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Abstract—The direct synthesis of symmetrically substituted porphyrins: 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-
tetra(3,5-dibromophenyl) porphyrin and 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra(3,4,5-trimethoxyphenyl) 
porphyrin – was proposed. The obtained compounds were identifi ed by electron absorption, 1H NMR spectroscopy 
and mass spectrometry. The acid-base and coordination properties of 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-
tetra(3,5-dibromophenyl) porphine and 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra(3,4,5-trimethoxyphenyl) 
porphine with respect to Zn2+ and Pd2+ ions in acetonitrile at 298–328 K were studied. The effect of substituents 
in the β-positions and meso-phenyl fragments of the macrocycle on the spectral and coordination properties of the 
analyzed compounds was revealed. β-Unsubstituted analogs studied earlier were used as objects of comparison.

Keywords: bromo(methoxy)-substituted porphyrins, metalloporphyrins, acid-base properties, coordination prop-
erties, spectral properties
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Investigation of the electronic and steric effects 
infl uence of substituents on the porphyrin macrocycle 
properties is necessary to create the physicochemical 
basis for the preparation of new materials. Porphyrins 
substituted with a large number of phenyl fragments at 
the meso-positions of the macrocycle and with methoxy 
groups and halogens at the β-positions are the most 
accessible, well-studied, and successfully applied in 
practice [1–10]. Porphyrins solutions and their metal 
complexes in organic solvents are capable of changing 
their electron-optical properties when the porphyrin 
molecule when exposed to organic bases and acids in a 
wide pH range. The intracyclic macrocycle cavity can 
form a charge that provides a high chemical affi nity of 
the molecule for cations and anions in solution. Chemical 
complexation of a macrocycle and a charged ion fi nds a 
strong spectrophotometric reply in the electron absorption 
spectra and is accompanied with a color reaction, which 
makes it possible to create receptors for the recognition 
ions of various natures. In this regard, a more detailed 
study of the acid-base and complexing properties of 
porphyrins and their analogs is necessary.

2,3,7,8,12,13,17,18-Octabromo-5,10,15,20-tetra(3,5-
dibromophenyl) porphyrin 1 [H2Br8(3,5-BrPh)P] and 
2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra(3,4,5-
trimethoxyphenyl) porphyrin 2 [H2Br8(3,4,5-MeOPh)Р] 
were synthesized according to Scheme 1. With Adler’s 
method, 5,10,15,20-tetra(3,5-dibromophenyl) porphyrin 
[11] and 5,10,15,20-tetra(3,4,5-trimethoxyphenyl) 
porphyrin [12] were obtained, which were converted 
into cobalt complexes: 5,10,15,20-tetra(3,5-dibromo-
phenyl) porphyrinate Co (II) 3 and a mixture of 
5,10,15,20-tetra(3,4,5-trimethoxyphenyl) porphyrinates 
Co (II) and Co (III) (4). Then, based on optimized procedures 
[13–16], we synthesized 2,3,7,8,12,13,17,18-octabromo-
5,10,15,20-tetra(3,5-dibromophenyl) porphyrinate 
Co (II) 5 and 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-
tetra(3,4,5-trimethoxyphenyl) porphyrinate Co (II) 6. 
The treatment of cobalt complexes 4, 6 with a mixture of 
perchloric and sulfuric acids leads to compounds 1 and 
2. In the synthesis of porphyrin 1, bromine was used in 
addition to N-bromosuccinimide (NBS).

The acid-base and complexing properties of compounds 
1 and 2 with respect to Zn2+ and Pd2+ ions were studied 
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spectrophotometrically in acetonitrile at 298–328 K; 
previously studied β-unsubstituted analogs were used 
as objects of comparison. The substituent nature and its 
position in the macrocycle have a signifi cant effect on 
the acidic properties of porphyrins. 

