potentially useful in cancer treatment.

Total antioxidant capacity values greater than or equal to
2.0 are considered to be high.?! The total antioxidant capacity
values of the novel type metallophthalocyanines [ZnPc (2),
CuPc (3), and CoPc (4)] are 5.92, 3.94, and 1.37, respectively.
The antioxidant capacity of ZnPc (2) was found to be the
highest among the synthesized novel type metallophthalocya-
nine compounds with a 5.92 value (Table 3).

3.6. Cell cycle and apoptosis results

The accumulated evidence has shown that a lot of studies have
focused on apoptosis and cell cycle arrest for cancer
treatment.*®>® The cell cycle is the process that occurs in the
cell that is stimulated for proliferation, and a series of transi-
ent biochemical activities are observed.”® The G1/S checkpoint

Table 3 Total antioxidant (TAS) values

ZnPc (2) CuPc (3) CoPc (4)

(mmol Trolox Equiv. per L) 5.92 3.94 1.37

Table 4 Effect of CuPc (3) on cell cycles in DU-145 cells

G1 phase (%) S phase (%)  G2/M phase (%)

CuPc (3.28 ugL™") 17.4+1.6 56.5 + 2.4 26.1 + 2.02
DNACONTENT PROFILE
GOG1 174
S5

G2M 261

Count

12345678910
DNA CONTENT INDEX

Fig. 7 Flow cytometric analysis of the effects of CuPc (3) for 24 h on
the cell cycle distribution in DU-145 cells.
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is the most critical point for transporting molecules to the
nucleus and control of cell proliferation.”> Apoptosis, or pro-
grammed cell death, is a natural process that usually takes
place in all tissues to maintain homeostasis and eliminate
damaged or unwanted cells.>®

The cell cycle analysis was performed by flow cytometry in
DU-145 cells which were treated with 3.28 pg L™ of CuPc (3)
for 24 h. The effect of CuPc (3) on cell cycle analysis results is
presented in Table 4 and Fig. 7. Fig. 7 shows that CuPc (3)
induced the S phase cell cycle arrest within 24 h.

Apoptosis analysis of CuPc (3) was performed by flow cyto-
metry in DU-145 and WI-38 cells. The obtained data of apopto-
sis analysis are shown in Table 5 and Fig. 8. When Table 5 and

Table 5 The apoptosis analysis of CuPc (3) treated DU-145 and WI-38
cells

Non- Early Late
apoptotic apoptotic apoptotic Necrotic
(%) (%) (UR) (%)
DU-145 cells 52.71+1.6 2.96 + 3.5 43.10+ 3.1 1.24 + 0.8
WI-38 cells 92.93 + 2.7 4.55 +2.3 1.92+1.9 0.61 + 0.6
APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
Dead Late Apop./Dead Dead Late Apop./Dead
124 % 43.10% 061 % 1.92%
34
- :
@ o 23
=4 =
> =
kol 296 % : 455%
0 Live ' Early Apop. 0 Early Apop.
0 1 2 3 4 0o 1 2 3 4
Live ANNEXINV  Apoptotic Live ANNEXINV  Apoptotic
DU-145 cells WI-38 cells
Fig. 8 Image of apoptosis analysis of DU-145 and WI-38 cells after

being treated with 3.28 ug mL™ CuPc (3) for 24 h.

Table 6 Quantum chemical parameters for different basis sets
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Fig. 8 are examined, the novel type copper phthalocyanine
(CuPc (3)) caused a significant increase in the number of apop-
totic cells and reduced the number of viable cells in DU-145
cells. However, CuPc (3) did not cause a significant reduction
in the number of viable cells in WI-38 cells. While CuPc (3)
had a great effect on DU145 cells, no significant effect was
observed on WI-38 cells. These results suggested that CuPc
(3.28 pg mL ") arrested the cells at the S-phase of the cell cycle
and increased the apoptosis in DU-145 cells.

