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Abstract - A biphaaic ayatem using a manganese porphyrin as a catalyst and 
sodium ascorbate as a reducing agent is able to activate dioxygen and to 
oxidize olefins selectively into epoxides and alkanes into alcohols end keto- 
nes. Its properties and specificities are shown to be different from those 
of the manganese porphyrin-iodosylbenzene system, suggesting thet a mangane- 
se-oxo complex is not involved in these 02-dependent oxidations. 

INTRODUCTION 

Cytochrome P-450-dependent monooxygenaaes catalyze the reductive activation of dioxygen 

by NADPH and the insertion of one oxygen atom into organic compounds’. 

NADPH 
s + o2 ___, SO + H20 

Cyt P-450 

They are able to hydroxylate alkanes and epoxidize olefins. Under anaerobic conditions, they cata- 

lyze the reduction by NADPH of several substrates such as halogenated compounds, tertiary K-oxides, 

arene-oxides and nitroarenes*. The deaire to understand the mechanisms of cytochrome P-450-cataly- 

zed reactions and the need for selective and effective synthetic oxygenation or reduction catalysts 

have recently motivated some investigstora to study heme model systems either for reduction or 

oxidation reactions. We have described a biphasic heme model system able to perform in enaerobic 

conditions, most of the cytochrome P-450-dependent microsomal reductions of organic substrates3. 

This system uses sodium ascorbate ss a reducing agent in water, an iron-porphyrin as a catalyst 

of electron transfer to the substrate in benzene and a catalytic amount of a phase transfer agent. 

Under aerobic conditions, this system is unable to perform oxidation of substrates such as alksnes 

or olefins. One must note that no heme model system using an iron-porphyrin as a catelyst has been 

shown so far able to activate dioxygen and to hydroxylate alkanes or to epoxidize olefins. However, 

we found very recently that, simply by replacing the iron-porphyrin by a manganese-porphyrin, the 

biphasic system becomes able, in the presence of dioxygen, to perform the oxidation of many sub- 
4 strates . Very few systems using dioxygen, a reducing agent and a metailoporphyrin as a catalyst 

have been so far reported to be able to hydroxylate alkanas or epoxidize olefins. Two such systems 

using mmgsnese-porphyrins ae catalysts and either a borohydride’ or H2 (in the presence of Ptj6 

as reducing agents have been recently described. The first system performs the oxidation of cyclo- 

hexene to cvclohexanol and cvclohexenol 5a and the oxidstion of terminal olefins to methvlketones Sb . 
The second syetem performs the epoxidetion of cyclohexene and the hydroxylation of adamantane6. 

Very recently, a rhodium-porphyrin has been used as a catalyst for the oxidation of olefins by 

dioxygen in the presence of NaBH4 in excess7, leadinq eventually to alcohola of the “anti- 
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Markovnikoff” type . 

Many studies have implicated that high-valent oxo-iron-porphyrin species are key oxidi- 

zing intermediates in the catalytic cycle of cytochrane P-4501”. This was supported by the fact 

that a number of single oxygen atom donors such as hydroperoxidea, peroxyacida and iodosylbenzene, 

effect oxygen transfer in a manner similar in many respects to the enzymatic syatem working with 

02 and NADPH9. Model studies have demonstrated that metalloporphyrina can catalyze various hydro- 

carbon oxygenation processes by using iodoaylbenzene a8 oxidant 
10,11,12 . 

More particularly, manganese-porphyrins have been shown to produce, by reaction with 

iodoaylbenzene, an oxo-manganeae species Mn(V) = 0 able to transfer very efficiently its oxygen 

atom to alkanea12. However, only few data are available in the literature on reactions of this 

Mn(III)-C6H510 system with olefins. They concern the nonstereospecific epoxidation of cia- end 

trana-etilbeneelZb and the relative reactivitiea of some olefina towards this aystem, eatimated 

from competitim experimente6. 

In this paper, we describe the properties and specificities of the biphaaic Mn(TPP)(Cl)- 

02-ascorbate system and, in particular, we show that it ie able to perform the selective epoxida- 

tion of a variety of olefina under very simple and mild conditione. In order to get information on 

the nature of the active oxidizing species involved in this system and to compare it with the spe- 

ciee involved in the Mn(TPP)(Cl)-C6H510 system (&I’ = 01, we had to further precise some properties 

of the latter concerning its reactivity towards olefina and ita reactions with alkanes in the pre- 

aence of 02 which were not available in the literature. The present results atrmgly auggeat that 

different oxidizing species are involved in the two systems. 

