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Abstract—The oxidation of cyclic hydrocarbons by potassium peroxymonosulfate catalyzed by the iron and
manganese complexes of tetra-(4-N-butylpyridinium)porphyrin, tetraphenylporphyrin, and mixed porphyrins
containing phenyl and butylpyridyl substituents was studied in an agueous acetonitrile medium. The test cata-
lysts were dissolved in the reaction medium or adsorbed on layered aluminosilicates. It was found that the
immobilization of metal complexes on layered aluminosilicates, as well as the bromination of porphyrins,
decreased the activity of catalystsin anumber of cases, although it improved their stability. The addition of pyri-
dinein an equimolar amount with respect to metal complexes to the reaction mixture increased the activity of
dissolved manganese complexes. An increase in the number of butylpyridyl meso-substituents in a porphyrin
molecule improved the catalytic activity of a metal complex.

It iswell known that enzymes from the cytochrome
P-450 series catalyze awide range of hydrocarbon oxi-
dation reactions under naturally occurring conditions.
The high efficiency of enzyme systems and good poten-
tial for using enzyme-catalyzed functionalization pro-
cesses resulted in the appearance of anew field of sci-
ence. Breslow [1] named thisfield biomimetics, that is,
the science that studies and simulates processes and
reactions occurring in living organisms under the effect
of enzymes.

Among catalyststhat are promising for the function-
alization of saturated hydrocarbons, the metal com-
plexes of synthetic porphyrins, which are analogs of
natural cytochrome P-450, occupy a highly important
place. Like natural catalysts, though to alesser degree,
these catalysts provide the selective oxidation of satu-
rated hydrocarbons under mild conditions by using
readily available environmentally benign oxidants [2].

The main disadvantage of such catalystsistheir rel-
atively low stability because a porphyrin ligand under-
goes intense degradation in the course of reaction.

It iswell known that the following main procedures
can be used for improving the stability of metal porphy-
rins.

(1) Theintroduction of aryl substituents with bulky
groups at the 2- and 5-positions into the meso-positions
of aporphyrinring [3];

(2) The substitution of halogen atoms or other elec-
tronegative groups for hydrogen atoms at the (3-posi-
tions of amacrocyclic porphyrin ring [4];

1 Presented at the IV Russian Conference with the participation of
CIS countries, “Scientific Foundations of Catalyst Preparation
and Technology” (Sterlitamak, September 29, 2000).

(3) The immobilization of active metal complexes
on asolid substrate [5].

In this work, we studied the effect of the above fac-
tors on the oxidation of cyclic hydrocarbons by potas-
sium peroxymonosulfate catalyzed by the iron and
manganese complexes of porphyrins.

The use of layered aluminosilicates like bentonites
and montmorillonites as supportsis of special interest.
As distinct from polymer supports, they are not prone
to oxidation. The regular structure of mineral layers
suggeststhe possibility of catalyst intercalation into the
interlamellar space and the specific orientation of a sub-
strate in the course of an elementary act of oxidation.
Therefore, these compounds were chosen as catalyst
supports.

EXPERIMENTAL

Table 1 summarizes the test porphyrins and their
metal complexes. The synthesis of a mixture of phe-
nylpyridylporphyrins was performed according to the
published procedure [6]. Individual compounds 3, 4,
and 5 were isolated from the reaction mixture by
repeated chromatographic separation on silicagel. The
elution was performed using a mixture of chloroform
and methanol with agradually increased fraction of the
more polar component.

Target metal porphyrins 10 and 11 were prepared
from porphyrins 4 and 5 by alkylation with butyl bro-
mide. Next, they were converted into metal complexes
with iron and manganese according to published proce-
dures[7].

