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1 | INTRODUCTION

Phthalocyanines (Pcs) are an important class of tetrapyr-
role compounds that continue to attract attention in vari-
ous scientific fields due to their photochemical properties

Mustafa Emirik®>® |

Zuhal Alm>® | Arif Baran®

In this study, two novel zinc-phthalocyanine complexes (4a and 6a),
containing carbazole rings, were investigated. The first phthalocyanine 4a has
been synthesized from 4-(2-(3-acetyl-9H-carbazol-9-yl)ethoxy at the peripheral
position. Likewise, the second phthalocyanine 6a has been synthesized from
4-(2-(3-cinnamoyl-9H-carbazol-9-yl)ethoxy at the same position. The new
phthalocyanines (Pcs) and their ligands are soluble in organic solvents, such as
dimethylformamide, dimethyl sulfoxide, dichloromethane, ethyl acetate, and
methanol/ethanol. The Zn (II) complexes were characterized by Fourier trans-
form infrared spectroscopy, nuclear magnetic resonance (NMR) (except '*C
NMR for complexes), elemental analysis, mass spectrometry, and UV-Vis spec-
troscopy. Also, photophysical and photochemical properties and cyclic voltam-
mogram for the N-substituted carbazole zinc-Pcs have been reported. The
evaluation of carbazole Zn (II) complexes (4a and 6a) and ligands (3, 4, 5, and
6) for in vitro a-glucosidase inhibitory activities was performed compared to
standard drugs acarbose, and kinetic studies were also carried out to determine
their inhibition modes. The inhibitory effects of these new Pcs (4a and 6a) and
their ligands (3, 4, 5, and 6) on human erythrocytes carbonic anhydrase I
(hCA 1) and 1T (hCA II) isoenzymes were investigated. Moreover, in silico stud-
ies were also carried out to better investigate the interactions of N-substituted
carbazole containing zinc Pcs with the active sites of hCA I and II isoforms.

KEYWORDS

carbazole zinc phthalocyanine, carbonic anhydrase, molecular docking, photophysical and
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resulting from their aromatic and strong 18-n electronic
structure." ! The core of Pcs comprises four nitrogen
atoms, and its nucleus can coordinate almost all metal
ions. This shows that its macrocycle has a wide range of
features.?! Additionally, Pcs, which are chemically and
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thermally stable, have been used as agents in various
technological applications, such as optical devices,'¥
solar cells,!”! biosensors,'® catalysts,'”! photovoltaics,
liquid crystals,”® and photosensitizers in photodynamic
therapy (PDT).”!®! Among these applications, PDT,
which plays a central role in cancer treatment, has
gained popularity.""! PDT depends on parameters, such
as high singlet oxygen yield, high absorption at red wave-
length, solubility, and high selectivity toward cancerous
tissues.'?! The substituents containing alkyl or alkoxy
groups can be added to the peripheral and non-peripheral
positions of phthalocyanine structures to increase
the solubility.'*!*) Among the diamagnetic metals in the
phthalocyanine core, the Zn (IT) metal ion is of interest
due to its photophysical, photochemical, and enzyme
inhibition properties and high singlet oxygen producing
in PDT."*'7) Considering these properties of the Zn
(IT) metal complex, it aims to synthesize new photosensi-
tizing zinc Pcs with a long wavelength absorption, high
singlet oxygen yield, suitable fluorescent quantum yield,
and photodegradation quantum yield for PDT. The
absence of carbazole Zn (II) Pcs in the literature on
enzyme inhibition studies has enabled us to focus on this
subject.

Recent research on Pcs has focused on applications,
such as antioxidant, anticancer, antifungal, and enzyme
inhibition. %! However, as far as we know, there are
few studies that examine the enzyme inhibitory effect
and anticancer activities of carbazole-substituted phtha-
locyanine compounds. Barut et al. found that some
peripheral or non-peripheral tetra-[4-(9H-carbazol-9-yl)
phenoxy]-substituted cobalt (II), and manganese (III)
phthalocyanine derivatives indicated activity against ace-
tylcholinesterase, butyrylcholinesterase, «a-glucosidase,
and anticancer.”! Goksel et al. examined novel zinc
(IT) Pcs and their quaternized derivatives that are bound
by four or eight carbazole ring systems against hepatocar-
cinoma (HuH-7) cancer cell lines.*"!

Since carbazole and its derivatives contain electroac-
tive nitrogen atoms, they constitute an essential class of
aromatic heterocyclic compounds with photoconductivity
and luminescence properties. Additionally, they are
widely used in various industries, such as photoactive
and electroactive materials, solar cells, electrochemistry,
and polymers. Moreover, they are well-known in
medicinal chemistry for their pharmacological activity
properties, such as antipsychotic, antitumor, antioxidant,
antibacterial, antidiabetic, anticonvulsant, and anti-
inflammatory effects.l*?>°! Some synthetic and natural
carbazole derivatives are potent a-glucosidase
inhibitors.!?”!

Several studies found that carbazole-derived com-
pounds showed inhibitory effects on a-glucosidase and

carbonic anhydrase isoenzymes (CA I and CA II).[?%%]
Although inhibition properties of carbazole-substituted
Pcs on the a-glucosidase enzyme were reported, these
properties in the carbonic anhydrase enzyme were not
reported in the literature. Therefore, this study focused
on investigating both a-glucosidase and carbonic anhy-
drase inhibition properties with novel carbazole-
substituted Zn-Pcs. In recent studies on the a-glucosidase
and carbonic anhydrase isoforms inhibition of non-sugar,
easily synthesized molecules have attracted attention.[**

Diabetes mellitus (DM) is a chronic endocrine disor-
der that disrupts carbohydrate, protein, and fat metabo-
lism. It is indicated by hyperglycemia, which can be
detected by high blood sugar levels.l**”! a-Glucosidase is
one of the enzymes that is used to treat Type II DM and
is involved in carbohydrate metabolism. This enzyme
reduces postprandial hyperglycemia (PPHG) by inhibit-
ing the carbohydrase enzymes of PPHG.’*! The
a-glucosidase enzyme has proven to be a promising ther-
apeutic target for diabetes, which is currently one of the
most common health problems that affect millions of
people worldwide, especially in the developing countries.
For the treatment of these diabetic diseases, voglibose,
miglitol, and acarbose, which are known as sugar ring-
based a-glucosidase inhibitors, are used.*'-333%! Inj-
tially, a-glucosidase enzyme inhibition studies were per-
formed by synthesizing sugar imitation molecules, and
the results were corrected by performing an enzyme
kinetic study. a-Glucosidase inhibitors are important in
cancer and viral infections and are now considered an
attractive drug target.!3*°!

Likewise, carbonic anhydrase (CA), which includes
zinc-dependent metalloenzymes, has been identified in
human tissue, and their affinity as inhibitors and activa-
tors is associated with many vital activities. It plays fun-
damental role in many physiological and pathological
events for all organisms and catalyzes the hydration reac-
tion of CO,, which results in bicarbonate and protons.!**
To date, 16 carbonic anhydrase isoforms have been iden-
tified, including CA I and CA II isoforms of the a-CA
class in cytosolic form. These isoenzymes are associated
with red blood cells, osteoclasts, gastrointestinal tract,
eyes, lungs, brain, and testes and play a role in maintain-
ing the physiological pH of the blood in red blood cells.
Moreover, CA II is associated with various diseases, such
as glaucoma, epilepsy, edema, renal tubular acidosis, alti-
tude sickness, and osteoporosis.!**~3*!

Two different new N-substituted carbazole zinc Pcs
were synthesized herein, and their photophysical and
photochemical properties and cyclic voltammograms
were examined in dimethylformamide (DMF). The
a-glucosidase in vitro inhibitory activities of compounds
(4a and 6a) and their ligands (3, 4, 5, and 6) were
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compared to the standard drug acarbose and evaluated.
As the ICs, values of compounds (4, 4a, 5, and 6) showed
strong inhibitory activity, to understand the enzyme inhi-
bition mechanism, a kinetic study was performed. These
compounds were determined as competitive inhibitors
for a-glucosidase, such as acarbose. However, the inhibi-
tory effects of complexes and ligands on human erythro-
cytes carbonic anhydrase isoenzymes hCA I and II were
investigated. When the inhibition results were compared
to the reference inhibitor acetazolamide (AZA), it was
observed that 4a and 6a had a very strong inhibitory
effect on both isoenzymes. Furthermore, the inhibition
potential of the 4a and 6a complexes was supported by
molecular modeling studies.

2 | EXPERIMENTAL

2.1 | Materials

Carbazole, ethylene carbonate, potassium hydroxide
(KOH), acetyl chloride (AcCl), zinc chloride (ZnCl,),
benzaldehyde, 4-nitrophthalonitrile, potassium carbonate
(K,COs), 1, 8-diazabicyclo[5.4.0]undec-7-ene (DBU),
1,3-diphenylisobenzofuran (DPBF), Zn (OAc),.2H,0,
DMF, methanol, ethanol, tetrahydrofuran (THF), and
dichloromethane (DCM) were purchased from commer-
cial suppliers. The solvents that were used in the study
were appropriately distilled. Sodium sulfate (Na,SO,)
was used for drying before the solvent was removed on a
rotary evaporator under reduced pressure.

2.2 | Equipment

For '"H NMR and C NMR spectra, VARIAN Infinity
Plus 300 MHz NMR spectrometer was used. Chemical
shifts were expressed in ppm relative to CDCl; (d 7.26
and 77.0 for "H NMR and ">C NMR, respectively) and tet-
ramethylsilane as the internal standards. Infrared spectra
were recorded on an Ati Unicam Mattson 1000 Series FT-
IR (ATR system) spectrometer. Melting points were
recorded on a Biichi B-540 apparatus. The MALDI-TOF
spectra were recorded with Bruker Daltonics flexAnaly-
sis. Purification of compounds was realized with column
chromatography using silica gel 60 (40-63 pm, Fluka).
Thin-layer chromatography (TLC) was performed on
Merck 0.2 mm silica gel (60 F254 analytical aluminum
plates). Photo-irradiation was conducted using a general
electric quartz line lamp (300 W). UV-Vis spectra were
obtained using Shimadzu UV 2600 model spectropho-
tometer. Fluorescence measurements were performed on
Agilent Technologies Cary Eclipse spectrophotometer.