RESULTS 

Description of the Mn(porphyrin)-02-aecorbate system 

The reductive activation of dioxygen can be performed by a system using t+-1(111)(TPP)(Cl)!~ 

dioxygen and a reducing agent 596 . We used the biphaaic system schematically represented in Fig, 1. 

Catalytic anounts of Mn(TPP)(Cl), 2.5 mM, are diaaolved in a mixture of the hydrocarbon substrate 

(1 ml) and C6H6 (1 ml). The reducing agent is aodium aecorbate, 250 mM, in an aqueous buffer 

(pH S.5) containing a phase transfer agent, trioctylmethylammonium chloride (TOMA), 5 mM. Reactions 

are performed in the presence of O2 (1 atm). Aecorbate has been found aa the most appropriate redu- 

cing agent for dioxygen activation and substrate oxidation. Effectively, by studying the oxidation 

of atyrene by the same biphaeic C6H6-H20 system but with 250 mM sodium dithionite (Table 1) or so- 

dium cyano-borahydride as reducing agents, me found respectively leas or no formation of styrene 

oxide. Moreover, heterogenoua systems using a metallic powder (manganese or iron) aa a reducing 

NA-DPH 

Figure 1 I Schematic representation of the Mn(TPP)-02-aacorbate system and comperiaon with the 
cytochrome P-450 system. 
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agent and a mixture of styrene and benzene, in the presence of dioxygen (1 atm),were found unable 

to oxidize styrene into styrene oxide. 

The trmsfer of the reducing equivalenta of ascorbate to dioxygen occurs in three 

steps I 

1) Transfer of aacorbate into the organic phase owing to a catalytic amount of a phase trans- 

fer agent. 

2) Reduction of the manganese-porphyrin catalyst Mn(III)(TPP)(Cl) to Mn(II)(TPP) by ascorbate 

in the organic phaae. 

3) Electron transfer from IVh(II)(TPP) to dioxygen. 

In figure 1, we have compared this biphaaic system to cytochrune P-450 itaelf, where, in 

a similar manner, the reducing equivalsnts of NAOPH are transferred to dioxygen both by cytochro- 

me P-450-reductaae and by cytochrane P-450-heme. Aa it will be ahown in Tables 2 and 4, the biphs- 

sic Mn(TPP)(Cl)-02-ascorbate system is able to oxidize differently substituted olefine into the 

corresponding epoxidea and to oxidize alkanes into a mixture of alcohols and ketones. However, one 

found that it cannot oxidize aromatic compounds such as phenanthrene or benzene into epoxides or 

phenols, This explains why C6H6 could be added into the system to enhance the dissolution of the 

porphyrin catalyst in the orgmic phase. In order to illustrate the various factors which are im- 

portant for the oxidetions performed by thia syetam, its reaction with styrene as substrate is des- 

cribed in the following paragraph. 

Oxidation of etyrene by the Mn(TPP)-02-ascorbste system 

Under the eforementioned conditions, the oxidation of etyrene gives mainly styrene oxide 

and also minor amounts of phenylacetaldehyde . The formstim of these products is linear with time 

for 2 hours, the rates of formatim of styrene oxide and phenylaceteldehyde being respectively 

0.6 and 0.08 mol per mol of Mn(TPP)(Cl) and per hour (Tsblee 1 and 2). Actually, at pH 8.5, under 

1 stm of dioxygan, the reaction stops after sbout 2 hours (Figure 2) becsuee sodium ascorbate is 

Table 1 : Rates of formstim of styrene oxide in the oxidatim of styrene by the Mn(TPP)-O2 
sscorbate system, under various cmditime 

Conditions V 

mol/mol Hn(TPP)/h 

Complete System (a) I Mn(TPP)(Cl) 2.5 mM, ascorbate 
250 mM, pH 8.5, t = 20°C, TOMA 5 mM, p02 = 1 atm 