3.7. Calculation results

Theoretical calculations have become so widespread because
they provide excellent convenience in terms of time and
money. As a result of this spread, many programs have been
developed, and the most important ones are gaussian and
docking programs. The biological and chemical activities of 2-
(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic ~ acid
(1) and its metallophthalocyanines [ZnPc (2), CuPc (3), and
CoPc (4)] can be compared by these methods. Recent studies
have shown that the metal complexes’ biological and chemical
activity values were higher than those of ligand molecules.>*°
In this study, firstly, the chemical activities of 2-(2-(3,4-dicyano-
phenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and its
phthalocyanine derivatives [ZnPc (2), CuPc (3), and CoPc (4)]
are compared with the Gaussian software. Many quantum
chemical parameters are obtained by the Gaussian software
method. All parameters obtained from the Gaussian software
are given in Table 6. The most important parameters are the
HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital). The HOMO and LUMO
values are used to compare the chemical activity of the mole-
cules.”” The chemical activity of the molecule having the
highest HOMO value is the highest. On the other hand, the
chemical activity value of the molecule having the lowest
LUMO value is the highest. Using the numerical values of
these two parameters, other parameters are calculated using
eqn (3)-(11).

When the numerical value of the HOMO and LUMO para-
meters is examined, the HOMO value of ZnPc (2) is the

Exomo  Erumo 1 A AE n o x Pi ® € Dipol  Energy
B3LYP/6-31g level
Compound1 —6.826 —2.161 6.826  2.161 4.665 2.333  0.429  4.494 —4.494 4329 0.231 12.866  —40307.211
ZnPc (2) —-2.897 5.105  2.897 2.208 1.104 0.906 4.001 —4.001 7.250 0.138  2.850 —162613.685
CuPc (3) =5.115 -2.926 5.115  2.926 2.189 1.094 0.914  4.020 —4.020 7.384 0.135 2.818 —-166 572.097
CoPc (4) -5.167 -=2.929 5.167  2.929 2.238 1.119 0.894 4.048 —4.048 7.323 0.137 3.161 —165183.408
HF/6-31g level
Compound1  —9.732  1.297 9.732 -1.297 11.029 5.514 0.181 4.217 -—4.217 1.613  0.620 4.727 —40106.968
ZnPc (2) -5.729  —-0.266  5.729  0.266 5.463 2.732 0366  2.997 -2.997 1.644 0.608 5.645 —162160.015
CuPc (3) —6.883 1.487 6.883 -1.487  8.370 4.185 0.239 2.698 -2.698 0.870 1.150 2.019 —165741.286
CoPc (4) —7.417  0.920 7.417  —-0.920  8.337 4.168 0.240  3.248 —3.248 1.266 0.790  2.613 —164356.761
MO062X/6-31g level
Compound 1  —8.106 —1.201 8.106 1.201 6.905 3.453 0.290 4.653 —4.653 3.136 0.319 12.253  —40295.048
ZnPc (2) -5.896  12.399 5.896  2.399 3.497 1.748 0.572 4.147 —4.147 4919 0.203 2.670 —162967.874
CuPc (3) -5.870 -2.379  5.870  2.379 3.491 1.745 0.573 4124 —4.124 4.873  0.205  3.300 —166 525.277
CoPc (4) —5.899 -2.365 5.899 2.365 3.534 1.767 0.566  4.132 —4.132 4.831 0.207  2.639 —165134.916
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highest. If you want to sort globally by the numeric value of
the HOMO: ZnPc (2) > CuPc (3) > CoPc (4) > 1. If you want to
sort globally by the numeric value of the LUMO: ZnPc (2) >
CuPc (3) > CoPc (4) > 1.

Using the optimized structures of 2-(2-(3,4-dicyanophenoxy)
phenyl)thiazolidine-4-carboxylic acid (1) and its phthalo-
cyanine derivatives [ZnPc (2), CuPc (3) and CoPc (4)], the
HOMO and LUMO shapes were drawn and are given in Fig. 9.
In this figure, the HOMO and LUMO orbitals can be seen to be
concentrated on certain atoms. The HOMO and LUMO orbitals
of ZnPc (2) and CoPc (4) are concentrated on the central
atoms, but these orbitals of (1) and CuPc (3) are at the side
atoms. The rightmost shapes are ESP shapes. ESP is the
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electrostatic charge distribution of the molecules. In these
shapes, the red regions are rich in electrons, and the blue
areas are electron-poor.>*

Since all the parameters obtained as a result of Gaussian
calculations are calculated from the numerical values of
HOMO and LUMO parameters, they have a similar order
among the other parameters.

