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Effect of Halogenation of ortho-Positions of Tetraphenylporphyrin
and Its Cd(II) Complex on Their Complexing Ability towards d-Metal Salts
in Dimethylformamide
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The complex formation reactions of 5,10,15,20-tetra(2,6-dichlorophenyl)- and 5,10,15,20-tetra(2,6-difluorophenyl)
porphyrins, as well as metal exchange reactions of their Cd(Il) complexes with Zn(1l) and Co(ll) cations in dimethyl-
formamide were investigated by the spectrophotometric method. Effect of the substituent nature in the macrocycle
and the salt solvate complex on the coordination and metal exchange reactions was revealed. The kinetic parameters
of metal exchange Cd(ll)-(2,6-dihalogenophenyl)porphyrins with Zn(Il) and Co(ll) salts in dimethylformamide were
calculated. The mechanism of the metal exchange reaction is proposed, which suggests the formation of a binu-
clear intermediate. The synthesized compounds were identified using UV—Vis, *H NMR spectroscopy and mass-
spectrometry.
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BAnsiHve raAOreHupOBaHUSI OPTO-IOAOKeHUN TeTpadeHuAnoppupmuHa
u ero Cd(II) KoMnaeKkca Ha UX KOMIIA€KCOOOPa3yIoI[yl0 CIIOCOOHOCTh
10 OTHOIIEHHUIO K COASIM d-METAaAAOB B AUMeTUAPOpMaMUAe
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Cnexmpogomomempuseckum mMemooom UCCIe008anbl peakyuu rxomniexcoobpasoeanus 3,10,15,20-mempa(2,6-
ouxnopgpenun)-, 5,10,15,20-mempa(2, 6-ougpmopgenun)noppupuna u memainooomena ux Cd(l1) xomnnexcos ¢ xa-
muonamu Zn(11) u Co(ll) ¢ oumemungpopmamude. Boisigreno snusnue npupoovl 3amecmumeneil 8 MAKpOYUKie U Cob-
BAMHOM KOMNJIEKCe COMU HA PeaKyul KOOPOUHAyuu u memannoodmena. Paccuumanvl kunemuueckue napamempul
memannooomena Cd(I1) (2,6-oucanocengpenun)nopdpupunos ¢ consmu Zn(ll) u Co(ll) 6 oumemungpopmamuoe. Ipeo-
JIOJICEH MEXAHU3M pPearKyuu MemanioobMena, npeonoiazaowuil obpazoganue 6usdeproco unmepmeouama. Cunme-
suposannvie coedunenus uoeHmupuyuposaiu memooamu s1ekmponnoii abcopoyuonnoi, AMP *H cnexmpockonuu u
macc-cnekmpomempuu.

Karouesnie ciaoBa: [anorendenmnmnopgupuHsl, MeTa/uIONOpGUPHHBI, HHTEPMEIUaT, KOMIUIEKCOOOpa3oBaHHue,
peakus MeTamIooOMeHa.

Introduction and their complexes with metals are used as components of
solar cells, catalysts, agents for photodynamic therapy of

The variety of porphyrins and their metal complexes cancer, sensors for detecting ions and gaseous substrates of
structures opens up the broad prospects for their application various natures.[®1% By selective introduction of electron-
in various fields of science and technology.[*""! Porphyrins withdrawing substituents into the porphyrin molecule, it is
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possible to create the systems with an uneven distribution
of electron density within the tetrapyrrole macrocycle,
which is of interest to create the materials with nonlinear
optical properties or increased n-conductivity.['112

In recent years, there is an increasing interest in the
study of fluorine-containing porphyrins.[*3-151 The authors
of work™3! have shown that fluorine-containing substituents
in metalloporphyrins contribute to increase the quantum
yield of singlet oxygen in comparison with non-fluorinated
analogs. The introduction of polyfluoroaliphatic substitu-
ents to a greater degree than aliphatic ones contributes to an
increase in the molecule lipophilicity. This is used in drugs
development to improve their penetration through the cell
membrane." Moreover, bulky perfluoroaliphatic substitu-
ents are used to prevent the aggregates formation in solu-
tion, because they reduce the intermolecular interactions
and promote the better solvation. In addition to their main
function, the photosensitizers containing fluorine atoms in
the structure can also be used to diagnose the tumors and
inflammation foci by 19F-MRI. In the work*] the spectral-
luminescence and electrochemical properties of perfluori-
nated Zn(11) octaphenylporphyrazines are studied.

The formation processes of the metalloporphyrins (see
reaction (1)) determining their ability to exist in living sys-
tems and function as catalysts, dyes, polymers, photo- and
thermal stabilizers have been studied for many decades.['6-281

H2P + MX3(s0lv)n2 — (S0lV)mMP + 2HX + (n-2-m)solv, (1)

where HzP is a porphyrin ligand, MX3(solv),-; is a solvate
complex of a metal salt, solv is a solvent, MP is a metal-
loporphyrin.