Dithionite 250 mM (b) 

pH 7.4 (c) 

pop : 0.2 atm (d) 

t = 7ooc 

TOMA 25 mM 

0.6 

0.52 

0.26 

0.06 

0.005 

0.6 

Complete System (a) 0.6 

+ pyridine 62.5 mM 0.2 

+ 4-methylpyridine 62.5 mM 0.18 

+ pyridine 250 mM 0.08 

(a) Cmditime for complete system are indicated in the experimental eectim. The modification of 
one factor is precised in the Table, end the reactions carried out ss described in the experimen- 
tal section. (b) Ascorbate wss replaced by sodium dithimite (500)Imol). (c) 1 M phoephete 
KH2P04/K2HP04 buffer. (d) Aerated solvents were used and the system opened to the air. 
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t 
further 

addition 
of500 01 

b” ascor ate 

v 
1 2 

b 
3 

t(h) 

Table 3 : Relative reactivitiea of olefins in the 
Mn(TPP)-02-ascorbate system 

Relative Reactivity 

Olef in 
based on can- baaed on re- 
petition ex- aulte of 
periments table 2 (b) 

(a) 

Hex-1-ene 1 1 

trans-hex-2-ene 1.7 1.3 

Cyclohexene 9 R 

cia-hex-2-ene 8 0.6 

2,3-dimethyl-but-2-ene 12.5 11.5 

Styrene 25 20 

(a) Reactions vere performed aa indicated in the 
experimental section. (b) The relative reactivi- 
tiea were calculated from the yields of epoxides 
indicated in Table 2. 

Fiqure 2 I Time couraea of atyrene oxide for- 
mation upon oxidation of styrene by the Mn(TPP)- 
02-aacorbete ayatem. Conditions : Mn(TPP)(Cl) 
Spmol, aecorbate 500 mol, atyrene 1 ml, in 
C6H6 (1 ml)/H20 (2 ml , pH 8.5, pO2 = 1 atm. ? 

completely consumed not only for substrate oxidation but also for secondary reactions such aa its 

direct reaction with 02, which ia known to be very efficient at high pH. This explains why yields 

baaed on the reducing agent are very low (1~ 1.5 5). After a new addition of sodium aacorbate, the 

reaction starts again with the same rate (Figure 2). When one works at lower pH or lower dioxygen 

pressure, the reducing agent is consumed more slowly (after about 4 hours) but the rate of atyrene 

oxidation is lower (Table 1). For example, the rate of formation of atyrene oxide is decreased to 

0.26 mol per mol of Mn(TPP)(Cl) and per hour by using a phosphate buffer, pH 7.4 and 0.06 mol per 

mol of Mn(TPP)(Cl) and per hour by using e dioxygen pressure of 0.2 atm. 

No oxidation takes place if any component of the system (02, sodium aacorbate, Mn(TPP) 

(Cl), TOMA) is omitted. This shows that the observed oxidation is relative to a reductive activa- 

tion of dioxygen and not to an autoxidation process. Moreover, this shows that both the phase 

transfer and electron transfer catalysis are absolutely required. 

As ahown by visible apectroacopy, the manganese porphyrin ie completely in the Mn(II1) 

(TPP)(Cl) atate during atyrene oxidation, and no destruction could be detected after 2 days reac- 

tion, indicating that the Fh-porphyrin acts as a real catalyst. Table 1 indicates that the rates 

of atyrene oxidation are not changed by increasing the phase transfer agent concentration but ere 

drastically decreased by increasing the temperature to c.a.70°C certainly because of the lower 

dioxygen concentration in the organic phase. Finally, we examined if the presence of pyridine en- 

hanced the oxidation rates, se it had been reported for the Mn(TPP)-02-H2 (in the presence of Pt.) 

system in the caee of the oxidation of cyclohexene6. On the contrary, Table 1 shows that pyridine 

inhibits the oxidation of etyrene by the Mn(TPP)-02-aacorbate eystem. One observed that the more 

concentrated or the more nucleophilic the base, the more efficient the inhibition. One aleo obaer- 

ved, by viaible spectroscopy, high steady state concentrations of the pentacoordinated Mn(TPP)(Py) 

complex, lmax : 442 nm14, during the oxidation of styrene by the biphaaic system, in the presence 

of pyridine. To favour the reaction between the active species and the substrate, we have general- 

ly worked with a large excess of substrate relative to the manganese-porphyrin (~2000). So, the 

yield baaed on the substrate was very low (s 0.3 %). By reducing the concentration of atyrene in 

order to have 10011 atyrene:Mn(TPP)(Cl) molar ratio, all other conditions being unchanged, one ob- 
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served that the nature and ratio of the products did not change. The formation rates of styrene 

oxide and phenylacetaldehyde were respectively 0.22 and 0.025 mol per mol of Mn(TPP)(Cl) and per 

hour, the yielda being 2.2 % and 0.25 % baaed on styrene, after 10 h reaction. It is noteworthy 

that, under these conditions, the yield of styrene oxide based m consumed styrene (which is diffi- 

cult to determine precisely because of the error on the styrene concentration) wsa greater than 

