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ABSTRACT 

Metalloporphyrins immobilized into NaY zeolite are described as catalysts for hydrocarbon oxyfuntionalization. Man- 
ganese(III) and iron(III)tetrakis(4-N-methylpyridyl)-porphyrin (MnP1 and FeP1), and manganese(III) and iron(III) te- 
trakis(4-N-benzylpiridil)-porphyrin (MnP2 and FeP2) were impregnated (MnP1-NaYimp, FeP1-NaYimp, MnP2-NaYimp, 
FeP2-NaYimp, respectively) and encapsulated (MnP1-NaY, FeP1-NaY, MnP2-NaY and FeP2-NaY) into the NaY zeolite. 
These catalysts were used in the oxidation of (Z)-cyclooctene, cyclohexane, and adamantane by iodosylbezene (PhIO). 
These systems were able to epoxidize (Z)-cyclooctene with cis-epoxycyclooctane yields as high as 100%. By using cy- 
clohexane and adamantane as substrate, the susceptibility of the benzyl groups on the porphyrin ring of the MnP mate- 
rials, led to a different distribution of the oxidized products. With FePs, this susceptibility was not detected because the 
species responsible for the oxidations, FeIV(O)P•+, is more active than MnV(O)P. In conclusion, cationic metallopor- 
phyrins immobilized into NaX zeolites, are good cytochrome P-450 models is less polar solvents since the selectivity of 
the system indicates the “in cage” solvent oxygen rebound oxidative process. 
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1. Introduction 

The superfamily of cytochrome P-450 enzymes plays an 
important role in oxidative processes in nature. Due to 
their importance, a large number of publications have 
been produced since the early 1950-60’s [1-4]. The evi- 
dences of the oxidation processes, chemistry, structure, 
and mechanism of cytochrome P450 continue to be out- 
standing in recent reviews [5-10]. 

A large number of studies using synthetic analogues of 
cytochrome P-450 as biomimetic or bioinspired catalysts 
for the selective oxidation of organic molecules have 
been developed [11-23]. The design of efficient catalysts 
that are stable in the reaction media and promote selec- 
tive hydrocarbon oxidation under mild conditions with 
high turnovers has been a challenge. However, a problem 
associated with hydrocarbon oxidation catalyzed by met- 
alloporphyrins (MePs) is the oxidative self-destruction of 
the catalyst due to the oxidizing media [2,8]. In this sense, 
it is difficult to perform the separation of the metallopor- 

phyrin (MeP) from the reaction mixture and to reuse it, 
since it is soluble in polar media. 

One approach to solve this problem is the use of elec- 
tron withdrawing substituents on the porphyrin periphery, 
especially halogenated and perhalogenated phenyl por- 
phyrins, thus producing more robust and resistant cata- 
lysts [5,6,9-11]. Another solution to promoting the stabil- 
ity of MeP catalysts is their immobilization on a solid 
matrix. In general, immobilization methods include phy- 
sical entrapment or entrapment through covalent binding. 
Catalyst immobilization onto solid surfaces has been 
achieved through electrostatic interactions and covalent 
binding [24-32]. In the case of cationic MePs immobili- 
zation can occur simply through electrostatic interactions 
between these catalysts and an inorganic matrix such as 
zeolite [14-18]. 

The steric and electronic effects in synthetic models 
are responsible for the large number of studies on their 
stability and selectivity in hydrocarbon biomimetical oxi- 
dation [33-36]. In this context, the use of zeolites in an 
attempt to mimic the protein cavity of natural enzymes is *Corresponding author. 
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a good alternative, since its nanopores and nanochannels 
are a three-dimensional network of well-defined crystal- 
line structures, thus conferring the shape and size selec- 
tivity [37]. These well-organized nanopores and nanochan- 
nels of the zeolites provide a controlled steric environ- 
ment for the MeP, acting as a model for the active site of 
cytochrome P450 [14]. Moreover, MeP immobilization 
enables recovery and re-use [38,39].  

The impregnation and encapsulation of these catalysts 
into the pores of mesoporous molecular sieves have in- 
troduced new opportunities for the design of new porp- 
hyrin/carrier systems. Site isolation of the metal active 
species is one of the most attractive methods, and it con- 
sists in the hydrothermal synthesis of faujasite-type zeo- 
lites in the presence of cationic MePs, the so-called ship- 
in-a-bottle system [40]. In this approach, the cationic 
MeP is stabilized inside the zeolite nanocages and is phy- 
sically trapped into the inorganic matrix.  

In this work, the iron and manganese(III)tetrakis(4-N- 
methylpiridil)porphyrin (FeP1 and MnP1) as well as iron 
and manganese(III)tetrakis(4-N-benzylpiridil) porphyrin 
(FeP2 and MnP2), presented in Figure 1, were encapsu- 
lated in the zeolite NaY, to leading the heterogeneous 
catalysts FeP1-NaY, MnP1-NaY, FeP2-NaY, and MnP2- 
NaY, respectively. Moreover, the MePs were also impre- 
gnated in the zeolite surface to obtain FeP1-NaYimp, 
MnP1-NaYimp, FeP2-NaYimp and MnP2-NaYimp, respec- 
tively, for comparison purposes.  

All these materials were characterized by UV-Vis spe- 
ctroscopy, powder X-ray diffraction (XRD), thermogra- 
vimetric analysis (TGA/DTA), scanning electronmicro- 
scopy (SEM), energy dispersive X-ray spectrometry 
(EDS), and Al27 MAS NMR. Some of these characteriza- 
tions have been previously described for FeP1-NaY, 
FeP2-NaY and MnP1-NaY [14,41,42]. The oxidation of 
(Z)-cyclooctene, cyclohexane, and adamantane catalyzed 
by these materials were studied using iodosylbenzene 
(PhIO) as the oxidizing agent in solvent media with dif- 
ferent polarities was accomplished in order to evaluate 
the reaction mechanism in each of the studied systems. 

2. Experimental 

2.1. FeP-NaYimp and MnP-NaYimp Synthesis  

MeP impregnation into the solid support was achieved by 
stirring a MeP solution in H2O with a suspension of NaY 
for 50 min [43]. The resulting catalysts FeP-NaYimp and 
MnP-NaYimp were washed with water, methanol, and 1,2 - 
dich loroethane in a Soxhlet extractor overnight, to re- 
move unbound and weakly bound MeP. The solids were 
dried at 60˚C for 24 h. 