Research of protonation and deprotonation of por-
phyrins 1 and 2 in the systems acetonitrile–HClO4 (A) and 
acetonitrile‒1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 
(B) [Eqs. (1)–(4)] has showed that the modifi cation of the 
porphyrin macrocycle changes the acid-base properties of 
compounds 1 and 2 in compared with the β-unsubstituted 
analogs [H2(3,5-BrPh)P and H2(4-MeO-3-BrPh)P] [17].

Here Н2Р, HP‒, Р2‒, H3P+, H4P2+ are molecular, mono- and 
doubly deprotonated and protonated porphyrin forms.

The electronic absorption spectra of compounds 
1 and 2 in acetonitrile during titration with 0.01 M 
acetonitrile solutions of HClO4 and DBU are shown in 
Figs. 1–4. Analysis of absorption spectra showed that 
with an increasing concentration of HClO4 and DBU, the 
formation of two families of spectral curves is observed, 
each of which corresponds to its own set of isobestic 
points.

The presence of two families of isobestic points in the 
electronic absorption spectra is characteristic of stepwise 
protonation. But, the spectrophotometric titration curves 
constructed on the basis of the experimental data did not 
have pronounced steps, which does not deny stepwise 
ionization, but assumes close values of the protonation 
constants in each reaction [18]. The isobestic points 
and the nature of the change in the absorption spectra 
indicate that, as the concentrations of the two absorbing 
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centers of the porphyrin molecule change, the ratio 
between the ionized forms during protonation and 
deprotonation of porphyrins is not violated. The effective 
extinction coeffi cients for all forms of porphyrins 1 and 2, 
participating in equilibria (1)–(4), were determined using 
the data on the absorption and total particle concentration 
of each porphyrin (Table 1). The total protonation and 
deprotonation constants for reactions (1)–(4) were 
calculated using Eqs. (5), (6).

pH–log сHClO4 dependence [19] was used to calculate the 
protonation constants.

Fig. 1. Change in the electron absorption spectrum for 
compound 1 in system acetonitrile–HСlO4 at 298 K (сporph 
2.49×10–6 mol/L, сHClO4 0‒1.41×10–5 mol/L).

Fig. 2. Change in the electron absorption spectrum for 
compound 1 in system acetonitrile–DBU at 298 K (сporph 
5.89×10–6 mol/L, сDBU 0‒5.62×10–5 mol/L).

Fig. 3. Change in the electron absorption spectrum for 
compound 2 in system acetonitrile–HСlO4 at 298 K (сporph 
5.85×10–6 mol/L, сHClO4 0‒1.00×10–5 mol/L).

Fig. 4. Change in the electron absorption spectrum for 
compound 2 in system acetonitrile–DBU at 298 K (сporph 
1.06×10–5 mol/L, сDBU 0‒3.16×10–3 mol/L).

b1,2 b1,2p log log( ) pH.K K Ind    (5)

Here Kb1,2—the total protonation constant for the fi rst and 
second steps, Ind— the indicator ratio [H2P]/[H4P2+]. The 

a1,2 a1,2 DBUp log log( ) log .K K Ind c    (6)

Here K—the total protonation constant for the first 
and second steps, Ind—the indicator ratio [P2-]/[H2P], 
cDBU—titrant concentration DBU, mol/L. The error in 
the constants measuring did not exceed 3–5% (Table 1).

Analyzing the data in the Table 1, it can be 
concluded that the basicity values of compounds 1 
and 2 in system A decrease by 3.5 and by one order of 
magnitude, respectively, compared to H2(3,5-BrPh)P, 
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H2(4-MeO-3-BrPh)P. Additional bromination of 
compounds 1 and 2 leads to the manifestation of acidic 
properties of porphyrins 1 and 2 in system B, in contrast 
to compounds H2(3,5-BrPh)P, H2(4-MeO-3-BrPh)P.

The formation kinetics of zinc and palladium 
complexes of porphyrins 1 and 2 in acetonitrile was studied 
spectrophotometrically [20] in the systems Zn(OAc)2–
acetonitrile (B) and Zn (OAc)2–DBU–acetonitrile 
(C), Pd(OAc)2–acetonitrile (D), and Pd(OAc)2–DBU–
acetonitrile (E). The application of spectrophotometry is 
possible due to signifi cant differences in the electronic 
absorption spectra of porphyrins and their complexes.