75 L. 

_Oxidatim of alkenes by the Mn(TPP)-02-aacorbate system 

Table 2 records the products formed upon oxidation of differently substituted olefins 

by the biphasic system as well ss the rates of reaction at 20DC. For each olefin, except for sty- 

rene and cyclohexene, the only product of the organic phase detected by g.1.c. and mass spectrcme- 

try is the corresponding epoxide. No oxidation of the allylic C-H bonds leading to alcohols and 

ketones has been detected. The oxidation of styrene gives also minor amounts of phenylacetaldehyde. 

In the case of cyclohexene, whose allylic positions are known to be very sensitive to oxidation, 

only traces of cyclohexenone are formed. This is a further indication that the reaction does not 

proceed as a typical a&oxidation, since the products distribution typical of cyclohexene autoxi- 

dation is very different from that reported here 15,5a . One should note that this almost exclusive 

formation of cyclohexene oxide is observed only when all the components of the system are present. 

In the absence of dioxygen or manganese porphyrin, no oxidation takes place. However, in the ebsen- 

ce of either sodium ascorbate or the phase transfer agent, cyclohexenme, cyclohexenol and cyclo- 

hexene oxide are formed in a 79/20/l ratio characteristic of cyclohexene autoxidation catalyzed 

by metallqorphyrins 15 . These results suggest that sodium ascorbate acts not only as a reducing 

agent for dioxygen activation as expected but also as an efficient inhibitor of the autoxidstion 

process. For the other olefins of table 2, we also found that the phase transfer and electron trans- 

fer catalysts were necessary for the epoxidatim to occur. For all olefins, we did not observe, by 

visible spectroscopy, any characteristic absorption of an intermediate species other than Mn(II1) 

(TPP) or Fh(II)(TPP) and any destruction of the Mn-porphyrin after 2 days reaction. 

Table 2 also shows that the epoxidatim of aliphatic alkenes by this system is a stereo- 

specific process since trans- and cis-hex-2-ene give only the corresponding epoxide. This is not 

the case for stilbenes. Effectively, if trars-stilbene gives only the corresponding epoxide, cis- 

Table 2 : Oxidation of alkenes by the Wi(TPP)-02-ascorbate system (a! 

Substrate Product v (b) 

mol/mol Mn(TPP)/h 

Styrene Styrene oxide 0.6 

Phenylacetaldehyde 0.08 

cis-stilbene cis-stilbene oxide 0.14 

trans-stilbene oxide 0.23 

trans-stilbene trans-stilbene oxide 0.07 

cis-hex-2-ene cis-hex-2-ene oxide 0.26 

trans-hex-2-ene trans-hex-2-ene oxide 0.04 

Cyclohexene Cyclohexene oxide (c) 0.24 

6-phenoxy-hex-1-ene L-phenoxy-hex-1-ene oxide 0.07 

Hex-1-ene Hex-1-ene oxide 0.03 

2,3-dimethyl-but-2-ene 2,3-dimethyl-but-2-ene oxide 0.34 

(a) Reactions carried out 8s described in the experimental section. (b) The formation of the pro- 
ducts is linear with time. (c) T races of cyclohexenme have been detected (2 % versus epoxide). 
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Table 4 : Oxidation of C-H bonds by the Mn(TPP)-02-ascorbate system (a) 

Substrate Product v (b) 

mol/mol Mn(TPP)/h 

Cyclohexane 

Heptane 

Methylcyclohsxane (c) 

