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New thiol containing meso-arylporphyrins were synthesized and characterized by physico-chemical analysis. Optimal 
conditions of the reactions were selected. The singlet oxygen generation by thiolporphyrins at the conditions of model 
reaction of anthracene photooxidation was studied in chloroform solution.
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Introduction

Hybrid organo-inorganic or bioinorganic materials 
formation is novel, fast developing area of fundamental 
and applied researches. [1-3] Due to the unique properties of 
these systems and their multifunctional nature they can be 
applied in various fields of science and technology from 
optics, microelectronics, to nanomedicine, etc.[4-5] Porphyrin-

quantum dots (QDs) hybrid materials can be applied as sen-
sors, photosensitizers, diagnostic and therapeutic agents.[6-9] 
In previous works[10-13] the authors have reported on supra-
molecular assemblies based on QDs and porphyrins form-
ing. However, such structures are often characterized by 
weak complexation constants, low values of energy transfer. 
In this regard covalent conjugates between QDs and dyes 
(e.g. porphyrins) could be more promising. Covalent bind-
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ing can be carried out by the interaction between the thiol 
groups introduced in the dye and the metal atoms on the sur-
face of the quantum dot that has been shown at following  
works.[14,15]

It is known that the structure of porphyrin plays a key 
role in the formation of nanomaterials since it facilitates 
self-assembly and self-organization of molecules by non-
covalent forces and increases the porphyrin solubility in 
organic media.[16] Furthermore, the structure and physico-
chemical properties of porphyrins will determine the 
functional properties of the resulting conjugates.[17] Despite 
the broad abilities that thiolcontaining porphyrins may open 
while forming the novel hybryd materials, the synthesis 
of these porphyrin is associated with certain difficulties. 
This work is focused on design of novel thiolcontaining 
tetraphenylporphyrins and study of their photosensitizing 
activity in model reaction of anthracene oxidation.

Results and Discussion 

Porphyrin Synthesis 

As long as thiolcontaining porphyrins with unprotected 
SH-groups can’t be directly prepared by monopyrrole con-
densation[18] their synthesis can be carried out in two syn-
thetic strategies: 1) modification of active functionnal groups 
(e.g. hydroxy- or amino-) at meso-positions of porphyrin 
precursors;[19] 2) using of benzaldehydes with protected thiol 
groups for further condensation with pyrrole followed by 
removing the protecting groups.[20,21]

Initially we have chosen the first strategy and syn-
thesized monohydroxy substituted porphyrins which were 
further functionalized by dibromoalkanes. The target por-
phyrins 6-9 with terminal thiol groups were received by 
the conversion of bromoprecursors to the corresponding 
thioacetates and subsequent removing of the acetyl pro-
tection at last stage of reaction. However, this approach is 
characterized by low yields of the desired product, large 

number of stages and formation of by-products. Using 
the second strategy of synthesis based on the aldehyde 
monopyrrolic condensation with a benzaldehyde tioacetate 
derivative we have increased the thiol porphyrins yields 
(Scheme 1). The initial p-[(6-acetylthio)hexyloxy]benza-
ldehyde 1 was synthesized in two stages: p-hydroxyben-
zaldehyde was alkylated with 1,6-dibromohexane in KOH 
aqueous solution and then bromide was thioetherificated 
with potassium thioacetate.[20] Benzaldehyde 1 was intro-
duced into the mixed aldehyde monopyrrolic condensation 
by Lindsey method[22] (Scheme 1). In this way previously 
described 5-(4-(6-ace-thylthiohexyloxy)phenyl)-10,15,20-
triphenylporphyrin 2 and the series of new thioacetate 
protected porphyrins 3-5, including porphyrin with three 
pentafluorophenyl groups were obtained. The products 
3-5 were isolated by column chromatography on silica 
gel using an eluent mixture – dichloromethane:hexane, 
gradually increasing the polarity of the system. The pro-
tecting group was removed by the action of tetrabutyl-
ammonium cyanide ((C4H9)4N)CN in an organic medium 
(chloroform:methanol 1:1) at 50 °C with the formation of 
thiols 6-9 according to the method.[19] This method has 
proved to be more effective than removing of the protect-
ing group under alkaline conditions. 

