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INTRODUCTION

Porphyrins and their metallocomplexes are repre-
sentatives of a large class of intracomplex compounds
characterized by a wide range of properties. They can
be applied in practice and make it possible to model
natural biological systems and processes [1–4]. The
reaction of metalloporphyrins with peroxides under
aerobic conditions can be considered as an analog of
one of these processes in the natural systems [2, 4].

The choice of sterically strained metalloporphyrins,
including the studied zinc 5,15-di(

 

ortho

 

-methylox-
yphenyl)-2,3,7,8,12,13,17,18-octamethylporphyrinate
(ZnP), is caused by a diversity of their structures and
properties.

As it is known, the electronic effects of the substitu-
ents and the deformational factor of the macrocycle
substantially influence on the properties of porphyrins.
The purpose of this work is to study the reactions of
ZnP with organic peroxides in 

 

o

 

-xylene in the presence
of imidazole (Im). 

 

o

 

-Xylene is known to contain a con-
siderable amount of organic peroxides capable of par-
ticipating in redox transformations [5–8]. The oxida-
tion of ZnP is characterized by the true rate constant (

 

k

 

v

 

equal to 0.0115 s

 

–1

 

 mol

 

–1

 

 l. The introduction of the
nitrous base changes the structure of the metallopor-
phyrin and substantially increases 

 

k

 

v

 

.

EXPERIMENTAL

5,15-Di(

 

ortho

 

-methyloxyphenyl)-2,3,7,8,12,13,17,18-
octamethylporphyrin was synthesized by a standard pro-
cedure [9], and its zinc complex ZnP was synthesized
according to a described procedure [10]. The UV spec-
trum of ZnP in benzene is as follows (

 

λ

 

max

 

, nm 

 

( )):
413.9

 

 (5.18), 540 (4.22), 574.4 (4.04). The UV spectrum
of ZnP in 

 

Ó

 

-xylene is the following (

 

λ

 

max

 

, nm (

 

)

 

): 410
(5.22), 537 (4.20), 572 (4.02). The UV spectra were
recorded on a Specord M 400 instrument.

The concentration of peroxides in 

 

Ó

 

-xylene was
determined by the photometric method using leucome-
thylene blue as the indicator [11]. The ZnP concentra-
tions in the working solutions were determined by the
molar absorption coefficient ( ).

The procedure of studying the complex formation
kinetics was documented in detail [12]. The apparent
rate constants (

 

k

 

app

 

) for the oxidation of ZnP with per-
oxides were calculated by a change in the absorbance
(

 

Ä

 

) of the solution at certain time intervals using Eq. (1)
of the formally first order under the conditions of an
excess of ZnP at the working wavelengths (

 

λ

 

 = 537 and
550 nm)

 

(1)

εlog

εlog

εlog

kapp 1/τ c0/cτ( )ln ,=
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where 

 

c

 

0

 

 and 

 

c

 

τ

 

 are the concentrations of peroxides at
the moments 0 and 

 

τ

 

.
The 

 

k

 

app

 

 value was optimized and the root-mean-
square deviations were determined by the least-squares
method using the Microsoft Excel and ggh.exe (QB-45)
programs by the Guggenheim method, which gave the
coinciding results. The relative error in 

 

k

 

app 

 

determina-
tion was 3–5%.

Quantum-chemical calculations were performed at
the CNDO approximation level [13] by the PM3
semiempirical method [14–16] with the full geometry
optimization. The condition for the end of the calcula-
tion was a specified gradient of 0.02 kJ mol

 

–1

 

 Å

 

–1

 

.

