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Abstract-Oxidation of the zinc complex of[capped] 5,15-[2,5-bis(2̀-phenyleneoxymethyl)-1,4-dimethoxy-
benzene]-2,8,12,18-tetramethyl-3,7,13,17-tetrabutylporphyrin with organic peroxides in the presence of
imidazole at 298 K results in complete breakdown of the complex. The nitrogen base exerts a significant
effect on the rate of metal porphyrin oxidation. The kinetic parameters of the reaction were determined. The
structures of the sterically strained metal porphyrin and intermediate products of its oxidation were optimized
by PM3 calculations. A geometry analysis showsthat the deformations of the macroring increase upon forma-
tion of the extra complex and its reaction with peroxides.

It is known that the peroxide oxidation of metal
porphyrins and phthalocyanines under aerobic condi-
tions, resulting in their breakdown, is similar to proc-
esses leading to the discoloration of chlorophyll and
its derivatives. Therefore, the results of physicochem-
ical studies of oxidative degradation of metal porphy-
rins can be used for simulating the related processes
in natural systems [1, 2].

The choice of[capped] porphyrins in which the
mesopositions of the macroring are covalently linked
with various bridging groups shielding the reaction
center is governed by diversity of their structures and
properties. Xylene and toluene are often used as sol-
vents for studying the spectral, coordination, and
catalytic properties of porphyrins. However, these
solvents can contain appreciable amounts of organic
peroxides capable of redox reactions with metal por-
phyrins (MP) [336]. As a part of systematic studies of
the behavior of sterically strained zinc porphyrins in
reactions with compounds containing available oxy-
gen, we examined in this work the peroxide oxidation
of [capped] zinc 5,15-[2,5-bis(2̀-phenyleneoxymeth-
yl)-1,4-dimethoxybenzene]-2,8,12,18-tetramethyl-
3,7,13,17-tetrabutylporphyrin (ZnP) in the presence of
a nitrogen base (imidazole, Im) ino-xylene.

The possible oxidation sites in metal porphyrins are
both the central atom and the macroring [339]. In the
case of zinc, apparently, only the second pathway is
possible. According to the successively recorded elec-
tronic absorption spectra of ZnP and (Im)ZnP in

o-xylene containing peroxides (CH3C6H4CH2OOH
and CH3C6H4CH2OOCH2C6H4CH3) (Fig. 1), the
chromophore system of the porphyrin is broken down
without formation of stable intermediate chromo-
phores. The coordination of the peroxide with the zinc
ion is impossible because of the increased basicity of
the sterically strained macrocyclic ligand compared to
unstrained porphyrins. The enhancement of the base
properties of the[capped] zinc porphyrin is also due
to the presence of alkyl groups at theb-positions and
to the decreased aromaticity of the sterically strained
macroring.

Two principally different mechanisms of oxidation
of the [capped] zinc porphyrin are possible under the
experimental conditions. It is known that hydrogen
peroxide can hydroxylate unsaturated organic com-
pounds [8]. Our system contains two differtent perox-
ides (CH3C6H4CH2OOH and CH3C6H4CH2OOCH2 .
C6H4CH3), and such a reaction can be presented by
Scheme 1.

In this case, twop electrons from the macroring
pass to thes levels and become involved in the bonds
with two RO groups or with RO and OH groups of
the peroxide. As a result, the conjugation in the mac-
roring is broken, and its deformation increases. The
resulting compound with the broken conjugation sys-
tem is unstable and undergoes further transformations
with the macroring cleavage. The above step is limit-
ing; the subsequent degradation of the chromophore
is, apparently, fast, as no intermediate products were
detected in the absorption spectra (Fig. 1a).
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Scheme 1.
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In the presence of imidazole (cIm 103531034 M),
the extra complex (Im)ZnP is formed, and it reacts
with peroxides along with the initial metal porphyrin.
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At increased concentrations of imidazole (cIm 10333
1032 M), the zinc complex completely transforms into
the extra complex (Im)ZnP.