The salts of doubly charged transition metal ions (the
size of which corresponds to the size of the macrocycle
cavity) interact most easily with porphyrin ligands. Howev-
er, the formation process of the metalloporphyrins even
with these salts is mainly characterized by extremely low
rates. The porphyrin formation reaction often requires a
heating or a long time to complete it. This is due to the fact
that in the transition state of complex formation, the cation
must be desolvated, which is an energetically unfavorable
process leading to a high-energy transition state.[®! In the
transition state of the complexation, the cation must be
desolvated, what is an energetically unfavorable process
leading to a high-energy transition state. As a result, the
rule is applied that the more rigidly the ligand is preor-
ganized to bind the cation, the lower the rate of the process.

It should be noted that some metalloporphyrins cannot
be obtained by the complexation reaction of a porphyrin -
ligand with a metal cation. Cd(I1) and Mg(Il) porphyrins are
often prepared by template cyclotetramerization. In these
cases, the reaction of metal exchange of labile metallopor-
phyrins with the corresponding metal cation (2) is feasible
to use:[*9-24

MP + M Xn(50IV)m-n—> MP + MXn(50IV)mn, 2

where MP and M'P are metalloporphyrins, M Xn(s0IV)m-n
and MX,(solv)m-n are solvate complexes of metal.

The metal exchange reactions are widely used in the cre-
ation of fluorescent labels and metal-containing nanoclusters,
as well as in the field of medicine.l?®!
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The main factors controlling the rate and mechanism
of the metal exchange reaction in porphyrin complexes are
the macrocycle ligand nature, the electronic structure and
the solvation environment of the leaving (M)™ and entering
(M) salt cations, the anionic composition (X)- of the co-
ordination sphere solvate salts [M Xn(s0lV)m.n] and the na-
ture of the solvent (solv).

The questions of possible mechanisms of metal ex-
change of the metal porphyrins and metal phthalocyanines
in organic solvents were first discussed in the works.[?627]

The widespread use of metal exchange on the example
of the labile complexes of water-soluble porphyrins of other
metals is shown in the works of Hambright.?® The results
of the work!?®! are of particular interest to obtain the well-
defined metal-molecular structures on surfaces. This can
open the way to a synthesis of new metalloporphyrins, which
is unavailable under conditions of solution chemistry.

To study the solvation effect on the metal exchange
reaction (2), Cd(Il) complexes were successfully used.l?!
The metal exchange reaction in Mg complexes of chloro-
phyll derivatives can be widely used for the synthesis of
ecologically safe and stable dyes of the chlorophyll se-
ries,*% as well as for the synthesis of d-metal complexes
with blood group porphyrins.[262731-331 The study of the
effect of various factors on the course of metal exchange in
solutions of metalloporphyrins allows not only to better
understand the process mechanism, but also to select the
optimal conditions for the synthesis of metalloporphy-
rins, which are formed by reaction (2) with orders of mag-
nitude faster than in the direct interaction of porphyrin-
ligand H,P and a metal salt.[34]

In this article the complex formation reactions of
5,10,15,20-tetra(2,6-dichlorophenyl)- and 5,10,15,20-tetra-
(2,6-difluorophenyl)porphyrins and the metal exchange
reactions of their Cd(Il) complexes with Zn(l11) and Co(Il)
cations in dimethylformamide (Scheme 1) were investigat-
ed by the spectrophotometric method.

R=CI (1), R=F (I1) M=Cd(1l): R=CI (I11), R=F (IV);
M=Zn(Il): R=CI (V), R=F (VI);
M=Co(ll): R=CI (VII),

R=F (VIII)

where MX: = acetates and chlorides of Zn(II) and Co(ll).

Scheme 1.

Maxpozemepoyurxiavt / Macroheterocycles 2022 15(2) 101-108



Experimental

5,10,15,20-Tetra(2,6-dichlorophenyl)porphyrin (1) and
5,10,15,20-tetra(2,6-difluorophenyl)porphyrin  (11) (Porphy-
chem) were used in the experiment. Cadmium complexes with
porphyrins |1 and Il were obtained by the Adler method.[*®! Zinc
acetates and chlorides (Acros), alumina (Merck), CDCls, CeDs
(Aldrich), DMF (Panreac), solvents (chemical pure grade) were
used without additional purification. The UV-Vis spectra were
measured on a spectrophotometer Cary-100 (Varian)."H NMR
spectra (500 MHz) were obtained on a Bruker AV 111-500 instru-
ment (internal standard TMS). Mass spectra were recorded on a
Maldi TOF Shimadzu Biotech Axima Confidence mass spectrom-
eter (dihydroxybenzoic acid matrix).

