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Abstract: Metal-free phthalocyanine 3 and its metallophthalocyanine derivatives 4, 5, and 6 (M = Zn, Co, and Ni) sub-
stituted with four 21-membered pentathiadiaza macrocycles were synthesized and their structures identified by elemental

analysis, IR, ' H NMR, mass, and UV-Vis spectroscopy techniques. The aggregation properties of phthalocyanines 4, 5,
and 6 were investigated in different solvents and at different concentrations of dimethylformamide.
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1. Introduction

The number of studies in the field of synthesis of phthalocyanines has been increasing since the first accidental
synthesis of phthalocyanine in the early 1930s. Because most of the synthesized phthalocyanines exhibit
chemical and thermal stability, 2 they have been used in different technologies and medical applications, such
as photosensitizers in photodynamic therapy,?* biomedicine, catalysis, electronics,®® gas sensors,”® optical
data storage,? corrosion inhibitors,'? and electrochromic displays.!!

For phthalocyanines, the potential applications depend on their solubilities in common organic solvents
and water. Their low solubilities in organic solvents restrict the investigation of their chemical and physical
characteristics and also limit the capabilities of these compounds in a wide range of commercial applications.
A goal of research into phthalocyanine chemistry is to enhance the solubilities of phthalocyanines in various
solvents. For this purpose, the attachment of solubility-enhancing groups, such as bulky groups,'? glycerols, '3
long alkyl chains,'* and macrocycles,'® to phthalocyanines can improve their solubility properties in common

solvents.
Incorporation of a macrocycle into the phthalocyanine skeleton affects their optical and electrochem-

ical properties.'® The cavity of the macrocycle is hydrophilic, whereas the exterior flexible framework is
hydrophobic.” The selectivity of the macrocycle towards the metal ion is dependent on the cavity size, the type
of donor atom of the macrocycle, and the type and size of the metal ion. The type of donor atoms in the macro-
cycle causes different structural conformations. The presence of oxygen donor atoms in macrocycles results
in an endocyclic conformation, whereas the sulfur containing macrocycles are mostly exocyclic.'® Macrocycles
that contain sulfur atoms as donor atoms show unusual coordinating behavior and have high abilities to form

complexes with some transition metal ions.'® The synthesis of macrocycles with sulfur donor atoms and their

*Correspondence: zekigok@osmaniye.edu.tr
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attachment to the phthalocyanine skeleton is rare in the literature due to the laborious and time-consuming
synthetic procedure and toxic chemicals. 2°

In this study, we report the synthesis, characterization, and study of aggregation properties of metal-free

and metallophthalocyanines bearing four 21-membered macrocycles with nitrogen and sulfur donor atoms.

2. Results and discussion

2.1. Synthesis and characterization

The synthetic route for the target metal-free 3 and metallophthalocyanines 4, 5, and 6 is shown in Figure 1.
Characterization of the newly synthesized compounds was performed by elemental analysis and spectroscopic
techniques. N,N’-(2,2’-(4,5-dicyano-1,2-phenylene)bis(sulfanediyl)bis(2,1-phenylene))bis(2-chloroacetamide) 1
was synthesized by following the procedure reported in the literature.?!

Generally, the synthesis of a macrocycle requires high dilution techniques or the template effect. The
macrocyclization reaction was performed by adding a solution of 1 in dry dimethylformamide to a stirring
solution of dithiol in dry dimethylformamide containing anhydrous sodium carbonate as the base at 0-5 °C.
Final purification by silica gel chromatography afforded the macrocycle 6,16-dioxo-5,6,7,9,10,12,13,15,16,17-
decahydrotribenzo[k, n, q][1,4,7,13,16,10,19]pentathiadiazacyclohenicosine-24,25-dicarbonitrile 2 in 49% yield.
The remarkable yield of the macrocyclization reaction without using a high dilution technique can be at-
tributed to the probable hydrogen bonding between the amide oxygen atoms of the bis( a-chloroamide) and the
amine hydrogen atoms of the bis-secondary amines in starting compound 1 and the template effect of sodium

cations.22:23

The IR spectrum of macrocyclic compound 2 indicated an intense C=N stretching band at 2234 cm !,
a NH stretching band at 3285 cm ~!, and a sharp C=O vibration band at 1682 cm ' The 'H NMR spectrum
of 2 was collected in CDCl3. The appearance of a new resonance for the SCHy protons at § = 2.83 ppm
as a multiplet in the 'H NMR spectrum of 2 confirmed the formation of macrocyclization. The '3C NMR
spectrum of 2 also supports this interpretation; new signals appear at 38.12 ppm for O=CCH4 S and at 34.57
and 32.42 ppm for the SCHy carbons, and the spectrum is consistent with the proposed formulation. The
resonance belonging to the C=0 group was observed at § = 166.84 ppm in the 3 C NMR spectrum of 2. The
observation of the molecular ion peak at m/z = 608.88 [M + H] ™ in the LC-MS/MS mass spectra of 2 is also
in good agreement with the proposed structure.