RESULTS AND DISCUSSION
The kinetics of ZnP oxidation with organic perox-

ides (

 

Ó

 

-xylene contains peroxides of the
CH

 

3

 

C

 

6

 

H

 

5

 

CH

 

2

 

OOH and CH

 

3

 

C

 

6

 

H

 

5

 

CH

 

2

 

OOCH

 

3

 

C

 

6

 

H

 

5

 

CH

 

3

 

type) was studied at 295 K with the following concen-
trations of the reactants: 

 

Ò

 

peroxide

 

 = 1.1 

 

×

 

 10

 

–6

 

, 

 

Ò

 

ZnP

 

 = 0.69 

 

×

 

10

 

–5

 

–3.77 

 

×

 

 10

 

–5

 

, and 

 

c

 

Im

 

 = 4.1 

 

×

 

 10

 

–5

 

–4.1 

 

×

 

 10

 

–3

 

 mol/l.
The zinc porphyrinate structure is shown below

Xylene solutions of ZnP decolorize completely with
time in the presence of imidazole (Fig. 1).

Metalloporphyrins can be oxidized at both the cen-
tral metal atom and periphery [17–19]. The last route is
most probable for the complex under study. A decrease
in the number of phenyl substituents and the introduc-
tion of alkyl groups into the 

 

β

 

-position of the macrocy-
cle decrease the aromaticity and, as a consequence,
increase the basicity of the complex. Therefore, a pos-
sibility to coordinate peroxide by the zinc atom is
almost excluded. This is indicated by no changes in the
UV spectrum of the oxidized ZnP (Fig. 1).

Two basically different oxidation mechanisms are
possible under the experimental conditions. The first
mechanism is hydroxylation [16].

It should be mentioned that the introduction of imida-
zole into the solution (

 

c

 

Im

 

 ranges from 10

 

–4

 

 to 10

 

–3

 

 mol/l)
is accompanied by the formation of the (Im)ZnP molec-
ular complex, and this process occurs almost instantly.
Thus, the (Im)ZnP complex can participate in the oxi-
dation along with the metalloporphyrin.

The structure and composition of ZnP and the
kinetic parameters of the studied reaction changed with
the variation of the nitrous base concentration. The UV
spectrum of zinc porphyrinate does not substantially
change upon the introduction of imidazole in a concen-
tration of 10

 

–5

 

 mol/l into the working solution (Fig. 2a).
The content of the (Im)ZnP complex in the solution is
considerably lower than the ZnP concentration and,
hence, the reaction proceeds via the scheme

 

The increase in the imidazole concentration to

 

10

 

−

 

3

 

 mol/l results in the instant transformation of the
whole metalloporphyrin into the (Im)ZnP extracom-

plex. The bathochromic shift of the main absorption
bands is 13 nm (Fig. 2c). In this case, the reaction pro-
ceeds via the following scheme:
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Fig. 1.

 

 Changes in the UV spectrum of ZnP during the oxidation in 

 

o

 

-xylene (

 

c

 

peroxide

 

 = 

 

1.1 

 

×

 

 10

 

–6

 

 mol/l) at 295 K in the presence

of imidazole: (a) 

 

Ò

 

Im

 

 = 4.1 

 

×

 

 10

 

–5

 

 mol/l, 

 

c

 

ZnP

 

 = 2.76 

 

×

 

 10

 

–5

 

 mol/l, time: (

 

1

 

) 0, (

 

16

 

) 78.4 h, and (2–15) intermediate values; (b) ÒIm =

4.1 × 10–3 mol/l, cZnP = 3.77 × 10–5 mol/l, time: (1) 0, (7) 23.97 h, and (2–6) intermediate values.
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The bathochromic shift of the main absorption
bands by ~8 nm is observed in a solution of ZnP in
xylene with an imidazole concentration of 10–4 mol/l
(Fig. 2b), indicating the formation of (Im)ZnP. How-
ever, this concentration of the base is insufficient for the
whole ZnP to transform into the extracomplex. There-
fore, the reaction involving ZnP and (Im)ZnP in parallel
occurs in the case.