The investigation of the complex formation porphyrins (1)
and metal exchange of their cadmium complexes (2) reactions
with metal salts in DMF were carried out by sampling. At certain
time intervals, samples of equal volume were taken from the reac-
tion mixture, dissolved in an equal amount of DMF, placed in a
spectrophotometer cuvette, and UV-Vis spectra were recorded at
room temperature. The kinetic experiment methodology and ex-
perimental data processing are described detail in [3¢],

Cd(Il) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (I11)
was synthesized as described in B7. Porphyrin 1 (0.02 g, 0.0225 mmol),
Cd(OAc)2 (0.052 g, 0.225 mmol), DMF (15 mL), time 3 min.
Yield 0.02 g (0.02 mmol, 88 %). *H NMR (CsDs) & ppm: 8.73 s
(8H, pyrrole), 7.36 d (8H, Ph™, J = 7.6 Hz), 6.97 t (4H, Ph",
J = 7.65 Hz). Mass spectrum, m/z (le, %): 1000.2 (82) [M]* (cal-
culated for CasH20N4ClsCd 1000.7).

Cd(Il) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin (1V).
A mixture of porphyrin 11 (0.02 g, 0.0264 mmol) and Cd(OAc):
(0.061 g, 0.264 mmol) in DMF (5 mL) was heated in a flask with
reflux condenser to boiling point, it was refluxed within 30 s. The
reaction mixture was cooled, poured into water, NaCl was added,
the precipitate was filtered off, washed with water, dried, re-
precipitated from hexane. Yield: 0.021 g (0.0242 mmol, 92%). *H
NMR (CsDg) 6 ppm: 8.96 s (8H, pyrrole), 7.09 d (8H, Ph™, J = 7.6 Hz),
6.96 t (4H, Ph", J = 7.65 Hz). Mass spectrum, m/z (le,%): 870.88
(87) [M+2H]"* (calculated for CasH20N4FsCd 869.08).

Zn(I1)-5,10,15,20-tetra-(2,6-dichlorophenyl)porphyrin (V).
Method A: A mixture of porphyrin 1 (0.02 g, 0.0225 mmol) and
Zn(OAc)2 (0.083 g, 0.450 mmol) in DMF (15 mL) was heated and
refluxed within 30 min. The reaction mixture was cooled, poured
into water, NaCl was added, the precipitate was filtered off,
washed with water, dried and purified by alumina chromatography
with dichloromethane as eluent. Yield 0.016 g (0.0168 mmol,
75%). Method B: A mixture of porphyrin 1 (0.02 g, 0.0225 mmol)
and ZnClz (0.061 g, 0.450 mmol) in DMF (15 mL) was heated and
refluxed within 20 min. Processed similarly to A. Yield 0.017 g
(0.0178 mmol, 80%). Method C: A mixture of complex 111 (0.02 g,
0.02 mmol) and ZnClz (0.027 g, 0.2 mmol) in DMF (12 mL) was
heated and refluxed within 2 min. Processed similarly to A. Yield:
0.018 g (0.0190 mmol, 94 %). Method D: A mixture of complex
111 (0.02 g, 0.02 mmol) and Zn(OAc)2 (0.037 g, 0.2 mmol) in
DMF (12 mL) was heated and refluxed within 12 min. Processed
similarly to A. Yield: 0.017 g (0.0179 mmol, 89%). *H NMR
(CDClz) 6 ppm: 8.75 s (8H, pyrrole), 7.79 d (8H, Ph™, J = 7.6 Hz),
7.70 t (4H, Ph", J = 7.65 Hz).). Mass spectrum, m/z (le, %): 952.9
(98) [M+H]* (calculated for CaaH21ClsNaZn 952.9) (Figure 1Sb in
Supporting Information).

Zn(ll) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin  (V1).
Method A: A mixture of porphyrin 11 (0.02 g, 0.0264 mmol) and
Zn(OAc)2 (0.049 g, 0.264 mmol) in DMF (5 mL) was heated and
refluxed within 2 min. The reaction mixture was cooled, poured
into water, NaCl was added, the precipitate was filtered off,
washed with water, dried and purified by alumina chromatog-
raphy, first with dichloromethane, then with chloroform as eluent.
Yield: 0.018 g (0.0219 mmol, 83 %). Method B: A mixture of
porphyrin 11 (0.02 g, 0.0264 mmol) and ZnCl (0.036 g, 0.264 mmol)
in DMF (5 mL) was heated to and refluxed within 10 min. Pro-
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cessed similarly to A. Yield: 0.018 g (0.0219 mmol, 83 %). Meth-
od C: A mixture of complex 1V (0.02 g, 0.023 mmol) and ZnCl2
(0.031 g, 0.23 mmol) in DMF (5 mL) was heated to reflux. Pro-
cessed similarly to A. Yield: 0.018 g (0.0219 mmol, 95 %). Meth-
od D: A mixture of complex IV (0.02 g,(0.023 mmol) and
Zn(OAc)2 (0.042 g, 0.23 mmol) in DMF (5 mL) was heated and
refluxed within 2 min. Processed similarly to A. Yield: 0.017 g
(0.0207 mmol, 90%). *H NMR (CDCls) & ppm: 8.99 s (8H, pyr-
role), 7.82 t (4H, H", J = 7.65 Hz), 7.41 d (8H, Ph™, J = 7.6 Hz).
Mass spectrum, m/z (le, %): 821.09 (98) [M+H]* (calculated for
Ca4H21FsN4Zn 821.09) (Figure 2Sb).

