Journal of
the Serbian
Chemical Society

Py 000[1.mw”®@ JSCS-info@shd.org.rs » www.shd.org rs/JSCS
J. Serb. Chem. Soc. 81 (9) 1025-1036 (2016) UDC 547.584.463.1°052.1+546.732:
JSCS-4905 66.094.3:544.4+541.124

Original scientific paper

Kinetics and mechanism of the oxidation of dithiocarbamic acids
in the presence of Co(II) phthalocyaninetetacarboxylic acid

ARTUR VASHURIN!2* ILYA KUZMIN!, VLADIMIR MAYZLISH!,
MIKHAIL RAZUMOV?, OLEG GOLUBCHIKOV' and OSCAR KOIFMAN?

'Ivanovo State University of Chemistry and Technology, Ivanovo 153000, Russia and
?Research Institute of Macroheterocycles of Ivanovo State University of Chemistry and
Technology, Ivanovo 153000, Russia

(Received 5 January, revised 11 May, accepted 12 May 2016)

Abstract: The present work contains kinetic data of the oxidation of sodium
diethyldithiocarbamate in the presence of phthalocyanine catalysts. It is shown
that the nature of the peripheral substituent has a great influence on the self-
-association of phthalocyanines and on their catalytic activity. A mechanism of
the oxidation of sodium diethyldithiocarbamate involving the formation of a
triple complex of the substrate, the reduced form of the catalyst and oxygen is
offered. It is also shown that the oxidation mechanism of dithiocarbamic acids
is different from that for cysteine.
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INTRODUCTION

Phthalocyanine metal complexes are widely used as models of enzyme
active sites responsible for aerobic catalytic oxidation, such as catalysts in the
oxidation of various organic substrates, decomposition of hydrogen peroxide and
other catalytic processes.!4

Aliphatic and aromatic mercaptans (RSH) are important organic sulfur com-
pounds contained in petroleum products. Mild oxidation of mercaptans allows
disulfides, used in the vulcanization of rubbers and the manufacture of pharma-
ceuticals, of high purity to be obtained.>~7

Complexes of transition metals with substituted phthalocyanines are com-
mon catalysts in the selective homogeneous oxidation of mercaptans.! The
Merox process$~10 that is based on cobalt and iron complexes with phthalocyan-
ine tetrasulfonic acid was established in 1964 and modifications of it are still
used. The process proceeds according to Eq. (1):
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1 026 VASHURIN et al.

4RSH + O, — 2RSSR + 2H,0 (1)

Realization of liquid-phase Merox process with high efficiency is com-
plicated by existence of associative processes of water-soluble phthalocyanine
metal complexes.!0-13

Increasing of catalysis efficiency in reaction (1) is complicated by a number
of significant contradictions concerning the mechanisms of the process known
from the literature.!42! Meanwhile, theoretical aspects of metallophthalocyan-
ines functioning as catalysts, the mechanisms of catalysis, the influence of struc-
ture and associative state of the macrocycle in solution on the kinetic character-
istics of reaction (1) are fundamentals for the chemistry of phthalocyanine cat-
alysts. Wide opportunities exist for the modification of the phthalocyanine mac-
rocycle by the introduction of peripherial substituents differing in structure and
function, the nature of central metal and the existence of processes of additional
axial coordinated ligands, thereby providing the possibility of controlling the rate
and selectivity of processes catalyzed by phthalocyanines.

The mechanisms of homogeneous oxidation!417:21 of RSH compounds in
the presence of phthalocyanine metal complexes have the main idea of coordin-
ative interaction between the macrocycle, the oxidant and the substrate. Simul-
taneously, acknowledging the decreasing effect of association on the catalytic
activity of metal phthalocyanines, not many authors22-25 have studied the effect
of association on the oxidation mechanism, which, in our opinion, is very import-
ant.