The cyclotetramerization of the phthalonitrile derivative 2 afforded the metal-free phthalocyanine 3. In
the 'H NMR spectrum of 3, the inner core protons of metal-free phthalocyanine 3 was observed at § = —
3.36 ppm as a broad signal.?* The other protons belonging to the macrocycle and phthalocyanine skeleton were
barely observed in the 'H NMR spectrum of 3. The C=N stretching vibration at 2234 cm ~! in the IR spectrum
of starting compound 2 was not observed in the IR spectrum of 3. This also suggested the cyclotetramerization
of 2 to 3. The elemental analysis result of 3 is consistent with calculated values for 3. The LC-MS/MS mass
spectrum of 3 contained a molecular ion peak at m/z = 2435 [M + H] .

The metallophthalocyanines 4, 5, and 6 were obtained from the dicyano derivative 2 and the corre-
sponding anhydrous metal salts, Zn(CH3CO32)s, Co(CH3CO3)s, and NiCl, respectively. The NH group in
the macrocycle gave a stretching vibration band at 3272, 3275, and 3296 cm ~! in the IR spectra of metalloph-
thalocyanines 4, 5, and 6, respectively. The strong C=N stretching vibration of 2 was not observed in the IR

spectra of metallophthalocyanines 4, 5, and 6, which can be regarded as clear evidence for the formation of
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Figure 1. The synthesis of the metal-free phthalocyanine and metallophthalocyanines.

phthalocyanines. The obtained IR spectra of the metallophthalocyanines 4, 5, and 6 are very similar due to
the structure similarity, except for the metal ions in the phthalocyanine core. The ' H NMR spectrum of metal-
lophthalocyanines 4 and 6 indicated similar signals for the macrocycle and phthalocyanine skeleton with small
shifts in ppm. The planar phthalocyanine structure has a tendency for aggregation due to the relatively high

2526 and caused the broad signals in the ! H NMR spectrum of

concentration used for the NMR measurements,
metal-free phthalocyanine 3 and metallophthalocyanines 4 and 6. The signals that occurred in the ' H NMR
spectra of metallophthalocyanines 4 and 6 are in agreement with the proposed structure for those compounds.
In the mass spectra of 4, 5, and 6, the presence of molecular ion peaks at m/z = 2497 [M + H]*, 2492 [M +

H] T, and 2491 [M + H] " (Figure 2 for compound 5), respectively, confirmed the proposed structures.
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Figure 2. MALDI-TOF mass spectrum of cobalt(II) phthalocyanine 5.

2.2. Absorption and aggregation properties

The spectroscopic studies of phthalocyanines in the UV-Vis region indicate 2 strong absorptions maxima; one is
in the UV region at 300-500 nm known as the B band. The more intense and energetic absorption, known as the
Q band, lies near 600-700 nm.272® The UV-Vis absorption spectrum of metal-free phthalocyanine 3 in DMF
and THF is shown in Figure 3. The split in the Q band is a characteristic for phthalocyanine molecules with
the Dyj, symmetry point group such as metal-free phthalocyanine. The resolution of the split in the @ band

2930 and in the presence of aggregated phthalocyanine species in solution. 3132

decreases as wavelength increases
The UV-Vis absorption spectrum of 3 in DMF indicated the Q band at 733 nm without splitting. An unsplit Q
band is probably due to the polarity of DMF used for recording UV-Vis absorption spectra for 3.3 The UV-Vis
spectra of the metal-free phthalocyanine 3 in less polar solvent such as THF (Figure 3) showed an indistinct Q
band with an absorption max at 741 nm and a shoulder at 714 nm. The Soret or B band for 3 was observed in
the near UV region at Ayna, = 327 and 367 nm. This transition is ascribed to the deeper m—m* levels of the