Al
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Chemistry
2.3 | Synthesis
2.3.1 | Synthesis of 2-(9H-carbazol-9-yl)

ethan-1-ol (1)

Compound 1 was synthesized according to the litera-
ture.*”! Briefly, ethylene carbonate (1.05 g, 11.96 mmol)
and K,CO; (1.65 g, 11.96 mmol) were added to a stirred
solution of carbazole (1 g, 5.98 mmol) in freshly dis-
tilled DMF (10 ml), and the mixture was refluxed for
8 h. After the completion and isolation of the reaction,
compound 1 was obtained as a white solid by crystalliz-
ing it from ethanol. Yield: 1.02 g (81%). m.p. 80-82°C.
FT-IR umax (cm™'): 3203 (OH), 3049 (Ar-H), 2867
(aliphatic C-H), 1593 (C=C), 1451 (C-N), 1323 (C-H).
'H NMR (300 MHz, CDCl;): § ppm = 8.10 (m, 2H),
747 (m, 2H), 7.42 (m, 2H), 7.26 (m, 2H), 4.46 (t, 2H,
J=53 Hz), 404 (t, J=53 Hz, 2H). *C NMR
(75 MHz, CDCl3): 6 ppm = 140.9, 126.1, 123.1, 120.6,
119.5, 109.2, 61.5, 45.6. Anal. Calcd. for C;4,H;3NO
(%): C, 79.59; H, 6.20; N, 6.63. Found: C, 79.36; H,
6.34; N, 6.86.

2.3.2 | Synthesis of 2-(3-acetyl-9H-carbazol-
9-yl)ethyl acetate (2)

Anhydrous ZnCl, (1.03 g, 7.57 mmol) was added to a
stirring solution of 2-(9H-carbazol-9-yl)ethan-1-ol (1)
(1 g, 4.73 mmol) in 50 ml of DCM, and the mixture was
stirred under an N, atmosphere at 0°C for 30 min. Acetyl
chloride (0.84 ml, 11.83 mmol) was injected using an
injector. The reaction mixture was stirred under an N,
atmosphere at room temperature for 3 h; then, 6 ml of
37% HCI and 4 ml of H,O were added to the reaction and
stirred at room temperature for 30 min. The mixture was
then worked up (3 x 20 ml) with DCM. The organic
phase was collected and dried with Na,SO,, and the
solvent was removed in the evaporator. The residue was
purified by DCM using silica gel column chromatogra-
phy. After the fractions were collected, the collected frac-
tions were crystallized from methanol and obtained as a
white solid. Yield: 0.6 g (43%). m.p. 93-95°C. FT-IR vpax
(cm™): 3048 (Ar-H), 2,976 (aliphatic C-H), 1740 (C=0),
1664 (C=C), 1595 (C-N), 1262-1231 (C-H), 1039 (C-O-C).
'H NMR (300 MHz, CDCl;): § ppm = 8.69 (m, 1H, Hj),
8.12 (m, 2H), 7.51 (m, 1H), 7.41 (m, 2H), 7.31 (m, 1H),
4.53 (t, J = 5.0 Hz, 2H, -CH,-), 4.44 (t, J = 5.0 Hz, 2H,
-CH,-), 2.71 (s, 3H, -CO-CH,), 1.90 (s, 3H, -CO-CH,). *C
NMR (75 MHz, CDCls3): 6 ppm = 197.9C,’, 171.0C,s,
143.5C,;, 141.2C,, 129.4Cs, 126.9C,, 126.7Cs, 123.5Cs,
123.0C;, 122.1C,, 120.9C,, 120.7Cs, 109.3C,, 108.5C;,,
62.2C4, 42.1C3, 27.0C,°, 21.0C,¢. Anal. Calcd. for
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CsH17NO3 (%): C, 73.20; H, 5.80; N, 4.74. Found: C,
73.33; H, 5.54; N, 4.48.

2.3.3 | Synthesis of 1-(9-[2-hydroxyethyl]-
9H-carbazol-3-yl)ethan-1-one (3)

Compound 3 was carried out according to the
procedure described in the literature.!*”! Briefly,
2-(3-acetyl-9H-carbazol-9-yl)ethyl acetate (2) (0.5 g,
1.69 mmol) was ammonolized with NH; (g) in absolute
methanol (20 ml). The product (3) was obtained as color-
less crystals by crystallizing it from absolute ethanol,
yield: 0.39 g (91%). m.p. 164-166°C. FT-IR vyay (cm™'):
3396 (OH), 3051 (Ar-H), 2917-2865 (aliphatic C-H), 1653
(C=0), 1592 (C=C), 1438 (C-N), 1330-1252 (C-H). 'H
NMR (300 MHz, CDCls): 6§ ppm = 8.62 (d, J = 1.7 Hz,
1H, Hy), 8.13 (d, J= 7.7 Hz, 1H, Haomaic), 8.04 (dd,
J=3.5, 1.8 Hz, 1H, Haromatic): 7.49 (m, 2H, Haromatic)a
7.34-7.29 (m, 2H, Haromatic), 449 (t, J = 6.3 H, 2H, -CH,-
), 4.10 (t, J = 5.0 Hz, 2H, -CH,-), 2.59 (s, 3H). '*C NMR
(75 MHz, CDCls): 6 ppm = 198.1C,’, 143.8C;;, 141.6C5,
129.1C5, 126.9Cs, 123.5C,, 123.0Cg, 121.9C,Co, 120.9C,,
120.6Cg, 109.7C,, 108.7Cy9, 61.6C;3, 46.0Cy4, 26.8C3 .
Anal. Calcd. for CgHsNO, (%): C, 75.87; H, 5.97; N,
5.53. Found: C, 76.01; H, 5.66; N, 5.69.

2.3.4 | Synthesis of 4-(2-(3-acetyl-9H-
carbazol-9-yl)ethoxy)phthalonitrile (4)

To a stirred solution of 1-(9-[2-hydroxyethyl]-9H-carba-
zol-3-yl)ethane-1-one (3) (0.5 g, 1.97 mmol) in freshly dis-
tiled DMF (12ml), 4-nitrophthalonitrile (0.41 g,
2.37 mmol) was added. Then, anhydrous K,CO; (0.41 g,
2.96 mmol) was added and refluxed under an N, atmo-
sphere at 70°C for 48 h. The completion of the reaction
was followed by TLC. After the reaction was complete,
the mixture was added dropwise to 200 ml of ice water
and stirred. The precipitated solids were filtered, washed
with plenty of water, and dried with Na,SO,. The brown
solid was purified by silica gel column chromatography
using DCM. The compound 4 were obtained as light-
yellow solid. Yield: 0.32 g (43%). m.p. 232-234°C. FT-IR
Vmax (€M) 3074 (Ar-H), 2230 (C=N), 1656 (C=0), 1595
(C=C), 1562 (C-N), 1255-1247 (C-H), 1104 (C-O-C). 'H
NMR (300 MHz, CDCl;): 6 ppm =38.72 (s, 1H, Hjy),
8.17-8.13 (m, 2H), 7.58-7.49 (m, 4H), 7.34 (m, 1H), 7.06
(d, J=27, 1H), 698 (dm, J=2.6 Hz, 1H), 4.80
(t, J = 5.2 Hz, 2H, -CH,-), 4.47 (t, J = 5.0 Hz, 2H, -CH,"),
274 (s, 3H). C NMR (75MHz, CDCly): 6
ppm = 197.9C,’, 161.2C;s, 143.4C,;, 141.1C,,, 135.4Cs,
129.7C5, 127.0C;, 126.9C4, 123.6Co, 123.2C,, 122.2C,,

121.1Cs, 121.0C16,Cp0,  119.5C19,Cp0,  119.4C5;,Cao,
109.2C,, 108.5C0,C 1, 108.2C;3, 67.4C 4, 42.6C,3, 27.0C, .
Anal. Calcd. for C,4,H7N30, (%): C, 75.98; H, 4.52; N,
11.08. Found: C, 75.71; H, 4.64; N, 10.95.

235 |
(4a)

Synthesis of zinc (IT) phthalocyanine

To a stirring solution of 4-(2-(3-acetyl-9H-carbazol-9-yl)
ethoxy)phthalonitrile (4) (0.1 g, 0.26 mmol) and Zn
(OAC),.2H,0 (0.07 g, 0.32 mmol) in fresh distilled DMF,
one to two drops of DBU were added at 160°C. The mix-
ture was stirred at the same temperature for 24 h under a
nitrogen atmosphere. Following that, the temperature
was brought to room temperature, poured into ice water
(50 ml), then stirred and filtered. The filtrates were
washed with plenty of water and hot ethanol, and the
unreacted organic materials were removed. After drying
in vacuo, it was purified by silica gel column chromatog-
raphy using THF. Yield: 0.05 g (12%). m.p. > 300°C. FT-
IR Umax (cm™1): 2955 (Ar-H), 2870-2851 (aliphatic C-H),
1666 (C=0), 1594 (C=C), 1361-1231 (C-H), 1055 (C-O-
C). '"H NMR (300 MHz, CDCl3): 6 ppm = 8.67 (m, 6H,
H), 8.10 (m, 14H), 7.46 (m, 14H), 7.20 (m, 14H), 4.70(m,
8H), 4.37(m, 8H), 1.814 (bs, 12H). UV-Vis (DMF), Amae
nm: 675, 607, 330, 321. MALDI-TOF mass spectrometry:
m/z [M]" caled. for CggHesN1,0sZn: 1583.06; found
[M + H]" 1583.93. Anal. Calcd. for CogHgsN;,05Zn
(%): C, 72.84; H, 4.33; N, 10.62. Found: C, 72.68; H,
4.42; N, 10.35.