The formation of a bond between the zinc atom and
the nitrogen atom of the base (Zn–NL) is accompanied
by a change in the electronic and geometric structures
of the complex, which results, in turn, in steric strains
of the metalloporphyrin macrocycle. The formation of
the C–OR and C–OH bonds in both ZnP and (Im)ZnP
violates the conjugation in the macrocycle because of
the electron density redistribution in the latter. The
structural changes appeared in the complex are accom-
panied by the enhancement of the deformation of the
macrocyclic compound. The degree of deformation in
(Im)ZnP is greater than that in ZnP. As a result, an
unstable sterically strained complex with the open con-
jugation system is observed and further decomposes to
form colorless reaction products (Fig. 1). In this case,
step I is rate determining, which is seen in the above
presented reaction schemes.

The reaction can also proceed via the free radical
mechanism [20]. The activation of peroxide affords
radicals of the RO• and HO• types interacting with ster-
ically strained zinc porphyrinate and its extracomplex
at the meso- or α-position to form the radicals:
ZnP•(RO), ZnP•(HO), ZnP• and (Im)ZnP•(RO),
(Im)ZnP•(HO), (Im)ZnP•, respectively. The radical

A
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576 nm
2

λ, nm

1

550 nm537 nm
(c)

576 nm

2

1

545 nm537 nm
(b)

576 nm
2

1

538 nm537 nm
(‡)

Fig. 2. Changes in the UV spectrum of ZnP upon the intro-
duction into the solution of imidazole in different concen-
trations: (a) ÒIm = 4.1 × 10–5, cZnP = 2.76 × 10–5; (b) ÒIm =

4.1 × 10–4, cZnP = 3.43 × 10–5; (c) ÒIm = 4.1 × 10–3, cZnP =

3.77 × 10–5 mol/l.
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Fig. 3. Plots of ln(Ò0/Òτ) vs. τ for the oxidation of ZnP with

peroxides in o-xylene (Òperoxide = 1.1 × 10–6 mol/l) at 295 K

in the presence of imidazole: ÒZnP = (1) 3.77 × 10–5, (2) 3.10 ×
10–5, and (3) 1.3 × 10–5 mol/l (ÒIm = 4.1 × 10–3 mol/l); ÒZnP =

(4) 3.43 × 10–5, (5) 1.50 × 10–5, and (6) 0.69 × 10–5 mol/l
(ÒIm = 4.1 × 10–4 mol/l); ÒZnP = (7) 2.76 × 10–5, (8) 1.43 ×
10–5, and (9) 1.10 × 10–5 mol/l (ÒIm = 4.1 × 10–5 mol/l).



324

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY      Vol. 35      No. 5      2009

SIMONOVA et al.

forms of ZnP and its extracomplex are in the excited
state, deformed, and unstable. All this factors result in
chromophore destruction (Fig. 1). The formation of the
macrocyclic radical is the rate-determining step in this
mechanism, and all other steps are faster.

The oxidation of ZnP with peroxides occurred under
the pseudo-first-order conditions (n = 1) with respect to
peroxide, which followed from the rectilinear character
of the ln(c0/cτ) = f(τ) function and satisfactorily con-
stant kapp value (Fig. 3, Table 1)

(2)dcperoxide/dτ kcperoxide
n .=

The apparent rate constants for ZnP oxidation
increase linearly with an increase in the complex con-
centration (Fig. 4, Table 1) and are described by the
regression equations (  = 0.8177  –

0.5294, ÒIm = 4.1 × 10–3 mol/l;  = 0.7879  –
0.9782, ÒIm = 4.1 × 10–4 mol/l;  = 0.7582  –
1.4709, ÒIm = 4.1 × 10–5 mol/l). These constants concern
the slow step of the interaction between the peroxide
and the complex rather than the step of macrocycle
decomposition.