Co(ll) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (VI1).
Method A: A mixture of porphyrin 1 (0.02 g, 0.0225 mmol) and
Co(OAc)2 (0.08 g, 0.450 mmol) in DMF (15 mL) was heated and
refluxed within 2 h. The reaction mixture was cooled, poured into
water, NaCl was added, the precipitate was filtered off, washed
with water, dried and purified by alumina chromatography, with
chloroform as eluent. Yield: 0.016 g (0.0169 mmol, 74 %). Meth-
od B: A mixture of porphyrin 1 (0.02 g, 0.0225 mmol) and
CoCl2(0.058 g, 0.450 mmol) in DMF (15 mL) was heated and
refluxed within 80 min. Processed similarly to A. Yield 0.016 g
(0.0169 mmol, 74 %). Method C: A mixture of complex 111 (0.02 g,
0.02 mmol) and CoClz (0.026 g, 0.2 mmol) in DMF (15 mL) was
heated and refluxed within 30 s. Processed similarly to A. Yield:
0.018 g (0.0190 mmol, 94 %). Method D: A mixture of complex
111 (0.02 g, 0.02 mmol) and Co(OAc)2 (0.035 g, 0.2 mmol) in
DMF (15 mL) was heated and refluxed within 20 min. Processed
similarly to A. Yield: 0.017 g (0.0180 mmol, 89 %). 'H NMR
(CDCls) 6 ppm: 14.65 br.s (8H, pyrrole), 9.45 br.s (4H, H"), 8.90
br.s (8H, H™). Mass spectrum, m/z (le, %): 948 (97) (M+H]* (cal-
culated for C44H21CIsN4Co 947.9 (Figure 3Sh).

Co(Il) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin (VI1I).
Method A: A mixture of porphyrin 11 (0.02 g, 0.0264 mmol) and
Co(OAcC)2 (0.047 g,0.264 mmol) in DMF (7 mL) was heated and
refluxed within 1.5 min. The reaction mixture was cooled, poured
into water, NaCl was added, the precipitate was filtered off,
washed with water, dried and purified by alumina chromatog-
raphy, first with dichloromethane, then with chloroform as eluent.
Yield: 0.018 g (0.0221 mmol, 85%). Method B: A mixture of por-
phyrin 11 (0.02 g, 0.0264 mmol) and CoCl: (0.034 g,0.264 mmol)
in DMF (7 mL) was heated and refluxed within 10 min. Processed
similarly to A. Yield: 0.017 g (0.0208 mmol, 80 %). Method C: A
mixture of Cd(Il) porphyrin 1V (0.02 g, 0.023 mmol) and CoCl:
(0.03 g, 0.23 mmol) in DMF (5 mL) was heated to 100 °C. The
final product was processed similarly to A. Yield: 0.018 g
(0.0221 mmol, 95 %). Method D: A mixture of Cd(Il) porphyrin
1V (0.02 g, 0.023 mmol) and Co(OAc)2 (0.041 g, 0.23 mmol) in
DMF (5 mL) was heated ands refluxed within 2 min. Processed
similarly to A. Yield: 0.018 g (0.0221 mmol, 95 %). 'H NMR
(CDCls) 6 ppm: 15.36 br.s (8H, pyrrole), 9.43 br.s (4H, H"), 9.28 br.s
(8H, H™). Mass spectrum, m/z (le, %): 816.1 (97) (M+H]* (calcu-
lated for CaaH21FsN4Co 816.1 (Figure 4Sb).

Results and Discussion

The studies have shown that Zn(Il) 5,10,15,20-
tetra(2,6-dichlorophenyl)porphyrin (V) is formed by the
interaction of porphyrin I with Zn(OAc), (molar ratio 1:20)
in boiling DMF within 30 min. The complexation reaction
of 2,6-difluoro-substituted porphyrin Il with zinc acetate in
DMF proceeds ~ an order of magnitude faster than 2,6-
dichloro-substituted porphyrin 1. Thus, Zn(Il) 5,10,15,20-
tetra(2,6-difluorophenyl)porphyrin (VI) was obtained by
boiling a dimethylformamide solution of porphyrin 11 with
Zn(OAc), (molar ratio of reagents 1:10) within 2 min.