Toluene Benzaldshyde 

Cyclohexanol Cyclohexanone 

Heptan+ol Heptan-4-one 

Benzyl alcohol Benzaldehyde 

Anisole Phenol 

Cyclohexanol 

Cyclohexanone 

Heptan-Z-one 

Heptan-3-one 

Heptan-4-one 

l-methylcyclohexanol 

2-n&.hylcyclohexanols 

3-methylcyclohexanols 

4-methylcyclohexanols 

2-methylcyclohexanone 

3-rnethylcyclohexanone 
+ 4-fnethylcyclohexanone 

0.04 

0.3 

0.07 

0.13 

0.03 

0.1 

0.04 

0.02 

0.01 

0.17 

0.2 

0.4 

1.5 

1.3 

a.7 

0.04 

(a) Reactions carried out as described in the experimental section. (b) The formation of the pro- 
ducts is linear with time, (c) The used analytical method waa unable to separate the stereoiaomers 
of 2-, 3- and 4-methylcyclohexanols, in one hand, and 3- and 4_methylcyclohexanone, in the other 
hand. 

stilbene is oxidized into a mixture of cia-stilbene oxide and trane-stilbene oxide in a lr1.7 mo- 

lar ratio . 

The relative reactivities of olefine towards the present Mn(TPP)-02-aacorbate system were 

estimated from a series of competition experiments where two olefins were present in the organic 

phase (Table 3). One observes that the relative reactivity increases with an increase in the number 

of alkyl substituents of the double bond. Moreover, Tables 2 and 3 indicate that tie-alkenee are 

more reactive than their trans-isomsrs. For instance, cis-hex-2-ene was found 4.7 timea more reac- 

tive than its trane-isomer (Table 3) and cis-stilbene led to much higher yields of epoxide thsn 

trans-stilbene (Table 2). It is interesting to note that ths relative reactivities of olefina, 

based on competition experiments, closely resemble those calculated from the rates of epoxide for- 

mation reported in Table 2. 

Oxidation of C-H bonds by the b(TPP)-02-aacorbate system 

Table 4 reports the producta and rates of oxidation of alkanee, 

by the biphasic system. It reveals that alkanea are efficiently oxidized, 

alcohols and anisole, 

leading mainly to ketones 

or aldehydes. Minor amounts of cyclohexanol are also formed upon cyclohexane oxidation. With ms- 

thylcyclohexsne as substrate, which contains primary, secondary and tertiary hydrogens, we found 2-, 

3-, 4-methylcyclohexanone and l-methylcyclohexanol as major products as well as minor amounts of 2-, 

3-, 4-methylcyclohexanole. The relative reactivity of tertiary to secondary hydrogen5 of this 

substrate was c.a 2.3, after statistical correction for the number of hydrogen atoms. No product 

derived from the oxidation of the primary C-H bonds has been detected. Table 4 also shows that the 
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Table 5 : Oxidation of alkenea by the Mn(TPP)-C6H510 system, under anaerobic conditions 

Substrate Product % Yield (a) 

Styrene Styrene oxide 06 

Phenylacetaldehyde 3 

cia-hex-Z-ene cia-hex-Z-ene oxide 64 

Allylic alcohols (b) 2 

trana-hex-2-ene trana-hex-2-ene oxide a 

Allylic alcohols (b) 2 

Cyclohexene Cyclohexene oxide 40 

Cyclohex-1-en-3-01 23 

Cyclohex-l-en-)-one 6 

6-phenoxy-hex-1-ene 6-phenoxy-hex-1-ene oxide 45 

6-phenoxy-hex-l-en-3-01 34 

6-phenoxy-hex-l-en-3-one 8 

6-phenoxy-hexanal 2 

Hex-1-ene tlex-1-ene oxide 29 

Hex-1-en-3-01 4 

Hex-1-en-3-one 3 

Hexanal 1 

(a) % yields baaed on starting C H IO after 2 h reaction. Conditions are indicated in the experi- 
mental eecticm (Mn(TPP) I 
possible products deriving 

C6H510 4 1:5). (b) tie- and trana-hex-2-en-l-01 and hex-1-en-3-01, the 
from an oxidation of the primary C-H bonda were not detected. The 

different possible secondary allylic alcohols (cie- and trana-hex-2-en-4-01, cis- and trans-hex- 
3-en-Z-01) could not be separated. 