Another method of calculating the activity of molecules is
molecular docking. In molecular docking calculations, the bio-
logical activities of the molecules against cancer cells were cal-
culated. As a result of these calculations, many parameters
were obtained. The most important parameter of the obtained
parameters is the E total energy parameter. The numerical

LUMO

Fig. 9 HOMO, LUMO, and ESP representations of 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and its novel metallophthalo-

cyanines [ZnPc (2), CuPc (3) and CoPc (4)].

This journal is © The Royal Society of Chemistry 2021
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values of this parameter for compounds 1-4 are given in
Table 7. In this study, the names of the cancer cells studied
were respectively: the C-terminal domain of human galectin-8,
whose ID was 30JB, protease-like domain from a 2-chain hep-
atocyte growth factor, whose ID was 1SI5, and human glioma
pathogenesis-related protein 1 in brain cancer, wherein the ID
was 3Q2R. The numerical values of this parameter for com-
pounds 1-4 are given in Table 7. The interaction of com-
pounds 1-4 with cancer cells is shown in Fig. 10-12.

Table 7 Molecular
molecules

docking E total energy values for the studied

Human Protease cancer Brain cancer

galectin-8 cells cells
Compound (1) —300.30 —264.15 —264.75
ZnPc (2) —507.07 —533.30 —538.08
CuPc (3) —481.74 —-507.11 —537.84
CoPc(4) —500.35 —498.48 —508.59

Dalton Transactions

As a result of the calculations, the biological activity values
of  2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic
acid (1) and its phthalocyanine derivatives (2-4) against cancer
cells were compared. In these calculations, the biological
activity value of ZnPc (2) was found to be higher than those of
other molecules. The biological activity value of compound (1)
was found to be lower than those of other molecules.”®

According to the biological activity values of 2-(2-(3,4-
dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and
its phthalocyanine derivatives against the three cancer cells
studied: ZnPc (2) > CuPc (3) > CoPc (4) > 1. These values
showed that the biological activity value of docking data of the
phthalocyanine derivatives (2-4) is higher than that of 2-(2-
(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1).
The biological activity values of the phthalocyanine derivatives
(2-4) are higher than that of the phthalonitrile derivative (1)
because the surface area of the phthalocyanine derivatives
(2-4) is greater than that of compound (1).°®" As the surface
area of the molecules increases, the contact between the mole-

Compound 1 ZnPc (2)

CuPc (3) CoPc (4)

Fig. 10 Representation of the interaction of 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and its novel metallophthalo-

cyanines [ZnPc (2), CuPc (3), and CoPc (4)] with human galectin-8.

Compound 1 ZnPc (2)

CuPc (3) CoPc (4)

Fig. 11 Representation of the interaction of 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and its novel metallophthalo-

cyanines [ZnPc (2), CuPc (3), and CoPc (4)] with protease cancer cells.

Compound 1 ZnPc (2)

CoPc (4)

CuPc (3)

Fig. 12 Representation of the interaction of compound 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) and its novel metal-

lophthalocyanines [ZnPc (2), CuPc (3), and CoPc (4)] with brain cancer cells.

15788 | Dalton Trans., 2021, 50, 15778-15792
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Fig. 13 Representation of the interaction of 2-(2-(3,4-dicyanophenoxy)
phenyl)thiazolidine-4-carboxylic acid (1) with human galectin-8.

Fig. 14 Representation of the interaction of the quaternary form of
2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-4-carboxylic acid (1) with
human galectin-8.