LUMO transitions. 34
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Figure 3. UV-Vis spectra of the metal-free phthalocyanine 3 in DMF and THF (concentration = 4 x 1075 mol/L).
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The UV-Vis absorption spectra of the synthesized metallophthalocyanines 4, 5, and 6 in DMF are shown
in Figure 4. The position of the Q bands of the phthalocyanine core with metal ions 4, 5, and 6 indicated
a slight shift to the higher energy side in comparison with the parent metal-free phthalocyanine 3. In the
UV-Vis absorption spectra of 4, 5, and 6, intense Q band absorptions were observed at 713, 695, and 708 nm,
respectively, while the B band absorptions were observed at 376, 335, and 321 nm, respectively. In general, the
substituted and unsubstituted phthalocyanine core with metal ions belonging to D4, symmetry shows only an

intense Q band absorption in their UV-Vis spectra.3°
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Figure 4. UV-Vis spectra of metallophthalocyanines 4, 5, and 6 in DMF.

Metallophthalocyanines 4, 5, and 6 have the same macrocycle peripherally, but have different metal
ions. This similarity in molecular structure of those phthalocyanines resulted in similar shaped Q bands with
small shifts in the wavelength (Figure 4).3¢ The Q band positions of metallophthalocyanines 4, 5, and 6 were
observed in the order of ZnPc > NiPc > CoPc.

The aggregation property of the phthalocyanines is usually examined by changing the concentration of
the studied phthalocyanine in solution or changing the solvent that is used for dissolving the phthalocyanine.
These changes affect the shape and position of the Q band if aggregation occurs. Due to the presence of dimers
and higher-order complexes of phthalocyanines, a broadening of the Q band and/or a splitting of the Q band
in the UV-Vis absorption spectrum can be observed. 37

In the present study, the aggregation properties of the phthalocyanine complexes 4, 5, and 6 changing with
increased concentration were examined by using DMF and THF in the 5 x 10752 x 10 =% mol/L concentration
range. The effect of changing concentration on the aggregation properties of metallophthalocyanines 4, 5, and
6 can be seen in Figures 5a and 5b for ZnPc, Figures 6a and 6b for CoPc, and Figures 7a and 7b for NiPc. The
metallophthalocyanines 4-6 did not aggregate in solution at the concentrations between 10 x 1076 and 1 x
10~% mol/L.

In conclusion, metal-free phthalocyanine 3 and metallophthalocyanines 4-6 bearing four 21-membered
macrocycles were synthesized and characterized by several spectroscopic techniques. The aggregation properties
of the synthesized phthalocyanines 4-6 were investigated in different solvents at different concentrations. The
Beer-Lambert law was obeyed for metallophthalocyanines 4-6 for the concentrations between 10 x 106 and
1 x 10~% mol/L.
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Figure 5. The aggregation properties of ZnPc (4) in (a) THF and (b) DMF at different concentrations: 5 x 107°, 1.2
x 107°,1 x 107°,8 x 1079,6 x 107%,4 x 107%,2 x 107%,1 x 10~ mol/L.

CoPc (5) in THF

S g s

i
i

Waeerghin

YIANSPELINAE

a)
4 —4—335nm
3 —®—627 nm
8 692 nm
f=1
£2 7 4
5
2
< 1 A
¢
0 - T T 1 e
0.0E+00 2.0E-05 4.0E-05 6.0E-05 n an
Concentration (M)
b) CoPc (5) in DMF i LJ
|
\
4 7 —*—335mm i
—#—629 nm
3 A
695 nm
3
g 4 !
8 2 ke
5
2
< 1 A
0 T T 1 -
0.0E+00 2.0E-05 4.0E-05 6.0E-05 mn am

Concentration (M)

-

Waeeghin

Figure 6. The aggregation properties of CoPc (5) in (a) THF and (b) DMF at different concentrations: 5 x 107°, 1.2
x 107°,1 x 107°,8 x 107°,6 x 107%,4 x 107%,2 x 107%,1 x 10~° mol/L.
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Figure 7. The aggregation properties of NiPc (6) in (a) THF and (b) DMF at different concentrations: 5 x 107°, 1.2
X 10751 x 107°,8 x 107%,6 x 107, 4 x 107%,2 x 107%,1 x 1075 mol/L.