2.2. FeP-NaY and MnP-NaY Synthesis  

NaY zeolites were synthesized in the presence of iron and 
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Figure 1. Metalloporphyrins represented by 1) MnP solu- 
tion or FeP solution when as a pure solid or in solution; 2) 
MnP-NaYimp or FeP-NaYimp when impregnated; 3) MnP- 
NaY or FeP-NaY when encapsulated. 
 
manganese(III)tetra(4-N-methylpyridyl)porphyrin (FeP1 
and MnP1) as well as iron and manganese(III) tetra (4- 
N-benzylpyridyl)porphyrin (FeP2 and MnP2), to obtain 
the encapsulated catalysts FeP1-NaY, MnP1-NaY, FeP2- 
NaY, and MnP2-NaY, respectively. According to an al- 
ready reported procedure [40-42], the inclusion of cati- 
onic MePs inside the nanocages of faujasite NaY can be 
performed by hydrothermal synthesis. In the present case, 
a silicate gel was prepared by stirring 0.70 g of silica, 
0.60 g of NaOH, 3.6 × 10−5 mol of the desired MeP and 
1.5 ml H2O. The gel was then added to an aluminate so- 
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lution consisting in 1.55 g of aluminum isopropoxide 
(Al[(CH3)2-CHO]3), 0.65 g of NaOH, and 2.0 ml of H2O. 
This mixture was transferred to a polypropylene bottle 
containing 6.0 ml of H2O and stirred at room temperature 
for 24 h. The bottle was placed in a water bath at 90˚C 
for 15 h, and then 20 ml of H2O was added. The resulting 
solids were filtered, washed several times with water, 
and dried at 80˚C for 24 h. The samples were Soxhletex- 
tracted with water for 3 days, and then with methanol for 
another 3 days, to remove all the MeP present on the ex- 
ternal surface of the zeolite. The samples were dried at 
80˚C for 24 h. 

2.3. Catalysts Characterization  

Powder X-ray diffraction (XRD) of the samples was car- 
ried out on a Siemens D 5005 diffractometer using CuK 
X-radiation. Variable temperature in situ powder XRD 
was carried out using an Anton Paar HTK16 sample 
chamber in a Bruker-AXS D8 Advance diffracttometer 
with a Braun position sensitive detector. The samples 
were heated at 10˚/min until 1000˚C under air and kept at 
this temperature for 10 min. The samples were treated 
with hot concentrated hydrochloric acid, to destroy the 
inorganic framework before recording the UV-Vis spec- 
tra. No demetallation was observed for the organic mac- 
rocycle. The thermogravimetric (TGA/DTA) curves were 
obtained using a TA Instruments STD 2690. Scanning 
electron microscopy (SEM) and energy dispersive X-ray 
spectrometry (EDS) were carried out on a Zeiss EVO 50 
microscope. 27Al solid-state magic angle spinning NMR 
spectra were recorded on a Varian model UNIT-Plus, 9.4 
Tesla spectrometer. 

2.4. Catalytic Reactions 

The reactions were carried out in a 4 ml vial sealed with 
a teflon-coated silicone septum. A total of 2.02 × 10−2 
mol of solvent (1,2-dichloroethane or toluene), 1.46 × 
10−2 mol of cyclohexane or 8.22 × 10−1 mol of (Z)- 
cyclooctene or 8.90 × 10−4 mol of adamantine, and the 
internal standard (bromobenzene in the case of cyclo- 
hexane and (Z)-cyclooctene oxidations; cyclopeantanone 
for adamantane oxidation) were added to the vial con- 
taining 2.5 × 10−7 mol of MeP and 5.0 × 10−6 mol of the 
oxidant agent, PhIO. The mixture was stirred at room 
temperature for 24 hours. The products were analyzed by 
gas chromatography using a Hewlett Packard GC System 
HP 6890 Series equipped with a FID detector and a me- 
gabore column (30 m × 0.25 mm); nitrogen was em- 
ployed as the carrier gas. The product yields were based 
on the initial concentration of PhIO. 

2.5. Catalyst Reuse and Stability 

The stability of the catalyst was studied by performing 

repeated oxidation reactions using the same reaction con- 
ditions as described above. (Z)-cyclooctene was used as 
model substrate. At the end of each reaction cycle, the 
catalyst was recovered by filtration and washed with wa- 
ter and DCE, dried, and reused. The conversion (%) was 
almost identical, irrespective of the number of cycles. No 
evidence of catalyst decomposition was observed during 
the catalytic reaction and no MeP could be detected by 
spectroscopic UV-Vis measurement of the liquid reaction 
mixture after each catalytic reaction. 

3. Results and Discussion 

3.1. Catalysts Characterization 

The catalysts presented good X-ray powder diffraction 
patterns, showing narrow peaks characteristic of the main 
planes of the NaY zeolite [44], where 2 = 27.1˚; 30.0˚, 
and 34.2˚ for the (5 3 3), (6 4 2) and (7 5 1) planes, re-
spectively (in Figures 2(A)-(E)). 

The dependence of the lattice parameter on the tem- 
perature is shown in Figure 3. The powder patterns were 
indexed after the JCPDS file 85 - 2064. The influence of 
the temperature on the inorganic lattice is similar for 
FeP1-NaY and NaY. The fact that the lattice constant of 
FeP1-NaY is higher than that of NaY suggests that the 
framework of the former is more expanded due to the na- 
noinclusion of the FeP complex [14].  

The UV-Vis spectrum of MnP1-NaY is similar to that 
of MnP1 in aqueous solution. The MnP1 complexes pre- 
sent absorption bands at 366, 456 and 558 nm. Concern- 
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Figure 2. Powder XRD patterns of (A) NaY, (B) Mn[T(4-N- 
MePy)P]-NaY, (C) Mn [T(4-N-MePy)P]-NaYimp, (D) Fe[T- 
(4-N-MePy)P]-NaY, and (E) Fe[T(4-N-MePy)P]-NaYimp. Tem- 
perature 25˚C. 
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Figure 3. Influence of the temperature on the lattice con- 
stant of NaY (A), FeP1-NaYimp (B), and FeP1-NaY (C). 
 
ing the zeolite-encapsulated MnP1, the UV-Vis bands 
were red-shifted to 396, 472, and 561 nm if compared to 
the initial MnP1 complexes. This behavior can possibly 
be ascribed to the distortion of the porphyrin ring after 
the encapsulation process [45]. The absorbance of the So- 
ret band was used to evaluate the loading of MnP1 per 
gram of MnP1-NaY, which was 8.15 × 10−8 mol·g−1. 