Another alternative is the free-radical oxidation
mechanism. The radicals RO. and HO. generated from
peroxides upon their activation react with the sterical-
ly strained metal complex at the meso position, giving
rise to new radicals ZnP.(RO), ZnP.(HO), and ZnP.

[10].

Presumably, the limiting step in the oxidation of
ZnP by this mechanism will be formation of the mac-
rocyclic radical. The arising metal porphyrin radical
occurs in the excited state. In this case, it becomes
very unstable and immediately undergoes further
transformations to give colorless products, which is
confirmed by the fact that the spectrum (positions and
relative intensities of the main absorption bands) does
not change in shape; only the intensities of all the
bands decrease proportionally.

As in the oxidation by the first mechanism, the
addition of imidazole results in the occurrence of the
parallel reactions involving (Im)ZnP instead of ZnP.
If the concentration of the base is much higher than
that of the metal porphyrin (cIm >> cZnP), the only
reacting species is the zinc extra complex. In this case,
the intermediate species are the macrocyclic radicals
(Im)ZnP.(RO), (Im)ZnP.(HO), and (Im)ZnP..

The optimized structures of the zinc porphyrin
molecules also demonstrate the above-noted steric
strains in the macroring. According to the results of
PM3 calculations, the metal porphyrin in question has
a dome-shaped structure (Fig. 2). A specific feature of
this compound is that the phenyl substituents together
with the methylene bridges of the porphyrin fragment
are bent toward the[cap] (the deviation from the
mean N4 plane is 21.12o); as a result, the macroring
becomes saddle-shaped (Fig. 2). This structure of this
complex is strained and deformed. The coordination
of the imidazole molecule gives rise to thecis effect
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Fig. 1. Electronic absorption spectra. (a) ZnP ino-xylene (cZnP 1.540 1035, cperox 0.90 1036 M) at 298 K; t, s: (1) 0,

(4) 38600, and (2, 3) intermediate moments. (b) (Im)ZnP (c(Im)ZnP 1.330 1035 M) in o-xylene (cperox 0.90 1036 M)
at 298 K; t, s: (1) 0, (16) 17880, and (2315) intermediate moments.

and increases the strain of the porphyrin. According to
the calculations, the angle of inclination of the phenyl
substituents increases to 25.50o. The formation of the
C3OR and C3OH bonds in the complex (Im)ZnP
upon oxidation with peroxides is accompanied by fur-
ther increase in the macroring srtain, manifested in
increased deviation of the Zn atom from the coordina-
tion plane (Ct3Zn), appreciable decrease in the bond
angles in the macroring, and increase in the angle of

inclination of the phenyl substituents relative to the
N4 plane (Table 1). As a result, the conjugation is
distorted, and the complex is broken down. Thus, pre-
sumably, the presence of imidazole accelerates the
breakdown of the porphyrin chromophore. This is also
indicated by our experimental data (Table 2).

As already noted, the sterically strained[capped]
zinc porphyrin, when kept in xylene (cperox in the

Table 1. Geometries of[capped] zinc porphyrin and its derivatives, according to PM3 calculations
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Complex
³ Ct3Zn, ³C1C20C19, ³ C20C19C18, ³ C20C19C24, ³N21ZnN24, ³N21ZnN23, ³N22ZnN24, ³ a,a