In an individual solvent (acetonitrile) the interaction 
of porphyrins 1 and 2 in systems В–F with metal acetates 
proceeds according to Eqs. (7), (8) [9].

Here H2P and P2‒—the molecular and doubly deprotonated 
forms of porphyrins 1 and 2, M2+—the zinc or palladium 
cation, OAc—the acetate ion, Solv—the solvent molecule, 
and n—the coordination number of the metal cation.

Clear isobestic points were observed in the spectra of 
the reacting systems, and reactions (7) and (8) conformed 
to the fi rst order about porphyrin, which is also evidenced 
by the straight-line character of the dependences 
log (с0

H2P/сH2P) on time τ (s). The straight-line dependence 
of log keff on log сMeOAc)2

 (slope tangent 0.999‒1.100, 
correlation coeffi cient 0.999) also indicates the fi rst 
order of formation of palladium and zinc complexes. The 
kinetic parameters of the formation of zinc and palladium 
complexes in acetonitrile are presented in Table 2.

The formation of zinc complexes of compounds 
1 and 2 in acetonitrile proceeds by two ways [reac-
tions (7) and (8)] in systems C, D. Palladium complexes of 
compounds 1 and 2 are formed only in system F according 
in reaction (8).

From a comparison of the kinetic parameters of 
coordination of Zn (II) and Pd (II) with porphyrins 1, 2, it 

Table 1. Parameters of electron absorption spectra of halogen-substituted porphyrins in systems A and B, acidity and basicity 
constants in acetonitrile at 298 K

Porphyrins and their forms
λ, nm (log ε)

pKb1,2 pKa1,2
Соре band Q-band

H2(3,5-BrPh)P 417 (5.01) 513 (3.91), 546 (3.67), 588 (3.66), 649 (4.59) 17.50 [15]
(3,5-BrPh)P2+ 442 (4.95) 492 sh (3.76), 596 sh (3.72), 650 (4.06)
H2(4-MeO-3-BrPh)P 418 (5.03) 515 (3.84), 552 (3.70), 593 (3.62), 651 (3.75) 18.09 [15]
H4(4-MeO-3-BrPh)P2+ 452 (4.90) 685 (4.21)
H2Br8(3,5-BrPh)Р (1) 420 (5.01), 469 (5.16) 569 (4.59), 624 (4.57), 682 (4.56), 727 (4.57) 14.00 9.04
H4Br8(3,5-BrPh)Р2+ 493 (5.29) 713 (4.70)
Br8(3,5-BrPh)Р2‒ 489 (5.33) 621 (4.67), 730 (4.67)
Zn2+Br8(3,5-BrPh)Р2‒ 478 (5.54) 617 (4.76), 680 (4.75)
ZnBr8(3,5-BrPh)Р 467 (5.36) 596 (4.60), 655 (4.58)
Pd2+Br8(3,5-BrPh)Р2‒ 444 (4.86),

476 sh (4.31)
554 (4.06), 594 (3.79)

H2Br8(3,4,5-MeOPh)Р (2) 463 (5.08) 556 (4.12), 617 (3.94), 709 (3.74) 17.0 11.18
H4Br8(3,4,5-MeOPh)Р2+ 442 sh (4.68), 503 

(4.88)
662 (4.15), 728 (4.35)

Br8(3,4,5-MeOPh)Р2‒ 417 sh (4.42) 488 (4.70), 627(4.02), 682 (4.05)
ZnBr8(3,4,5-MeOPh)Р 356 sh (4.50), 

461(5.13)
585 (4.19), 670 (3.99)

Zn2+Br8(3,4,5-MeOPh)Р2‒ 330 sh (5.15), 453 sh 
(4.73) 

472 (4.83), 602 (4.14), 664 (4.06)