Some authors!#415 proposed that the mechanism of RSH oxidation is rad-
ical-ionic, in which the oxidation degree of the central metal cation of the
phthalocyanine molecule is reduced:

- i slow . 1
RS™ +Co 'Pc ———— RS + Co Pc

or (2)
RS~ + CollPe =22 RS" + Co'Pe

RS —Pd_, RSSR 3)
ColPc —22 5 Collpe — 22 Collipe 4)

where CoPc is macrocycle, RS~ thiolate ion and RSSR disulfide.

In our opinion, the implementation of this mechanism is complicated. The
mechanism described above suggests the possibility for the formation of disul-
fides in an inert atmosphere according to reaction (2), essentially independent of
the state of the coordination unit of the metallophthalocyanine molecule. Accord-
ing to this mechanism, the change in the catalytic activity of different derivatives
of cobalt phthalocyanine should be minor. However, the data obtained for sod-
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ium diethyldithiocarbamate (DTC) oxidation in the presence of phthalocyanine
catalysts is in disagreement with this mechanism.

This scheme has significant limitation for catalysis caused by the state of
mercaptan as ions. Dissociation of mercaptan according to Eq. (5) proceeds in
aqueous-alkali solutions only when the pH is >8. This imposes an additional
mechanistic step.

RSH=H" +RS" (5)

The ascertainment of the relationship between the associative state of a
macrocyclic structure in solution and catalytic activity would enhance the under-
standing of the mechanisms of catalysis and enable recommendations to be made
to obtain new liquid-phase catalytic systems based on metallophthalocyanines.

An attempt to ascertain the relationship between the nature of peripheral
substitution, aggregation and catalytic activity in reaction (1) for cobalt com-
plexes with water-soluble phthalocyanines (Scheme 1) is described in the present
work.
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Scheme 1 Metallophthalocyanines.

EXPERIMENTAL
Phthalocyanines synthesis

Three phthalocyanines were synthesized by the template synthesis method from the
corresponding phthalodinitriles,?! i.e., cobalt tetrakis[(4-carboxyphenyl)amino]phthalocyanine
(CoPc(NH)), cobalt tetrakis[(4-corboxyphenyl)sulfanyl]phthalocyanine (CoPc(S)) and cobalt
tetrakis[(4'-carboxyphenyl)oxy]phthalocyanine (CoPc(O)) (Scheme 1). Characterization data
for the synthesized phthalocyanines are given in the Supplementary material to this paper.
Kinetic studies

The oxidation reaction of sodium diethyldithiocarbamate was chosen as a model reaction
of the process (1). It proceeds according to the general Scheme 2.

CGHs S cat CGHs S 'S C,Hs

) /‘N,c/< +120,+H,0 L Nfc/< >\ch/ +2 NaOH
/ \
C2H5 SNa C2H5 st C2H5

Scheme 2. Oxidation of DTC.
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The advantages of this reaction are low toxicity of the initial materials, possibility to
observe the concentration of the initial and desired materials and identification of reaction
products using electron absorption (UV—Vis) and IR spectroscopic methods. The experiments
to study the kinetics of sodium diethyldithiocarbamate (DTC) oxidation were realized in a
thermostatic cell into which 650 mL of DTC was loaded.

The air required for oxidation was fed into the cell via a micro compressor at a constant
rate of 2 L min'!. Under these conditions, the reaction occurs in the kinetic region.2® After
reaching a constant temperature, the reaction mixture was mixed and sample of 2 mL was
taken to determine initial concentration of DTC, then the compressor was turned on. This
moment was taken as the beginning of the reaction. Samples of 2 mL were taken periodically
during the experiment to determine current concentration of DTC. The concentration of DTC
was monitored spectrophotometrically at a wavelength of 440 nm.

Under conditions of constant concentrations of oxygen and catalyst, and constant pH of
the solution, the rate of DTC oxidation is described by the first order kinetic equation.

de/dt = —kypec

where ¢ is DTC concentration, ¢ time and k,, observed rate constant, s™..
The first order kinetics was confirmed by the straightness of graphics in coordinates
In ¢ — ¢ and the constancy of rate constants calculated according to the equation:

kops = (1/t)In(cg/cy)

where ¢ is the initial concentration of DTC, and c is the concentration of DTC at time ¢.
Degree of transformation was calculated according to the equation:

XRrssr = (co—cr)/cy
RESULTS AND DISCUSSION

The kinetic curves for DTC oxidation in presence of CoPc(NH), CoPc(S),
CoPc(O) are presented in Fig. 1.