Through the TGA/DTA analysis (not shown), it was 
possible to verify that the standard of water loss was af- 
fected by the presence of the MnPs in the zeolite cavities. 
In the sample containing encapsulated MnP, the onset of 
water loss occurs at around 180˚C and finishes at ~450˚C, 
while in the sample without the MnP water loss occurred 
from 180˚C to 250˚C. Considering the low loading val- 
ues, in the range of 10−7 mols per gram of catalyst, the 
percentage of MeP in the NaY zeolite is very small. 
Therefore, TGA/DTA analysis was not efficient to de- 
termine the amount of metalloporphyrin immobilized into 
the NaY zeolite. 

The MnP1-NaY SEM image presented in Figure 4 is 
also similar to that of NaY zeolite, indicating that they 
have the same morphology. The Si/Al ratio for the sam- 
ples was ascertained by EDS and evaluated as 1.7. This 
suggests that the framework around the guest molecule 
MnP1 is faujasite-Y [18]. 

27Al MAS NMR analysis gave information about the 
coordination sphere of this atom. For the NaY sample, a 
signal in 60 ppm was observed, as shown in Figure 5. 
This signal is described as being characteristic of a te- 
trahedral molecular structure [46], in this case AlO4. The 
same happens for the sample where the MeP is impre- 
gnated on the NaY surface only. As for the MeP encap- 
sulated samples, another signal next to 5.3 ppm is ob- 
served (Figure 5), which is characteristic of molecular 
structures where tetrahedral and octahedral aluminum 
atoms exist.  

3.2. (Z)-Cyclooctene Oxidation 

(Z)-cyclooctene was chosen for the initial catalytic tests 
because it is considered a diagnostic substrate that en- 

 

 

Figure 4. SEM images of NaY (A) and Mn[T(4-N-MePy)P]- 
NaY (B). 
 
 

(a) 

(b)

(c) 

 

Figure 5. 27Al MAS NMR spectra of (a) MnP1-NaY; (b) 
MnP1-NaYimp, and (c) NaY zeolite. 
 
ables evaluation of the catalytic potential of a system. 
Moreover, (Z)-cyclooctene epoxidation by PhIO allows 
comparison between the efficiency of these impregnated 
and encapsulated catalysts, and it permits comparison with 
the analogous homogeneous systems. The results are lis- 
ted in Table 1. 

In homogeneous medium, the catalysts lead to low 
yields if one considers the very reactive nature of (Z)- 
cyclooctene, especially in the case of MnP1 (48%, entry 
7). This can be attributed to the nature of the MnP. Het- 
erogeneous catalysts are advantageous in all cases, espe- 
cially the encapsulated systems, since product yields as 
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high as 100% are achieved (Entries 3, 6, 9, 12). These 
results indicate that the formation of FeIV(O)P•+ or 
MnV(O)P active species are favored in the zeolite cavities. 
The control reaction with NaY zeolite alone was carried 
out, and no product formation was observed. 

The encapsulation of MePs makes the catalyst more 
resistant to oxidative self-destruction [42]. Moreover, it 
is possible to use these cationic MePs as catalysts for the 
oxidation of hydrophobic organic substrates in organic 
medium when they are encapsulated in the zeolite ca- 
vities. 

3.3. Cyclohexane Oxidation 

The main mechanism of alkane hydroxilation reactions is 
the so-called oxygen rebound which involves hydrogen 
atom abstraction from the substrate (RH) by a reactive 
intermediate species, FeIV(O)P•+ or MnV(O)P. These spe- 
cies form a solvent cage, followed by the rapid transfer 
of the hydroxyl group from FeIV(OH)P or MnIV(OH)P to 
the cyclohexyl radical (R•), producing the corresponding 
alcohol [47,48], as represented in Figure 6 [49]. De- 
pending on the MeP system and the polarity of the sol- 
vent used in the oxidation reaction, the cage can collapse 
 

MnIIIP + PhIO MnVP

O

+ R-H
MnIV(P)

OH
R

Radical
 scape

Oxygen 
Rebound

MnIIIP + R-OHR  

Figure 6. Mechanism of oxygen rebound for alkane hydro- 
xylations. 
 
Table 1. Catalytic activity of MnP and FeP systems in the 
oxidation of (Z)-cyclooctene by PhIO. 

Entry Catalyst C-ox (%)a TONc 

01 FeP1 solution 66 330 

02 FeP1-NaYimp 72 360 

03 FeP1-NaYb 86 430 

04 FeP2 solution 92 460 

05 FeP2-NaYimp 97 485 

06 FeP2-NaY* 100 500 

07 MnP1 solution 48 240 

08 MnP1-NaYimp 64 320 

09 MnP1-NaY 80 400 

10 MnP2 solution 70 350 

11 MnP2-NaYimp 86 430 

12 MnP2-NaY 100 500 

aBased on PhIO, calculated at 24 h of reaction; bfrom reference [14]; cturn- 
over number: converted (Z)-cyclooctene (mol)/the amount of MeP present in 
the added catalyst (mol). 

and the carbon radicals can escape, leading to the forma- 
tion of different products, including ketones, as shown in 
Figure 6 [50]. 

The catalytic activity of MnP and FeP systems in the 
oxidation of cyclohexane by PhIO is presented in Table 
2. The control reaction with NaY zeolite alone was car- 
ried out, and no product formation was detected. 

In general, encapsulation increases the total product 
yield ontained with MeP systems (Entries 15, 19 and 26) 
when DCE is used as solvent. The total yield is not so 
high in DCE only in the case of MnP1-NaY (Entry 22). 
When toluene was used as solvent, cyclohexane was se- 
lectively oxidized to cyclohexanol. This is because tolu- 
ene is less polar ( = 0.37D) than DCE ( = 1.8D), so the 
“in cage” solvent oxygen rebound oxidative process pre- 
dominates, giving alcohol as the sole product. As for the 
MnP2 systems, these catalysts are more selective due to 
the presence of the benzylic groups (Entries 24-26). 

For the FeP1 system, a cyclohexanol yield (C6-ol) of 
11% and a cyclohexanone yield (C6-one) of 10% were 
achieved (Entry 13). So the C6-ol/C6-one ratio was 1.1. When 
FeP1 was impregnated on the NaY zeolite surface, there 
was a slight increase in the selectivity of cyclohexane oxi- 
dation (Entries 13 and 14). FeP1 encapsulation into the 
NaY zeolite promoted an increase in the oxidation reac- 
tion yield and selectivity (C6-ol yield = 21% and C6-one 
yield = 7%, Entry 15) for the reaction carried out in DCE. 
FeP1-NaY was more selective toward the alcohol in to- 
luene, as observed for MnP1-NaY. 
 