³ A ³ deg ³ deg ³ deg ³ deg ³ deg ³ deg ³ deg
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
ZnP ³ 0.1357 ³ 124.49 ³ 124.26 ³ 126.63 ³ 92.39 ³ 170.90 ³ 172.29 ³ 21.12
ZnP(RO)(OH)b ³ 0.2069 ³ 108.14 ³ 117.48 ³ 112.38 ³ 85.88 ³ 168.31 ³ 155.07 ³ 23.04
ZnP(RO)(OH)c ³ 0.4857 ³ 118.31 ³ 109.24 ³ 113.96 ³ 88.72 ³ 152.49 ³ 172.79 ³ 24.16
ZnP(RO)(RO) ³ 0.6141 ³ 116.57 ³ 111.61 ³ 115.96 ³ 86.35 ³ 145.43 ³ 162.47 ³ 27.30
ZnP(RO) ³ 0.2218 ³ 110.02 ³ 126.53 ³ 125.58 ³ 91.02 ³ 167.45 ³ 172.52 ³ 23.16
ZnP(OH) ³ 0.1965 ³ 117.85 ³ 122.30 ³ 127.86 ³ 90.13 ³ 168.86 ³ 174.25 ³ 20.75
(Im)ZnP ³ 0.4625 ³ 126.23 ³ 125.91 ³ 125.92 ³ 88.23 ³ 154.35 ³ 154.49 ³ 25.05
(Im)ZnP(RO)(OH)b ³ 0.6190 ³ 108.33 ³ 117.88 ³ 113.26 ³ 83.59 ³ 157.09 ³ 146.51 ³ 24.63
(Im)ZnP(RO)(OH)c ³ 0.6267 ³ 116.74 ³ 112.12 ³ 117.29 ³ 86.55 ³ 145.02 ³ 155.23 ³ 28.50
(Im)ZnP(RO)(RO) ³ 0.6480 ³ 114.67 ³ 110.63 ³ 115.96 ³ 85.70 ³ 143.76 ³ 155.30 ³ 29.00
(Im)ZnP(RO) ³ 0.5429 ³ 109.69 ³ 123.71 ³ 126.11 ³ 87.43 ³ 150.20 ³ 151.51 ³ 27.12
(Im)ZnP(OH) ³ 0.5154 ³ 117.67 ³ 122.08 ³ 127.81 ³ 87.21 ³ 154.53 ³ 151.51 ³ 24.53
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
a (a) Angle of inclination of the phenyl substituents relative to the N4 plane.b Compound with the OR group at position 20 and OH

group at position 19 of the macroring.c Compound with the OR group at position 19 and OH group at position 20 of the macroring.
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(a)

(b)

Fig. 2. Structures of (a) ZnP and (b) (Im)ZnP in various projections, according to PM3 calculations.

solvent 0.90 1036 M) in the presence of imidazole at
298 K, is broken down, up to decolorization of the
solution (Fig. 1b). In a peroxide-free solution, no
oxidation of the metal porphyrin is observed. Let us
consider the case when the concentration of the base
(1.250 1033 M) is sufficient for instantaneous conver-
sion of the whole amount of ZnP into the extra com-
plex. The order of the breakdown reaction with re-
spect to the peroxide concentration is close to unity,
as seen from the approximate constancy (Table 2) of
kapp of the formally first-order reaction (n = 1):

dcperox/dt = kcn
perox. (1)

The apparent rate constantskapp given in Table 2
were obtained by treatment of the linear dependence
ln (c/c0)3t [Eq. (2)]:

kapp= 777
1 c0
t ct

, (2)

where c0 and c
t

are the peroxide concentrations at
times 0 andt.

The breakdown rate constantskapp linearly grow
with an increase in the zinc porphyrin concentration
(Fig. 3, curve1). The rate constants refer to the slow

step of the reaction of the peroxide with the complex
rather than to the step of the breakdown of the macro-
ring, since at any moment the spectrum (positions and
relative intensities of the main absorption bands) of
the reaction mixture is similar to the spectrum of the
initial extra complex, with only the absolute intensity
changing (Fig. 1).

Table 2. Kinetic parameters of the ZnP oxidation with
o-xylene peroxides (cperox 0.90 1036 M) at 298 K in the
presence of imidazole
ÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
cIm0 ³cZnP0³ kapp0104,

ºcIm0 ³cZnP0 ³
kapp0104,³ ³ º ³ ³

103, ³ 106, ³
s31 º 103, ³ 106, ³

s31
M ³ M ³ º M ³ M ³

ÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
1.25 ³ 1.90³0.492+0.027º 0.55³ 10.6 ³ 1.19+0.054
1.25 ³ 3.52³0.681+0.024º 0.55³ 17.9 ³ 1.68+0.063
1.25 ³ 4.82³ 1.13+0.048º 3.07³ 4.84³0.409+0.038
1.25 ³ 13.3³ 1.98+0.12 º 3.07³ 8.90³0.599+0.037
0.55 ³ 3.78³0.484+0.034º 3.07³ 9.80³0.640+0.030
0.55 ³ 4.61³0.724+0.036º 3.07³ 12.5 ³0.841+0.029
0.55 ³ 8.78³0.929+0.039º 3.07³ 18.0 ³ 1.05+0.039
ÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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Fig. 3. Plots of logkapp vs. logcMP at cMP > cperox:
(1) MP = (Im)ZnP, cIm 1.250 1033 M, regression
equation logkapp = 0.74logc(Im)ZnP 3 0.103 (r 0.96);

