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Abstract—Intermolecular interaction of aluminum(III) 5,15-di(o-methoxyphenyl)-2,8,12,18-tetrabutyl-3,7,13.17-
tetramethylporphyrinate chloride with bis(1-methyl-1-phenylethyl)peroxide has been studied by spectral and
modeling methods; the reaction kinetics and mechanism have been elucidated. Effect of nature of the metal
outer coordination sphere on the reaction rate has been examined. Geometry parameters of the initial molecules
and the intermediates have been simulaed by the PM3 method, and their distortion has been estimated. The
intermediates formation is accompanied by increased steric strain of the macrocycle.
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Metal porphyrinates are known for variety of
structural features reflected in their peculiar properties
and thus numerous applications in modeling the
biological systems as well as developing the active
components of catalysts in technology [1-6]. The
approaches to control the utilitarian properties of por-
phyrins and elucidation of their reactions mechanisms
have remained topical issues in the field of macro-
cycles chemistry.

In view of that, this paper extended the previously
reported studies of structure and properties of
macrocyclic complexes of aluminum [7-10]. In
particular, we studied the influence of the surrounding
of the coordination site of aluminum(IIl) 5,15-di(o-
mthoxyphenyl)-2,8,12,18-tetrabutyl-3,7,13.17-tetra-
methylporphyrinate chloride [(CI)AIP] on its reactivity
towards interaction with bis(1-methyl-1-phenylethyl)-
peroxide (dicumyl peroxide). The reaction was studied
by spectrophotometry [11] and by computer simulation
[12-14].

Theoretical modeling was performed with the PM3
quantum-chemical method. The computed geometry
and energy parameters are collected in Table 1. The
(C1AIR molecule was nonplanar, of the Cy4, symmetry
(Fig. 1). Deformations of the dome and saddle types

108

were operating in determining the spacial structure.
The interaction of aluminum porphyrinate with
peroxide led to formation of the intermediates con-
taining the highly distorted macrocycles (Fig. 2).
Besides the above-mentioned deformation types,
grooving was observed (Fig. 1). Such conformation trans-
formations significantly changed the molecule geo-
metry, and therefore distorted the conjugation of n-elec-
tron system or even destroyed the chromophore structure.

With changing the metal cation surrounding by
introducing imidazole molecule to the outer coordina-
tion sphere, the macrocycle symmetry was retained,
however, the quantitative parameters of the molecule
deformation were altered. The modeling revealed that
the two structural types of the isolated complex
molecules were the most probable: the base could be
oriented at the side of the acido ligand [(Cl)(Im)AIP]
or in the trans-position relative to chlorine [(Cl)Al(Im)P].
In the course of reaction with dicumyl peroxide, those
compounds underwent strong two-dimensional and
torsion deformations (Figs. 1, 2, Table 1) The structure
of the intermediate was extremely unstable and the
probability of its destruction was fairly high.

The absence of changes in electron absorption
spectra typical of coordination processes revealed that
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Table 1. Selected geometry parameters of (C1)AIP and the reaction intermediates®
Al_NZZ AI_NZI N21_N23 Cm—OR N21A1N24 C1C20C19 C20C19C]8 C20C19N24
Complex ALN* | ALNZ, [N2N* | C,-OR, AZCI’ CZAI’ AIANL’ Pf’ CNMAL|CCC!,| C2C'C®, | ¢S ON,
A A A A deg deg deg deg
(ChHAIP 2431 | 1.821 4.117 2.306 | 0.507 11.667 | 78.121 | 127.702 | 121.523 | 129.147
1.837 | 2422 | 4.143 129.154 | 127.467 | 124.388 | 110.482
(C1)AIP(OR)4(OR),, 2412 | 1.801 4.037 1.422 | 2.307 | 0.615 11.487| 74.214 | 118.957 | 108.475 | 115.034
1.781 | 2.423 | 4.069 | 1.407 134.941 | 127.341 | 122.022 | 101.658
(ChH(Im)AIP® 2.539 | 1.623 | 4.082 2.456 | 0.707 | 1.915 [11.519| 82.214 | 124.957 | 123.876 | 125.754
1.862 | 2.528 | 4.056 114.290 | 123.451 | 124.472 | 110.083
(C)(Im)AIP(OR)(OR),,| 1.881 | 1.858 | 3.886 | 1.557 | 2.452 | 1.029 | 1.908 [ 11.263 | 78.258 | 116.576 | 107.770 | 112.472
2418 | 2.556 | 4.019 | 1.544 123.270 | 123.348 | 124.486 | 102.542
(Cl)Al(Im)Pd 1.821 | 2.420 | 4.157 2.345 | 0.449 | 2.445 [11.790| 79.410 | 128.386 | 121.942 | 128.102
2.409 | 1.835 | 4.190 128.771 | 127.661 | 124.887 | 109.973
(CHAI(Im)P(OR)(OR),,| 1.834 | 2.431 4.236 1.434 | 2413 | 0.543 | 1.945 [11.867| 77.411 | 118.365 | 112.172 | 117.827
2.468 | 1.809 | 4.159 | 1.426 133.29 | 127.312 | 122.931 | 102.055