The products 6-9 were isolated by column chroma-
tography on silica gel collecting first running purple band. 
The structure and individuality of 1-6 were confirmed by 
TLC, UV-Vis and 1H, 13C NMR spectroscopy, MALDI-TOF 
mass-spectrometry. In 1Н NMR spectra the disappearance 
of  acetate group at 2.33–2.37  ppm and appearance of low 
intensity peak of thiol group at 1.30–1.33  ppm were ob-
served. Figure  1 demonstrates the spectra of compound 3 
with thioacetyl group and its corresponding thiol 7. 

In MALDI-TOF mass-spectra of some products in ad-
dition to the peak of the molecular ion a peak [M2++CN-]+ was 
observed. Probably, relatively stable complexes between the 
porphyrin and cyanide ion remaining in the reaction mixture 
are formed at conditions of the spectrum recording. Figure 
1S (see Supplementary Information) shows the mass spec-
trum similar to that of compound 8.
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Spectral Characteristics and PPS Photosensitizing 
Activity 

The synthesized PPS were used as catalysts in the 
reaction of anthracene photooxidation. It was previously 
shown,[23] that fluorinated tetraphenylporphyrins photosensi-
tizing activity was higher than that of tetraphenylporphyrin 
in the oxidation reaction of anthracene in the organic phase. 
However, in our case the presence of fluorophenyl radical 
does not increase the effective constant of anthracene pho-
tooxidation.

Thus, the value of keff of porphyrin 6 at 5·10-6  M 
concentration was 131  mol·l-1·s-1, for porphyrin 7 at the 
same concentration – 130  mol·l-1·s-1, for porphyrin 8 –  
132  mol·l-1·s-1, for porphyrin 9 – 138  mol·l-1·s-1. Probably, 
to increase the photosensitizing activity of porphyrin the 
symmetrical fluorosubstitution is required. Also, it was found 
that asymmetrically substituted tert-butyl and tetradecyloxy-
groups at the phenyl rings don’t affect the activity of sulfur-
containing photosensitizing tetraphenylporphyrins. The 
study of the spectral properties of the synthesized porphyrins 
has shown that the intensity and position of absorption and 
fluorescence bands in the corresponding spectra are also the 
same (Figure 2S).

Experimental

To study the photosensitizing activity of porphyrins we have 
used a model reaction of photooxidation of anthracene in chloro-
form.[23] Anthracene (“Reahim”, Russia) was used as a substrate. 
Irradiation of the reaction mixture was carried out using photo-
therapy devices (APS “Polironik”) (λ = 405 nm, power 210 mW). 
The reaction photooxidation mixture was stirred. The kinetics of 
the process have been monitored by changes of the anthracene 
concentration, which can be determined by the value of the optical 
density of the absorption band (λ = 360  nm) in the UV spectrum 
of the anthracene. The rate constant was determined by the linear 
portion of the kinetic curve at the initial time. The effective rate 
constant of photooxidation of anthracene (l/(mol·s)) was calculated 
according to: keff = ΔcA/(cRNcAΔt), where cRN – the concentration of 
porphyrin photosensitizer (PPS), cA and ΔcA  – the concentration 
of the substrate and the variation of this concentration during Δt, 
respectively.

All chemicals were obtained commercially and used as 
received unless otherwise noted. Pyrrole was purified by vacuum 
distillation; dichloromethane, hexane were dried by standard 
methods before using. Column chromatography was performed 
on silica gel G 60 (Merck Inc, 40–70 mesh). TLC was performed 
on pre-coated silica gel glass plates (silica gel 60, F-254, thickness 
0.25 mm) by Merck Inc. Benzaldehyde, 4-tert-butylbenzaldehyde, 
pentafluorobenzaldehyde, 1,6-dibromohexane, potassium thioac-
etate, tetrabutylammonium cyanide were purchased from Sigma–

Figure 1. Comparison of 1H NMR spectra of compounds 3 (A) and 7 (B).
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Aldrich and used without further purification. UV-vis spectra were 
recorded on TermoSpectronic Helios Alpha spectrophotometer in 
quartz cells of 0.5 cm thickness. All reported NMR results were 
obtained using Bruker 300 or 400 MHz in CD3CN. Mass-spectra 
were registered on «Ultraflex» (MALDI-TOF, matrix  – DHB) 
equipment and ESI- MS Bruker MicroTOF-Q (Bruker Daltonics, 
Germany). Fluorescence spectra were recorded on Cary Eclipse 
(Agilent Technologies). 