When the base concentration (4.1 × 10–3 mol/l) is
sufficient for the instant transformation of the whole

kapplog cZnPlog

kapplog cZnPlog
kapplog cZnPlog

Table 1.  Kinetic parameters for the oxidation of ZnP in o-xylene in the presence of imidazole (cperoxide = 1.1 × 10–6 mol/l)

cZnP × 10–5, mol/l

cIm × 10–3, mol/l

0.041 0.41 4.1

kapp × 10–5, s–1

3.77 7.17 ± 0.025

3.43 3.38 ± 0.158

3.10 6.04 ± 0.144

2.76 1.20 ± 0.045

1.50 1.48 ± 0.027

1.43 0.678 ± 0.236

1.30 2.99 ± 0.419

1.10 0.612 ± 0.006

0.69 0.959 ± 0.021

kν, s–1 mol–1 l

0.034 0.105 0.296

logkapp

–4.3 –4.6 –4.9 –5.2 –5.5
logc(Im)ZnP

–4.0
–3.0

–4.0

–5.0

–6.0 1

2

3

Fig. 4. Plots of the apparent rate constants for ZnP oxidation vs. ZnP concentration in the presence of imidazole at ÒIm = (1) 4.1 ×
10–3, (2) 4.1 × 10–4, and (3) 4.1 × 10–5 mol/l (R2 = (1) 0.981, (2) 0.975, and (3) 0.999).
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ZnP into the extracomplex, the processing of depen-
dence (3) by the least-squares method gave the true rate
constant (Table 1), and the reaction order m with
respect to [(Im)ZnP] was 0.8177; i.e., m = 1 (Fig. 4)

(3)

Thus, the rate equation for this reaction takes the
form

(4)

The comparison of the kv for a similar reaction
involving no imidazole (0.0115 s–1 mol–1 l) [21] with
our data shows that the introduction of the base in a
concentration of 4.1 × 10–3 mol/l into the solution
increases the oxidation rate by 25 times.

An increase in the imidazole concentration to 4.1 ×
10–4 mol/l decreases the reaction rate (Table 1). This is
due to the fact that the imidazole molecules can only
partially occupy the fifth coordination site. In this case,
the oxidation involves both (Im)ZnP and ZnP

kapplog kvlog m Im( )ZnP[ ].log+=

dc Im( )ZnP/dτ– kv Im( )ZnP[ ] peroxide[ ].=

ZnP (Im)ZnP

A

k1

k2 k3

where A are the destruction products of the studied
compounds. To write the general kinetic equation for
this case, let us consider each step particularly

(5)

(6)

(7)

Under our conditions, it is impossible to divide the
processes of extracoordination and peroxide oxidation
and, therefore, only the overall rate constant kv = k1 + k2
was determined (Table 1). The reaction order m with
respect to [ZnP] was 0.788 (i.e., m = 1) (Fig. 4).

The first order of the reaction with respect to the
reactants established in all the cases indicates that the
free radicals formed during the oxidation deactivate on
the products of metalloporphyrin decomposition.

The data obtained indicate that the presence of imi-
dazole in a solution of ZnP in Ó-xylene substantially
increases the reaction rate (kv = 0.0115 s–1 mol–1 l (without
imidazole), kv = 0.296 s–1 mol–1 l (at ÒIm = 10–3 mol/l)). The
change in the imidazole concentration from 4.1 × 10–5

dc Im( )ZnP/dτ k1 ZnP[ ] k3 Im( )ZnP[ ],–=

dcA/dτ k2 ZnP[ ] k3 Im( )ZnP[ ],+=

dcZnP/dτ– dc Im( )ZnP/dτ dcA/dτ+=

=  k1 ZnP[ ] k3 Im( )ZnP[ ]–

+ k2 ZnP[ ] k3 Im( )ZnP[ ]+ ZnP[ ] k1 k2+( ).=

ZnP

(Im)ZnP(OH)(OH)

(Im)ZnP

(Im)ZnP·(meso-OH)

(Im)ZnP·(α-OH)

Fig. 5. Structures of ZnP, (Im)ZnP, and selected intermediates in the oxidation of ZnP calculated by the PM3 quantum-chemical
method.
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Fig. 6. Deviation from the mean plane of the macrocycle (∆Z) of the skeletal atoms in the porphyrin macrocycle of (Im)ZnP and
the intermediates of the oxidation according to the PM3 quantum-chemical calculation data:  are the nitrogen atoms, and  are
the carbon atoms.
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to 4.1 × 10–3 mol/l is accompanied by the 8.7-fold
change in the reaction rate (Table 1). Under the condi-
tions considered, imidazole is the activator of the oxi-
dation process.