(2) MP = ZnP, cIm 5.50 1034 M, regression equation
logkapp = 0.73logcZnP 3 0.296 (r 0.95); (3) MP =
(Im)ZnP, cIm 3.070 1033 M, regression equation
logkapp = 0.74logc(Im)ZnP 3 0.495 (r 0.98).

By the least-squares treatment of the experimental
data using Eq. (3), we determined the true rate con-
stant (kv 0.79 s31 mol31 l; for comparison, without
imidazole, other conditions being the same,kv is
0.22 s31 mol31 l) and the reaction orderm with respect
to [(Im)ZnP], which appeared to be equal to 0.74 (i.e.,
m = 1) (Fig. 3, line 1):

logkapp = logkv + mlog [(Im)ZnP]. (3)

The kinetic equation for the reaction of (Im)ZnP
with the peroxide is as follows:

3dc(Im)ZnP/dt = kv[(Im)ZnP][Peroxide]. (4)

The first orders of the reaction with respect to the
metal porphyrin and peroxide indicate that the free
radicals RO. and HO. arising in the course of oxida-
tion are deactivated, apparently, on the breakdown
products.

It should be noted that, as the imidazole concentra-
tion is decreased to 50 1034 M, the apparent rate
constants decrease (Table 2). This is due to only par-
tial complexation of ZnP with imidazole, i.e., both
(Im)ZnP and ZnP are subject to oxidation:

ZnP776 (Im)ZnP

�
�
�

�
�
�

A

k1

k2
k3

Here A are the breakdown products. To construct
a general kinetic equation for this case, let us consider
each step separately.

dc(Im)ZnP/dt = k1[ZnP] 3 k3[(Im)ZnP], (5)

dcA/dt = k2[ZnP] + k3[(Im)ZnP], (6)

3dcZnP/dt = dc(Im)ZnP/dt + dcA/dt = k1[ZnP] 3 k3[(Im)ZnP]
+ k2[ZnP] + k3[(Im)ZnP] = [ZnP](k1 + k2). (7)

As under the conditions of our experiments the
extra coordination and peroxide oxidation could not
be separated, we determined only the overall rate
constant kv 0.505 s31 mol31 l (kv = k1 + k2). The
reaction order m with respect to [ZnP] was 0.73 (i.e.,
m = 1) (Fig. 3, line2). The order with respect to the
peroxide is close to unity, as seen from the satisfac-
tory constancy ofkapp (Table 2) of the formally first
order (n = 1). Thekapp values given in Table 2 were
obtained by the treatment of the linear dependence of
ln (c0/ct) on t [Eq. (2)].

Taking into account the concentrations of the per-
oxy compounds, the kinetic equation finally becomes
as follows:

3dcZnP/dt = kv[ZnP][Peroxide]. (8)

It should be noted that, as the concentration of the
base is increased further to 30 103331.60 1032 M, the
rate of the peroxide oxidation also decreases (Table 2).

In this case, the kinetic equation has form (4). The
reaction orders with respect to the peroxide [Table 2,
Eq. (2)] and extra complex (0.74) are close to unity,
and the rate constantkv is 0.32 s31 mol31 l (Fig. 3,
line 3). The constants, as in the above-described cases,
refer to the slow step of the reaction of the peroxide
with the complex and do not characterize the step of
the macroring breakdown.

The inhibiting effect of imidazole at its high con-
centrations may be due to its capability to bind with
peroxides [11] and thus to decrease their activity.
Apparently, a large excess of the nitrogen base creates
conditions not only for the formation of the extra
complex but also for partial binding of peroxy com-
pounds. Thus, the imidazole concentration is one of
the factors controlling the oxidation kinetics of the
zinc porphyrin.