General procedure for the synthesis of porphyrins 2-5. Pyr-
role (0.1 g, 1.49 mmol), benzaldehyde 1 (0.1 g, 0.37 mmol) and 
corresponding substituted benzaldehyde (1.11  mmol) were dis-
solved in dichloromethane (100 ml) under argon atmosphere. The 
reaction mixture was stirred for 15 min, then trifluoroboron etherate 
(16 μl, 0.12 mmol) and absolute ethanol (20 μl) were added, and the 
stirring was continued for 40 min at room temperature. Then DDQ 
(0.16 g, 0.68 mmol) was added, and the stirring was continued for 
1 h at room temperature. Finally, the products were separated by 
column chromatography on silica gel G60.

5-[4-(6-Thioacetoxyhexyl)phenyl]-10,15,20-triphenylpor-
phyrin (2) was synthesized from pyrrole (0.1  g, 1.49  mmol), 
benzaldehyde 1 (0.1 g, 0.37 mmol) and benzaldehyde (1.11 mmol, 
0.119  g). Yield 10.3  % (30 mg). UV-Vis (CH2Cl2) l nm: 419, 
516.5, 550, 590.5, 646 (band ratio 1:0.048:0.024:0.013:0.01). 1H 
NMR  (CDCl3) δH ppm: 8.86 (2Н, d, J = 4.6 Hz, Н3, Н7), 8.80 (6Н, 
br.s, H2, H8, H12, H13, H17, H18), 8.19 (6Н, d, J = 7.4 Hz, 2Н), 
8.08 (2Н, d, J = 8.4  Hz, 2Н), 7.73–7.75 (3H, m, 4H), 7.68–7.64 
(6Н, m, 3Н), 7.21 (2Н, m, 3Н), 4.21 (2Н, m, ОСН2СН2), 2.93 
(2Н, m, СН2SC(O)CH3), 2.33 (3H, s, SC(O)CH3), 2.02–1.92 (2Н, 
m, ОСН2СН2), 1.71–1.51 (6Н, m, (CH2)3СН2SC(O)CH3). Mass 
spectrum (MALDI-TOF) m/z: 788.569 [M+].

5-[4-(6-Thioacetoxyhexyl)phenyl]-10,15,20-tri(4-tert-
butylphenyl)porphyrin (3) was synthesized from pyrrole (0.1  g, 
1.49  mmol), benzaldehyde 1 (0.1  g, 0.37  mmol) and 4-tert-
butylbenzaldehyde (1.11 mmol, 0.180 g). Yield 11.2 % (39.7 mg). 
UV-Vis (CH2Cl2) l  nm: 421, 518, 553, 593, 650 (band ratio 
1:0.036:0.021:0.009:0.011). 1H NMR (CDCl3) δH ppm: 8.86 (2Н, d, 
J = 4.7 Hz, Н3, Н7), 8.82 (6Н, br.s, H2, H8, H12, H13, H17, H18), 
8.19 (6Н, d, J = 7.2 Hz, 2Н), 8.07 (2Н, d, J = 8.5 Hz, 2Н), 7.74–7.68 
(6Н, m, 3Н), 7.21 (2Н, m, 3Н), 4.18 (2Н, t, J = 6.3 Hz, ОСН2СН2), 
2.80 (2Н, m, СН2SC(O)CH3), 2.37 (3H, s, СН2SC(O)CH3) 1.96 
(2Н, m, ОСН2СН2), 1.83 (2Н, m, J = 7.3 Hz, ОСН2СН2СН2СН2), 
1.70–1.62 (6Н, m, (CH2)3СН2SC(O)CH3), 1.60 (27Н, s, tBu). Mass 
spectrum (MALDI-TOF) m/z: 957.569 [MH]+.