Pd2+Br8(3,4,5-MeOPh)Р2‒ 475(4.75) 609 (4.07), 667(4.14)

2 2 2H P [M(OAc) (Solv) ]
MP 2HOAc ( 2)Solv,

n

n
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follows that the introduction of substituents in β-positions 
of the porphyrin changes the coordination properties of 
the macrocycle, which is apparently associated with the 
electronic effect of the substituents and the ability of 
the tetrapyrrole macroring to deformation. The ligands 
activity in such systems is also determined by the structure 
of acid-base complexes formed in solutions, the ionizing 
ability of which depends on the degree of proton transfer 
from an acid molecule to a base (solvent) molecule. The 
nature of the metal-complexing agent signifi cantly affects 
the value of the complexation rate constant. In system С 
[reaction (7)], the rate of formation of zinc complexes for 
β-substituted porphyrins 1 and 2 decreases by a factor of 
~ 2 in comparison with the previously studied unsubstituted 
analogs (Table 2). In system D [reaction (8)], an increase 
in the rate of complexation by a factor of ~ 2.5 is observed 
in comparison with the reactions in system B. Previously, 
it was established that unsubstituted at the β-positions 
analogs of porphyrins 1 and 2 form palladium complexes 
in system E several orders of magnitude slower than 
the formation of their zinc complexes in system C [16]. 
Porphyrins 1 and 2 form palladium complexes only 
in system F in the presence of an organic base, which 
facilitates reaction (8) with lower energy costs due to the 
necessity for cleavage and solvation of the N‒H bond of 
the reaction center. In system E, the palladium complexes 
formation with porphyrins 1 and 2 under experimental 
conditions does not occur. Probably, the introduction of 
bromine atoms in β-positions leads to an increase in the 
acidic properties and to a decrease in the complexing 
properties of porphyrins 1 and 2 because of the inevitable 
energy costs during the interaction of particles with the 
same charge.

Thus, chemical modifi cation makes it possible to 
purposefully change the basic and complexing properties 
of macroheterocyclic ligands and the porphyrins 
reactivity.

EXPERIMENTAL

5,10,15,20-Tetra(3,5-dibromophenyl) porphyrin and 
5,10,15,20-tetra(3,4,5-trimethoxyphenyl) porphyrin were 
synthesized according to published procedures [12, 21]. 
We used N-bromosuccinimide, cobalt acetate, sulfuric 
acid (Acros), aluminum oxide (Merck), chloroform, 
dichloromethane, hexane, dimethylformamide, perchloric 
acid, bromine (chemically pure).

Electronic absorption spectra were recorded on a 
Cary-100 (Varian) spectrophotometer. Mass spectra 
were recorded on a Maldi Tof Shimadzu Biotech 
Axima Confi dence mass-spectrometer (matrix—dihyd-
roxybenzoic acid). 1H NMR spectra were recorded on 
a Bruker AV III-500 device (internal standard—TMS). 
Elemental analysis was performed using Flash EA 1112 
analyzer.

For investigation of the acid-base and coordination 
properties of porphyrins 1, 2, we used as solvent 
acetonitrile (Lab-Scan) of high purity (water fraction 
less than 0.03%), in which the starting compounds were 
in molecular form according to electronic absorption 
spectra.

Kinetic measurements (Cary 100 (Varian) spectrophoto-
meter) were carried out in thermostated cuvettes with 
ground joint in the temperature range from 298 to 
318 K (three replications at three different temperatures). 
The temperature variation did not exceed ±0.1°. Spectro-

Table 2. Kinetic parameters of the formation of zinc and palladium complexes of porphyrins in acetonitrile