3. Experimental

3.1. Materials

The starting phthalonitrile containing N-chloroacetamide 1 was prepared by following the route described in the

literature.2! All reagents and solvents were reagent grade quality and were obtained from commercial suppliers.
All solvents were dried and purified as described by Armerago and Chaij.38

3.2. Equipment

FTIR spectra were measured on a PerkinElmer Spectrum 65 spectrometer in KBr pellets. 'H and *C NMR
spectra were recorded on a Varian Mercury 400 MHz spectrometer in CDCl3 and DMSO-dg (99.9%). Mass
spectra were measured on a Micromass Quatro LC/ULTIMA LC-MS/MS and a Bruker Daltonics MALDI-TOF
spectrometer. Optical spectra were recorded in the UV-Vis region with a PG T80 + spectrophotometer in 1-cm
path length cuvettes at room temperature. The elemental analyses were obtained with a LECO Elemental An-

alyzer (CHNS 0932) spectrophotometer. The melting points were determined with an electrothermal apparatus
and are reported without correction.
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3.3. Synthesis
3.3.1. 6,16-Dioxo-5,6,7,9,10,12,13,15,16,17-decahydrotribenzo[k, n, q|[1,4,7,13,16,10,19]penta
thiadiazacyclohenicosine-24,25-dicarbonitrile (2)
2,2’ -Thiodiethanedithiol (0.585 g, 3.8 mmol) was placed in dry dimethylformamide containing anhydrous sodium
carbonate (1.61 g, 15.18 mmol) under inert gas. Then the mixture was put in an ice bath and cooled to 0-5 °C.
Compound 1 (2 g, 3.8 mmol) was dissolved in 250 mL of dry dimethylformamide and added dropwise over 1.5 h
to the stirring reaction mixture. The proceeding of the reaction was followed by thin layer chromatography with
hexane:ethyl acetate (6:4). After a total of 24 h of stirring, the reaction was complete. The mixture was filtered
to remove the inorganic salts and the filtrate was evaporated to dryness. The yellowish residue was redissolved
in CH,Cl,, and washed with a 5% Na CO 3 solution and water, consecutively. The combined organic extracts
were dried over anhydrous Na,SO,4, and evaporated to dryness to give a crude product. This crude product
was further purified by chromatography over a silica gel column using hexane:ethyl acetate (6:4) as the solvent
system. The pure product was obtained as a white solid. The yield was 1.14 g (49%). mp: 204-205 °C. Anal.
caled for CogHoyN4O5S5: C: 55.24; H: 3.97; N: 9.20%. Found: C: 54.93; H: 4.14; N: 8.84. IR (KBr disk)
Vmax /em ~1: 3285 (NH), 3051 (CH 4,), 2923 (CH3), 2234 (C=N), 1682 (C=0), 1577, 1565, 1513, 1433, 1345,
1295, 1197, 1032, 917, 764, 659, 526. 'H NMR (CDCl3) (§: ppm): 9.81 (s, 2H, NH), 8.57 (d, J = 8.3 Hz 2H,
ArH), 7.65 (t, J = 7.8 Hz 2H, ArH), 7.54 (d, J = 7.8 Hz 2H, ArH), 7.32 (t, J = 7.5 Hz 2H, ArH), 7.04 (s, 2H,
ArH), 3.50 (s, 4H, O=CCH,Cl), 2.83 (m, 8H, SCH3).'3C NMR (CDCl3) (&: ppm): 166.84 (C=0), 142.98,
140.07, 136.28, 132.75, 130.84, 126.40, 122.07, 117.75 (ArC), 114.82 (C=N), 113.14 (ArC), 38.12 (O=CCH,S),
34.57, 32.42 (SCH2). MS (LC-MS/MS) m/z: 608.88 [M + H]*.

3.3.2. Metal-free phthalocyanine (3)

A mixture of 2 (0.4 g, 0.657 mmol) and dry n-pentanol (1.5 mL) was placed in a standard Schlenk tube
containing a few drops of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and stirred under nitrogen at 145 °C for 24
h. After cooling to room temperature, the reaction mixture was poured into ethanol (10 mL). The precipitate
was filtered. The crude product was placed in a Soxhlet extractor and refluxed with ethanol (25 mL) for 4 h,
followed by washing with diethyl ether and was dried under vacuum. The yield was 0.090 g (22.5%). mp >
300 °C. Anal. calcd. for C112HggN1605S90: C: 55.19; H: 4.05; N: 9.19%. Found: C: 54.85; H: 3.84; N: 9.14.
IR (KBr disk) max /cm—1: 3381 (NH), 3285 (NH), 3055 (CH 4,.), 2918 (CH3), 1660 (C=0), 1603, 1574, 1508,
1473, 1437, 1378, 1301, 1259, 1105, 1021, 872, 741, 677. 'H NMR (DMSO-dg) (5: ppm): 9.96 (br, s, SH, NH),
9.00 (m, 8H, ArH), 7.59-6.85 (m, 32H, ArH), 3.58 (br, s, 16H, O=C-CH,), 2.76 (m, 32H, SCH,), -3.36 (br, s,
2H, NH). UV-Vis (DMF): Amax, nm (log €): 733 (4.71), 367 (4.98), 327 (5.02). MS (LC-MS/MS) m/z: 2435.00
M + H]* (C112HggN1605S5,; cale: 2435.22)