5-[4-(6-Thioacetoxyhexyl)phenyl]-10,15,20-tr i (4-
tetradecyloxyphenyl)porphyrin (4) was synthesized from pyrrole 
(0.1  g, 1.49  mmol), benzaldehyde 1 (0.1  g, 0.37  mmol) and 
4- tetradecyloxybenzaldehyde (1.11 mmol, 0.353 g). Yield 12.5 % 
(66 mg). UV-Vis (CH2Cl2) l nm: 423, 519, 555, 595, 650 (band ratio 
1:0.033:0.023:0.009:0.012). 1H NMR (CDCl3) δH ppm: 8.85 (8Н, br.s, 
H2, H3, H7, H8, H12, H13, H17, H18), 8.08 (8Н, d, J = 8.2 Hz, 2Н), 
7.24–7.21 (8Н, m, 3Н), 4.20–4.16 (8Н, m, ОСН2СН2), 2.94 (2Н, t, 
J = 7.3 Hz, СН2SC(O)CH3), 2.34 (3Н, s, СН2SC(O)CH3), 1.97–1.92 
(8Н, m, ОСН2СН2), 1.77–1.70 (2Н, m, СН2СН2SC(O)CH3), 1.71–
1.67 (6Н, m, О(СН2)2СН2), 1.64–1.51 (4Н, m, (CH2)2(СН2)2SC(O)
CH3), 1.49–1.23 (60Н, m, (СН2)10CH3), 0.89 (9Н, t, J = 6.2  Hz, 
СН2СН3). Mass spectrum (MALDI-TOF) m/z: 1427.882 [M+2H]+.

5-[4-(6-Thioacetoxyhexyl)phenyl]-10,15,20-tri(pentafluoro- 
phenyl)porphyrin 5 was synthesized from pyrrole (0.1 g, 1.49 mmol), 
benzaldehyde 1 (0.1 g, 0.37 mmol) and pentafluorobenzaldehyde 
(1.11  mmol, 0.218  g). Yield 9  % (33.8  mg). UV-Vis (CH2Cl2) l 
nm: 418, 509, 545, 579 (band ratio 1:0.029:0.058:0.019). 1H NMR 
(CDCl3) δH ppm: 8.99 (2Н, d, J = 4.6 Hz, Н3, Н7), 8.86 (4Н, m, 
Н2, Н8, Н12, Н18), 8.79 (2Н, d, J = 4.4 Hz, Н13, Н17), 8.07 (2Н, 
d, J = 8.5  Hz, 2Н), 7.21 (2Н, sс, 3Н), 4.21 (2Н, t, J = 6.41  Hz, 
ОСН2СН2), 2.93 (2Н, t, J = 7.32 Hz СН2SC(O)CH3), 2.33 (3H, s, 
СН2SC(O)CH3), 1.93–1.98 (2Н, m, ОСН2СН2), 1.70–1.50 (6Н, 
m, (CH2)3СН2SC(O)CH3). Mass spectrum (MALDI-TOF) m/z: 
1060.067 [M+2H]+.

General procedure for the synthesis of thiolporphyrins 6-9. 
Thioacetyl-protected porphyrin (0.1 mmol) was dissolved in 
CH2Cl2 (5 ml) under argon atmosphere at room temperature, then 
tetrabutylammonium cyanide (0.3  mmol, 0.081  mg) in methanol  
(4 ml) was added. The resulting mixture was heated up to 50 °C and 
stirred for 10 h. Reaction mixture was transferred into a separatory 
funnel, organic phase was extracted with ammonium chloride, dried 
over Na2SO4 and evaporated. Finally, the products were separated 
by column chromatography on silica gel G60.

5-[4-(6-Thiohexyloxy)phenyl]-10,15,20-triphenylporphyrin 
(6) was synthesized from porphyrin 2 (0.1 mmol, 79 mg). Yield 
73 % (54.4 mg). UV-Vis (CH2Cl2) l nm: 419, 516, 550, 590, 647 
(band ratio 1:0.037:0.017:0.009:0.009). 1H NMR (CDCl3) δH ppm: 
8.86 (2Н, d, J = 4.7 Hz, Н3, Н7), 8.82 (6Н, br.s, H2, H8, H12, H13, 
H17, H18), 8.19 (6Н, d, J = 7.2  Hz, 2Н), 8.07 (2Н, d, J = 8.5  Hz, 
2Н), 7.74–7.71 (3H, m, 4H), 7.70–7.68 (6Н, m, 3Н), 7.21 (2Н, m, 
3Н), 4.18 (2Н, t, J = 6.3 Hz, ОСН2СН2), 2.80 (2Н, m, СН2SH), 1.96 
(2Н, m, ОСН2СН2), 1.83 (2Н, q, J = 7.3 Hz, ОСН2СН2СН2СН2), 
1.67–1.59 (4Н, m, (СН2)2SH), 1.44 (1H, s, SH), -2.74 (2Н, br.s, NH). 
Mass spectrum (MALDI-TOF) m/z: 747.299 [M+H]+.