Table 2. Catalytic activity of MnP and FeP systems in the 
oxidation of cyclohexane by PhIO. 

Entry Catalyst C-ol (%)a C-one (%)a 
Total  

yield (%) 
C-ol/C-one

13 FeP1 solution 11 10 21 1.1 

14 FeP1-NaYimp 14 10 24 1.4 

15 FeP1-NaY 21 7 28 3.0 

16 FeP1-NaYc 15 - 15 b 

17 FeP2 solution 10 3 13 3.3 

18 FeP2-NaYimp 39 6 45 6.5 

19 FeP2-NaY 45 10 55 4.5 

20 MnP1 solution 15 9 24 1.7 

21 MnP1-NaYimp 20 10 30 2.0 

22 MnP1-NaY 13 5 18 2.6 

23 MnP1-NaYc 19 - 19 b 

24 MnP2 solution 7 - 7 b 

25 MnP2-NaYimp 12 - 12 b 

26 MnP2-NaY 32 - 32 b 

aBased on PhIO, calculated at 24 h of reaction; bselective toward alcohol; cin 
toluene. 
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The statistically corrected data for adamantane oxida- 
tion are presented in Table 3. The control reaction with 
NaY zeolite alone was carried out, and no products were 
observed. 

In the case of FeP2 in homogeneous system, the C6-ol 
yield was 10% and the C6-one yield was 3%, which gives a 
C6-ol/C6-one ratio of 3.3 (entry 17). FeP2 impregnated on 
the NaY surface displayed increased selectivity (Entry 18) 
compared with the homogeneous FeP2 system (Entry 17). 
When FeP2 was encapsulated into the NaY zeolite, the 
catalytic system became more selective for the alcohol 
(C6-ol yield = 45% and C6-one yield = 10%, Entry 19) com- 
pared with FeP2 in solution. The benzyl groups present in 
FeP2 were responsible for the slight small increase in 
yield and selectivity toward the alcohol, affecting the al- 
kane oxidation mechanism when compared with FeP1. 

The encapsulation of FeP, especially FeP2, resulted in a 
more robust catalyst with higher product yields. Besides, 
the effect of the zeolite cage favors the oxygen rebound 
process, so the catalyst acts as a P-450 model, as observed 
previously for these systems in other solvents [14]. The 
amount of cyclohexanone produced in the reactions in- 
dicates an escape of the intermediate species from the 
cage, since the carbon radicals can escape from the sol- 
vent cage (Figure 6) and react to give a number of other 
products [50].  

The MnP1 systems, which contain methyl pyridyl 
groups, lead to relatively lower yields. In solution, MnP1 
leads to a C6-ol yield of 15% and a C6-one yield of 9% (En- 
try 20). When MnP1 is impregnated in the zeolite, there is 
an increase in the total product yield, which is 30% (Entry 
21). The encapsulated system gives a C6-ol yield of 13% 
and a C6-one yield of 5% (Entry 22), showing that the en- 
capsulated MnP1 is a little more selective catalyst than its 
homogeneous analogue; however, the total yield is lower. 

In the case of MnP2 in solution, although the yield is 
not so high, the oxidation is selective for the alcohol (C6-ol 
yield = 7%, Entry 24). The heterogeneous catalysts 
MnP2-NaYimp and MnP2-NaY are more efficient: the C6-ol 
yields are 12% (Entry 25) and 32% (Entry 26). The effect 
of MnP2 encapsulation is note worthy, since the C6-ol 
yield is five times larger than the one obtained with the 
homogeneous system. Comparison between the MnP1 
and MnP2 systems (Entries 20-26) demonstrates that ben- 
zyl pyridyl, a flexible and bulky group, gives rise to a 
more hydrophobic medium, thus favoring alcohol forma- 
tion and indicating that the oxygen rebound process is 
operating. 

3.4. Adamantane Oxidation 

Adamantane is a good diagnostic substrate for mech- 
anistic studies [51,52] since adamantane oxidation can 
occur at two positions: at the tertiary carbon producing 1- 
ada-mantanol, and at the secondary carbon, leading to 
2-adamantanol and 2-adamantanone (Figure 7). It is well 
known that adamantane tertiary C-H bonds are more re- 
active than secondary C-H bonds because they have lo- 
wer bond energy [51]. 

FeP2 is a more efficient system for adamantane hy- 
droxylation, since it leads to higher total product yield 
(Entries 31-33); however, the selectivity is lower. The 
expected hydroxylation at the tertiary carbon takes place, 
but there is a significant increase in secondary carbon hy- 
droxylation, accounting for the high total yield. As for 
the FeP1 system in DCE (Entries 27 - 29), it is more se- 
lective toward Ad-1-ol, a tertiary alcohol. When toluene 
is used as solvent, the oxidation is even more selective, 
producing exclusively Ad-1-ol (Entry 30). This behavior 
was also observed in the case of cyclohexane oxidation 
and it is attributed to the lower polarity of toluene when 
compared with DCE. The low solvent polarity in this 
case favors the biomimetic process via the oxygen re- 
bound mechanism. 
 

OH

OH
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Adamantano 1-Adamantanol 2-Adamantanol 2-Adamantanona

+ +

OH

OH

O
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Adamantane 2-Adamantanone  

Figure 7. Adamantane and possible oxidized products. 
 
Table 3. Catalytic activity of MnP-NaY and FeP-NaY in the 
oxidation of adamantane by PhIO. 