3.3.3. Zinc(II) phthalocyanine (4)

A mixture of 2 (0.3 g, 0.493 mmol), anhydrous Zn(CH3CO3)2 (0.027 g, 0.151 mmol), and quinoline (2 mL)
was placed in a Schlenk tube and stirred at 190 °C for 7 h under nitrogen. The mixture was cooled to room
temperature, followed by addition of ethanol (10 mL) to precipitate the crude product. The crude product was
placed in a Soxhlet extractor and refluxed with ethanol (25 mL) for 4 h. The green product was then filtered and

washed with ethyl acetate, acetone, and diethyl ether. Finally, silica gel column chromatography of the crude
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product with the solvent system of dichloromethane:methanol afforded pure zinc(IT) phthalocyanine in 0.067 g
(22%), which was dried under vacuum over P5O5. mp = 257-258 °C. Anal. calcd. for C112HggN16O0gS20Zn:
C: 53.79; H: 3.87; N: 8.96%. Found: C: 53.32; H: 4.22; N: 8.48. IR (KBr disk) pax/cm~1: 3272 (NH), 3055
(CH 4,), 2908 (CH3), 1679 (C=0), 1576, 1510, 1433, 1298, 1112, 1063, 938, 754. 'H NMR (DMSO-dg): (4:
ppm): 10.13 (br, s, 8H, NH), 8.72 (m, 8H, ArH), 7.98-6.89 (m, 32H, ArH), 3.51 (br, s, 16H, O=C-CH,), 2.84—
2.74 (m, 32H, SCH3). UV-Vis (DMF): A\pax, nm (log €): 713 (4.94), 639 (4.33), 376 (4.82). MS (MALDI-TOF)
m/z: 2497.27 [M + H]t (C112Hg7N1605S20Zn ™" ; cale: 2497.13).

3.3.4. Cobalt(II) phthalocyanine (5)

Cobalt(IT) phthalocyanine was obtained after following the same procedure in 3.3.3. Anhydrous Co(CH35CO2)s
(0.026 g, 0.151 mmol) was used instead of Zn(CH3CO3)s.

The yield was 0.190 g (63%). mp > 300 °C. Anal. caled. for C119HgsN1605S20Co: C: 53.93; H: 3.88;
N: 8.98%. Found: C: 53.30; H: 4.14; N: 8.27. IR (KBr disk) vmax /om—': 3275 (NH), 3051 (CH 4,), 2914 (CH3),
1681 (C=0), 1578, 1514, 1435, 1408, 1298, 1119, 959, 755. UV-Vis (DMF): Apax, nm (log €): 695 (4.98), 634
(4.58), 335 (5.05). MS (MALDLTOF) m/z: 2492.01 [M + H]*, 2514.18 [M + Na]* (C112HgyN1605S20Co*;
calc: 2492.14).

3.3.5. Nickel(II) phthalocyanine (6)

Nickel(II) phthalocyanine was obtained after following the same procedure in 3.3.3. Anhydrous NiCly (0.019 g,
0.151 mmol) was used instead of Zn(CH3CO2),.

The yield was 0.147 g (49%). mp > 300 °C. Anal. caled. for C119HgsN160gSooNi: C: 53.94; H:
3.88; N: 8.99%. Found: C: 54.09; H: 4.27; N: 8.85. IR (KBr disk) vyax/cm~t: 3296 (NH), 3058 (CH 4,.), 2911
(CH3), 1682 (C=0), 1578, 1514, 1435, 1411, 1380, 1298, 1121, 962, 754. ' H NMR (DMSO-d¢) (3: ppm): 10.10
(br, s, 8H, NH), 8.63 (m, 8H, ArH), 7.59-7.35 (m, 32H, ArH), 3.47 (br, s, 16H, O=C-CH,), 2.84 (br, s, 32H,
SCH,). UV-Vis (DMF): Amax, nm (log €): 708 (5.10), 635 (4.51), 414 (4.43), 321 (4.94). MS (MALDI-TOF)
m/z: 2491.64 [M + H]* (C110HorN1605S2oNi+; cale: 2491.14).
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