Complete bromination of tetrapyridylporphyrin
derivatives has not been previously described in the lit-
erature. Attempts to perform this bromination similarly
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Table 1. Structure of the test porphyrins and metal porphyrins

R? R? R3 R* |Me| X Compound
n-BuPy|n-BuPy | n-BuPy|n-BuPy|Fe |H | 1| Tetra-(4-N-butylpyridinium)porphyrin
iron pentaperchlorate
n-BuPy| n-BuPy| n-BuPy | n-BuPy|Mn|H | 2 | Tetra-(4-N-butylpyridinium)porphyrin
manganese pentaperchlorate
Ph Ph Ph Ph 2H |H | 3| Tetraphenylporphyrin
X R X Ph Ph Ph Py 2H |H | 4 | Triphenyl-a-monopyridylporphyrin
X X Ph Ph Py Py 2H |H | 5]|a,y-Diphenyl-B,5-dipyridylporphyrin
n-BuPy | n-BuPy | n-BuPy| n-BuPy | Fe | Br| 6 | Tetra-(4-N-butylpyridinium)octabro-
moporphyrin iron pentaperchlorate
R4 R2 | n-BuPy| n-BuPy| n-BuPy | n-BuPy | Mn|Br | 7 | Tetra-(4-N-butylpyridinium)porphyrin
zinc tetraperchlorate
n-BuPy| n-BuPy| n-BuPy | n-BuPy|Zn |H | 8| Tetra-(4-N-butylpyridinium)porphyrin
X X zinc tetraperchlorate
n-BuPy | n-BuPy | n-BuPy| n-BuPy | 2H | Br | 9 | Tetra-(4-N-butylpyridinium)octabro-
X R3 X moporphyrin tetraperchlorate
Ph Ph Ph n-BuPy | Mn|H |10| Triphenyl-(4-N-butylpyridinium)por-
phyrin manganese diperchlorate
Ph Ph n-BuPy | n-BuPy|Mn|H |11| Diphenyl-di-a,y-(4-N-butylpyridini-
um)porphyrin manganese triperchlorate
Ph Ph Ph Ph Mn|H |12| Tetraphenylporphyrin manganese per-
chlorate

i/ :
Note: \/\/lgl _\—= n-BuPy.

to the reactions of other tetraarylporphyrins, that is, by
long-term treatment with N-bromosuccinimide, were
unsuccessful. In this case, no more than six bromine
atomswere inserted at the B-positions of amacrocyclic
ring. In this work, we developed a procedure for the
bromination of tetrapyridylporphyrin and related phe-
nylpyridylporphyrins to the highest degree. For this
purpose, the zinc complexes of akylpyridiniumporphy-
rinswere treated with bromine in an amount somewhat
higher than equimolar.

The 5,10,15,20-tetra-(4-N-butyl pyridinium)porphy-
rin zinc tetraperchlorate complex (8) was prepared in
accordance with the published procedure [8].

For the synthesis of 2,3,7,8,12,13,17,18-octabromo-
5,10,15,20-tetra-(4-N-butyl pyridinium)porphyrin tetra-
perchlorate (9), zinc complex 8 (110 mg; 0.085 mmoal)
was dissolved in 200 ml of a mixture of methanol and
1.5 ml of pyridine. The solution was brought to a boil,
and a solution of 0.5 ml of bromine (19.4 mmol) in
25 ml of methanol was added with intense stirring for
4 h. The mixture was allowed to stand for 24 h at room
temperature. Thereafter, the precipitate formed was fil -
tered off, suspended in 100 ml of ethanol, and saturated
with HCI to complete dissolution. The solvent was
evaporated to drynessin avacuum, and the residue was
washed with an ammonia solution in methanol and dis-
solved in 250 ml of heated water. The product was pre-
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cipitated by adding 25 ml of a saturated KCIO, solu-
tion. The resulting precipitate was filtered off and
recrystallized from a methanol—ethanol mixture to give
125 mg of porphyrin 9.

The metal complexes of brominated [6, 7] porphy-
rins were prepared by the procedure presented in [7].

Manganese complex 12 from Aldrich was used
without additional treatment.

Table 2 summarizes the physicochemical character-
istics of the synthesized compounds.

The following four clays were examined as inor-
ganic supports for metal porphyrins: montmorillonite
from Aldrich, Ca-montmorillonite from the Chernovtsy
deposit (Ukraing), Na-montmorillonite from the Azka-
mar deposit (Uzbekistan), and kaolinite from the Prosy-
ana deposit (Ukraine).

