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Metalloporphyrins as catalysts in the decomposition of 
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A series of metalloporphyrins with various metals were tested as catalysts in the decomposi- 
tion of cyclohexyl hydroperoxide. The more active complexes are those of manganese(III), 
iron(III), chromium(III) and ruthenium(II). No relation could be found between the redox 
potentials of the catalysts and their activity. 
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1. I n t r o d u c t i o n  

Oxidation of  cyclohexane to cyclohexanol (chol) and cyclohexanone (chon) is 
an important  industrial process. An intermediate in this oxidation is cyclohexyl 
hydroperoxide (chhp). In nature, oxidation of saturated hydrocarbons with molec- 
ular oxygen is catalysed very selectively by the enzyme cytochrome P-450. With iso- 
lated cytochrome P-450 also hydroperoxides can be used as oxygen donor.  
Therefore, an investigation of the usefulness of metalloporphyrins as catalysts in 
the decomposit ion of chhp seems worthwhile. F rom earlier work on the decomposi- 
tion of  chhp it is known that  iron(III) and cobalt(II) porphyrins are able to decom- 
pose chhp [1], while also chromium(III)  and manganese(III) porphyrins have been 
patented for this purpose [1]. Furthermore,  a literature search revealed that  manga- 
nese(III), osmium(II),  iron(III) and cobalt(II) tetraphenylporphyrins are able to 
decompose cumyl hydroperoxide at 20~ with half-life times of  the peroxide of  
4320, 210, 1-2 and 0.3 min, respectively [2,3]. In contrast, the metal-free tetraphe- 
nylporphyrin as well as magnesium(II),  copper(II), nickel(II), zinc(II), oxotita- 
nium(IV) and oxovanadium(IV) tetraphenylporphyrins do not  show any catalytic 
activity in the decomposition of  cumyl hydroperoxide [2,3]. However, it has also 
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been reported that oxotitanium porphyrins are capable of reaction with tert-butyl 
hydroperoxide, dibenzoyl peroxide and hydrogen peroxide [4-6]. Besides, reac- 
tions between oxomolybdenum(V) [7-11], oxorhenium(V) and oxotungsten(V) 
[11 ] porphyrins and hydrogen peroxide and/or tert-butyl hydroperoxide have been 
reported. 

In order to answer the question which metals are to be preferred in the por- 
phyrin core of a catalyst in the decomposition of chhp, metallotetraphenylporphyr- 
ins containing the following metals were tested: titanium, vanadium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc, molybdenum, ruthenium, tungsten 
and rhenium, while also the parent, metal-free tetraphenylporphyrin was tested for 
its catalytic activity. As porphyrin moiety, tetraphenylporphyrin (TPP) was used, 
because of both the ease of preparation of this ligand and the easy introduction of a 
metal in this porphyrin. 

2. Experimental 

The instrumentation and analytical procedures have been described earlier 
[12,13]. The decomposition reactions were carried out in a Schlenk tube, containing 
a N2 atmosphere, thermostated at 25.0 + 0.2~ The tube was filled with 10.0 cm 3 
of 0.158 mol dm -3 chhp solution in cyclohexane. 500 mm 3 of a porphyrin solution 
in CH2CI2 was added. The reaction was stirred magnetically (stirring rod 
0.5 • 0.7 cm at 1000 rpm). Two samples were taken, the first one, 10 mm 3 was 
required for the gaschromatographic determination of the chol and chon concen- 
trations and the second, 1.0 mm 3, was necessary for the spectroscopic determina- 
tion of the chhp concentration. All reactions were at least carried out twice. 
Tetraphenylporphyrin was prepared according to the procedure described by 
Adler [14,15]. Mn(TPP)C1, Cr(TPP)C1, Fe(TPP)C1 and VO(TPP) were prepared by 
reaction of H2(TPP) with Mn(OAc)2 �9 4H20,  CrC12, FeCI2 �9 4 H 2 0  and V(acac)3 , 
respectively [16]. Ru(TPP)(CO) was synthesized from Ru3(CO)I 2 [17], Co(TPP) 
from Co(OAc)2.4H20, Cu(TPP) from Cu(OAc)2-H20 , Ni(TPP) from 
NiC12 �9 6H20 and Zn(TPP) from Zn(OAc)2 �9 2H20 [18]. TiO(TPP) was obtained by 
a method described by Latour [19]. MoO(TPP)OMe, ReO(TPP)Br and 
WO(TPP)Br were kindly donated by Dr. G. Legemaat. 