This fact can be explained by the steric factor and the
electronic influence of the substituents.*8! The bulk chlo-
rine atoms in the ortho-positions prevent the coordination
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of the metal with the macrocyclic ligand (reaction 1). The
electron-acceptor fluorine atoms are more conducive to
weakening the intracyclic NH-bonds of porphyrin in com-
parison with chlorine atoms.

The UV-Vis spectral characteristics of the obtained
Zn(I1) porphyrins are given in Table 1. The mass spectrum
of complex V (Figure 1Sb in Supporting Information) has
the signal of molecular ion with m/z 952.9 (calculated for
CasH21ClgN4Zn — 952.9). The *H NMR spectrum of com-
plex V in CDClI; contains signals of B-protons at 8.75 ppm,
signals of meta- and para-protons at 7.79, 7.70 ppm (Figure 1).

The mass spectrum of complex VI (Figure 2Sh) has
the signal of molecular ion with m/z 821.09 (calculated for
CaaH21FgNsZn — 821.09). The!H NMR spectrum of com-
pound VI in CDCls exhibits the signals of pyrrole protons
at 8.99 ppm, para- and meta-protons of phenyl rings at 7.82
and 7.41 ppm.

The complexation reaction of 2,6-dichlorosubstituted
porphyrin 1 with Co(OAc). (molar ratio 1:20) in boiling
DMF during only 2 h leads to the formation of a mixture of
Co(ll) and Co(lll) tetra(2,6-dichlorophenyl)porphyrins.
Co(Il) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (V1)
was obtained by alumina chromatography of a cobalt-
porphyrins mixture. For comparison, Co(ll) 5,10,15,20-
tetra(4-chlorophenyl)porphyrin was obtained by the interac-
tion of the corresponding porphyrin with Co(OAc). (molar
ratio 1:10) in boiling DMF during 30 .53

The mass spectrum of Co(ll) 5,10,15,20-tetra(2,6-dich-
lorophenyl)porphyrin has the peak of m/z 947.98, corre-
sponding to the molecular ion of compound VII (Figure
3Sh). There are the broadened signals of pyrrole and phenyl
protons at 14.65, 9.45 and 8.90 ppm, respectively, in the *H
NMR spectrum of V11 (Co(ll) ground state configuration 3d7).

On the contrary, the coordination of 2,6-difluorosub-
stituted porphyrin 11 with Co(OAc), (molar ratio 1:10) in
boiling DMF already within 1.5 min leads to the formation of
Co(ll) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin  (VI11).
The mass spectrum of complex VIII has the signal of mo-
lecular ion with m/z 816.1 (calculated for CasH21FsN4Co —
816.1) (Figure 4Sb). The H NMR spectrum of paramagnet-
ic Co(Il) complex V111 in CDCIs contains broadened signals
of pyrrole and phenyl protons at 15.36, 9.43 and 9.28 ppm,
respectively (Figure 2).

Table 1. UV-Vis spectral parameters of halogen-substituted
Cd(l1), Zn(11) and Co(ll) tetraphenylporphyrins in DMF, A, nm,
(log €).

Complex Soret bands Q-bands
418 (4.77), 438
i (5.53) 578 (4.34), 620 (3.98)
413 (4.88), 435
v (5.63) 572 (4.41), 612 (3.89)
405 (4.66), 426
\Y (5.50) 559 (4.35), 594 «n.
399 (4.76), 419
Vi (5.64) 552 (4.44), 588 sn.
Vil 411 (5.32) 532 (4.26)
VI 407 (5.39) 532 (4.36)
104
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Figure 1.The informative fragment of the *H NMR spectrum of
compound V in CDCla.

___//k j‘ ‘u" l“\

: ‘ ‘ ‘ ‘ ‘ - ‘ ‘ ‘ ‘
B0 155 150 15 140 135 130 125 120 115 110 105 100 95
1 (vg)

Figure 2.The informative fragment of the *H NMR spectrum of
Co(ll) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin in CDCls.

Comparison of the complex formation reactions of tetra-
phenylporphyrin with cobalt and zinc acetates (molar ratio
of reagents 1:10) in DMF! %41 with the reactions of ortho-
substituted porphyrins shows that the steric factor makes a
significant contribution to the processes under study. Thus,
the formation time of Co(Il) and Zn(ll) tetraphenylporphy-
rins in boiling DMF is from 30 s to 2 min.*%411 When chlo-
rine atoms are introduced into the ortho-positions of tetra-
phenylporphyrin, the time of formation of the correspond-
ing zinc and cobalt complexes increases significantly (from
30 min to 2 h at a 20-fold molar excess of salts). Less bulky
fluorine atoms in the ortho-positions of tetraphenylporphy-
rin do not significantly affect the course of complexation
reactions.