This journal is © The Royal Society of Chemistry 2021
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Table 8 Docking parameters of molecules against human galectin-8

Compound (1) Quaternary form of (compound 1)

hERG pIC50 3.559 2.654
log P —0.520 2.970
log S 2.410 0.169

cule and the proteins that make up the cancer cells will
increase. As a result, the interaction between the molecules
and proteins will increase. These interactions are hydrogen
bonds, polar and hydrophobic interactions, n-n interactions,
and halogen bonds.®” It should be well known that the effects
of these interactions on the biological activity values of mole-
cules are great.®®

There are many programs to compare the biological activi-
ties of molecules. Another is the SeeSar software program.®*®*
In this program, 2-(2-(3,4-dicyanophenoxy)phenyl)thiazolidine-
4-carboxylic acid (1) and its quaternary form were compared
against human galectin-8 proteins (Fig. 13 and 14). As a result
of the calculations, it was seen that the biological activity value
of compound (1) was lower than that of its quaternary form.
The parameters obtained from the calculations performed
with the SeeSar 9.0 software program are given in Table 8.

When the obtained parameters were examined, it was seen
that the hERG pIC50 numerical value of the quadratic form of
compound (1) was lower. Therefore, it is understood that the
biological activity value of the quaternary form of the com-
pound (1) is higher. Two of the many other parameters are
log P and log S. The log S value of the molecules studied gives
information about the solubility of the molecules in water. It
is an important feature in clinical trials during drug designs.
This parameter provides information about the distribution of
drugs used in the human body and drug delivery methods.
The log P value is the coefficient of separation. This parameter
gives information about the passage of molecules in a biologi-
cal membrane.

4. Conclusion

In this paper, the thiazolidine derivative (4R)-2-(2-hydroxyphe-
nyl)thiazolidine-4-carboxylic acid was synthesized and treated
with 4-nitrophthalonitrile to give the phthalonitrile derivative
(1). The novel type metallophthalocyanines (2-4) were obtained
by the cyclotetramerization reaction of precursor phthaloni-
trile in the presence of related metal salts. The structure of the
obtained compounds was characterized by spectroscopic
methods. The aggregation behaviors and metal sensor pro-
perties of the synthesized novel type metallophthalocyanines
(2-4) were studied by UV-Vis spectroscopy. The novel type
metallophthalocyanines were found to be optically sensitive
towards Ag" metal ions. The fluorescence behavior of divalent
ZnPc (2) was studied by fluorescence spectroscopy. The fluo-
rescence quantum yield of ZnPc (2) was found to be 0.13. It
was seen that the fluorescence quantum yield of ZnPc (2)
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decreased compared to that of un-substituted phthalocyanine
complexes. The effect of Ag" ions on the emission spectra of
ZnPc (2) was also studied by fluorescence spectroscopy. The
addition of Ag" ions to ZnPc (2) was caused to the quenching
of fluorescence intensity. The anti-cancer activity of the novel
type metallophthalocyanine derivatives (2-4) was studied by
using six concentrations (3.125; 6.25; 12.5; 50; 75; 100 pg L)
on C6, DU-145, and WI-38 cell lines. The best activity was
observed with ZnPc (2) in DU-145 and C6 cell lines. However,
it was observed that compound CuPc (3) is more active when
the healthy cells are considered. The total antioxidant capacity
values of the novel type metallophthalocyanines (2-4) were
found to be 5.92, 3.94, and 1.37, respectively. According to the
apoptosis and cell cycle analysis of CuPc (3), while CuPc (3)
had a high effect on DU145 cells, no significant effect was
observed on WI-38 cells. These results suggested that CuPc (3)
(3.28 pg L") arrested the cells at the S-phase of the cell cycle
and increased the apoptosis in DU-145 cells. The theoretical
studies showed that the novel type metallophthalocyanines
(2-4) have higher biological activity from the precursor phtha-
lonitrile derivative 2-(2-(3,4-dicyanophenoxy)phenyl)thiazoli-
dine-4-carboxylic acid (1). In both DFT and molecular docking
studies, ZnPc (2) has the highest chemical and biological
activity values. According to the obtained results from the
experimental and theoretical studies, the synthesized novel
type metallophthalocyanine compounds (2-4) might be poten-
tially useful in the field of cancer treatment and optically sen-
sitive to Ag" metal ions.
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