Entry Catalyst %Ad-1-ola %Ad-2-ola %Total Yield Ctert/Csec(b)

27 FeP1 solution 10 - 10 d 

28 FeP1-NaYimp 21 5 27 13 

29 FeP1-NaYc 45 7 52 20 

30 FeP1-NaYe 20 - 20 d 

31 FeP2 solution 37 11 48 9.0 

32 FeP2-NaYimp 43 17 60 8.0 

33 FeP2-NaY 45 21 66 6.0 

34 MnP1 solution 20 7 27 2.9 

35 MnP1-NaYimp 18 5 23 3.7 

36 MnP1-NaY 19 5 24 3.8 

37 MnP1-NaYe 37 - 37 d 

38 MnP2 solution 28 7 35 12 

39 MnP2-NaYimp 35 7 42 15 

40 MnP2-NaY 44 8 52 17 

aBased on PhIO, calculated at 24 h of reaction; bStatistically corrected; cfrom 
Reference [14]; dselective toward tertiary carbon; ein toluene. 
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Encapsulation of MnP1 (Entries 34 - 36) does not favor 
the oxidation processes when compared with MnP2 (En- 
tries 38-40). MnP1 in DCE (Entry 34), MnP1 impreg- 
nated on the zeolite surface (Entry 35), and MnP1 enca- 
psulated in NaY zeolite (Entry 36) lead to the same pro- 
file of adamantine oxidation. A total yield between 23% 
and 27% is observed, and selectivities Ad-1-ol/Ad-2-ol 
between 2.9 to 3.8 are obtained. However, MnP1-NaY in 
toluene leads to high Ad-1-ol yield (37% Entry 37) and is 
selective for this alcohol, indicating that an oxygen re- 
bound process occurred. 

Comparing MnP1 (Entry 34) with MnP2 (Entry 38) in 
DCE solution, the oxidation profile is about the same. 
This behavior changes significantly when MnP2 is en- 
capsulated into the NaY zeolite. In the latter system, 
there is an increase in the total yield and selectivity (En- 
try 40) due to the benzyl groups in MnP2, which are re- 
sponsible for an increase in total yield and selectivity for 
Ad-1-ol, as observed in the case of cyclohexane oxida- 
tion. 

4. Conclusion 

Cationic metalloporphyrins immobilized on NaY zeolites 
are good cytochrome P-450 models since these polar 
MePs can catalyze hydrocarbon oxidation in the zeolite 
cavities, in apolar solvent medium, thus mimicking the 
hydrophobic P450 active sites. The studied encapsulated 
systems were able to epoxidize (Z)-cyclooctene with cis- 
epoxycyclooctane yields as high as 100%. The use of 
cyclohexane and adamantane as substrate, demonstrated 
that the FeIV(O)P•+ species are more active for oxidation 
than MnV(O)P. This is because the substituent groups (in 
this case the benzyl groups) do not affect the distribution 
of oxidized products when the FeP systems are used. 
However, the substituent groups are more important in 
the case of MnP systems, since they modify the total 
yield and selectivities. The behavior of the MeP systems 
in cyclohexane and adamantane oxidation was similar. 
However the difference between the observed total yields 
showed that cyclohexane is a more inert substrate than 
adamantane. 

5. Acknowledgements 

This work was supported by CAPES, CNPq and FAP- 
ESP. 

REFERENCES 
[1] K. Paigen, “Hemoglobin as the Red Pigment of Microso- 

mes,” Biochimica et Biophysica Acta, Vol. 19, No. 2, 
1956, pp. 297-299. doi:10.1016/0006-3002(56)90431-0 

[2] M. Klingenberg, “Pigments of Rat Liver Microsomes,” 
Archives of Biochemistry and Biophysics, Vol. 75, No. 2, 
1958, pp. 376-386. doi:10.1016/0003-9861(58)90436-3 

[3] T. Omura and R. Sato, “A New Cytochrome in Liver 
Microsomes,” Journal of Biological Chemistry, Vol. 237, 
No. 4, 1962, p. 1375. 

[4] R. W. Estabrook, O. Rosenthal and D. Y. Cooper “Light 
Reversible Carbon Monoxide Inhibition of Steroid C21- 
Hydroxylase System of Adrenal Cortex,” Biochemische 
Zeitschrift, Vol. 338, 1963, p. 741.  

[5] B. Meunier, S. P. de Visser and S. Shaik, “Mechanism of 
Oxidation Reactions Catalyzed by Cytochrome P-450 
Enzymes,” Chemical Reviews, Vol. 104, No. 9, 2004, pp. 
3947-3980. doi:10.1021/cr020443g  

[6] B. Meunier, “Metalloporphyrins as Versatile Catalysts for 
Oxidation Reactions and Oxidative DNA Cleavage,” Che- 
mical Reviews, Vol. 92, No. 6, 1992, 1411-1456.  
doi:10.1021/cr00014a008 

[7] T. L. Poulos, “Peroxidase and Cytochrome P-450 Struc- 
tures,” Academic Press, San Diego, 2000. 

[8] S. Shaik, D. Kumar, S. P. de Visser, A. Altun and W. Thiel, 
“Theoretical Perspective on the Structure and Mechanism 
of Cytochrome P-450 Enzymes,” Chemical Reviews, Vol. 
105, No. 6, 2005, pp. 2279-2328. doi:10.1021/cr030722j 

[9] I. G. Denisov, T. M. Makris, S. G. Sligar and I. Schlicht- 
ing, “Structure and Chemistry of Cytochrome P450,” Che- 
mical Reviews, Vol. 105, 2005, pp. 2253-2277.  
doi:10.1021/cr0307143 

[10] P. Hlavica, “Models and Mechanisms of O-O Bond Acti- 
vation by Cytochrome P450-A Critical Assessment of the 
Potential Role of Multiple Active Intermediates in Oxida- 
tive Catalysis,” European Journal of Biochemistry, Vol. 
271, No. 22, 2004, pp. 4335-4360.  
doi:10.1111/j.1432-1033.2004.04380.x 

[11] D. Mansuy, “A Brief History of the Contribution of Me- 
talloporphyrin Models to Cytochrome P-450 Chemistry 
and Oxidation Catalysis,” Comptes Rendus Chimie, Vol. 
10, No. 4-5, 2007, pp. 392-413.  
doi:10.1016/j.crci.2006.11.001 

[12] R. J. Nick, G. B. Ray, K. M. Fish, T. G. Spiro and J. T. 
Groves, “Evidence for a Weak Mn = O Bond and a Non- 
porphyrin Radical in Manganese-Substituted Horserad- 
ish-Peroxidase Compound-I,” Journal of the American 
Chemical Society, Vol. 113, No. 5, 1991, pp. 1838-1840.  
doi:10.1021/ja00005a062 

[13] W. Nam, S. Park, I. K. Lim, M. H. Lim, J. Hong and J. 
Kim, “First Direct Evidence for Stereospecific Olefin Epo- 
xidation and Alkane Hydroxylation by an Oxoiron(IV) 
Porphyrin Complex,” Journal of the American Chemical 
Society, Vol. 125, No. 48, 2003, pp. 14674-14675.  
doi:10.1021/ja0368204 

[14] I. L. V. Rosa, C. M. C. P. Manso, O. A. Serra and Y. Ia- 
mamoto, “Biomimetical Catalytic Activity of Iron(III) Por- 
phyrins Encapsulated in the Zeolite X,” Journal of Mo- 
lecular Catalysis A—Chemical, Vol. 160, No. 2, 2000, pp. 
199-208. doi:10.1016/S1381-1169(00)00214-4 

[15] F. C. Skrobot, I. L. V. Rosa, A. P. A. Marques, P. R. Mar- 
tins, J. Rocha, A. A. Valente and Y. Iamamoto, “Asym- 
metric Cationic Methyl Pyridyl and Pentafluorophenyl 
Porphyrin Encapsulated in zeolites: A Cytochrome P-450 
model,” Journal of Molecular Catalysis A—Chemical, 
Vol. 237, No. 1-2, 2005, pp. 86-92.  