5-[4-(6-Thiohexyloxy)phenyl]-10,15,20-tri(4-tert-butylphe-
nyl)porphyrin (7) was synthesized from porphyrin 3 (0.1  mmol, 
95.7 mg). Yield 72 % (66 mg). UV-Vis (CH2Cl2) l nm: 421, 518, 
554, 592, 650 (band ratio 1:0.036:0.021:0.009:0.012). 1H NMR 
(CDCl3) δH ppm): 8.83 (2Н, d, J = 4.7 Hz, Н3, Н7), 8.81 (6Н, br.s, 
H2, H8, H12, H13, H17, H18), 8.12 (6Н, d, J = 7.2 Hz, 2H), 8.06 
(2Н, d, J = 8.5 Hz, 2Н), 7.73–7.66 (6Н, m, 3Н), 7.21 (2Н, m, 3Н), 
4.18 (2Н, t, J = 6.3  Hz, ОСН2СН2), 2.80 (2Н, m, СН2SH), 1.96 
(2Н, m, ОСН2СН2), 1.83 (2Н, m, J = 7.3 Hz, ОСН2СН2СН2СН2), 
1.67–1.59 (4Н, m, (CH2)3СН2SH), 1.57 (27Н, s, tBu), 1.30 (1H, s, 
SH). Mass spectrum (MALDI-TOF) m/z: 915.499 [MH]+.

5-[4-(6-Thiohexyloxy)phenyl]-10,15,20-tri(4-tetradecyloxy-
phenyl)porphyrin (8) was synthesized from porphyrin 4 (0.1 mmol, 
138 mg). Yield 77 % (106 mg). UV-Vis (CH2Cl2) l nm: 423, 519, 
556, 593, 653 (band ratio 1:0.036:0.02:0.012:0.009). 1H NMR 
(CDCl3) δH ppm: 8.83 (8Н, br.s, H2, H3, H7, H8, H12, H13, H17, 
H18), 8.08 (8Н, m, 2Н), 7.27–7.33 (8Н, m, 3Н), 4.22–4.15 (8Н, 
m, ОСН2СН2), 2.98 (2Н, t, J = 7.26  Hz, СН2SH), 1.95–1.91 (8Н, 
m, ОСН2СН2), 1.77–1.70 (2Н, m, СН2СН2SH), 1.71–1.67 (6Н, m, 
О(СН2)2СН2), 1.64–1.51 (4Н, m, (CH2)2(СН2)2SH), 1.47–1.23 (60Н, 
m, (СН2)10CH3), 0.89 (9Н, t, J = 6.2 Hz, СН2СН3). Mass spectrum 
(MALDI-TOF) m/z: for [M+2H]+ (C94H130N4O5S) found: 1427.882, 
calcd.: 1427.980. MS (MALDI-TOF) m/z: 1409.878 [M2++CN-].

5-[4-(6-Thiohexyloxy)phenyl]-10,15,20-tri(pentafluoro- 
phenyl)porphyrin 9 was synthesized from porphyrin 5 (0.1 mmol, 
102 mg). Yield – 74 % (75 mg). UV-Vis (CH2Cl2) l (band ratio)/
nm: 418, 510, 546, 581 (1:0.031:0.062:0.02). 1H NMR (CDCl3) δH 
ppm: 8.86 (2Н, d, J = 4.6 Hz, Н3, Н7), 8.67 (4Н, m, Н2, Н8, Н12, 
Н18), 8.49 (2Н, d, J = 4.4 Hz, Н13, Н17), 8.08 (2Н, d, J = 8.5 Hz, 
2Н), 7.21 (2Н, m, 3Н), 4.19 (2Н, t, J = 6.44 Hz, ОСН2СН2), 2.93 
(2Н, t, J = 7.32 Hz, СН2SC(O)CH3), 1.93–1.98 (2Н, m, ОСН2СН2), 
1.70–1.50 (6Н, m, (CH2)3СН2SH), 1.33 (1H, s, SH). Mass spectrum 
(MALDI-TOF) m/z: 1017.098 [MH]+.

Conclusions

In summary, novel asymmetrical thiolcontaining por-
phyrins design strategy with high yields has been developed. 
The porphyrin structure was confirmed by UV-Vis, and 1H, 
13C NMR spectroscopy, MALDI-TOF mass-spectrometry. 
The photosensitizing activity of the porphyrins was studied.
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