Porphyrins and their forms [Zn(OAc)2]×103, 
mol/L

kv
298×103,

L mol–1 s–1
Ea,

kJ/mol
ΔS≠,

J mol–1 K–1

H2(3,5-BrPh)P 4.5 88±1 78±2 ‒11±1
H2(4-MeO-3-BrPh)P 4.5 91±1 80±1 ‒5±1
H2Br8(3,5-BrPh)Р (1) 4.5 40±1 81±1 ‒8±1
Br8(3,5-BrPh)Р2‒ 1.5 100±2 60±1 ‒71±3
H2Br8(3,4,5-MeOPh)Р (2) 4.5 51±1 81±1 ‒6±1
Br8(3,4,5-MeOPh)Р2‒ 1.5 110±2 55±1 ‒87±3
H2(3,5-BrPh)P 4.5 10±1a 92±2 ‒20±2
H2(4-MeO-3-BrPh)P 4.5 17±2a 88±2 29±2
Br8(3,5-BrPh)Р2‒ 1.5 60±1a 80±1 ‒8±1
Br8(3,4,5-MeOPh)Р2‒ 1.5 80±1a 82±1 ‒2±1

а  kv
298×105.
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photometric titration of porphyrins 1 and 2 with perchloric 
acid solutions in acetonitrile was performed on a Cary 
100 spectrophotometer. The experimental procedure 
(preparative part and processing of experimental data) 
is presented in detail in [22, 23].

5,10,15,20-Tetra(3,5-dibromophenyl) porphyrinate 
Со(II) (3). The mixture of 0.04 g (0.0322 mmol) tetra(3,5-
dibromophenyl) porphyrin and 0.057 g (0.0322 mmol) 
Co(OAc)2 in 45 mL of DMF was refl uxed for 10 min. 
The reaction mixture was cooled and spilled in water. 
The precipitate was fi ltered, washed with water, dried, 
and chromatographed on aluminum oxide, eluent— 
chloroform. Yield 0.031 g (0.0238 mmol, 74%). Electron 
absorption spectrum (DMF), λ, nm (log ɛ): 415 (5.33), 
530 (4.24). 1Н NMR spectrum (CDCl3), δ, ppm: 
15.76 br. s (8Н, pyroll), 13.05 br. s (8Но), 10.02 br. s 
(4Нп). Mass spectrum, m/z (Irel, %): 1304.3 (97) 
[M + Н]+. С44H20Br8CoN4. М 1302.9.

5,10,15,20-Tetra(3,4,5-methoxyphenyl) por-
phyrinates Со(II) and Со(III) (4). The mixture of 0.04 g 
(0.041 mmol) tetra(3,4,5-trimethoxyphenyl) porphyrin 
and 0.072 g (0.41 mmol) Cо(OAc)2 in 30 mL of DMF was 
refl uxed for 15 s and treated as compound 3. Yield 0.036 g 
(0.0349 mmol, 85%). Electron absorption spectrum 
(DMF), λ, nm [Irel]: 419 [1.04], 433 [0.178], 535 [0.149]. 
Electron absorption spectrum (CHCl3), λ, nm [Irel]: 
415 [1.31], 434 [1.26], 537 [0.24]. 1Н NMR spectrum 
(CDCl3), δ, ppm: Со(II)-porphyrin, 16.29 br. s (8Н, 
pyrrol), 12.72 br. s (8Но), 5.57 s (12Н, OCH3), 5.01 s 
(24H, OCH3); Со((III)-porphyrin, 9.15 s (8Н, pyrrol), 
7.48 d (8Но, J 7.70 Hz), 4.20 s (12Н, OCH3), 3.99 (24Н, 
OCH3). Mass spectrum, m/z (Irel, %): 1032.08 (98) [M]+. 
С56Н52CoN4О12. М 1032.05.