2.3.6 | Synthesis of (E)-
1-(9-[2-hydroxyethyl|-9H-carbazol-3-yl)-
3-phenylprop-2-en-1-one (5)

1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)ethan-1-one  (3)
(1 g, 3.95 mmol) was dissolved in ethanol, and 15% KOH
(13 ml) was added dropwise. After stirring for 30 min at
room temperature, benzaldehyde (0.49 g, 4.06 mmol) dis-
solved in ethanol was added dropwise and stirred over-
night at room temperature. The reaction mixture was
precipitated in ice water, and the precipitated solid was
filtered and dried under vacuum. The solid was purified
by silica gel column chromatography using DCM. The
product was obtained as a yellow solid. Yield: 1.05g
(91%). m.p 163-165°C. FT-IR vpa (cm™b): 3380 (OH),
3054 (Ar-H), 2937-2867 (aliphatic C-H), 1647 (C=0),
1597-1567 (C=C), 1436 (C-N), 1330 (C-H). 'H NMR
(300 MHz, CDCls): § ppm = 8.74 (d, J = 1.5 Hz, 1H, Hs),
8.18-8.14 (m, 2H, H,omatic), 7-83-7.64 (m, 4H), 7.53-7.43
(m, 5H), 7.33-7.28 (m, 2H), 4.51 (t, J = 5.3 Hz, 2H), 4.12
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(m, 2H). *C NMR (75 MHz, CDCl;): § ppm = 189.6C;’,
143.9C,,, 141.6Cy’, 135.4C,, 130.5C;, 129.8C¢’,Cg”,
129.2Cs’,Cs”, 128.7Cy,, 127.1C,, 126.9C,;, 123.5Cs,
123.1C¢, 122.3C4,Co, 122.2C5, 121.0C,’, 120.6Cg, 109.7C,,
109.0C10, 61.6C13, 46.1C14. MALDI-TOF MS: m/z [M]*
calcd. for C,3H;oNO,: 341.41; found [M + H]t 341.55.
Anal. Calcd. for C53HoNO, (%): C, 80.92; H, 5.61; N,
4.10. Found: C, 81.13; H, 5.44; N, 3.96.

2.3.7 | Synthesis of 4-(2-(3-cinnamoyl-9H-
carbazol-9-yl)ethoxy)phthalonitrile (6)

(E)-1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)-3-phenylprop-
2-en-1-one (5) (0.5 g, 1.46 mmol) and 4-nitrophthalonitrile
(0.5 g, 2.93 mmol) were dissolved in fresh distilled DMF
(12 ml). To the resulting mixture, anhydrous K,CO5 (0.3 g,
2.20 mmol) was added and refluxed under an N, atmo-
sphere at 80°C for 96 h. After the reaction was complete,
which was controlled with TLC, the mixture was purified
according to the procedure described for 4 above. Com-
pound 6 was obtained as a light-brown solid. Yield: 0.38 g
(55%). m.p. 186-188°C. FT-IR vpay (cm™1): 3066 (Ar-H),
2951 (aliphatic C-H), 2231 (C=N), 1649 (C=0), 1590
(C=C), 1491 (C-N), 1296-1219 (C-H), 1023 (C-O-C). 'H
NMR (300 MHz, CDCls): § ppm = 8.78 (d, J = 1.5 Hz,

1H), 823 (dd, J=8.5 Hz, J=14 Hz 1H), 8.16
(d, J = 7.6 Hz, 1H), 7.82 (q, J = 15.5 Hz, 3H), 7.56-7.50
(m, 4H), 747-742 (m, 3H), 735 (m, 1H), 7.5

(d, J = 2.7 Hz, 1H), 6.97 (dd, J = 8.5 Hz, J = 2.3 Hz, 1H),
4.78 (t, J= 5.3 Hz, 2H, -CH,-), 446 (t, J = 5.3 Hz, 2H,
-CH,-). *C NMR (75 MHz, CDCl;): § ppm = 189.7C;.,
161.2Cys, 144.3C5, 143.4Cy;, 141.1Cy9, 135.4C, 135.3C,,
130.6C,,, 130.5C;”, 129.2C¢’,Cq”, 128.8Cs’,Cs”, 127.2C,,
127.1Cs, 123.6Cs, 123.3C,, 122.4C,, 122.3C,, 121.2C,’,
121.0Cg, 119.5C,0, 119.4C;6, 117.6C;5, 115.6C,,, 115.2C,;,
109.3C,, 108.8C;o, 108.1C;g, 67.4C,4, 42.6C;5. Anal. Caled.
for C3;H,1N30, (%): C, 79.64; H, 4.53; N, 8.99. Found: C,
79.44; H, 4.78; N, 8.85.

238 |
(6a)

Synthesis of zinc (IT) phthalocyanine

To a stirring solution of 4-(2-(3-cinnamoyl-9H-carbazol-
9-yl)ethoxy)phthalonitrile (6) (0.1 g, 0.21 mmol) and Zn
(OAC),.2H,0 (0.06 g, 0.26 mmol) in fresh distilled DMF,
one to two drops of DBU were added. The reaction was
then stirred under a nitrogen atmosphere at 170°C for
24 h. After the reaction was complete, the mixture was
purified according to the procedure described for 4a
above. Complex 6a was obtained as a green solid. Yield:
0.06 g (14%). m.p. > 300°C. FT-IR vpax (cm™1): 2956

Appl 50f22
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(Ar-H), 2867 (aliphatic C-H), 1646 (C=0), 1595 (C=C),
1484 (C-N), 1362-1232 (C-H), 1056 (C-O-C). 'H NMR
(300 MHz,DMSO-dg): 6 ppm = 7.89 (m, 17H, H), 7.75
(m, 17H), 7.43 (m, 21H), 7.25 (m, 21H), 4.89 (m, 8H), 4.51
(m, 8H). UV-Vis (DMF), Amax, nm: 676, 613, 350.
MALDI-TOF MS: m/z [M]" calcd. for Cy,4HgsN;,05Zn:
1935.49: Found [M + H]" 1935.39. Anal. Calcd. for
C124HguN1,05Zn (%): C, 76.95; H, 4.37; N, 8.68. Found: C,
77.12; H, 4.16; N, 8.51.

2.4 | Electrochemical study

Cyclic voltammogram studies of zinc (II) Pcs (4a and 6a)
were recorded on Gamry Interphase 1000 potentiostat
using the following electrode system: glassy carbon as the
working electrode, Pt disk as the reference electrode, and
Pt wire as the counter electrode. The measurements in
the study were carried out in DMF containing tetrabuty-
lammonium hexafluorophosphate (TBAPFg) as the sup-
porting electrode. The Fc/Fc™ redox couple was used as
an external standard to calibrate the results. Complexes
4a and 6a (1 mM) were measured at scan rates of 50 to
150 mV s~ .

2.5 | a-Glucosidase inhibitory enzymatic
and kinetics assay

The inhibitory activities of the synthesized compounds
(3-6, 4a, and 6a) were measured spectrophotometrically
(using Shimadzu UV-Vis spectrophotometer) toward
a-glucosidase (Saccharomyces cerevisiae; E.C3.2.1.20)
using p-nitrophenyl a-D-glucopyranoside (4-pNPG) with
some modifications according to the previously reported
literature.””*!! Each measurement was performed in
potassium phosphate buffer (50 mM, pH 6.8) with
4-pNPG substrate (1 mM). The enzyme (20 pl, 0.1 U
ml ") and inhibitor analog were preincubated for 3 min
at 37°C, 200 rpm. The reaction was initiated by adding
the substrate, then the mixture was incubated at 37°C for
1 min. The reaction was stopped by adding 0.2 M Na,CO;
(80 pl) to the medium and the released p-nitrophenol
was measured at 405 nm. Both the synthesized com-
pounds (3-6, 4a, and 6a) and acarbose (as control) were
studied in triplicate ranging from 2 to 180 pM concentra-
tions in buffer solution. The percent inhibition of
a-glucosidase was calculated and ICs, values were found
by drawing graphs.

The kinetics of a-glucosidase enzyme inhibition were
investigated based on the preincubation and measure-
ment times in the inhibition assay detailed above. Three
different concentrations were used for each compound
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whose inhibition kinetics were studied. Also, a substrate
concentration in the range of 0.01-0.13 mM was used.
SigmaPlot enzyme kinetics software version 14.0 was
used to plot the Lineweaver-Burk and Hanes—-Woolf, and
Ki values of a-glucosidase inhibitors were determined by
graph fitting analysis.!**!

2.6 | The inhibition assay for hCA I and
II isoforms

The inhibitory effects of newly synthesized N-substituted
carbazole zinc Pcs (4a and 6a) and their ligands (3, 4, 5,
and 6) on hCA I and II isoenzymes were determined
against the standard inhibitor AZA. The hCA I and II iso-
enzymes were isolated and purified from human erythro-
cytes using a sepharose-4B-L-tyrosine sulfanilamide
affinity column at 280 nm, then checked using SDS-
PAGE.[**! The amount of purified protein was measured
according to the standard bovine serum albiimin.!**! The
esterase activity measurements were defined as in the
known method.!**! This method is based on the hydroly-
sis of hCA isoforms to p-nitrophenyl acetate, p-nitrophe-
nol, and acetic acid, and p-nitrophenyl acetate was used
as the substrate. The formation of p-nitrophenol from p-
nitrophenyl acetate in the esterase activity measurement
method was monitored spectrophotometrically, with an
increase in absorbance at 348 nm at 25°C for 3 min. After
the purification of the isoenzymes, they were dialyzed
against a 0.05 M Tris-SO,4 (pH 7.4) buffer overnight and
then stored at —80°C as 1 ml preparations to be used in
inhibition studies. The inhibition effects of the newly syn-
thesized N-substituted carbazole zinc Pcs (4a and 6a) and
their ligands (3, 4, 5, and 6) were determined by the ICs,
value with minor modifications."*®! To determine the ICs,
value of each complex and their ligands, hCA I and II
activity measurements were performed using at least five
different concentrations. The control activity of hCA I
and II is assumed to be 100%. With the results of the
measurements, graphs of the percentage activity against
the inhibitor concentration were drawn for each mole-
cule. From these graphs, the IC5, values of each mole-
cule, which reduced the enzyme activity by half, were
determined.