* The atoms in the macrocycle are numbered according to the IUPAC nomenclature. °Py, is perimeter of the coordination plane Ny. © cis-
Position with respect to the imidazole acido ligands. ¢ trans-Position with respect to the imidazole acido ligands.

the interaction of aluminum porphyrinates with dicumyl
peroxide in o-xylene occurred at the peripheral part of
the macrocycle to form the bond of the aryloxy groups
with meso- and a-carbons (C,—OR and C,—OR)
(Scheme 1) [15-19]. The intermediate was a sterically
strained and therefore unstable compound that further
degraded into the colorless products (Fig. 3a).

The reaction of aluminum porphyrinate [ccpar =
3.2x10°-1.3x10° mol/L) with dicumyl peroxide
(Cperoxide = 2.3%x1077 mol/L) proceeded upon strong
illumination at 7= 295 K.

The reaction was of the pseudo-first order (n = 1)
with respect to the peroxide, as followed from the

z, A z, A z, A
1.0F 1.5 1.0F
0.5F 0.5F
0.5r 10 20
0.0 WIO s 0.0 '“'%"c"';ah
0.5} - B | 0.5} -
-1.0F Atom no. 15k Atom no. ok Atom no.
(CDHAIP (CHAIP (OR)a(OR)ms (CDHAI(Im)P
z, A z A z A
1.5F 1.0F 1.5F
0.5F
057 0 0.5FF 10 4 %0
10 0.0 {0 A
-0.5F o5k < —0.5F
15k Atom no. _1.0F Atomno. _15F Atomno.
(CHAI(Im)P(OR)a(OR)ms (CH(Im)AIP (CH(IM)AIP(OR)a(OR)ms

Fig. 1. Deviation of the tetrapyrrole macrocycle skeletal atoms from the mean plane along the z axis in (Cl)AIP and the
intermediates of the reaction without (a) and in the presence of imidazole (b) (PM3 simulation); (©) nitrogen atoms, (®) carbon

atoms.
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Fig. 2. Optimized structures of (C1)AIP, (CI)(Im)AIP, (C])Al(Im)P, and intermediates of the oxidation reaction (PM3 simulation).
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Fig. 3. Electron absorption spectra of (CI)AIP in course of reaction with dicumyl peroxide (Cperoxide = 0.23x107% mol/L), cenap =
7.9x1078 mol/L, ¢i, = 0 (a); ccnap = 7.7x1078 mol/L, ¢j, = 4.5%107° mol/L (b).

Scheme 1.

OCH; Bu

Decomposition

+ROOR
—_—>
products

linear plot of In(cy/c;) = f (¢¥) and the nearly constant  order with respect to the metal porphyrinate (m = 1)

kegr values (Fig. 4, Table 2). and the value of the true rate constant k, (Fig. 5) were
ol dt = klionice ) determined by fitting with the Eq. (2):

The effective rate constant ks was increasing log ket = log &y + mlog [(CDAIP]. 2

linearly with the complex concentration. The reaction Hence, the rate equation of oxidation was as follows:

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 84 No. 1 2014
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Fig. 4. Kinetic curves in the first order kinetics coordinates
(Cperoxide = 0.23x10°° mol/L) at 295K, without imidazole:
cenarp = 3.20x107° mol/L (1), 4.50x107° mol/L (2), 6.8x
10°° mol/L (3), 7.90x10°° mol/L (4), 9.90x10°® mol/L (5),
1.33x107° mol/L (6).