2,3,7,8,12,13,17,18-Octabromo-5,10,15,20-
tetra(3,5-dibromophenyl) porphyrinate Со(II) (5). 
To the solution of 0.02 g (0.0154 mmol) of complex 3 
in mixture of 8 mL chloroform and 2 mL DMF, 0.055 g 
(0.308 mmol) NBS was added, the mixture was kept at 
room temperature for 4 h. Bromine 0.04 mL (0.12 g) in 
2 mL chloroform was added to the reaction mixture and 
was kept for 4 h. Bromine excess was neutralized with 
sodium tiosulfate solution. The reaction mixture was 
extensively washed with water, dried under Na2SO4, 
and evaporated. The residue was chromatographed on 
aluminum oxide, eluent—dichloromethane, and then 
chloroform. Yield 0.019 g (0.00982 mmol, 65%). Electron 
absorption spectrum (DMF), λ, nm (log ε): 457 (4.96), 566 
(4.14). 1Н NMR spectrum (CDCl3), δ, ppm: 10.22 br. s 

(8Но), 8.13 br. s (4Нn). Found, %: С 27.09; Н 0.58; Br 
65.53; N 2.78. С44H12Br16CoN4. Calculated, %: С 27.33; 
Н 0.63; Br 66.10; N 2.90. M 1934.01.

2,3,7,8,12,13,17,18-Octobromo-5,10,15,20-tetra-
(3,4,5-trimethoxyphenyl) porphinate Со(II) (6). To 
solution of 0.02 g (0.0194 mmol) of complex 4 in mixture 
8 mL chloroform and 2 mL DMF, 0.069 g (0.388 mmol) 
NBS was added in three steps every 10 minutes. The 
reaction mixture of evaporated to minimum value, added 
2 mL DMF, water, and solid NaCl. The residue was 
fi ltered, washed with water, dried, and chromatographed 
on aluminum oxide, eluent—chloroform. Yield 0.024 g 
(0.0144 mmol, 75%). Electron absorption spectrum 
(DMF), λ, nm (log ε): 457 (5.02), 572 (4.21). Electron 
absorption spectrum (CHCl3), λ, nm [Irel]: 448 [1.23], 
566 [0.22]. 1Н NMR spectrum (CDCl3), δ, ppm: 
10.05 br. s (8Но), 5.32 s (24Н, ОСН3), 4.18 s (12Н, 
ОСН3). Found, %: С 40.23; Н 2.54; Br 38.11; N 3.26. 
С56Н44Br8CoN4О12. Calculated, %: С 40.44; Н 2.67; Br 
38.43; N 3.37. M 1663.15.

2,3,7,8,12,13,17,18-Octabromo-5,10,15,20-tetra-
(3,5-dibromophenyl) porphyrin (1). To 0.025 g of cobalt 
complex 5 in 8 mL of chloroform, 3 mL of 58% perchloric 
and 2.5 mL of 96% of sulfuric acids were added. The 
obtained mixture was stirred at room temperature 
for 1 h. After reaction completion, organic layer was 
separated, washed with water, ammonia solution, and 
again with water, dried under Na2SO4, and evaporated 
to minimum value. The residue was chromatographed 
on aluminum oxide, eluent—chloroform. Yield 0.017 g
(0.0106 mmol, 70%). Electron absorption spectrum 
(СH2Cl2), λ, nm (log ε): 469 (5.16), 569 (4.21), 624 
(4.05), 682 (3.97), 727 (3.83). Found: С 27.65; Н 0.71; 
Br 67.58; N 2.86. С44H14Br16N4. Calculated: С 28.15; Н 
0.75; Br 68.11; N 2.98. М 1877.1.

2,3,7,8,12,13,17,18-Octabromo-5,10,15,20-tetra-
(3,4,5-trimethoxyphenyl) porphyrin (2) was prepared 
analogously from 0.025 g of cobalt complex 6, 8 mL of 
chloroform, 3 mL of 58% perchloroc acid, 1.5 mL of 
96% sulfuric acid; reaction time—1.5 h. Yield 0.017 g 
(0.0106 mmol, 70%). Electron absorption spectrum 
(СH2Cl2), λ, nm (log ε): 464 (5.08), 558 (4.12), 619 
(3.94), 714 (3.75). Found, %: С 41.97; Н 2.78; Br 39.23; 
N 3.25. С56Н46Br8N4О12. Calculated, %: С 41.8; Н 2.89; 
Br 39.80; N 3.49. М 1606.24.
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