2.7 | Docking protocol

Docking studies were performed against the crystal
structure of human carbonic anhydrase I (hCA I) and
the crystal structure of human carbonic anhydrase II
(hCA 1I). X-ray crystal structures were obtained from
PDB Databank (www.rcsb.org/) with PDB ID 5GMM!*”]

and 2FW4** for hCA I and 3M98*”! and SAML"™"! for
hCA II. Enzyme structures were prepared using the
Maestro Protein Preparation Wizard."!! The 3D struc-
tures of reference ligand AZA were downloaded from
the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/). The most stable conformers of the entire ligands
were obtained by using Gaussian 09 software!®? employ-
ing the semiempirical PM6 method in the implicit sol-
vent of water with the conductor-like polarizable
continuum mode method.!”® The molecular docking
data were obtained by using the AutoDock Vina-based
CB-Dock server.>*>* The results of docking calculations
were evaluated as Vina scores and docked pose. Maestro
pose viewer was used to analyze the binding mode and
enzyme-ligand interactions.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization

The synthetic pathway of the novel compounds in the
study is shown in Schemes 1-3. First, 2-(9H-carbazol-
9-yl)ethan-1-ol (1) was synthesized by refluxing commer-
cially available carbazole in dry DMF in the presence of
K,CO; and ethylene carbonate.!*! Then, 2-(3-acetyl-9H-
carbazol-9-yl)ethyl acetate (2) was obtained in 43% yield
through the acetate reaction with acetyl chloride (AcCl).
The synthesized compound (2) was hydrolyzed in NH;g)/
MeOH to obtain 1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)
ethan-1-one (3) (91%).1°! Following that, a novel carba-
zole phthalonitrile derivative 4-(2-(3-acetyl-9H-carbazol-
9-yl)ethoxy)phthalonitrile (4) was obtained by refluxing
compound (3), K,COs3, and 4-nitrophthalonitrile in dry
DMF at 70°C for 48 h (Scheme 1). Therefore, the synthe-
sis of carbazole phthalonitrile containing acetate group
(4) was carried out successfully.

(E)-1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)-3-phenyl-
proa2-en-1-one (5) was synthesized in 91% yield by react-
ing compound (3), 15% KOH, and benzaldehyde in
ethanol at room temperature. Compound 5 was obtained
after the necessary purification was refluxed in a nitrogen
gas atmosphere at 80°C for 96 h in the presence of K,CO3
and 4-nitrophthalonitrile in dry DMF. Therefore, the new
chalcone group containing carbazole phthalonitrile (6)
was produced by the method based on aromatic nucleo-
philic substitution (SNAr) (Scheme 2).

Finally, new peripheral carbazole-derived substituted
zinc (II) Pcs (4a and 6a) were obtained as a result of the
cyclotetramerization reaction of phthalonitrile com-
pounds (4 and 6) in freshly distilled DMF by refluxing
with Zn (OAc),.2H,0 and DBU (catalyst) in a nitrogen
gas atmosphere, respectively (Scheme 3).
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SCHEME 1
compounds 1, 2, 3, and 4-phthalonitrile

Synthesis of starting

Ethylene carbonate,

K,CO,4

derivative 4

H

SCHEME 2
4-phthalonitrile derivative 6

Synthesis of compound 5 and

The structures of the new compounds were elucidated
using spectroscopic methods, such as FT-IR, elemental
analysis, UV-Vis, "H NMR, ">C NMR, and MS. The infra-
red spectrum of 1 showed O-H at 3203, aromatic C-H at
3049, aliphatic C-H at 2867, aromatic C=C at 1593, and
C-N at 1451 cm ™' with stretching vibrations (Figure S3).
For the FT-IR spectrum of 2, the disappearance of the
peaks of the O-H group and the emergence of C=0
stretching vibration around 1740 cm ™' confirms the for-
mation of the compound (Figure S6). In the FT-IR spec-
trum of 3, the O-H peak was observed at 3396 and the
C=0 peak at 1653 cm ™', as expected (Figure S9). The
FT-IR spectra of compound 5 appeared characteristic
stretching vibrations of O-H group 3380 cm™', C=0
group 1647 cm™ ', and alkene group (-C=C) 1597-

DMF, reflux I 'Nj II

Chemistry
ZnCl, AcCl
DCM, 0°C N

e e

OH 0.0
. T
2
MeOH,
NH3(9)
0 (0]

C ¢,

Cio ci'N“Ce ¢
.. HC“ DMF, 70°C, 48 h
Ocs % _Ch OH

4 \(:[ s
Cig

Ci7

4-nitrophthalonitrile,
K,CO3

Ca1

DO i

(i) Benzaldehyde, 15% KOH, rt
(ii) 4-nitrophthalonitrile, K,CO3 DMF, Ny(g), 80°C, 96 h

1567 cm™ ' (Figure S19). When the FT-IR spectra of
phthalonitrile derivatives 4 and 6 are examined, the char-
acteristic C=N absorption bands to observe at 2230 and
2231 cm™ ' prove the formation of these compounds
(Figures S12 and S22). The disappearance of the stretch-
ing frequencies of C=N groups in the FT-IR spectra of
ZnPcs derivatives 4a and 6a is a strong indication that
Pcs are formed by cyclotetramerization (Figures S15 and
S25). When the UV-Vis spectra of complexes 4a and 6a
were examined, it was observed that the metallophthalo-
cyanines were similar to the Q bands and compatible
with the D4h symmetry (Figures S14 and S24).1¢)

In the '"H NMR spectrum of 2-(9H-carbazol-9-yl)
ethan-1-ol (1) in CDCl;, the aromatic protons resonated
as multiplets at 8.10, 7.47, 7.42, and 7.26 ppm,
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SCHEME 3
170°C, 24 h

respectively. The methylenic protons resonated as triplets
at 4.46 (J = 5.3 Hz, 2H) and 4.04 ppm (J = 5.3 Hz, 2H).
The eight signals in '>*C NMR indicated the symmetric
structure. The acetylation reaction of the compound (1)
resulted in 2-(3-acetyl-9H-carbazol-9-yl)ethyl acetate (2).
The best evidence for the formation of compound 2 is the
two methyl protons resonance signals (at 2.71 ppm as sin-
glet for 3H and 1.09 ppm as singlet for 3H) in 'H NMR
and two carbonyl resonance signals at 197.9 and
171.0 ppm in ">*C NMR. The ammonolysis of compound
2 resulted in compound 3 by evidence of hydrolyzing of
one acetate methyl group signal and one carbonyl group
signal. The other resonance signals in "H NMR and '*C
NMR were resonated in deserved regions. To realize the
target compound, the free hydroxy group in compound
3 was protected with 4-nitrophthalonitrile, which
resulted in 4-(2-(3-acetyl-9H-carbazol-9-yl)ethoxy)phtha-
lonitrile (4). In the "H-NMR spectrum of compound 4 in
CDCl3, the aromatic protons resonated in the expected
region, whereas the methyleneic protons resonated
between 4.80 and 4.47 ppm. Additionally, as compound
3 converts into compound 4, the chemical shift sites of

The preparation of Zn (IT) Pcs (4a and 6a) (i) DBU, Zn (OAc),.2H,0, DMF 160°C, 24 h (ii) DBU, Zn (OAc),.2H,0, DMF,

the methyleneic protons shift from 4.49-4.10 ppm to
4.80-4.47 ppm, which is a good indication. Moreover,
24 >C NMR resonance signals support the structure.

Although the configuration of Zn-phthalocyanine 4a
in the *C NMR is unclear due to aggregation or agglom-
eration, '"H NMR shows the structure. In the 'H NMR
spectrum of complex (4a) in CDCl;, the aromatic protons
appeared at §: 8.67, 8.10, 7.46, and 7.20 ppm as multi-
plets, respectively. However, the '*C NMR of complex 4a
could not be measured, despite testing different deutero-
solvents (CDClz;, DMSO-dg, CD50D, and pyridine-ds).

However, compound (5), which formed during the
reaction between compound 3 and benzaldehyde,
resulted in (E)-1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)-
3-phenylprop-2-en-1-one. This chalcone structure was
elucidated by the '"H NMR and C NMR spectroscopic
analyses. The most striking peak is the disappearance of
the methyl peak in compound 5, and the second most
striking peak is the shift of the carbonyl group in com-
pound 5 (189.6 ppm) to an area that is 9 ppm higher than
that of compound 3 (198.1 ppm). The 23 lines in the *C
NMR spectra supported the structure.
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To arrive at compound 6, the free hydroxyl group in
compound 5 was protected with 4-nitrophthalonitrile.
The NMR spectrum of compound 6 can be determined by
comparing it with the spectrum of compound 5. The most
significant difference of compound 6 (resonated between
4.78 and 4.45 ppm) and compound 5 (resonated between
4.53 and 4.11 ppm) is the chemical shift values of the
methylenic protons in the same deuterium solvent.
Another obvious difference regarding the formation of
the molecule in ">C NMR is the ring carbon to which the
oxygen at 160 ppm is attached. The other carbon atoms
resonated in the expected region. The "H NMR spectrum
of phthalocyanine 6a gave broad resonance peaks due to
aggregation or agglomeration, as shown in 4a in DMSO-
de. The aromatic and double-bond protons appeared at §:
7.89, 7.75, 7.43, and 7.25 ppm as multiplets. Additionally,
the methylenic protons that were bound to the ring reso-
nated at 4.89 and 4.51 ppm. However, >*C NMR of com-
plex 6a could not be performed as in 4a, despite using
different deuterosolvents (CDCl;, DMSO-dg, CD5;0D, and
pyridine-ds). MALDI-TOF mass spectra of compounds
4a, 5, and 6a showed molecular ion peaks at
m/z = 1583.93 [M + H]™, 341.55 [M + H]", and 1935.39
[M + H]", respectively (Figure S13, S18, and S23).