_dC(Cl)AlP/dt = kv[(CI)AIP] Cperoxode (3)

In the presence of imidazole, the reaction pro-
ceeded via the above-described mechanism and was
accompanied by destruction of the chromophore
(Fig. 3b). However, introduction of the base into the
macrocycle inner sphere led to changes in the reactant
composition with the varied imidazole concentration
[18], thus affecting the process rate. The molecular
complex (CI)Al(Im)P was the reactant in the presence
of the base [7]. Formation of that complex was
accompanied by the bands shift in the electron
absorption spectrum (Fig. 6a) as well as by the shift of
the macrocycle meso-protons and imidazole protons
signals in the "H NMR spectrum (see Experimental).
Using the restricted logarithmic method, we
determined that aluminum porphyrinate and imidazole
molecule reacted in the 1 : 1 ratio (Fig. 6b). The
equilibrium constant K was of (1.39+0.07)x10* L/mol
(Scheme 2).

The presence of imidazole (¢, = 10°-10"* mol/L)
in the solution led to increase of k,. At ccpar =

3.2x10°~1.3x10"> mol/L and ¢cperoxide = 2.3%107" mol/L
the reaction (Scheme 2) was of the first order with
respect to the peroxide (n = 1) (Fig. 7, Table 2).

Scheme 2.

ky
(CHAIP+Im =<=—= (CDHAIIm)P
k_y

N

Decomposition
products

Noteworthily, the increase of the base concentration
was accompanied by changes in the (CI)AIP : (C)Al(Im)P
ratio, the equilibrium was shifted towards the latter.

Table 2. Kinetic parameters of the reaction of (CI)AIP with
dicumyl peroxide at 295 K

C(cg/:gljﬁ()é’ kei<10%, 57! C(C]r)ggljﬁ()b, ke 10%, 57!
Cperoxide = 0.23x107° mol/L

Cim = 0 mol/L Cim = 4.5%107° mol/L
32 1.98 2.1 1.66
4.5 2.66 3.5 2.19
6.8 3.33 5.1 2.97
7.9 3.96 7.1 3.78
9.9 4.62 9.9 4.92
133 5.38 112 5.41

ky=1.897 s mol' L
cm =4.5%10"* mol/L

ky=1.527s" " mol' L
Cim = 4.5%107 mol/L

3.1 2.54 2.7 2.47
4.1 2.98 4.0 3.11
6.1 4.10 4.8 3.59
7.5 4.90 5.7 4.27
6.8 4.76
7.7 5.78

ky=3.413s"mol' L ky=6.102 s mol ' L
cm=0.5%x107 mol/L

2.1 232 5.8 5.56
2.9 3.14 7.0 5.92
32 3.42 9.0 7.00
4.8 4.21

ky=4.493 s mol' L

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 84 No. 1 2014
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Fig. 5. Effective rate constant as function of concentration
of aluminum porphyrinate (cy, = 0).

The ke value was linear with the complex con-
centration, and the reaction order with respect to metal
porphyrinate was of m = 1; the true rate constant was
determined (Fig. 8, Table 2).

The rate equation of that reaction was as follows
Eq. (4).
dealdt = k[ (CAIP]cperoxide
+ ks[(CDAI(Im)P]Cperoxide, “4)
[(CDAIIm)P] = K.o[(CI)AIP][Im)]. (5)

with Koq = ki/k., being the equilibrium constant.
Substituting Eq. (5) into Eq. (4) one gets Eq. (6):

(a)
412 nm T 422 nm
o
553 nm
. 543 nml
380 430 480 53 580 630

A, nm

dCA/dt = k2[(C1)A1P]Cperoxide + kSKeq[(Cl)AlP] [Im]cperoxide
= [(CI)AIP]Cperoxide (kZ + k3Keq[Im])s (6)

and then k3K 4[Im] = k'3 gave Eq. (7).
k3K eq[Im] = /s,
dea/dt = (ky + k3)[(CDAIP]cperoxide- @)

The overall constant k, = k, + k'; characterizing the
parallel reactions of both (CI)AIP and (Cl)Al(Im)R
was determined.

At imidazole concentration of 4.5x10° mol/L, the
reagents were (CDAI(Im)P and dicumyl peroxide
(n=1,m=1, Figs. 7 and 8). The rate equation was as
follows:

dealdt = k[(CDAIIM)P]cperoxide- ®

Further increase of &, could be expected, as in the
presence of (CI)Al(Im)P the reaction was accelerated.
However, the process rate started to decrease (Table 2),
seemingly, due to deactivation of dicumyl peroxide
with free imidazole (present in large excess) [20].

Calculated and experimental data were in good
agreement; thus, computer simulation was proved to be
a reasonable method to study the described interactions.