2
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N Fig. 1. Kinetic curves of DTC oxidation at
N 298.15 K, pH 8.2 in the presence of homo-
[ ] .
004+ . . . . . geneous phthalocyanine catalysts (¢ =
0 800 1600 2400 3200 4000 = 8x10° M): 1) CoPc(O); 2) CoPc(NH)
Timg, s and 3) CoPc(S).

The structures of the investigated compounds are distinguished by the nature
of the spacer atom linking the macrocycle with the functional group of the sub-
stituent. Data of Fig. 1 shows that the kinetic curves of DTC oxidation differ.
Previously,22 it was found that in the absence of catalyst, the reaction proceeds
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slowly with kops of 1.7x10-5 s~1. The totality of the data suggests the impos-
sibility of DTC oxidation according the above mechanism (Egs. (2—4)) because
oxidation is slow even in excess of oxygen and there is no disulfide formation
according to Eq. (2) in an inert medium. It is also matched with available lit-
erature data.l7-19

Meanwhile, there is information in the literature!-2 about the formation of a
triple complex (Egs. (6-9)), with further RS radical cleavage involved. This
mechanism is indirectly confirmed by the data of Fig. 1:

K .
RS+ Co''Pc === RS"-Co'Pc (6)

. K . _
RS"-Co'Pc+ 0, == RS"-Co''Pc- 05 (7)
RS- Co''Pc- 05 + H,0 —3:51% , RS+ H,0-Co''Pc- 03 (7a)

i 2H", k 1I

H,0-CoMPc.03™—=2%4 5 Collpe + H,0 + 20H™ (8)
RS’ Instantaneous RSSR (9)

According to this mechanism, the effect of the nature of a peripheral sub-
stituent on the catalytic activity of the macrocycle will definitely depend on
heteroatom effects, affecting the metal cation of the phthalocyanine molecule,
which in turn determines the stability of the triple complex (Egs. (7) and (7a)).
The associative state and axial coordination processes of the ligands in solution
were investigated to determine the laws of the peripheral substitution effect on
the macrocycle.

It is known that carboxyl derivatives of metallophthalocyanines dimerize in
aqueous solutions due to overlapping of the m-electron systems of two macro-
cycles forming a n—m dimer.!1:12 It is easy to observe the associative state of
metallophthalocyanines using electronic absorption spectroscopy because of dif-
ferences in the positions of absorption bands of monomeric and associated mac-
rocycle forms 26,27

The electronic absorption spectra of aqueous alkali solutions of investigated
macrocycles are shown in Fig. 2.

Matching of the absorption Q-band maximum and the width of the spectrum
in Fig. 2 with literature datall-13 indicates the dimerization of CoPc(O) and
CoPc(S) macrocycles, whereas CoPc(NH) is almost monomeric. There are signi-
ficant spectral changes on addition of pyridine, an axially coordinated ligand to
solutions of CoPc(O) and CoPc(S) phthalocyanines. An example is presented in
Fig. 3.

The significant bathochromic shift in the absorption of the Q-band (by 50
nm) and an increase in the absorption intensity indicate the dissociation of CoPc
dimers and the formation of the monomeric form presented by the axial complex
with pyridine. Similar values of the stability constants of the molecular com-
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plexes of CoPc(S) and CoPc(NH) with pyridine indicate similar states of the
coordination units of the macromolecules. This fact suggests a weak effect of the
nature of peripheral substitution on the m-electronic structure of the monomeric

900
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Fig. 2. UV-Vis spectra of aqueous-
alkali solutions at 298.15 K, pH 9
(¢ = 5x10° M): 1) CoPc(0); 2)
CoPc(NH); 3) CoPc(S).