The electronic and geometric structures of zinc por-
phyrinate and intermediates of the reaction were stud-
ied by the PM3 quantum-chemical method. The charac-
teristics of the optimized structures and the molecules
of ZnP and its extracomplex (Table 2) indicate the pres-
ence of steric strains in the macrocycle of the complex.
Comparing the averaged structure of metalloporphyrins
having minimal internal strains of the macrocycle [22]
with the optimized ZnP molecule, it should be men-
tioned that the structure of the latter is nonplanar with a
fraction of saddle-like deformation and sterically
strained [21] (Fig. 5). The planes containing the phenyl
substituents form with the N4 plane an angle of 84°–
86°. The OCH3 groups lie in the plane of the phenyl
fragment. The angle of the bond between the carbon
atom of phenyl and the methoxy group ëféë is
117.63°–117.65°. The N4 plane is parallelogram-shaped
with a perimeter( ) of 11.6033 Å.

The formation of the (Im)ZnP complex is accompa-
nied by a change in the electronic and geometric struc-
tures of the molecule (Table 2). The degree of macrocy-
cle deformation increases (Figs. 5, 6). The molecule of
the zinc porphyrinate extracomplex is strained with a
mixed type of deformation: it is cupola-shaped (pre-
dominant) with a small fraction of corrugation and sad-
dle. The inclination angle of the phenyl fragment rela-
tive to the mean plane of the macrocycle (XY) is 88°–
89°, and the ëféë angle is 117.41°–117.62°. The N4

coordination plane of (Im)ZnP is also parallelogram-
shaped. The  value is by 0.0886 Å higher than the
perimeter of the ZnP complex.

The structure and the type and degree of deforma-
tion in the macrocycle further change substantially dur-
ing the interaction of the organic peroxide molecule
with the (Im)ZnP complex (Table 2; Figs. 5, 6). The
sharp enhancement of the saddle-type deformation and
an increase in the corrugation are characteristic of
(Im)ZnP(meso-RO)(α-OH), (Im)ZnP(α-RO)(meso-
OH), (Im)ZnP(HO)(OH), (Im)ZnP•(α-OH), and
(Im)ZnP•(α-RO). In all the above-mentioned structures,
one pyrrole fragment, which is situated near the meso-
C atom (relative to which the OH or RO group is ori-
ented), deviates substantially from the mean plane of
the molecule. For (Im)ZnP(OR)(OR), ((Im)ZnP•(meso-
OH), and (Im)ZnP•(meso-RO), the corrugation and sad-
dle-like deformation increase slightly against the back-
ground of the cupola-shaped deformation (Figs. 5, 6).
In the case of (Im)ZnP•, torsional deformations are not
so substantial, and plane deformations are mainly
observed (Table 2, Fig. 6). The decrease in the inclina-
tion angle of the phenyl fragments relative to the XY

PN4

PN4

plane by 5°–12° and in the ëféë angle by 1.33°–2.63°
are also observed (Table 2). The shift of the zinc atom
from the N4 plane (Ct–Zn) increases, and the bond
angles and the coordination cavity sizes change
(Table 2).

Thus, the presence of the base in the zinc complex
changes the electronic and geometric structures of the
compound and, as a consequence, the deformation in
the compound increases. The formation of the C–OR
and C–OH bonds in the macrocycle is accompanied by
the further substantial enhancement of steric strains in
the molecular complex and, as a result, violates the con-
jugation and increases the rate of chromophore destruc-
tion.
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