The catalytic oxidation of hydrocarbons was per-
formed at room temperature in a flat-bottom flask
equipped with a magnetic stirrer. A 10-ml portion of
acetonitrile (Grade B, 99.9%, Venture Agency) contain-
ing 10~* mol of ahydrocarbon, 10~ mol of benzonitrile
(as an internal standard), and 10 mol of a metal por-
phyrin catalyst (homogeneous oxidation) or 0.01 g of a
powdered catalyst containing 10 mol of a metal por-
phyrin (heterogeneous oxidation) were placed in this
flask.
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Table 2. Characteristics of the synthesized porphyrins and their metal complexes

Elemental analysis
Compound |Yield, % Amaxe MM, (€ x 1079)
found empirical formula calculated
4 24 |C83.6,H 4.9, N 11.4| C43NsHog C83.9,H4.7, N 11.4|645(2.1), 589(3.3), 550(4.3),
515(10.8), 418(285)
5 23 |C80.9,H 4.4, N 13.5|C4;NgHog C81.3,H4.5,N 13.6|644(2.7), 587(4.8), 548(6.1),
514(15.6), 417(388)
8 98 |C51.9,H4.1,N8.3 |CgHs5,Cl4NgO6Z0 C51.8,H3.9,N 8.6 |607(6.2), 564(17.5), 438(189)
9 76 |C36.5H21,N6.3 |CgHs5,BrgCl,NgOqg C36.0,H 2.4,N 6.0 |621(10.5), 465(133)
10 84 C47H36Cl,MNNgOg 597(7.9), 566(11.6), 467(91)
11 82 CsoHasClsMNNgO4 5 597(7.0), 561(10.5), 462(77)
1 74 CseHeaClsFeNgO, 598(7.3), 423(89.3)
2 89 CssHgaClsMNNgO4 561(12.8), 462(121)
6 90 CsgHs5,BrgClsFeNgO5 448(36)
7 87 CsgHs5oBrgClsMnNgO,q 678(7.8), 618(11.3), 482(62)

An oxidizing agent was instantaneously added in an
equimolar amount or in athree- to fivefold excess with
respect to the substrate. We used KHSOs (Oxone) pre-
pared from (NH,),S,04 according to the procedure pre-
sented in [9] as the oxidizing agent. The reaction was
monitored by sampling until the complete deactivation
of acatalyst.

The reaction products of hydrocarbon oxidation
were analyzed by chromatography—mass spectrometry
on aKratos M S25RF instrument. The quantitative anal-
ysis of oxidation products was performed by GLC on a
Tsvet 500M chromatograph (an SE-30 fused-silica cap-
illary column, 25 m x 0.25 mm). The column tempera
ture was programmed from 50 to 170°C at aheating rate
of 10 K/min; the injector temperature was 250°C.
Helium was used as a carrier gas; the inlet pressure of
the carrier gaswas 0.3 MPa.

X-ray diffraction anaysis was performed on a
DRON-1.5 X-ray diffractometer. The UV-spectro-
scopic studies of porphyrins and their metal complexes
were performed on a Shimadzu UV-2100 spectrometer
in an agueous solution or in chloroform.

RESULTS AND DISCUSSION

A study of the test clay samples demonstrated that
only montmorillonite from Azkamar met the require-
ments for the specific surface area and the capacity for
adsorbed metal porphyrins. The sorption capacity of
the aluminosilicate was additionally increased by pre-
treatment with a titanium tetrachloride solution in
hydrochloric acid according to the method proposed by
Tichit et al. [10]. Coarse titanium hydroxide clusters

entering the interlayer space of montmorillonite forced
the layers apart and widened the mesopores.

The X-ray diffraction analysis of the Azkamar
montmorillonite samples, which were promoted with
TiO, and dried at 100°C, showed that titanium occursas
anatase in the interlayer space of the clay, and that the
intercalated anatase disrupts the clay structure. As a
result, the probability of ametal porphyrin penetrating
into the interlamellar space increases because of the
formation of microcracks and defects, and the interpla-
nar spacings aso increase. All the above factors
increase the montmorillonite capacity for porphyrin.