3.2 |
studies

UV-Vis absorption and aggregation

The UV-Vis absorption spectra of Pcs are characterized
by the determinant properties of the Q and B bands in
the ground state of electronic spectra. When the absorp-
tion spectra of the Pcs in Figure 1 were examined, the Q
band, which is where the transition from HOMO to
LUMO (n—rn*) occurred, was between 607 and 676 nm

(a)

DMF | DMso ™ | [T

18 ——DMF
16 ——DMSO
—THF

1,4 \\ ——DCM

8 1,2 Under the daylight

§ 10

S 08

3 El

<

0,4

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

FIGURE 1
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and the B band was between 320 and 350 nm. The posi-
tion, density, and sharpness of the Q band are the most
important parameters in the application of Pcs. The Q
band is affected by the metal in the center of
phthalocyanine, solvents and peripheral and non-
peripheral substitution.'*”! Since there is no absorption of
carbazole in this region, this peak in the Q band belongs
to phthalocyanine.

In this study, the absorption spectra of both 4a and 6a
Pcs are investigated in various polar solvents, such as
DMF, DMSO, THF, and DCM (Figure 1). The excellent
solubility of Zn (II) Pcs 4a and 6a in these organic sol-
vents was achieved by adding substituents to the carba-
zole ring system. Although complexes 4a and 6a did not
show aggregation in DMF, DMSO, and THF, they
showed little aggregation in DCM (Figure 1a and b).

The Q band spectra of 4a and 6a in DMF showed
monomeric behavior, as evidenced by the single narrow
Q band in metallophthalocyanine complexes.!*®! For Zn
(IT) Pcs (4a and 6a), whose aggregation behaviors were
investigated in various solvents, DMF was recorded as
the solvent that offers the most appropriate solubility. In
addition, it has been selected for photochemical property
studies. Concentration, complex metal ions, temperature,
substituents, and solvents cause aggregation, which is the
main problem for Pcs.[*>®! Therefore, the aggregation
behavior of synthesized Zn (II) phthalocyanine com-
plexes (4a and 6a) was investigated at different concen-
trations in DMF (Figure 2). For both Pcs at
concentrations ranging from 2 x 10 ®to 1.2 x 107> M, it
did not show any aggregation, following the Lambert-
Beer law. The linear relationship between absorbance
and concentration, as shown in Figure 2a and b, proves
that it does not show aggregation in the concentration
range studied.

(b)
18 WE@B r | [ocm)
—DMF
16 —— DMSO
—THF
14 ——DCM

1.2 Under the dayllght
1,0

0,8

Absorbance

0,6

0,4
’ UV light

0,2

o

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

UV-Vis absorption spectra of (a) 4a and (b) 6a in various solvents at a concentration of 1.0 x 107> M
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3.3 | Fluorescence spectra

The fluorescence measurements were investigated in
DMF, which provides the best resolution for both mole-
cules. The fluorescence excitation and emission spectra of
the new Pcs 4a and 6a are displayed in Figures S26 and
3. The excitation spectra of the examined zinc
(IT) phthalocyanine (6a) are similar to their absorption
spectra (Figure 3). The proximity of the Q band maxima
of the absorption and excitation spectra verifies that the
molecule that is absorbing is the same one that is emit-
ting. It is, therefore, understood that the absorption spec-
tra are mirror images of the emission spectra, which
show that the studied 4a and 6a phthalocyanine mole-
cules did not show any degradation in the DMF during
the excitation process.[*!!

The fluorescence excitation, emission, and absor-
bance values of tetra-substituted peripherally carbazole-
fused phthalocyanine derivatives (4a and 6a) in DMF are
summarized in Table 1. The characteristic absorption
values in the Q band region of the complexes are shown
at 675 nm (log ¢ = 4.96) for 4a and 676 nm (log £ = 4.98)
for 6a. The stokes shift values of the 4a and 6a complexes
in DMF are 9 and 14 nm, respectively (Table 1). Both of
the stokes shift values are generally compatible with the
phthalocyanine values.!®*! The 4a zinc (II) complex is
relatively close to the standard ZnPc (6 nm) stokes shift
value.

3.3.1 | Fluorescence quantum yields (@)

The fluorescence quantum efficiency (@g), which mea-
sures the efficiency of a photophysical process, was
quantified as the ratio of the number of photons that are

(b)
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Aggregation behavior of (a) 4a and (b) 6a complexes in DMF at concentrations ranging from 2 x 10
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FIGURE 3 Absorption, emission, and excitation spectra of the

6a complex in DMF at excitation wavelength 676 nm

emitted to the number of photons that are absorbed.!®?
The fluorescent quantum yields (@) of all complexes
(4a and 6a) were measured in DMF by following a
method as described in the literature,[64] and the results
are provided in Table 2. The @ value for 4a was 0.06,
and for 6a, 0.13 showed the greatest value. The @
values of these complexes are lower compared to
the standard ZnPc (0.17),1°* which can be explained
as the effect of the substituted groups on the
phthalocyanine ring.

3.3.2 | Fluorescence quenching studies of
1,4-benzoquinone

The fluorescence quenching studies of benzoquinone
(BQ) are realized because of the reaction that is formed
by the energy transfer between zinc Pcs and BQ mole-
cules. This is because the lowest excited state energy of
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TABLE 1 Absorption and fluorescence data of 4a, 6a, and standard studied ZnPc
Compound Solvent Q band A,,,,x (nm) loge Excitation Ag,, (nm) Emission Agy,, (nm) Stokes shift (nm)
4a DMF 675 4.96 674 683 9
6a DMF 676 4.98 676 690 14
ZnPc* DMF 670 5.37 670 676 6

Data from Camur et al (2012).5"

TABLE 2 Photochemical, photophysical, and fluorescence
quenching parameters of 4a and 6a in DMF
Compound D D, Dy (x107%) Ksv(M™)
4a 0.06 0.41 0.82 36.18
6a 0.13 0.12 0.40 77.43
ZnPc* 0.17 0.56 0.23 57.60

Data from Zorlu et al. (2010).[!

BQ is greater than the excited singlet state energy of zinc
Pcs.[®>%! The decreasing emission spectra of the studied
complexes in the presence of the increasing BQ concen-
tration from 0 to 40 x 10~* M are shown in Figure S27
for 4a and Figure 4a for 6a.

The fluorescence quenching experiment for ZnPcs
(4a and 6a) was performed in DMF according to the
literature.!®”! The fluorescence spectra of Zn (II) Pcs were
recorded in the presence of different BQ concentrations,
and the changes in the fluorescence intensity of these Pcs
were determined according to the Stern-Volmer
equation, as shown in equation 1.1

I,/I=1+Ksv[BQ], (1)

where I, and I are the fluorescence intensities of
fluorophore in the absence and presence of quencher,
respectively; BQ is the concentration of the quencher,
and Ksv is the Stern—Volmer constant.

The quenching mechanism can be considered
dynamic since no changes were observed in the wave-
lengths and peaks of the emission bands in both com-
plexes. The graph in Figure 4b for the two complexes
(4a and 6a) provides straight lines and is in accor-
dance with the Stern-Volmer kinetics, which shows
diffusion-controlled quenching mechanisms. The Ksv
(Stern-Volmer equation) values for the BQ quenching
of Zn (II) Pcs were determined by the slope of the
graphs in Figure 4b, and these values are listed as
36.18 M~ " for the 4a complex and 77.43 M ' for 6a in
Table 2. The Ksv value of ZnPc 4a was low compared
to unsubstituted zinc (II) phthalocyanine, whereas 6a
was higher.

3.4 | Photochemical parameters

34.1 | Singlet oxygen quantum yields

The PDT technique, which is used in cancer treatment,
produces singlet oxygen (‘O,) with the energy transfer
between the triple state of the photosensitizers and the
ground state molecular oxygen, and the produced singlet
oxygen is determined by the singlet quantum yield
(@,).1°) The singlet oxygen quantum yield was carried
out according to equation 2.1°”!

d
td R- I%s , (2)

D) =D
RStd X Iabs

where Qi‘d is the singlet oxygen quantum yields for the
standard ZnPc (@5 = 0.56 in DMF)**”°! DPBF photo-
bleaching rates of the respective samples (4a and 6a) and
standard are expressed as R and RS, respectively. Also,
the light absorption rates of the respective samples (4a
and 6a) and the standard are expressed as I,;; and Igi‘i,
respectively. The light intensity used for @, determina-

tions was found to be 8.15 x 10'° photons s~ ' cm 2.

In this study, the singlet oxygen quantum yield values
for the investigated zinc (II) Pcs (4a and 6a) were deter-
mined in DMF. The absorption decays of DPBF, which is
a singlet oxygen quencher, were monitored using the
UV-Vis spectrometer at 417 nm. During the @, determi-
nations of the examined zinc (II) Pcs, no change in the
Q-band intensities was observed. This means that the
studied Pcs did not degrade during single oxygen mea-
surements (Figure 5 for 4a and 6a).