The replacement of the Co(OAc)2 by CoCl; in the co-
ordination with porphyrin Il contributes to increase in the
reaction time. Thus, the formation time of VIII is 10 min
and 1.5 min in the interaction of 2,6-difluoro-substituted
porphyrin 11 with CoCl, and Co(OAc),, respectively. The for-
mation time of Zn(ll) 5,10,15,20-tetra(2,6-difluorophenyl)por-
phyrin increases ~ 5 times during the complexation of por-
phyrin 11 with zinc chloride in boiling DMF.
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The opposite picture is observed in the formation of
Zn(11) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin and
Co(Il) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin. These
porphyrins are formed more easily in the coordination of
2,6-dichloro-substituted porphyrin 1 with ZnCl, and CoCl,
in boiling DMF than with the corresponding acetates. The
time of the reaction of porphyrin I with ZnCl, and CoCl; is
reduced to 20 and 80 min, respectively. This is probably
due to an increase in the size of the ionic radius of salts
based on acetic acid compared to chlorides in coordination
with sterically hindered porphyrin 1.

The formation time of ortho-substituted Zn(Il) and
Co(ll) porphyrins is reduced when using a metal exchange
reaction. This fact is due to the difference in the mecha-
nisms of porphyrins complexation®8 and metal exchange of
labile complexes* with metal salts in various solvents. In
43 the bonding energies of porphyrins and their cadmium
complexes were calculated. It was shown that the energy of
detachment of two protons from the porphyrin molecule is
higher than the energy of the Cd-P bond.

The position of substituents in the phenyl rings of Cd(ll)
porphyrin has a significant effect on the metal exchange
reaction (2). Thus, Zn(ll) 5,10,15,20-tetra(2,6-dichlorop-
henyl)porphyrin V was obtained by the interaction of Cd(Il)
porphyrin 11 with ZnCl, (molar ratio of reagents 1:10) in
boiling DMF within 2 min. Under comparable conditions,
Zn(11) 5,10,15,20-tetra(4-chlorophenyl)porphyrin was formed
already at room temperature within 20 min.[*4l

Metal exchange of cadmium complexes with zinc and
cobalt chlorides proceeds faster than the corresponding ace-
tates. This fact is due to the strengthening of the solvate
salt, which must be destroyed during the metal exchange
reaction.®l Co(ll) 5,10,15,20-tetra(2,6-dichlorophenyl)porp-
hyrin was formed by refluxing the cadmium complex 111
with CoCl; in DMF during 30 s. Under similar conditions,
complexes of zinc V and cobalt V11 were obtained by inter-
action of complex Il with zinc acetate and cobalt acetate
within 12 and 20 min, respectively.

Zn(I1) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin was
obtained by heating of cadmium complex IV with ZnCl; in
DMF to reflux. Co(ll) 5,10,15,20-tetra(2,6-difluorophenyl)por-
phyrin was formed by heating of Cd(Il) porphyrin IV with
CoCl; in DMF to 100 °C. When zinc and cobalt chlorides
are replaced by the corresponding acetates, the formation
time of zinc VI and cobalt VII1 complexes in boiling DMF
increases to 2 min and practically coincide with the time of
obtaining these compounds using the coordination reaction (1).

The UV-Vis spectra of 2,6-dichlorosubstituted por-
phyrin 1, their Cd(ll) and Zn(ll) complexes are shown in
Figure 3. The UV-Vis spectra characteristics of synthesized
compounds are given in Table 1.

N. Z. Mamardashvili et al.

The complexation reaction of porphyrin Il with ace-
tate of Co(ll) in DMF has been studied by electron absorp-
tion spectroscopy. It was found that the effective rate con-
stant (kerr) of the complexation reaction of Il with
Co(OAC); in DMF at T = 358 K is 5.24:10° s, In order to
determine the kinetic parameters of reaction (2), we have
studied the metal exchange reactions of ortho-halogenated
Cd(Il) porphyrins 11l and IV with CoCl, and ZnCl; in
DMF. The obtained experimental data are presented in Ta-
bles 2-5. The character of changes in the UV-Vis spectra
during the metal exchange reaction of IV with ZnCl; in
DMF is shown in Figure 4.

3,0
2!5, Il
2,0- i "

1,5

Abs

il
1,0 ! ‘

0,5

00— e . =S e

T T 1
400 500 600 700 800
Wavelength (nm)

Figure 3. UV-Vis spectra of porphyrin | (1), cadmium complex
111 (2) and zinc complex V (3) in DMF.