Table 3 demonstrates that the interplanar spacing in
montmorillonite promoted with titanium hydroxide
clusters changed from 12.4 to 16.2 A. The interplanar
spacing in montmorillonite treated with titanium
hydroxide changed from 16.2 to 18.2 A after treatment
with glycerol. Thisfact indicates that titanyl cations (tet-
ravalent titanium in an agueous medium) occupied posi-
tionsin the interlamellar spaces of montmorillonite.

The montmorillonite-titanyl sample saturated with
iron complex 1 at a rate of 0.1 mmol/g exhibited two
series of basal reflections in the diffraction pattern: a
weakly intense reflection with dy,, =124 A and a
strongly intense reflection with dy,, = 15.0 A. After sat-
urating this sample with glycerol, a reflection with
dyo; = 17.8 A appeared, which corresponds to the mont-
morillonite-glycerol complex, and the intense reflec-
tion with d,y, = 15.0 A remained unchanged.

The behavior of montmorillonite saturated with iron
complex 1 indicated that a system was formed in which
a part of montmorillonite layers did not sorb the por-
phyrin complex; this part contained only a water layer,
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Table 3. Interplanar spacings in the Azkamar montmorillonite depending on the treatment procedure

Interplanar spacings Interplanar spacings
intheinitial sample, A in the sample saturated with glycerol, A
Sample ; values corresponding - values corresponding
t\(’)atw?nfgtgesg?nﬁ' rr‘l% to the low-molecular- t\c’)atlﬁgﬁnfgtg%g?nﬁ' ?ﬁ’] to the low-molecul ar-
inter cal%t o? Y weight intercalator inter cal%t oFr) Y weight intercal ator
(water) (glycerol)

Azkamar montmorillonite - 124 - 17.8
intheinitial state
Montmorillonite treated - 16.2 - 18.2
with titanium hydroxide
LMontmorillonite + TiO, 15.0 124 15.0 17.8
2/Montmorillonite + TiO, 14.3 - 14.4 -
6/Montmorillonite + TiO, 154 - - 18.9
7/Montmorillonite + TiO, 16.4 - - 20.0
10/Montmorillonite + TiO, 16.4 - - 18.9
11/Montmorillonite + TiO, 16.5 - - 18.8

which was then replaced by glycerol. At the sametime,
the interplanar spacing in the montmorillonite-iron
porphyrin 1 complex remained unchanged after treat-
ment with glycerol. Thisfact indicatesthat iron porphy-
rin 1 istightly bound to montmorillonite.

Peaks ascribed to regionsthat did not sorb a porphy-
rin complex were not observed in the X-ray spectra of
other catalysts.

The X-ray diffraction study of manganese complex 2
demonstrated that the interplanar spacing equal to
14.3 A remained unchanged after saturating the sample
with glyceral, unlike other catalysts. This suggests that
this porphyrinin the interlamellar spaces of montmoril-
lonite bound mineral layers tightly and did not allow
glycerol molecules to penetrate into the interlayer cav-
ities.

The next stage was a study of the effect of the
molecular structure of tetrapyridylporphyrins on the

OH
[ KHSOg [ +

Dimethyladamantane

1-Hydroxy-3,5-
dimethyladamantane

Among synthesized manganese complexes 2, 10,
and 11, complex 2 wasfound most activein thereaction
of 1,3-dimethyladamantane oxidation (Fig. 1). We
believe that an increase in the number of electron-
acceptor N-butylpyridyl meso-substituents in a metal
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catalytic activity of their metal complexes in homoge-
neous and heterogeneous oxidation processes. The fol-
lowing parameters were varied: meso-substituents,
which were partialy replaced by phenyl groups, and
B-substituents in the pyrrole rings of a porphyrin mac-
rocycle, where hydrogen atoms were replaced by bro-
mine atoms to a maximum degree.

Table 4 summarizes data on the activity of the syn-
thesized metal porphyrin catalysts in the reaction of
1,3-dimethyladamantane oxidation.

A comparison between the catalytic activities
(Table 4) of iron and manganese porphyrin complexes
under conditions of homogeneous catalysis demon-
strated that manganese porphyrin complexes are much
more stable and active in the oxidation of cage and
cyclic hydrocarbons by potassium peroxymonosulfate
than analogous iron compl exes.