The calculated @, values of zinc (II) Pcs (4a and 6a)
and the @, value of the standard zinc (IT) Pc for compari-
son are summarized in Table 2. The quantum yields of
singlet oxygen are affected by many factors, such as the
magnitude of the substituents, the solvent's ability to
quench single oxygen, the ground state of oxygen, the tri-
ple excited state lifetime, and the efficiency of energy
transfer between the triple excited state.”’! The singlet
oxygen quantum yield values of carbazole-derived Zn
(I1) Pcs (@, = 0.41 for 4a and @, = 0.12 for 6a) were
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FIGURE 4 (a) Fluorescence emission spectral changes as a result of adding different BQ concentrations in DMF to the 6a
(1.0 x 107> M) complex (b) Stern-Volmer plot of 4a and 6a quenched with BQ ([BQ] = 0, 0.008, 0.016, 0.024, 0.032, and 0.040 M)
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FIGURE 5 Singlet oxygen UV-Vis spectra with DPBF at a different time of complexes (a) 4a and (b) 6a in DMF at a concentration of
1x107°M

lower than the standard ZnPc (@, = 0.56). When the
peripheral-substituted MPcs 4a and 6a were compared,
4a showed a higher @, value. The 4a complex is thought
to have sufficient singlet oxygen production for PDT
applications, even though the @, value is lower than the
standard ZnPc.[”?!

3.4.2 | Photostability studies

For a molecule to be used as a photosensitizer, it is
necessary to determine its stability behavior, that is, the
quantum efficiency of photodegradation (@4).! The
photodegradation quantum yield (@) was carried out
according to equation 3.1°”]

(Co—C;).V.Nx

Dy = ,
d LS. t

(3)

where Cy and C, are the samples (4a and 6a) concentra-
tions before and after irradiation respectively, V is the
reaction volume, N, is the Avogadro constant, S is the
irradiated cell area, t is the irradiation time, and I, is
the overlap integral of the radiation source light intensity
and the absorption of the samples (4a and 6a).l°”"! Light
intensity of 3.26 x 10'® photons s™' cm™* was used to
determine this photodegradation parameter.

The determination of @y is particularly important
for photocatalytic reactions and biological applications,
such as PDT. A photodegradation study of Zn (II) Pcs
(4a and 6a) was performed by observing a decrease in the
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intensity of the absorption bands under light illumination
in DMF (Figure 6 for both complexes).

According to the results, which are summarized in
Table 2, the photodegradation quantum yields of new Zn
(I1) phthalocyanine complexes were 0.82 x 10 * for 4a
and 0.4 x 10™* for 6a. As shown in the literature, stable
Pcs show @4 values as low as 10 %, whereas unstable Pcs
show approximately 10~>73/ The @, results of the inves-
tigated zinc (II) Pcs (4a and 6a) are roughly similar when
compared to the standard ZnPc. Additionally, the
peripheral-substituted zinc (II) phthalocyanine molecule
6a showed a lower @4 value according to the other
peripheral zinc (IT) phthalocyanine derivative 4a, which
demonstrates that 6a is a more stable complex. As a
result, the photostability of our two newly synthesized
molecules (4a and 6a) is moderate. For PDT applications,
very unstable molecules cannot stay in the body for a
long time because they degrade quickly. In addition, mol-
ecules that are highly stable for these applications cannot
be easily destroyed by the host organism since they
remain in the body for a long time.l*” Based on this
information, the carbazole-derived ZnPcs (4a and 6a),
which we synthesized in this study, are suitable for PDT.

3.5 | Electrochemical characterization of
the 4a and 6a

Pcs, which have an 18-electron aromatic system, lose one
or two electrons in an oxidation state and gain one to
four electrons in the case of reduction.” Zn (II) Pcs,
which have a redox inactive metal center, show only
phthalocyanine-based reduction and oxidation.!””! To
examine the redox behavior of ZnPcs 4a and 6a, we

(@)

1,0 14 —0 min
——35 min
—— 10 min
0,8 y=-0,0116x + 0,9078 ——15min
R?=0,9975 —— 20 min
© —— 25 min
g 06§ 10 20 ——30 min
_'é‘ Time (min)
8
o 04
<
0,2
0,0
400 450 500 550 600 650 700 750 800
Wavelength (nm)
FIGURE 6

absorbance versus time)
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performed an electrochemical study wusing a

DMF/TBAPFq electrolyte system on a glassy carbon
working electrode with the cyclic voltammogram tech-
nique. The cyclic voltammetry graph of the examined 4a
and 6a complexes in the scanning range of 50-150 mV
s ! is shown in Figure 7a and b. One Pc-based reduction
and one Pc-based oxidation within the potential window
of the TBAPF4/DMF electrolyte for both ZnPcs are
observed (Figure 7a and b). According to the literature, it
is expected that carbazole, which has an electron-
donating structure, modulates the HOMO level by show-
ing a significant effect in the anodic region.”®! Therefore,
an irreversible oxidation process was observed in the
study because cation formation occurred at more positive
potentials for both molecules. The peak -currents
increased linearly on a cyclic voltammetry plot of scan
rates ranging from 50 to 150 mV s~ for these ZnPcs in
Figure 7a and b, and this linearity indicates that the
redox process is diffusion controlled.””! In addition, this
linearity is confirmed by showing the square root plot of
peak current versus scan rate in Figure 7c for 4a and
Figure 7d for 6a.

All results of ZnPcs (4a and 6a) determined by vol-
tammogram analysis are given in Table 3. According to
the results, it showed an irreversible oxidation potential
of 0.98 and 0.73 V and reversible reduction potential of
—1.04 and —1.02 V for 4a and 6a at a scanning rate of
150 mV s~ '. Also, the HOMO energies of these two mole-
cules (4a and 6a) are —5.42 and —5.17 eV, and the
LUMO energies —3.66 and —3.42eV, respectively.
Changes in electron density during electron donation or
electron withdrawal by the substituents in the molecules
(4a and 6a) can shift the relative positions of the HOMO
and LUMO levels.!*

(b)

1,0 .
——0 min
——5 min
——10 min
08 N 15 min
5 0,4 y = -0,0065x + 0,8074 A .
@ R? = 0,9988 N — 20 min
] 2 0,2 ’ A .
O 06 ’0 Al — 25 min
< ? + T T 1 .
8 0 10 20 30 30 min
5 Time (min)
2 o4
<
0,2
0,0

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Photodegradation of (a) 4a and (b) 6a complexes in DMF at a concentration of 1 x 10~> M. (inset: plot of Q band
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TABLE 3 Electrochemical properties of 4a and 6a
Dye ;Lmax (nm) Aonset (nm) Eo-o (e\,)zl Ered (V)
4a 681 704 1.76 —1.04
6a 682 707 1.75 —1.02

“Bandgap (E,_o) was calculated from the absorption onset wavelength (Aonser) using Eo_o = 1240/ Aonset-
PHOMO level was calculated by the equation HOMO = —(4.8 + E ;) (vs. F¢/Fc™).[”®!

In this equation, 4.8 eV is the energy level of the ferrocene/ferrocenium couple below the vacuum level.
°LUMO level was estimated from Eyumo — Exomo + Eool”°Y

Compounds ICs (UM) Ki (uM) R? Inhibition type
3 126.58 + 3.48 132.55 0.9668 Competitive

4 8.62 + 0.34 5.90 0.9098 Competitive

5 38.32 +1.13 35.70 0.9649 Competitive

6 7.54 + 0.51 5.81 0.9650 Competitive

4a 47.86 + 2.48 44.27 0.9710 Competitive

6a 62.59 + 1.43 61.02 0.9854 Competitive
Acarbose* 55.58 + 1.52 57.15 0.9685 Competitive!®"!

#Acarbose was used as a control compound.

3.6 | a-Glucosidase inhibition results
and kinetic characterization

FIGURE 7 Cyclic voltammograms
of ZnPc (a) 4a and (b) 6a recorded at
scan rates (50-150 mV s ) in DMF
containing 0.1 M TBAPF, (c) A plot of
scan rates against versus peak current
for 4a and (d) for 6a

Eox (V) Enomo/Lumo (€V) e
0.98 —5.42/ —3.66
0.73 —5.17/ —3.42

TABLE 4 a-Glucosidase inhibitory
activities ICs, and K; values of the tested
compounds

were examined toward the a-glucosidase at the optimum
pH for the first time by using the appropriate substrate

(PNPG) (p-nitrophenyl-a-D-glucopyranoside), and the

The inhibitory activities of the Zn (II) phthalocyanine
complexes (4a and 6a) and their ligands (3, 4, 5, and 6)

ICsp results and Ki values obtained are given in Table 4.
Compounds 3 and 6a showed a low inhibitory activity
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compared to acarbose, whereas compounds 4-6 and 4a
showed a high inhibitory effect with ICs, values ranging
from 7.54+0.51 to 47.86 +2.48 uM. Compound 4
exhibited about seven times more potent inhibition
activity than standard acarbose (55.58 + 1.52 pM) with
8.62 + 0.34 uM. Likewise, compound 6, exhibited about
eight times more potent inhibition activity than standard
acarbose (55.58 + 1.52 pM) with 7.54 + 0.51 pM. These
findings showed that carbazole phthalonitrile compounds
(4 and 6) had higher inhibitory effects. It is known that
compounds containing groups, such as nitrile and benzo-
nitrile, are used in therapeutic applications because they
show strong effects against glucosidase.l””®! It can be said
that nitrile groups in compounds 4 and 6 have positive
effects on the a-glucosidase enzyme due to their electron-
withdrawing property. In addition, the strong inhibition
activity of compound 6 display compared to other com-
pounds can be explained by the fact that it contains chal-
cone and nitrile groups with electron-withdrawing
features.  Subsequently, compound 3 exhibited
lower inhibition activity than the standard acarbose
(55.58 £ 1.52 uyM) with  126.58 + 3.48 pM, whereas
compound 5 exhibited strong inhibition activity
than standard acarbose (55.58 + 1.52 pM) with 38.32
+ 1.13 uM. On the other hand, Zn (IT)phthalocyanine 4a
and 6a (IC5y, = 47.86 + 2.48 pM for 4a and IC5y = 62.59
+ 1.43 uM for 6a) showed moderate inhibitory activity
relative to standard acarbose (55.58 + 1.52 pM). Substitu-
ent groups depending on the structure of Pcs in the
peripheral position affect the inhibition activity.[”>! Dif-
ferent substituents in 4a and 6a Pcs exhibited different
effects by interacting with the hydrophobic region
through multiple modes.