3. Results and discussion 

Various metalloporphyrins were tested as catalyst in the decomposition of 
chhp. The results are presented in table 1. From table 1 it is clear that only 
Cr(TPP)C1, Mn(TPP)C1, Fe(TPP)C1, Co(TPP), Ru(TPP)(CO) and ReO(TPP)Br 
catalyse the decomposition of chhp. These catalysts contain metals which are 
found in the centre of the periodic system, i.e. in groups VI, VII, VIII and IX. For 
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Table 1 
Decomposition of chhp catalysed by various tetraphenylporphyrins a 
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Catalyst Chhp decomposed Chon formed b Chol formed b Chon/chol 
(%) (%) (o/'o) 

H2(TPP) 0 - - - 
TiO(TPP) 0 - - - 
VO(TPP) 0 - - - 
Cr(TPP)C1 53 20 20 1.0 
Mn(TPP)C1 50 23 24 1.0 
Fe(TPP)C1 67 43 23 1.9 
Co(TPP) 16 4 14 0.3 
Ni(TPP) 0 - - - 
Cu(TPP) 0 - - - 
Zn(TPP) 0 - - - 
MoO(TPP)(OCH3) 0 - - - 
Ru(TPP)(CO) 89 32 54 0.6 
WO(TPP)(Br) 0 - - - 
ReO(TPP)(Br) 19 7 7 1.0 

a Conditions: [chhp] = 0.150 mol dln -3, [catalyst] = 0.1 mmol dm -3 in c-C6H12/CH2C12 (20 : 1) at 
25 ~ for 48 h. 

b Based on initial concentration of chhp. 

metal loporphyrins  containing metals posit ioned more  to the left (groups IV 
and V) or more  to the right (groups X, XI  and XII)  in the periodic system no activ- 
ity was found. Fur ther  study, aimed at finding an explanation of  the results pre- 
sented in table 1, was preceded by an investigation of  the stability of  these 
metaUoporphyrins.  Therefore, during the reaction the catalyst  was moni tored  by  
U V / V i s  spectroscopy. It appeared that on basis of  their catalytic behaviour  the 
tested metal loporphyrins  can be divided into three groups: catalytically active, stoi- 
chiometrically active and inactive. Catalytically active are Mn(TPP)C1, 
Fe(TPP)C1, Co(TPP),  Cr(TPP)C1, Ru(TPP)(CO)  and ReO(TPP)Br ,  stoichiometri-  
cally active are Zn(TPP),  MoO(TPP) (OCH3)  and WO(TPP)Br  and inactive are 
Ha(TPP),  TiO(TPP),  VO(TPP),  Ni(TPP)  and Cu(TPP).  

In order to increase our understanding of  the catalytic activity of  the metal lopor-  
phyrins tested, their redox potentials were determined by  cyclic vo l tammetry  
(table 2). The oxidation or reduction of  the metal loporphyrin  can take place on two 
sites: on the metal  itself or on the porphyrin  ring. An asterisk indicates that  the oxi- 
dat ion or reduct ion occurred mainly on the metal. 

Manassen  et al. [34,43] observed a correlation between the catalytic activity of  
metal loporphyrins  in the oxidative dehydrogenat ion ofcyclohexadiene and the oxi- 
dat ion potential  o f  the metal loporphyrin.  The catalytic activity increased when 
the oxidat ion potential  decreased. Besides, for a given potential,  a catalyst  which 
undergoes a metal  centred oxidation, exhibited higher catalytic activity than one 
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Table 2 
Redox potentials of various metalloporphyrins versus SCE a. An asterisk indicates that oxidation or 
reduction occurs on the metal. For comparison literature references when available are given. 