OH OH
+ 1o
OH

1,3-Dihydroxy-5,7- 1-Hydroxy-5,7-
dimethyladamantane  dimethyladamantanone

porphyrin molecule enhances cataytic activity in
hydrocarbon oxidation reactions.

On the addition of athreefold excess (in terms of the
substrate) of the oxidizing agent, the conversion of
1,3-dimethyladamantane oxidized in the presence of
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Table 4. Activity of thetest catalystsin the reaction of 1,3-dimethyladamantane oxidation in acetonitrile (T =20 £ 2°C)

Catyt | (S ae bucan | e comversion ) SR | U e
1 1:100: 100 1 0.23 1
1/Montmorillonite 1:100: 100 28 15 28
6 1:100: 100 13 2.8 13
6/Montmorillonite 1:100: 100 13 0.12 13
2 1:100: 100 25 13 25
1:100: 100* 64 27 64
1:100: 300 90 33 131**
1:100: 300* 88 35 116**
2/Montmorillonite 1:100: 100* 30 0.5 30
1:100: 300 100 35 149**
1:100: 300* 100 0.4 135**
7 1:100: 100 32 0.7 32
1:100: 300 66 8.3 66
7/Montmorillonite 1:100: 300 29 0.08 33**
10 1:100: 100 22 0.42 22
1:100: 300 23 0.8 27%*
1:100: 300* 34 13 38**
10/Montmorillonite 1:100: 300 51 0.7 60**
11/Montmorillonite 1:100: 300 54 1.2 62**

* |n the presence of pyridine in an equimolar amount.

** Deep oxidation products of the substrate were additionally formed.

manganese complex 2 was 80% after 15 min, and it
reached 90% after 1 h, when the catalyst was com-
pletely deactivated. Four products were detected in the
reaction mixture; three of these products were identi-
fied as 1-hydroxy-3,5-dimethyladamantane, 1,3-dihy-
droxy-5,7-dimethyladamantane, and 1-hydroxy-7-dim-
ethyladamantanone.

Note that the selectivity of 1,3-dimethyladamantane
hydroxylation in the presence of this catalyst depends
on the concentration of the oxidant (Table 4). With an
equimolar amount (with respect to the substrate) of the
oxidant, only 1-hydroxy-3,5-dimethyladamantane in
25% yield was detected in the reaction mixture.

The immobilization of manganese complex 2 on
montmorillonite considerably increased catalyst stabil-
ity. In the reaction of heterogeneous 1,3-dimethylada
mantane oxidation with an excess of the oxidant, this
catalyst underwent no degradation and deactivation
even when 100% conversion of the substrate was
attained; it catalyzed further oxidation of the reaction
products to higher degrees. However, its activity turned
out to be somewhat lower than that of a supported cat-
alyst. Thus, for example, 90% conversion of the sub-
strate was reached only 3.5 h after the onset of the reac-
tion. The reaction products were the same as those of

oxidation in the presence of the metal porphyrin dis-
solved in the reaction medium.

We found that, in the oxidation of 1,3-dimethylada-
mantane in the presence of the tetra-(4-N-butylpyridin-
ium)porphyrin iron complex dissolved in the reaction
mixture, the catalyst deactivated 7 min after the onset of
the reaction, and the product yield was lower than 1%.

The substrate conversion was increased up to 28%
by supporting iron complex 1 on montmorillonite. The
bromination of the pyrrole rings in the porphyrin
nucleus of theiron complex at 3-positionsincreased the
conversion up to 13%, as compared with the unbromi-
nated catalyst under conditions of homaogeneous oxida-
tion.

Although catalyst stability was increased by the
supporting of the brominated tetrapyridylporphyrin
iron complex 6 on montmorillonite (the catalyst was
not deactivated in 24 h), catalyst activity decreased as
compared with the supported unbrominated catalyst,
and the substrate conversion was as low as 13%. Thus,
the supported unbrominated iron porphyrin catalyst
was found most efficient in the reaction of 1,3-dimeth-
yladamantane oxidation.