In all the cases, the first reaction orders with re-
spect to the reactants indicate that the free radicals
generated in the course of the oxidation are deacti-
vated on the breakdown products.

Thus, under the examined conditions imidazole
activates the peroxide oxidation of the[capped] zinc
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porphyrin. The facilitated breakdown of the extra
complex formed upon adding the base is due to the
increased steric strain in the macrocyclic ligand.

EXPERIMENTAL

The electronic absorption spectra were recorded on
SF-26 and Specord M-400 spectrophotometers, and
the 1H NMR spectra, on a Bruker AC-200 spectrom-
eter (200 MHz, internal reference HMDS, solvent
CDCl3).

[Capped] 5,15-[2,5-bis(2̀-phenyleneoxymethyl)-
1,4-dimethoxybenzene]-2,8,12,18-tetramethyl-3,7,-
13,17-tetrabutylporphyrin [12]. A solution of 0.28 g
of chloroacetic acid in 30 ml of acetonitrile was added
with stirring under nitrogen to a solution of 0.66 g of
3,3̀-dibutyl-4,4̀-dimethyldipyrrolylmethane and 0.51 g
of 2,5-bis(2̀-formylphenoxymethyl)-1,4-dimethoxy-
benzene in 200 ml of acetonitrile. The mixture was
stirred in the dark for 4 h, after which 0.85 g of
o-chloranil in 10 ml of THF was added; the resulting
mixture was kept at room temperature for an addition-
al 12 h. The solvent was distilled off, and the residue
was washed with an alkali solution and water and
dried. After the dissolution in chloroform and double
chromatographic purification on alumina in chloro-
form, the porphyrin was precipitated with methanol
and dried. Yield 0.42 g (40%);Rf (Silufol) 0.44 (chlo-
roform). Electronic absorption spectrum,lmax, nm
(loge): 639 (3.57), 585 (3.84), 551 (3.83), 516 (4.18),
419 (5.32) (chloroform).1H NMR spectrum,d, ppm:
9.743 (meso-H), 8.929 d, 7.615 m, 7.048 d (PhH),
3.857 m, 2.145 m, 1.744 m, 1.151 t (BuH), 3.476 s
(OCH2), 3.434 s (RH), 2.705 s, 2.548 s (MeH),
1.852 s (OCH3), 32.553 s (NH).

Zinc complex of [capped] 5,15-[2,5-bis(2̀-
phenyleneoxymethyl)-1,4-dimethoxybenzene]-2,8,-
12,18-tetramethyl-3,7,13,17-tetrabutylporphyrin
(ZnP) [13] was prepared by heating the porphyrin
with a tenfold excess of zinc acetate in benzene for
2 h. Then the excess salt was washed out with water.
The solution was concentrated by vacuum evaporation
to a volume of 5310 ml and chromatographed two
times on alumina (Brockmann grade II, eluent ben-
zene). The zinc complex was precipitated with me-
thanol and dried. Yield 95%. Electronic absorption
spectrum (o-xylene), lmax, nm (loge): 587.0 (4.22),
549.0 (4.43), 410.0 (5.34). Found, %: C 74.58; H 7.23;
N 5.56. C62H70N4O4Zn. Calculated, %: C 74.42; H
7.05; N 5.60.

The reaction kinetics was monitored spectrophoto-
metrically [14] at 298 K ino-xylene at a working
wavelength of 555 nm. The rate constants of the reac-

tion of ZnP with the peroxides were calculated by
formally first-order equation (2), with the metal por-
phyrin being in excess relative to the peroxide.

The quantitieskapp were optimized and the rms
deviations were determined by the least-squares meth-
od using the Microsoft Excel programs. The relative
error in the determination ofkapp was 5310%.

The quantum-chemical calculations were performed
in the CNDO approximation [15] by the PM3 method
[16318] with full geometry optimization. The calcula-
tion was considered to be complete at a gradient of
0.06 kJ mol31 A31.
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