Copyright © 2013 SciRes.                                                                                 MRC 

http://dx.doi.org/10.1016/0006-3002(56)90431-0
http://dx.doi.org/10.1016/0003-9861(58)90436-3
http://dx.doi.org/10.1021/cr020443g
http://dx.doi.org/10.1021/cr00014a008
http://dx.doi.org/10.1021/cr030722j
http://dx.doi.org/10.1021/cr0307143
http://dx.doi.org/10.1111/j.1432-1033.2004.04380.x
http://dx.doi.org/10.1016/j.crci.2006.11.001
http://dx.doi.org/10.1021/ja00005a062
http://dx.doi.org/10.1021/ja0368204
http://dx.doi.org/10.1016/S1381-1169(00)00214-4


L. P. B. LÔVO  ET  AL. 54 

doi:10.1016/j.molcata.2005.05.001 

[16] F. Bedioui, “Zeolite-Encapsulated and Clay-Intercalated 
Metal Porphyrin, Phthalocyanine and Schiff-Base Com- 
plexes as Models for Biomimetic Oxidation Catalysts— 
An Overview,” Coordination Chemistry Reviews, Vol. 
144, 1995, pp. 39-68. 
doi:10.1016/0010-8545(94)08000-H 

[17] G. Simonneaux, P. L. Maux, Y. Ferrand and J. Rault- 
Berthelot, “Asymmetric Heterogeneous Catalysis by Metal- 
loporphyrins,” Coordination Chemistry Reviews, Vol. 
250, No. 17-18, 2006, pp. 2212-2221.  
doi:10.1016/j.ccr.2006.01.014 

[18] Z. Li, C. G. Xia and X. M. Zhang, “Preparation and Ca- 
talysis of DMY and MCM-41 Encapsulated Cationic 
Mn(III)-Porphyrin Complex,” Journal of Molecular Ca- 
talysis A—Chemical, Vol. 185, No. 1-2, 2002, pp. 47-56.  
doi:10.1016/S1381-1169(02)00120-6  

[19] P. S. Traylor, D. Dolphin and T. G. Traylor, “Sterically 
Protected Hemins with Electronegative Substituents— 
Efficient Catalysts for Hydroxylation and Epoxidation,” 
Journal of the Chemical Society-Chemical Communica- 
tions, Vol. 5, 1984, pp. 279-280.  
doi:10.1039/c39840000279 

[20] D. Mansuy and P. Battioni, “Metalloporphyrins in Cataly- 
tic Oxidations,” Marcel Dekker, New York, 1994. 

[21] J. F. Bartoli, K. L. Barch, M. Palacio, P. Battioni, D. Man- 
suy, “Iron Polynitroporphyrins Bearing up to Eight Beta- 
nitro Groups as Interesting New Catalysts for H2O2-De- 
pendent Hydrocarbon Oxidation: Unusual Regioselectiv- 
ity in Hydroxylation of Alkoxybenzenes,” Chemical Com- 
munications, Vol. 18, No. 2, 2001, pp. 1718-1719.  
doi:10.1039/b105101f 

[22] S. Evans and J. R. L. Smith, “The Oxidation of Ethylben- 
zene and other Alkylaromatics by Dioxygen Catalysed by 
Iron(III) tetrakis(pentafluorophenyl)porphyrin and Rela- 
ted Iron Porphyrins,” Journal of the Chemical Society- 
Perkin Transactions 2, Vol. 7, 2000, pp. 1541-1551.  
doi:10.1039/b000967i  

[23] S. H. Wang, B. S. Mandimutsira, R. Todd, B. Ramdhanie, 
J. P. Fox and D. P. Goldberg, “Catalytic Sulfoxidation and 
Epoxidation with a Mn(III) Triazacorrole: Evidence for a 
Third Oxidant in High-Valent Porphyrinoid Oxidations,” 
Journal of the American Chemical Society, Vol. 126, No. 
1, 2004, pp. 18-19. doi:10.1021/ja038951a 

[24] M. S. M. Moreira, P. R. Martins, R. B. Curi, O. R. Nasci- 
mento and Y. Iamamoto, “Iron Porphyrins Immobilized 
on Silica Surface and Encapsulated in Silica Matrix: A 
Comparison of Their Catalytic Activity in Hydrocarbon 
Oxidation,” Journal of Molecular Catalysis A—Chemical, 
Vol. 233, No. 1-2, 2005, pp. 73-81.  
doi:10.1016/j.molcata.2005.01.045 

[25] K. J. Ciuffi, H. C. Sacco, J. B. Valim, C. M. C. P. Manso, 
O. A. Serra, O. R. Nascimento, E. A. Vidoto and Y. Iama- 
moto, “Polymeric Organic-Inorganic Hybrid Material Con- 
taining Iron(III) Porphyrin Using Sol-Gel Process,” Jour- 
nal of Non-Crystalline Solids, Vol. 247, 1999, pp. 146- 
152. doi:10.1016/S0022-3093(99)00053-8 

[26] K. J. Ciuffi, H. C. Sacco, J. C. Biazzotto, E. A. Vidoto, O. 
R. Nascimento, C. A. P. Leite, O. A. Serra and Y. Iama-

moto, “Synthesis of Fluorinated Metalloporphyrinosilica 
Imprinted with Templates through Sol-gel Process,” Jour- 
nal of Non-Crystalline Solids, Vol. 273, No. 1-3, 2000, pp. 
100-108. doi:10.1016/S0022-3093(00)00149-6 