The introduction of bromine atoms into the (3-posi-
tions of the pyrrole rings of manganese complex 2
KINETICS AND CATALYSIS  Vol. 43
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Fig. 1. Conversion (C) of 1,3-dimethyladamantane in the
oxidation reaction with potassium peroxymonosulfate (T =
20°C; oxidant-to-substrate ratio of 3 : 1) as a function of
time (t) on tetraaryl porphyrin manganese catalysts with dif-
ferent meso-substituents: (1) 12, (2) 10, (3) 11, and (4) 2.

decreased the activity of catalyst 7 under conditions of
homogeneous catalysis and, contrary to expectations,
did not enhance the stability. Thus, in the oxidation of
dimethyladamantane with athreefold excess of the oxi-
dant with respect to the substrate, the substrate conver-
sion was 66% after 1 h, and the catalyst was completely
deactivated by that time.

In the supported manganese complexes of porphy-
rins, bromination decreased the activity and did not
increase the stability of the test catalysts in comparison
with unsupported compl exes.

Montmorillonite surface

In addition to dimethyladamantane oxidation, we
also studied the oxidation of cyclooctane by Oxone in
acetonitrile in the presence of manganese complex 2.

O O/OH QO
KHSO;
+

cyclooctane cyclooctanole

The substrate conversion attained in 3 h was 30%,
and two products, cyclooctanol and cyclooctanone,
were formed in 10 and 20% yields, respectively.

According to Maravin et al. [11], the manganese
complexes of tetraarylporphyrins more efficiently cata-
lyze hydrocarbon oxidation in the presence of nitrogen
bases. The latter, which interact as axia ligands with
the manganese atom, affect the polarization of the
metal—oxygen bond and hence increase the probability
of the transfer of a hydroxyl group to a carbon atom of
the substrate.

In this study, we examined the effect of a nitrogen
base (pyridine) on the activity of metal porphyrin cata-
lysts. Pyridine was added to the reaction mixture in an
equimolar amount with respect to the catalyst. We
found that the presence of pyridine increased the activ-
ity of al of the dissolved manganese porphyrin cata-
lysts and deactivated catalystsimmobilized in montmo-
rillonite. Thus, when pyridine was added to thereaction
mixture in the homogeneous oxidation, the yield of the
only reaction product 1-hydroxy-3,5-dimethyladaman-
tane increased from 25 to 64%.

It is believed that the presence of pyridine, which
actively coordinates manganese atomsin metal porphy-

cyclooctanone

Fig. 2. Assumed structure of manganese complex 2 adsorbed on the surface of montmorillonite and coordinately bound to pyridine.

KINETICS AND CATALYSIS Vol. 43 No.1 2002
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rin molecules that are bound to an aluminosilicate by
two or more ionic bonds and whose molecular planes
are oriented to the inorganic support, makes the active
centers of the catalyst inaccessible to a substrate. How-
ever, an axia ligand in solution leaves a place sufficient
for the interaction with the other side of a porphyrin
molecule (Fig. 2).

CONCLUSION

The immobilization of metal porphyrins on an alu-
minosilicate support decreases the initial reaction rate
of substrate oxidation with the use of amanganese-con-
taining catalyst. However, the oxidation of cycloparaf-
fins can be performed more efficiently because of an
increase in the stability of this catalyst. The introduc-
tion of bromine atoms into the B-positions of the pyr-
role rings of manganese tetrapyridylporphyrins
increases catalyst stability under conditions of homo-
geneous catalysis as compared with analogous unbro-
minated catalysts. However, this increase was not so
significant as that observed in the series of tetraphe-
nylporphyrin analogs [4]. The bromination of the man-
ganese complex immobilized on montmorillonite
slowed down the reaction of the transfer of active oxy-
gen to the substrate to such an extent that the unbromi-
nated metal porphyrin was found to be a more efficient
oxidation catalyst.

The bromination of the tetra-(4-N-butylpyridin-
ium)porphyrin iron complex increased catalyst activity
and stability in homogeneous oxidation.

We found that the activity of metal porphyrin cata-
lystsincreases symbatically with the increasing number
of butylpyridinium meso-substituents in the molecule
of a porphyrin ligand.

The presence of pyridine in the reaction medium
increases the activity of tetraarylporphyrin manganese
complexes under homogeneous conditions and
decreases the activity of the manganese complexes of
the same porphyrinsimmobilized on montmorillonite.
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