Fig. 3. I) UV—Vis spectra of CoPc(O)
aqueous-alkali solution at 298.15 K,
pH 9 (c = 6x103 M): 1) without pyr-
idine, 2) cpy = 1.9x10* M and
3) cpy = 6.3x10% M; II) titration
curves of phthalocyanine solutions
(Q-band; ¢ = 5x10~ M) with pyridine
1) CoPc(O) (4 = 663 nm), 2) CoPc(S)
(4 = 675 nm) and 3) CoPc(NH)
(A=730 nm).

The reason for the difference in the catalytic activities becomes obvious
when matching the obtained data of coordination interactions of studied macro-
cycles with the mechanism of the reactions (6)—(9). Redistribution of the electron
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density within the macrocycle is due to the influence of the electronic effect of
the substituent. A nitrogen atom in peripheral substituents promotes a shift of the
electronic density to the macrocycle. This impedes coordination of pyridine (or
substrate) and decreases the catalytic activity of the macrocycle. On the contrary,
a sulfur atom promotes a shift of the electronic density from the macrocycle that
increases the probability of pyridine—phthalocyanine coordination interactions
and partially compensates for the deficit of electronic density caused by the asso-
ciation of metallophthalocyanines. The lower value of the stability constant of the
CoPc(0O) complex with pyridine (Table I) is caused by the impossibility of com-
pensation of the lack of electronic density on the central metal cation. This is
explained by the lower electron-donating ability of the oxygen atom compared to
the sulfur atom.

TABLE I. Stability of molecular complexes with pyridine and catalytic activity in the oxid-
ation of DTC for CoPc (¢ = 5x105 M) at 298.15 K, pH 9; K is the thermodynamic stability
constant of Py-complex, kg is the observed constant of the DTC oxidation rate (determination of
the constant is described in experimental part) and ygrgsg is the degree of the DTC transformation to
the disulfide

Macrocycle K /L mol! kopex103 /57! Yrssr / %o
CoPc(0) 1900+200 17+4 84.32
CoPc(S) 3200+300 85+3 92.15
CoPc(NH) 3200+300 38+6 83.61

It should be noted that UV—Vis spectra of investigated macrocycle solutions
do not have bands characteristic of ColllPc.17-28 This confirms the stability of ini-
tial state of Co2* and hence the highest probability of the processes (Egs. (6)—9)).

The parameters kqps and yrssr for DTC oxidation under standard conditions
are given in Table 1. Kinetic research of DTC oxidation in dependence on the pH
of solution shows a lack of linear correlation between pH and effective rate cons-
tant of DTC oxidation, Fig. 4.

o [ ]
751 c !
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30 . o o 9
. . °° ® e  Fig. 4. Dependence of DTC oxid-
151 o o ° I " . 3 ation rate on pH of medium in pre-
. " nc - "  sence of phthalocyanine catalysts

6 7 8 9 0 1 12 (c = 45x10° M): 1) CoPc(S), 2)
pH CoPc(NH) and 3) CoPc(O).
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The maximal activity of the catalysts was reached when pH values were in
the range 9 to 10. This could be caused by a shift in the balance of Eq. (2) toward
the thiolate ion. Increasing of solution basicity did not lead to an increase in the
activity, on the contrary, it decreased the effective rate constant of oxidation.
This is the result of competition between RS~ and OH~ for the central metal
cation of the phthalocyanine molecule. Based on spectral data described above
and the stability of the cobalt cation (CollPc) contained in macrocycle, it could be
concluded that the stage denoted by Eq. (2) could not be observed. In case of its
processing, there is joint coordination of the two ligands (RS~ and OH™) on one
side of macrocycle accompanied by the formation of a stable axial complex due
to compensation for the deficiency of electronic density on the central metal
cation of the phthalocyanine molecule, which is known from the literature.2®
Similar changes for the sulfonic acids of cobalt phthalocyanines were previously
observed.30:3! In addition, it was shown32:33 on the example of the tetrasulfonic
acid of cobalt phthalocyanine and various substrates (2-mercaptoethanol and
cysteine) that the increase in the reaction rate is caused by auto-oxidation pro-
cesses of the substrate in alkali solutions. The highest activity of these catalysts
was found in the pH range of 12—-13, caused by the higher acidity of the sulfonic
group compared to the carboxyl group.