0.6 21

0.4 y ,/'N}\ \
7 NN

02
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Figure 4. Changes in the UV-Vis spectra during the metal
exchange reaction of 1V with ZnCl2 in DMF at T = 343 K in the
initial moment of time (1), after 80 minutes (2) (Ccar=2.5-10"° M,
Czncl, = 2.5-10° M).

Table 2. Rates of exchange of Cd?* for Co?*in Cd(ll) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin in DMF (Ccgp = 2.5-10° M).

.102 . —1.qc—
Ceoctp 10% M T,K Keft -10%, st kv +10% Lemol™s Ea, kJ'molt AS*, J-molt-K1
298 0.382 1.52
338 2.20+0.07 8.80
2.5 37+15 -208+50

343 2.88+0.10 11.52
348 3.22+0.14 12.88

2 Calculated according to the Arrhenius equation.
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Table 3. Rates of exchange of Cd?* for Zn2* in Cd(ll) 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin in DMF (Ccde = 2.5-10°° M).

Czncl, 102, M T, K keff -10%, 51 kv -102, L-molt-st Ea, kJ-molt AS?, J-molt-K-1

195 298 0.812 6.48 36+8 -211+26
' 333 3.79+0.09 30.32
343 5.10+0.07 40.80
353 7.89+0.37 63.12
298 0.702 7.00

1.0 32+1 -224+4
333 2.7810.03 27.80
343 3.96+0.06 39.60
353 5.41+0.23 54.10
298 0.522 6.93

0.75 3248 -228+26
333 2.07+0.10 27.60
343 2.67+0.12 35.60
353 3.97+0.15 52.94

2 Calculated according to the Arrhenius equation.

Table 4. Rates of exchange of Cd?* for Co?*in Cd(ll) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin in DMF (Ccap = 2.5-10°° M).

Ceocly'10° M T.K Kerr -10%, s kv -10%, L-mol*-st Ea, kJ-mol? AS*, J'molt-K

298 1.352 5.40

2.5 71£13 -90+42
303 2.27+0.09 9.08
313 4.76+0.11 19.04
323 12.86+0.32 51.44
298 1.092 5.45

2.0 73£11 -84+38
303 1.86+0.06 9.30
313 4.08+0.11 20.40
323 11.14+0.50 55.70
298 0.912 6.07

15 69+17 -908+57
303 1.55+ 0.06 10.33
313 3.02+0.09 20.13
323 8.46+0.29 56.40

2 Calculated according to the Arrhenius equation.

Table 5. Rates of exchange of Cd?* for Zn?* in Cd(I1) 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin in DMF (Ccgp = 2.5-:105 M).

Czncly 10° M T.K Keff -10%, s kv -102, L-mol-t-s Ea, ki-mol! AS?, J-molt-K1

298 0.382 1.52

25 57+ 22 -148+74
323 2.35+£0.07 9.40
333 3.46 £0.09 13.84
343 7.93 £0.20 31.72
298 0.312 1.55

2.0 54420 -159+68
323 1.73 £0.07 8.65
333 2.52+£0.10 12.60
343 5.52+0.18 27.60
298 0.242 1.60

15 53425 -164+£85
323 1.33£0.05 8.87
333 1.81 +£0.06 12.07
343 4.14£0.12 27.60

2 Calculated according to the Arrhenius equation.
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Figure 5.The dependence of log(C°qdp/Ccer) On the time of
interaction of 11 with ZnClz in DMF at T = 323 (1), 333 (2), 343 K
(3) (Cznc1,=2.5-103 M).
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Figure 6. The dependence of logkest. on logCznc, in the reaction of

metal exchange Il with ZnClz in DMF at T = 323 (1), 333 (2),
343 K (3).

Experimental data show that the rate of metal exchange
reaction of Il and IV with CoCl, and ZnCl, in DMF are
described by a first-order equation for the cadmium complex.
This is evidenced by the linear dependence of log(C%p/Cp)
on the reaction time z. The character of this dependence is
shown in Figure 5.

The order of the metal exchange reaction of Il and
IV with CoCl; and ZnCl; in DMF with respect to the salt
determined as the tangent of the slope of the straight-line de-
pendence logkesr =f(logCsar) is equal to 1 in all cases (Figure 6).

Thus, the kinetic equation for the metal exchange reac-
tion of 111 and 1V with CoCl, and ZnCl, in DMF can be
written as equation (3):

-dCwipld 7 = k[MP][MCI3], 3)

where MP is I11 and IV, MCl; is CoCl; and ZnCl..

Based on the experimental data (Tables 2-5), it was
found that the metal exchange reaction of 111 and 1V with
CoCl; and ZnCl, in DMF proceeds according to a bimolec-
ular associative mechanism.