[27] C. M. C. P. Manso, E. A. Vidoto, F. S. Vinhado, H. C. Sac- 
co, P. R. Martins, K. J. Ciuffi, A. G. Ferreira, J. R. Lind- 
say-Smith, O. R. Nascimento and Y. Iamamoto, “Charac- 
terization and Catalytic Activity of Iron(III) mono(4-N- 
methyl pyridyl)-tris(halophenyl) Porphyrins in Homoge- 
neous and Heterogeneous Systems,” Journal of Molecu- 
lar Catalysis A—Chemical, Vol. 150, No. 1-2, 1999, pp. 
251-266. doi:10.1016/S1381-1169(99)00216-2 

[28] F. S. Vinhado, P. R. Martins, A. P. Masson, D. G. Abreu, 
E. A. Vidoto, Y. Iamamoto and O. R. Nascimento, “Sup- 
ported Iron(III)porphyrins Pentafluorophenyl-derivatives 
as Catalysts in Epoxidation Reactions by H2O2: The Role 
of the Silica-support and Sulfonatophenyl Residues in the 
Activation of the Peroxidic Bond,” Journal of Molecular 
Catalysis A—Chemical, Vol. 188, No. 1-2, 2002, pp. 141- 
151. doi:10.1016/S1381-1169(02)00233-9 

[29] F. S. Vinhado, C. M. C. P. Manso, H. C. Sacco and Y. Ia- 
mamoto, “Cationic Manganese(III) Porphyrins Bound to 
a Novel Bis-Functionalised Silica as Catalysts for Hydro- 
carbons Oxygenation by Iodosylbenzene and Hydrogen 
Peroxide,” Journal of Molecular Catalysis A—Chemical, 
Vol. 174, No. 1-2, 2001, pp. 279-288.  
doi:10.1016/S1381-1169(01)00200-X 

[30] A. L. Faria, C. Airoldi, F. G. Doro, M. G. Fonseca and M. 
D. Assis, “Anchored Ironporphyrins—The Role of Talc- 
Aminofunctionalyzed Phyllosilicates in the Catalysis of 
Oxidation of Alkanes and Alkenes,” Applied Catalysis 
A-General, Vol. 268, No. 1-2, 2004, pp. 217-226.  
doi:10.1016/j.apcata.2004.03.035 

[31] A. A. Guedes, J. R. L. Smith, O. R. Nascimento, D. F. C. 
Guedes and M. D. Assis, “Catalytic Activity of Halo- 
genated Iron Porphyrins in Alkene and Alkane Oxidations 
by Iodosylbenzene and Hydrogen Peroxide,” Journal of 
the Brazilian Chemical Society, Vol. 16, No. 4, 2005, pp. 
835-843.doi:10.1590/S0103-50532005000500024 

[32] M. A. Schiavon, L. S. Iwamoto, A. G. Ferreira, Y. Iama- 
moto, M. V. B. Zanoni and M. D. Assis, “Synthesis and 
Characterization of a Novel Series of Meso (Nitrophenyl) 
and Meso (CarboxyPhenyl) Substituted porphyrins,” Jour- 
nal of the Brazilian Chemical Society, Vol. 11, No. 5, 
2000, pp. 458-466. 
doi:10.1590/S0103-50532000000500005 

[33] A. E. Shilov, “Chemical-Models of Metallo-Enzymes,” 
Journal of Molecular Catalysis, Vol. 47, No. 2-3, 1988, 
pp. 351-362. doi:10.1016/0304-5102(88)85060-0 

[34] B. R. Cook, T. J. Reinert and K. S. Suslick, “Shape Se- 
lective Alkane Hydroxylation by Metalloporphyrin Cata- 
lysts,” Journal of the American Chemical Society, Vol. 
108, No. 23, 1986, pp. 7281-7286. 
doi:10.1021/ja00283a024  

[35] M. J. Nappa and C. A. Tolman, “Steric and Electronic 
Control of Iron Porphyrin Catalyzed Hydrocarbon Oxi- 
dations.” Inorganic Chemistry, Vol. 24, No. 26, 1985, pp. 
4711-4719. doi:10.1021/ic00220a056 

[36] Z. Gross and L. Simkhovich, “Hydroxylation of Simple 

Copyright © 2013 SciRes.                                                                                 MRC 

http://dx.doi.org/10.1016/0010-8545(94)08000-H
http://dx.doi.org/10.1016/j.ccr.2006.01.014
http://dx.doi.org/10.1016/S1381-1169(02)00120-6
http://dx.doi.org/10.1039/c39840000279
http://dx.doi.org/10.1039/b105101f
http://dx.doi.org/10.1039/b000967i
http://dx.doi.org/10.1021/ja038951a
http://dx.doi.org/10.1016/j.molcata.2005.01.045
http://dx.doi.org/10.1016/S0022-3093(99)00053-8
http://dx.doi.org/10.1016/S0022-3093(00)00149-6
http://dx.doi.org/10.1016/S1381-1169(99)00216-2
http://dx.doi.org/10.1016/S1381-1169(02)00233-9
http://dx.doi.org/10.1016/S1381-1169(01)00200-X
http://dx.doi.org/10.1016/j.apcata.2004.03.035
http://dx.doi.org/10.1590/S0103-50532005000500024
http://dx.doi.org/10.1590/S0103-50532000000500005
http://dx.doi.org/10.1016/0304-5102(88)85060-0
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=4BHbAgL4c@DHMl6jaGP&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=4BHbAgL4c@DHMl6jaGP&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=2&SID=4BHbAgL4c@DHMl6jaGP&page=1&doc=1
http://dx.doi.org/10.1021/ja00283a024
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=6&SID=4BHbAgL4c@DHMl6jaGP&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=6&SID=4BHbAgL4c@DHMl6jaGP&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=6&SID=4BHbAgL4c@DHMl6jaGP&page=1&doc=1
http://dx.doi.org/10.1021/ic00220a056


L. P. B. LÔVO  ET  AL. 

Copyright © 2013 SciRes.                                                                                 MRC 

55

Alkanes by Iodosylbenzene in Catalyzed more Efficiently 
by Second than by Third Generation Iron(III) Porphy- 
rins,” Tetrahedron Letters, Vol. 39, No. 44, 1998, pp. 
8171-8174. doi:10.1016/S0040-4039(98)01820-6 

[37] A. Corma, “State of the Art and Future Challenges of 
Zeolites as Catalysts,” Journal of Catalysis, Vol. 216, No. 
1-2, pp. 298-312. doi:10.1016/S0021-9517(02)00132-X  