Obviously, the maximum of reaction rate will be observed in pH range
wherein the concentration of labile oxygen adducts is maximal and the balance
(5) is shifted toward the formation of free thiocarbamic acid. In this case, all the
catalyst is converted to an intermediate that is presented by oxidized thiocarb-
amic acid located in the outer coordination sphere and forms hydrogen bonds
with coordinated oxygen molecules. There is a further transfer of the charge from
the metal to oxygen. Increasing the pH leads to rivalry between DTC coordin-
ation and dimerization processes due to intensification of the latter one. It com-
plicates the transfer of electrons. The process of electrons transfer to cobalt sulfo-
phthalocyanines in aqueous alkali solutions was previously studied in detail.34
There are transitions CoPcll — CoPc! and transfer of electrons from hydroxyl ion
to monomeric CoPc¢ in deaerated solutions when a detergent at concentrations in
the range 102-10—3 M is introduced into the system:

CollPc + OH- 22 CollP, ---OH~ (10)

CollPc---OH~ + M & Co!P, + product (11)

where M is an acceptor of OH radical. There is no such process for associated
phthalocyanine structures, i.e., when no detergent is present.

Furthermore, it was found that the phthalocyanine may be an acceptor of OH

radicals.34 For this reason, it was assumed that electron transfer might be imple-
mented in the reaction of complex CoPc!l...OH~ with other hydroxyl ions:
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(CoPcll...OH"), + OH~ — CoPcl---CoPc!l.-OH~ + O~ + H,O
CoPcl + Oy — CoPcll + Oy, CoPcll + Oy — CoPclll + Oy~

With an excess of oxygen, there is permanent formation of Oy~ and oxidized
forms of CoPc!ll that impedes triple complex formation under conditions of
increased content of hydroxyl ions in solution and decreases the catalytic activity
of phthalocyanine. It is also characteristic of the systems studied herein. Obvi-
ously, there is an exchange between DTC and ligand coordinated by phthalo-
cyanine (Scheme 3), which can be presented by solvent or molecular oxygen.35
The exchange depends essentially on the electron-donor power of the second
ligand, i.e., for ions, on their basicity.

exchange ligands

Scheme 3. Exchange of ligands in the triple complex; X: solvent.

The kinetic model may be analyzed by adopting in Egs. (6-9), A for RS—, M
for CollPc, X; for RS*ColPc, B for Oy, X, for RS*CollPc-O,~, X3 for
ColIPc-:0,2-, D for RS® and their concentrations for ¢ with the corresponding
index.

The sum of concentrations of all complexes (cp°® / mol L-1) containing
catalysts is calculated according to:

eM’=eMm tex tex, (12),

where ¢y is the concentration of proper catalyst (mol L), cx, the concentration
(mol L-1) of RS*Co!Pc and cx, the concentration (mol L~1) of RS*-ColIPc-O,™.
Hence, the function of catalyst complexation takes the form:

SM) = em/em® 13)
cx; = Kiemea, ex, = Kxex,cg°®, under condition of cg® >> cA° and assuming that
steps (6) and (7) are in quasi-equilibrium before the slow step (7a), one obtains:

cx, = KiKaemeacs® (14),
where cp is the concentration (mol L-!) of RS~ and cg° is the initial concen-
tration of oxygen (mol L-1).