Chalcones can potentially be used to inhibit or delay
the action of the enzyme a-glucosidase against hypergly-
cemia. Moreover, they can cause several conformational
changes in the enzyme through hydrogen bonding (n—=
stacking interaction) by providing a hydrophobic envi-
ronment and interaction.”Y Therefore, we can explain
why chalcone-containing compounds (5 and 6) show bet-
ter activity than acetate-containing compounds (3 and 4),
whereas chalcone substituent (6a) phthalocyanine
shows lower activity than acetate-substituted carbazole
phthalocyanine. Barut et al. reported peripheral
tetra-[4-(9H-carbazol-9-yl)phenoxy]|-substituted ~ cobalt
(IT) and manganese (III) Pcs ICs, values for a-glucosidase
of 25.93 + 1.29 pM and 26.57 + 2.67 pM, respectively.!>"!
Moreover, our peripheral carbazole Zn
(I1) phthalocyanine ICs, values were high.

Kinetic analysis of the compounds was performed to
obtain information about the inhibitory mechanism of
a-glucosidase. Kinetic graphs were obtained using Sigma-
Plot enzyme kinetic software version 14.0. Lineweaver—
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Burk and Hanes—Woolf plots of phthalonitrile derivatives
(4 and 6) and Pcs (4a and 6a) are shown in Figure 8, and
that of other compounds (3, 5, and acarbose) are shown
in Figure S28. Based on the curve-fitting analysis, the
compounds exhibited a competitive mechanism of inhibi-
tion against a-glucosidase, such as acarbose, which was
used as the standard (Figure 8). The Ki values were calcu-
lated using these kinetic plots and are summarized in
Table 4. Ki values of the compounds were determined in
the range of 5.81 pM (R*: 0.9650)-132.55 pM (R*: 0.9668).
With Ki values obtained, compounds 4 (5.90 pM, R
0.9098) and 6 (5.81 uM, R*: 0.9650) exhibited stronger
inhibition. This means that 4 and 6 bind more strongly
with the a-glucosidase substrate complex. The a-glucosi-
dase inhibition constant (Ki) values of the compounds
and acarbose are in the following order: 6 (5.81 pM, R*:
0.9650) <4 (5.90 uM, R* 0.9098) <5 (35.70 pM, R*:
0.9649) <4a (4427 yM, R*  0.9710) < acarbose
(57.15 uM, R* 0.9685) < 6a (61.02 pM, R* 0.9854) < 3
(132.55 pM, R*: 0.9668). The Ki results obtained were
consistent with the enzyme activity results.

3.7 | Inhibition activity studies on hCA I
and hCA II isoenzymes

In this study, the inhibitory effects of synthesizing two
different new N-substituted carbazole zinc Pcs (4a and
6a) and their ligands (3, 4, 5, and 6) on the activity of
hCA T and hCA 1I izoenzymes were examined under
in vitro conditions. The inhibitory effects of the mole-
cules were determined by the ICs, (inhibitor concentra-
tion that reduces the activity of the enzyme to half)
value. AZA was used as the reference inhibitor. A low
ICsy value indicates a strong inhibitory effect. In this
study, ICs, values of 3, 4, 5, 6, 4a, and 6a for hCA I were
found as 16.27 pM, 2.25 pM, 10.45 pM, 5.0 uM, 140.0 nM,
and 116.60 nM, respectively (Table 5). According to these
results, the 6a molecule showed a very strong inhibition
effect on hCA I activity. The inhibitory power of both 4a
and 6a for hCA I was found to be very strong compared
to AZA (Figure 10). Although 3 molecules showed the
weakest inhibition effect for hCA I, the inhibition effect
of 3 and 5 ligands was lower than that of 4 and 6 ligands.
According to the ICsy values of the compounds, the
inhibitory potentials against hCA I are listed as follows:
6a>4a>AZA>4>6>5>3. On the other hand, for hCA II,
ICs, values of 3, 4, 5, 6, 4a, and 6a were found to be
15.91 pM, 6.796 pM, 12.96 pM, 8.433 uM, 141.84 nM, and
362 nM, respectively (Table 5). In this case, the inhibition
powers of these molecules are listed as follows:
4a>6a>AZA>4>6>5>3. Although 4a was the strongest
inhibitor for hCA II, the inhibitory power of 4a and 6a
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was higher than that for AZA. ICs, values of the 3-6, 4a, hCA T and hCA II are shown in Figure 10, and the inhibi-
6a, and AZA for hCA I and hCA II are given compara- tion results of 3-6, 4a, and 6a molecules on hCA I and
tively (Figure 9). ICs, graphs of 4a and 6a molecules for =~ hCA II are summarized in Table 5.
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TABLE 5 The inhibition results of 3-6, 4a, and 6a molecules

on hCA I and hCA II

For hCA 1 For hCA 11

Compounds  ICs, R? ICs R’
3 16.27 yM 0.9208 15.91 yM 0.9909
4 2.25 yM 0.9402 6.796 pM 0.9762
5 10.45 pM 0.9739 12.96 yM 0.9704
6 5.0 pM 0.9899 8.433 yM 0.9599
4a 140.0 nM 0.9402 141.84 nM 0.9257
6a 116.60 nM 0.9817 362 nM 0.9069
AZA 462 nM 0.9656 389 nM 0.9500

AZA: acetazolamide, hCA I and II: human carbonic anhydrase isoenzymes I
and IL.
*AZA is used as a standard inhibitor for hCA I and hCA II isoenzymes.

16000 1 === IC,, value for hCA-I
== IC,, value for hCA-II

S 12000 A
=
wn
@
=
= 8000
-
=
vel
<

4000 -

0
3 4 5 6 4a 6a AZA
FIGURE 9 Comparison plot of ICs, values of 3, 4, 5, 6, 4a, and

6a molecules for hCA T and hCA II

Chemistry

In conclusion, the resulting phthalocyanine complexes
4a and 6a, while having moderate a-glucosidase inhibitory
activities against acarbose, have higher inhibitory activity
on hCA I and hCA II against AZA. However, starting com-
pounds (3, 4, 5, and 6), especially 4 and 6, were found to
have the highest ICs, than phthalocyanine complexes (4a
and 6a) when tested on hCA I and hCA II isoforms against
AZA. Besides, the phthalonitrile compounds 4 and 6 were
found to have the highest ICs, than phthalocyanine com-
plexes (4a and 6a) when tested on a-glucosidase against
acarbose and on hCA I and hCA II isoforms against AZA.
According to the above results, the different biological
activities of the studied molecules against a-glucosidase
and carbonic anhydrase isoenzymes compared to their ref-
erences are due to the substrate-enzyme structure rela-
tionship. Because, unlike ligands, when metals enter the
core of complexes, the metal chelating effect changes the
electron density, facilitating or complicating the inhibitory
activity. Thus, with the results we have obtained, impor-
tant contributions can be made to the literature for new
inhibitor’s design, synthesis, and development.

3.8 | Molecular docking analysis

Docking studies were performed to investigate the inhibi-
tion potential of newly synthesized metallophthalocya-
nine complexes and their free ligands against hCA I and
hCA II. It was also used to define the interactions
between the studied compounds with the amino acid res-
idues of the target proteins. Compounds 4, 4a, 6, 6a, and
AZA were individually docked into the determined target

o 120
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=
ot
°©
S
'En
i3
<
= ™ o g )
400
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120
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FIGURE 10 ICs, graphs of 4a and 6a molecules for hCA I and hCA IT

8508017 SUOWWOD BA1TES1D) 3|edt|dde 8y} Aq peusenob ae 9 VO '8N J0 S9|NJ 10} ARIq1T8UIIUO AS|IA UO (SUONIPUCD-PUR-SLLLBIWID A8 | IM Ale g1 putjuo//Sdny) SUONIPUOD pue swie | 84} 88S *[2202/2T/2T] Uo Atldiauliuo AS|IMm 'lun UeiAd Iy e 5eaBeg J1uesiiy-Alun UeIAg IUY AQ 66.9°008/200T OT/I0p/od™A8 | Akeiq 1l juo//sdiy wol) papeojumod ‘6 ‘2202 ‘6€L0660T



18 of 22 Wl LEY—APPI d

ie
Organometallic
Chemistry

COL ET AL.

TABLE 6 Molecular docking Vina scores (kcal/mol) for

compounds 4 and 6 and their zinc-phthalocyanine complexes 4a

and 6a
hCA1 hCA II
PDB ID 5GMM 2FW4 3M98 5AML
4 9.1 8.0 8.9 8.9
4a 12.2 12.7 11.9 14.1
6 7.8 8.1 8.0 8.5
6a 9.2 8.6 11.9 10.2
AZA 8.5 8.1 8.6 8.7

proteins as 5GMM, 2FW4, 3M98, and 5AML. The esti-
mated best Vina scores were given in Table 6. Due to the
most important factor affecting the enzyme inhibition
potential of molecules that occur between ligand and
enzymes, the enzyme-ligand interactions were investi-
gated in detail (Figures 11 and 12).

Based on the docking study, it was found that the
metal complexes (4a and 6a) were interacting with
enzymes more strongly than the reference drug mole-
cules (AZA) and metal-free ligands (4 and 6) with a range
of Vina score —8.6 and —14.1 kcal/mol due to contact of
Pc complexes (3-5) were very large.