[38] Y. Iamamoto and K. J. Ciuffi, “Characterization and Ca- 
talytic Activity of 2,6-Dichlorophenyl Substituted Iron(III) 
Porphyrin Supported on Silica Gel and Imidazole Propyl 
Gel,” Journal of Molecular Catalysis A—Chemical, Vol. 
116, No. 3, 1997, pp. 405-420. 
doi:10.1016/S1381-1169(96)00342-1 

[39] R. F. Parton, G. J. Peere, P. E. Neysa, P. A. Jacobs, R. 
Claessens and G. V. Baron, “Cyclohexane Oxidation with 
Tertiary-Butylhydroperoxide Catalyzed by Iron-Phthalo- 
cyanines Homogeneously and Occluded in Y Zeolite,” 
Journal of Molecular Catalysis A–Chemical, Vol. 113, 
No. 3, 1996, pp. 445-454. 
doi:10.1016/S1381-1169(96)00111-2   

[40] B. Z. Zhan and X. Y. Li, “A Novel ‘build-bottle- 
around-ship’ Method to Encapsulate Metalloporphyrins in 
Zeolite-Y. An Efficient Biomimetic Catalyst,” Chemical 
Communications, Vol. 1998, No. 3, 1998, pp. 349-350. 
doi:10.1039/a706030k 

[41] F. C. Skrobot, “Synthesis and Haracterization of Manga-
nese and Iron Porphyrins Encapsulated in Zeolites: Cata-
lytics Studies in the Homogeneous and Heterogeneous 
Systems,” Thesis, University of São Paulo, São Carlos, 
2004. 

[42] F. C. Skrobot, A. A. Valente, G. Nevesa, I. Rosa, J. Ro- 
cha and J. A. S. Cavaleiro, “Monoterpenes Oxidation in 
the Presence of Y Zeolite-Entrapped Manganese(III) 
Tetra (4-N-benzylpyridyl)porphyrin,” Journal of molecu- 
lar catalysis A–Chemical, Vol. 201, No. 1-2, 2003, pp. 
211-222. doi:10.1016/S1381-1169(03)00181-X 

[43] T. A. Khan and J. A. Hriljac, “Hydrothermal Synthesis of 
Microporous Materials with the Direct Incorporation of 
Porphyrin Molecules,” Inorganica Chimica Acta, Vol. 
294, No. 2, 1999, pp. 179-182. 
doi:10.1016/S0020-1693(99)00247-9 

[44] C. V. McDaniel and P. K. Maher, “Zeolite Chemistry and 

Catalysis,” ACS, Washington DC, 1976.  

[45] K. J. Balkus Jr., A. G. Gabrielov, S. L. Bell, F. Bedioui, L. 
Roue and J. Devynck, “Zeolite Encapsulated Cobalt(ii) 
and Copper(ii) Perfluorophthalocyanines-Synthesis and 
Characterization,” Inorganic Chemistry, Vol. 33, No. 1, 
1994, pp. 67-72. doi:10.1021/ic00079a013 

[46] W. Zhang, P. G. Smirniotis, M. Gangoda and R. N. Bose, 
“Bronsted and Lewis Acid sites in Dealuminated ZSM-12 
and Beta Zeolites Characterized by NH3-STPD, FT-IR, 
and MAS NMR Spectroscopy,” Journal of Physical Che- 
mistry B, Vol. 104, No. 17, 2000, pp. 4122-4129. 
doi:10.1021/jp993072p  

[47] J. L. McLain, J. Lee and J. T. Groves, “Biomimetic Oxi- 
dations Catalyzed by Transition Metal Complexes,” Im- 
perial College Press, London, 2000, p. 91. 
doi:10.1142/9781848160699_0003 

[48] J. T. Groves, W. J. Kruper and R. C. Haushalter, “Hydro- 
carbon Oxidations with Oxometalloporphinate. Isolation 
and Reactions of a (Porphinato)Manganese(v) Complex,” 
Journal of the American Chemical Society, Vol. 102, No. 
20, 1980, pp. 6375-6377. doi:10.1021/ja00540a050  

[49] G. S. Nunes, I. Mayer, H. E. Toma, K. Araki, “Kinetics 
and Mechanism of Cyclohexane Oxidation Catalyzed by 
Supramolecular Manganese(III) Porphyrins,” Journal of 
Catalysis, Vol. 236 No.1, 2005, pp. 55-61. 
doi:10.1016/j.jcat.2005.09.003  

[50] J. R. Lindsay-Smith, Y. Iamamoto and F. S. Vinhado, 
“Oxidation of Alkanes by Iodosylbenzene (PhIO) Cata- 
lysed by Supported Mn(III) Porphyrins: Activity and 
Mechanism,” Journal of Molecular Catalysis A—Chemi- 
cal, Vol. 252, No. 1-2, 2006, pp. 23-30. 
doi:10.1016/j.molcata.2006.01.064 

[51] D. H. R. Barton and D. Doller, “The Selective Function- 
alization of Saturated Hydrocarbons—Gif Chemistry,” 
Accounts of Chemical Research, Vol. 25, No. 11, 1992, 
pp. 504-512. doi:10.1021/ar00023a004  

[52] J. T. Groves, T. E. Nemo and R. S. Myers, “Hydroxy- 
lation and Epoxidation Catalyzed by Iron-Porphine Com- 
plexes-Oxygen-Transfer from Iodosylbenzene,” Journal 
of the American Chemical Society, Vol. 101, No. 4, 1979, 
pp. 1032-1033. doi:10.1021/ja00498a040  

 

 

http://dx.doi.org/10.1016/S0021-9517(02)00132-X
http://dx.doi.org/10.1016/S1381-1169(96)00342-1
http://dx.doi.org/10.1016/S1381-1169(96)00111-2
http://dx.doi.org/10.1039/a706030k
http://dx.doi.org/10.1016/S1381-1169(03)00181-X
http://dx.doi.org/10.1016/S0020-1693(99)00247-9
http://dx.doi.org/10.1021/ic00079a013
http://dx.doi.org/10.1021/jp993072p
http://dx.doi.org/10.1142/9781848160699_0003
http://dx.doi.org/10.1021/ja00540a050
http://dx.doi.org/10.1016/j.jcat.2005.09.003
http://dx.doi.org/10.1016/j.molcata.2006.01.064
http://dx.doi.org/10.1021/ar00023a004
http://dx.doi.org/10.1021/ja00498a040