The rate (» / mol L1 s~1) of the limiting stage (Eq. (7a)) is calculated by the
following:

r=kscx, (15)
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Taking into account Eq. (14) it follows:
r=k3K1Krepmeacn® (16)
The concentration of catalyst, cjy, is substituted by c)® and the final equation for
calculation of the rate of DTC oxidation is given by:
k3 K1Kpemen
1+ Kjca + K1Kacpea

(17)

The function M) is linear with increasing concentration ca. Possible devi-
ation from the linearity is caused by a decreasing of concentration ¢g®. Equation
(17) is linear in Lineweaver—Burk coordinates:3¢

1 1 + ! + ! (18)

r_cAkg,Klecfv[cfg, k3Krcgem  kaem

Under the condition of K1Kycacp® << (1+ Kjcp), one has:

k3 K1K>cencCr
F=ca 3K1K20MCB (19)
1+ Kjca

The dependence ca = f{7) in this case takes the form:

B 20)
cmeBKiKy  ca emeKiK)
The function In cp—7 has linear character. It is matched with experimental
data of aerobic DTC oxidation kinetics. Thus, the most plausible mechanism of
DTC oxidation is the set of sequential reactions (6)—(9). It should be noted that
application of the Michaelis—Menten kinetics and its Lineweaver—Burke
linearization to this system was realized33 in the context of cysteine oxidation.
However, the previous model ignored the formation of a triple complex. In this
case, varied interpretation of mercaptans, thiocarbamic acids and cysteine
oxidation mechanisms appears. This may be explained by the lack of
coordination activity of DTC because of its low basicity compared to mercaptan.
Nonlinearity of the dependence of the DTC oxidation rate on temperature
observed in the temperature range of 273.15-313.15 K is most likely caused by a
change of the limiting stage at system saturation. These experimental data are
consistent with known results.37

CONCLUSION

New derivatives of cobalt phthalocyanine are synthesized. Their catalytic
activity in aerobic oxidation of sodium diethyldithiocarbamate is studied. The
influence of nature of peripheral substituent on catalytic activity of catalyst is
established. The catalytic activity of phthalocyanines increases depending on the
nature of the spacer bridge. The activity increases according to the following:
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CoPc(S) > CoPc(NH) > CoPc(O). The mechanism of sodium diethyldithiocar-
bamate oxidation limited by the stage of RS® formation is proposed. This mech-
anism is in good agreement with the experiment. The data obtained are fund-
amental for understanding the mechanism of metallophthalocyanines catalytic
action in oxidation of mercaptans and further development of efficient catalysts.

SUPPLEMENTARY MATERIAL

Characterization data for the synthesized phthalocyanines are available electronically at
the pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author
on request.
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H3BOJ
KHUHETHKA U MEXAHU3AM OKCHIOAIMJE IUTUOKAPBAMUHCKUX KUCEJIMHA Y
[TPUCYCTBY Co(1I) @TAJTOUUJAHUHTETPAKAPBOKCUJIHE KUCEJINMHE
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OLEG GOLUBCHIKOV' 1 OSCAR KOIFMAN?
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ITpenMeT oBOr paja je onpehuBame KHHETHUKHX IlapameTapa OKCHIallWje HaTpHjyM-
-IUeTWIOUTHOKapdaMaTa y IPHUCYCTBY (bTaloLHjaHHHCKUX KaTanusaropa. IlokasaHo je ma
npupoza nepudepHux CyNCTUTyeHaTa UMa BEJIMKU YTULAj HAa camoypehemwe ¢ramonujanuHa
Y BUXOBY KaTaJIMTHUKY aTUBHOCT. IIpelyiokeH je MexaHW3aM OKCHAALHje HaTPHjyM-THEeTHII-
ouTHoKapbamara Koju yKkibyuyje opMHpame TPOCTPYKOT KOMITIEKCA CYTICTpaTa, pefyKkoBaHe
¢opme kaTamru3aTopa U KUceoHHKa. Takohe je MoKa3aHo [ja ce MexaHU3aM OKCHUIALHje TUTHO-
KapdaMUHCKUX KHCEIMHA Pa3IUKiIyje O MeXaHH3Ma OKCHAALMje LIUCTenHa.

(ITpumrbeHo 5. janyapa, pesupupano 11. maja, npuxsaheno 12. maja 2016)
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