Hydrogen Bonds:
GLN92,LEU198, ILE22
n-rt/m-cation Stacking:

' HIS64, HIS94, HIS67,
TYR204,LYS170
Hydrophobic:

ASP4, VALG62, ALA132,

. GLU205, HIS64

Hydrogen Bonds:
THR199, ILE22
n-rt/m-cation Stacking:
LEU198, PHE91, TYR204
Hydrophobic:

HIS67, ASPS, VAL239,
LYS170, HIS64, LEU131,
ASP4, HIS67

Hydrogen Bonds:
HIS67, PHEI1
n-t/m-cation Stacking:
HIS94,LEU131
Hydrophobic:

1 LYS57,LYS170, VAL143,
TYR204, ALA135, THR199,
ALA132

Hydrogen Bonds:
ARG173, PHE91
n-rt/m-cation Stacking:
TRPS5, TYR7

Hydrophobic:
GLY6,LEU198, ARG173,
GLY171,LYS170, MET241

FIGURE 11 The docking pose and interactions of the Pc complexes (4a and 6a) on the binding region of hCA I. Yellow dashed line:
H-bond, light-blue dashed line: z—x stacking, green dashed line: z-cation, orange dashed line: polar interactions

351201 SUOWIWIOD AR 3|qed! dde 2y Aq peuenoh a1 SN YO ‘88N J0 S3NU 10} AR1q 17 8UIIUQ AB|IM UO (SUORIPUOD-PUe-SWLBY L0 A8 1M A1 | pUIIUO//SHNY) SUORIPUOD PUe SLB L 83U} 885 *[2202/2T/2T] uo Ariqiiauliuo A)IM ‘UN teIAT Yy Ue N Seqfieg JIUesIIN-AIUN URIAT IUY AQ 66.9°908/200T 0T/10p/0d A 1M Aeiq 1 pUIIUO//SANY WO} papeoiumod ‘6 ‘2202 ‘6EL0660T



COL ET AL.

The active sites of hCA isozymes were defined as the
catalytic Zn*" ion located at the bottom of a cone-shaped
cavity surrounded by THR199, LEU198, HIS64, and
HIS200. Pc complexes block the entrance to the active
site, like an octopus with one or both arms extending
toward the active site, whereas free ligands are located
only by extending toward the active site. Therefore,
although free ligands interact only with the canonical
catalytic site where the Zn*" ion is at the bottom, the Pc
complexes also interact with other amino acid residues at

Appl 19 of 22
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the entrance of the active site and form a stronger bind-
ing with the enzyme. The presence of one ethylene link-
age at the junction of the phthalocyanine core and the
peripheral groups facilitates the peripheral arms to easily
rotate and extend toward the active site. The binding
interactions and surface poses of Pc complexes were dem-
onstrated in Figures 11 and 12.

For a more detailed investigation of the interactions
of hCA I and Pc complexes, it is seen that one peripheral
arm of the Pc complexes extends toward the active site of

Hydrogen Bonds:

ASN62, GLY132

n-rt/m-cation Stacking:
PHE20, PHE131, TYRS
Hydrophobic:

GLY6, TYR7, HIS64, LYS170,
LEU60, VAL143, LEU196

Hydrogen Bonds:

THR200, THR199

n-m/m-cation Stacking:

HIS4, PHE131

Hydrophobic:

GLNO92, HIS64, LYS170, TYR7,
GLYS8, ASN11, PHE20, PRO21,
PRO202, LEU198

Hydrogen Bonds:
GLU205

n-rt/m-cation Stacking:
HIS64, HIS94
Hydrophobic:

LEU198, ASN62, ASP19,
LEU204

Hydrogen Bonds:
THR200, HIS4, SER173
n-rt/m-cation Stacking:
ARGS58, GLN92
Hydrophobic:

LEU57, LYS172, LYS170,
TRPS, HIS4

FIGURE 12 The docking pose and interactions of the Pc complexes (4a and 6a) on the binding region of hCA II. Yellow dashed line:
H-bond, light-blue dashed line: z—x stacking, green dashed line: z-cation, orange dashed line: polar interactions

85UB01] SUOWILLIOD BAIE8ID) 3|t |dde au Ag peusenol e 9o WO ‘esn J0 Sa|Nn. o} ARiq 1T 8UIUO AB]IM UO (SUONIPUCO-PUR-SWBI LD ™8] 1A eI 1 BU1[UO//SUNU) SUORIPUOD PUe SLLB | 8LY 885 *[2202/2T/2T] Uo Aiqiauliuo ABIM ‘lun Ueind Iy ue N Seqbied JIUBSIIN-AUN UeIAT 1YY Ad 66/9°008/200T OT/10p/L0D" A3 1M Aeiq 1 euljuo//Sdny o1y pepeoiumod ‘6 ‘ZZ0Z ‘6L0660T



COL ET AL.

Applied
20 of 22 .
"_l_Wl LEY_g';%mga’lyemlhc

both target structures and interacts with the amino acids
responsible for the activity there. The compound 6a
forms hydrogen bonding interactions with LEU19S,
ILE22, and GLN92 amino acids residues; z—z interactions
with HIS64, HIS94, HIS67, TYR204, and LYS170 amino
acids; and hydrophobic interactions with ASP4, VAL62,
ALA132, GLU205, and HIS64 with amino acids at the
active site of the 5GMM enzyme structure.

In the interaction of the 4a molecule with the same
enzyme structure, it was seen that they formed hydrogen
bonds with the THR199 and ILE22 amino acids and z-x
interactions with the LEU198, PHE91, and TYR204
amino acids. Among these interactions, the ones with the
LEU198, THR199, and HIS 64 amino acids, which are
located around the Zn*" ion in the catalytic region, are
even more important in terms of inhibition potential.
The interactions of 4a and 6a molecules in the 2FW4
enzyme structure are similar to the 5GMM enzyme struc-
ture. Both Pc molecules interact with HIS67, PHE91, and
ARG173 amino acid residues by making hydrogen bond-
ing. It was also found that TRP5, TYR7, HIS94, and
LEU131 amino acid residues form z—z interactions. It is
seen that the three peripheral groups of the 4a molecule
approach the catalytic region from different directions by
curling over the ethylene linkage attached to the oxygen
atom in the junction region to the Pc core skeleton.

When the interaction of hCA II and Zn-
phthalocyanine complexes was examined, similar inter-
actions were observed with hCA I at the binding site of
the enzyme. Although the 6a molecule is located as a cap
on the cone-shaped active sites of the 3M98 and 5SAML
enzyme structures, one of the peripheral groups of Pc is
directed toward the active site, causing the metallic cata-
lytic site to be inactivated. Due to the shorter peripheral
group of the 4a molecule, the Pc main skeleton adhered
more to the enzyme surface, again extending one of the
peripheral groups toward the active site. 6a makes hydro-
gen bonding interactions with the enzyme through
ASN62, GLY132, and GLU205 amino acid residues. 7z
stacking and s-cation interactions occur via TRP5,
PHE131, PHE20, HIS64, and HIS94 amino acid residues.
The hydrophobic interactions contribute to the binding
energy through some amino acid residues, such as
LEU198, ASN62, HIS64, and LYS170. Hydrogen bonding
interactions occur between 4a and THR200, THR199,
THR200, HIS4, and SER173 amino acid residues of hCA-
IT enzyme, which are close to catalytic Zn ion. The z-z
interactions were also observed with HIS4, PHE131,
ARGS58, GLN92 and GLN92, HIS64, and LYS170 amino
acid residues. The hydrophobic interactions between 4a
and TYR7, GLYS8, ASN11, PHE20, PRO21, PRO202, and
LEU198 amino acid residues also contributed to the bind-
ing pattern.

4 | CONCLUSION

In the present work, 4-(2-(3-acetyl-9H-carbazol-9-yl)eth-
oxy)phthalonitrile (4) and 4-(2-(3-cinnamoyl-9H-carba-
zol-9-ylethoxy)phthalonitrile (6) were synthesized
using 1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)ethan-1-one
(3) and (E)-1-(9-[2-hydroxyethyl]-9H-carbazol-3-yl)-
3-phenylprop-2-en-1-one (5), which were obtained as a
result of a series of reactions. By reacting these com-
pounds (4 and 6) in the presence of Zn metal salt, 4a and
6a new carbazole-substituted Zn (II) Pcs were prepared,
and their structures were elucidated using spectroscopic
methods, such as elemental analysis, UV-Vis, MALDI-
TOF, and FT-IR. Then, to determine the photophysical
and photochemical parameters of Pcs (4a and 6a), the
aggregation behavior in organic solvents, such as THF,
DCM, DMSO, and DMF, was examined, and DMF was
chosen as the most suitable solvent with the highest
absorbance. When the singlet oxygen yields of synthe-
sized ZnPcs (4a and 6a) were examined, it was thought
that the 4a complex (@, = 0.41) had sufficient singlet
oxygen production for PDT applications. The @, value of
the 6a complex was lower than that of the 4a complex
due to the large atomic number of 6a, and therefore, the
occurrence of more inter-system transitions. The photo-
degradation quantum efficiencies for both complexes
were studied and showed consistent photostability by not
degrading under light irradiation. In addition, these Pcs
were effectively quenched by the addition of
1,4-benzoquinone.

The in vitro inhibition activities of all complexes and
ligands were examined against a-glucosidase. Compared
to standard acarbose, although compounds 5 and 4a
showed more activity, compounds 4 and 6 exhibited the
most activity. However, the in vitro inhibitory activity of
all complexes and ligands was tested on hCA I and II iso-
forms. It was found that all complexes and ligands had a
strong inhibitory activity on hCA I and hCA II at nM (4a
and 6a) concentrations compared to standard AZA.
Moreover, these molecules and results were supported by
enzyme kinetic and molecular docking studies. In the
molecular docking simulations of the newly synthesized
Pc complexes, the active site of hCA I and II isoforms
attributed the promising inhibitory activity to the key
amino acid residues, such as HIS94, LEU198, THR199,
and HIS200. Therefore, these inhibition results contribute
significantly to the design studies of new, effective, and
specific a-glucosidase and CA inhibitors.
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