The nature of the metal cation surrounding as well
as structural features of the periphery of the macro-
cycle significantly influenced the porphyrin ligand
deformation. That led to partial loss of aromaticity and
enhanced the basicity; as a consequence the kinetic

(b)

1Og [(As - AOO)/(AO - As)]

Fig. 6. Electron absorption spectra of (C1)AIP in the course of reaction with imidazole (1) ccyar = 8.03x10° mol/L, ¢1 = 0; (2-8)
at intermediate concentrations of imidazole, i = 8.10x107°-2.07x107> mol/L, (9) in the excess of imidazole, ¢y, = 4.50x107 mol/L, in
o-xylene (a). Determination of the interaction stoichiometry (4,, 45, and A.: absorbance of metal porphyrinate, equilibrium

mixtures, and the complex solutions at A = 422 nm; tan o= 1) (b).
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Fig. 7. Kinetic curves in the first order kinetics coordinates
(Cperoxide = 0.23x107° mol/L) at 295 K, ¢y, = 4.5%107° mol/L
(1), 4.5x107° mol/L (2), 4.5x10* mol/L (3), and 4.5%
107 mol/L (4).

parameters were changed. The reaction rate was
affected by the change in the reagent composition (due
to altering concentration of the substrate introduced at
the coordination site) as well.

EXPERIMENTAL

Electron absorption spectra were recorded with
Cary 50 instrument at 7= 295 K.

The reaction mixture was illuminated with medium
pressure mercury lamp of TUNGSRAM type, 20W,
F33.

The procedure of kinetic data processing was
described in detail in [23]. The effective rate constant
(ko) was determined from the changes in the optical
density of the solution at (A 412 or 422 nm) measured
at regular time intervals. In the excess of aluminum
porphyrinate, the formally first order Eq. (9) was
used:

ket = 1/2In (co/cy). )
Here ¢y, and ¢, are peroxide concentrations at time 0
and 1, respectively.

k, and k. Values were determined by the least
squares method with Microsoft Excel and ggh.exe
(QB-45) software by the Guggenheim method. The
relative error was 7—12%.

Quantum-chemical calculations were performed at
the CNDO approximation level [24] via the PM3

log ket

-3.8F

o
(@)}
T

b
~
T

-3.0 L 1 L 1 L
49 51 53 55 57 -59
108 Ccomplex
Fig. 8. Effective rate constant as function of the complex
concentration in the presence of imidazole, ¢y, = 4.5%
10 mol/L (1), 4.5x107> mol/L (2), 4.5x10* mol/L (3), and
4.5x107° mol/L (4).

method [12-14, 25] with full geometry optimiza-
tion. The stopping condition was the gradient of
0.0004 kJ mol" A",

Aluminum(III) 5,15-di(o-methoxyphenyl)-2,8,12,18-
tetrabutyl-3,7,13.17-tetramethylporphitinate ~ chloride
was prepared as described elsewhere [21, 22].

Porphyrin ligand. 'H NMR spectrum (CDCl;,
external reference HMDS), o, ppm: 10.20 s (2H, ms-H),
7.67d (2H, o-H, phenyl), 7.62 t (2H, m-H, phenyl),
7.21 t (2H, p-H, phenyl), 7.10 d (2H, m-H, phenyl),
3.98 t (8H, CH,, butyl), 3.82 s (6H, OCH3;), 2.56 s
(12H, CHj), 2.18 m (8H, CH,, butyl), 1.65 m (8H,
CH,, butyl group), 1.09 t (12H, CHj;, butyl), —2.36 s
(2H, NH). Electron absorption spectrum in xylene,
Amax, N (log €): 412 (5.5) 543 (4.30) 581 (4.23).

(CDAIP. 'H NMR spectrum (CDCls, external
reference HMDS), 8, ppm: 9.95 s (2H, ms-H), 7.57 d
(2H, o-H, phenyl), 7.14 m (6H, mp-H, phenyl), 4.35 t
(8H, CH,, butyl), 4.12 s (6H, CH;0), 2.54 s (12H,
CHj3), 1.60 t (16H, CH,CH,, butyl), 1.03 t (12H, CH;,
butyl).

(CDHAI(Im)P. 'H NMR spectrum (CDCls, external
reference HMDS), 5, ppm: 10.11 s (2H, ms-H), 7.68 s
(3H, H**%), 7.10 s (1H, NH), 4.33 t (8H, CH,, butyl),
4.10 s (6H, CH30), 2.56 s (12H, CH3;), 1.70 m (16H,
CH,, butyl), 1.08 t (12H, CH3, butyl).

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 84 No. 1 2014
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Im. '"H NMR spectrum (CDClI;, external reference
HMDS), &, ppm: 8.47 s (1H, H?), 7.75 s (2H, H*"),
7.15 s (H, NH).
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