Catalyst Oxidation potentials Reduction potentials Refs. 
(v) (v) 

H2(TPP) 0.92 1.15 -1.28 [20,21] 
TiO(TPP) 1.07 1.31 -1.17 -1.57 
VO(TPP) 1.04 1.25 -1.16 -1.55 
Cr(TPP)C1 0.40 * 0.60 0.81 - 1.28 * 
Mn(TPP)C1 1.03 -0.41 * 
Fe(TPP)C1 b 1.03 * --0.41 * -- 1.25 * 
Co(TPP) 0.89 1.14 -0.92 * - 1.29 
Ni(TPP) 0.91 * 1.00 -1.28 
Cu(TPP) 0.89 1.14 -1.41 
Zn(TPP) 0.68 0.99 - 1.52 
MoO(TPP)(OCH3) c 1.11 -0.82* -1.14 -1.43 
Ru(TPP)(CO) 0.74 1.16' -1.55 
WO(TPP)(Br) 0.76 1.08 -1.01" -1.42 
ReO(TPP)(Br) d 0.77 1.10 -1.04" -1.45 

[22] 
[23-27] 
[25,29,30] 
[28,31,32] 
[28,33,35] 
[33,34,36] 
[3740] 
[20,30,41,42] 

a Conditions: 0.5 mmol dm -3 porphyrin, 0.1 mol dm -3 tetra(n-butyl)-ammonium perchlorate in 
CH2C12 at 25~ sweep rate 100 mV s -1. 

b For Fe(TPP)C1 a reduction potential was found at -0.07 V but this potential is due to the reduction 
of Fe(TPP)(C104) [24]. 

c For MoO(TPP)(OCH3) a reduction potential was found at 0.03 V but this potential is due to the 
reduction of MoO(TPP)(C104) [39]. 

a For ReO(TPP)Br a reduction potential was found at -0.18 V but this potential will be due to the 
reduction of ReO(TPP)(C104). 

that  undergoes oxidation on the porphyrin ring. In view of  Manassen 's  results an 

a t tempt  was made to find a correlation between the redox potential and the cataly- 

tic activity of  metalloporphyrins.  Therefore, the catalytic activity (here defined as 

percentage of  hydroperoxide decomposed after 48 h) was plotted versus the first 
oxidation potential  as well as versus the first reduction potential of  the metallopor- 

phyrin. In both  cases scattered points were obtained. Limitat ion of  the plots to 

either metal-centred or ring-centred oxidation potentials did not  lead to an accep ta -  

ble correlation. Remarkably,  a correlation seems to exist between catalytic activity 
and the difference between reduction and oxidation potential  except for 
Ru(TPP)(CO). The chemical meaning of  such a correlation is not  clear; it might  
well be a fortuitous one. 

The absence of  either of  these correlations may be explained in the following 

way. Various investigations indicate that  catalytic activity of  e.g. manganese and 
iron porphyrin complexes in the presence of  oxygen donors involves the sequence 
MnnI(TpP)  + --~O=MV(TpP) + ---~MIn(TpP) +. Since in the present experiments 

Mn(TPP)C1 and Fe(TPP)C1 are always present in their MnI(TpP) + state, the first 
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step of the sequence probably is the rate determining one. Formally, the overall 
process of this step involves a two-electron donation by the metal. Assuming that 
the other catalysts of tables 1 and 2 show similar behavior, the absence of any corre- 
lation might be due to the following reasons: (i) the metal centred oxidation poten- 
tials have to be compared; (ii) the oxidation potentials are one electron potentials; 
(iii) a reduction instead of an oxidation is rate determining. 

Of the several metalloporphyrin complexes tested as catalysts in the decomposi- 
tion of chhp, only the porphyrin complexes of chromium, manganese, iron, 
cobalt, ruthenium, and rhenium are catalytically active. The highest activity is 
obtained with ruthenium porphyrin, although its stability is very low. The best 
selectivity (chon/chol = 1.9) is obtained for the iron porphyrin. Taking into 
account the selectivity, stability and reactivity of the catalysts manganese, iron, 
chromium and ruthenium porphyrins appear to be the better choice. 

An explanation for the absence or presence of catalytic activity cannot yet be 
given. A correlation exists neither with oxidation nor with reduction potential. 
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