At the first bimolecular stage, an intermediate binu-
clear complex (intermediate) is formed: [

(solV)mMP + M/X5(s0IV)n-2 <>
<> (S0IV)mMPM'X2(s0IV)n-4 + 2 solv 4

It can be formed immediately after the solutions are

merged and then it can be easily determined spectrally, or
this stage can be inhibited. At the second slow monomolec-
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ular stage, the intermediate dissociates to form the final
products:

(s0IV)mMP-M'X3(s0IV)n-4 <> [(SOIV)mM =P -
M/X2(50IV)n-4]* — MX3(50IV)m + M/P(50IV)5-4 (5)

This stage is observed in the UV-Vis spectra by the
change in the intensity of the absorption bands.

The size of the metal ion in the initial complex is one
of the factors contributing to metal exchange. The large size
of the Cd(ll) ion leads to its out-of-plane arrangement and,
hence, to a more efficient solvation of the ion by the coor-
dinating solvent. All of the abovementioned together with
the activation of out-of-plane vibrations of N-M bonds fa-
cilitates the course of reaction (2).

The influence of the solvate salt nature on the rate of
the metal exchange reaction was revealed. A comparison of
the true rate constants of the metal exchange reaction of
complexes 111 and 1V with CoCl; and ZnCl; in DMF has
been carried out. It was found that the metal exchange reac-
tion of dichloro-substituted Cd(Il) porphyrin 111 with CoCl,
in DMF proceeds twice as fast as with ZnCl, (Tables 2, 3).
The metal exchange reaction of difluoro-substituted Cd(II)
porphyrin 1V with CoCl, in DMF proceeds four times faster
than with ZnCl; (Tables 4, 5).

The influence of ortho-fluoro- and ortho-chloro- sub-
stituents in  Cd(ll) tetraphenylporphyrin is considered.
Comparison of the rate constants (ky) of the metal exchange
reactions of 11l and IV with CoCl; and ZnCl, in DMF
showed that the rate of metal exchange of IV with CoCl; in
DMF is 3.6 times higher than that of 111. The rate of metal
exchange IV with ZnCl; in DMF is 2.3 times higher than of
I11. This fact is most likely due to the fact that ortho-fluoro-
substituted Cd(Il) tetraphenylporphyrins have the most pro-
nounced —I-effect compared to ortho-chlorosubstituted ones.

In this work, it was shown that, under comparable
conditions, the metal exchange reaction of Cd(ll) tetra(2,6-
dichlorophenyl)porphyrin with zinc acetate in DMF pro-
ceeds ~6 times slower than with zinc chloride.

The true rate constant soft the metal exchange reac-
tion of Cd(ll) tetraphenylporphyrin with Zn(OAc):
(k=14 L-molts?),# Cd(ll) 5,10,15,20-tetra(2,6-dichloro-
phenyl)porphyrin (ky=6.48-10° L-mol*-st) and Cd(ll)-
5,10,15,20-tetra-(2,6-difluorophenyl)porphyrin with ZnCl,
in DMF (ky=1.52-102 L-mol*-st) were calculated. It was
found that the rate of the action of metal exchange of unsub-
stituted Cd tetraphenylporphine with Zn(OAc), is 200 times
higher than the rate of metal exchange of Cd(ll) 5,10,15,20-
tetra(2,6-dichlorophenyl)porphyrin and 90 times more Cd(ll)
5,10,15,20-tetra(2,6-difluorophenyl)porphyrin with ZnCl,
in DMF.

Conclusions

Thus, the complex formation reactions of tetra(2,6-
dichlorophenyl)- and tetra(2,6-difluorophenyl)porphyrins
and the metal exchange reactions their Cd(I1) complexes
with cobalt and zinc salts in dimethylformamide were stud-
ied. The strong influence of ortho-substitution and the salt
nature on the reactions of the coordination of dihalogenated
porphyrins and metal exchange of their cadmium complex-
es in DMF was found. The optimal conditions for the syn-
thesis of Zn(ll) and Co(ll) complexes with 5,10,15,20-
tetra(2,6-dichlorophenyl)porphyrin and 5,10,15,20-tetra(2,6-
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difluorophenyl)porphyrin were determined. The obtained
compounds were identified using UV-Vis and *H NMR
spectroscopy and mass-spectrometry. It is shown that the
metal exchange reaction proceeds under milder conditions
compared to complexation of the corresponding porphyrin
ligands with metal cations. The mechanism of the metal
exchange reaction is proposed, which suggests the for-
mation of a binuclear intermediate. The kinetic parameters
of the metal exchange reaction were calculated. These re-
sults obtained are of interest for the coordination chemistry
of macrocyclic compounds and will find practical applica-
tion in the synthesis of hard-to-reach complexes of natural
and synthetic porphyrins, which are currently widely used
as catalysts, agents for photodynamic therapy of cancer, and
sensors in detecting ions and gaseous substrates of various
natures.
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