Table 6 I Oxidation of C-H bonds by the Mn(TPP)-C6H510 system 

9; Yield (a) 
Substrate Product 

under Argon 
atmosphere 

under 02 
atmosphere 

Cyclohexane 

Heptane 

Methylcyclohexane (b) 

Toluene 

+ 

Aniaole 

cyc10hexan01 
Cyclohexanone 

Heptan-P-01 
Heptan-3-01 
Heptan-4-01 
Heptan-2-one 
Heptan-3-one 
Heptan-4-one 

l-methylcyclohexanol 
2-methylcyclohexanols 
3-methylcyclohexanola 
4-methylcyclohexanols 
2-methylcyclohexanone 
3-methylcyclohexanone 
4-methylcyclohexanMe 

Benzylalcohol 
Benzaldehyde 

Phenol 

26 
5 

12.5 
15 

4 
1 
1 
1 

24 
20 

3 
18 

1.5 

1.5 

16 
1 

2 

22 
11 

2.4 
2.5 
1.5 
3.4 
3.6 
1.8 

22 
2 
5 
9 

10 

12 

3 
29 

2 

(a) % yields baaed on starting oxidant after 2 h reaction. 
tal section. 

Conditions indicated in the experimen- 
(b) The used analytical method was unable to separate the stereoisomers of the 2-, 

3- and 4_methylcyclohexenols, in one hand,and 3- and 4-methylcyclohexanooe. in the other hand. 
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system is able to perform the demathylation of anisola to phenol and to oxidize vary efficiently 

alcohols to ketones or aldehydaa. In order to know if the ketones or sldahydea formed during alka- 

nas oxidation come from the oxidation of intermediate alcohols, we studied the reaction of the 

complete biphaaic system with cyclohexsnol and heptan-4-01, but with atsrting low concentrationa 

of these alcohols (2.5-10 mM)-i.e. under conditions quite aimilar to those where one should find 

these alcohols during the oxidation of cyclohexane and heptane, if they were intermediatea in the 

formation of ketones. Since these alcohols ware not found to be oxidized under these conditiona, 

one can conclude that the ketones and aldehydaa produced by oxidatim of alkanea do not derive from 

the intermediate corresponding alcohols. In the case of aromatic compounds, no product (methoxy- 

phenols for eniaole or mathylphanola for toluane) arising from the oxidaticn of the aromatic ring 

has bean detected. 

Oxidation of alkanea by the Mn(TPP)-C6H IO syatem 

As shown in Table 5, Mn(TPP)(Cl) in benzene catalyzes the transfer of the oxygen atom of 

iodoaylbenzene in excess (5 equivalents baaed on Mn(TPP)(Cl)) to the olefins previously studied 

(Table 21, under anaerobic conditions, since no oxidation product is detected, by g.1.c. withwt 

Mn(TPP)(Cl). Iodoaylbanzana ia quantitatively converted into iodobenzana, with all the olafina un- 

der these conditions. The major product is alwaya the corresponding epoxide, the yields ranging 

from 8 to 86 I. These yields are unaffected by the presence of dioxygan (even 1 atm) in the reac- 

tion medium, In addition to these epoxides, significant emcunta of allylic alcohols or ketonea are 

formed, the epoxidation : allylic oxidation ratio being greatly dependent upon the nature of the 

olafin. Actually, this ratio decreases from 32 for cia-hex-2-ena to about 1 for 6-phanoxyhex-1-ene. 

No product derived from the oxidation of a primary allylic C-H bond has bean detected. With mono- 

substituted olefina as substrates, ma also obaarved the formation of minor amounts of aldehydaa. 

We have shown that these aldehydes do not derive from an iaomerization of the corresponding epoxi- 

des that are stable under the reaction conditions. 

The results reported in Table 5 indicate that the oxygen tranafar from iodoaylbenzana to 

olafins leading to apoxidaa is a atereoapacific process for aliphatic alkenea such as hex-2-ena, 

since trsns- and cia-hex-2-ana give only the corresponding epoxida. The analytical method would ha- 

ve detected the presence of less than 0.5 % of the other epoxide iaomer. It haa bean reported that 

this was not the case for a non-aliphatic alkene, atilbane 
12b . 

During the oxidation of olefina by the IY1(TPP)-C6H510 system the manganese-porphyrin 

catalyst is both in the b(III)(TPP) atate and in the 
c 

(TPP)&?” (Cl)(OIPh)] 2O state as ahown by 

the visible spectrum of the solution which axhibita paaka at A= 476 nm snd A= 421 nm12c’d. The 

relative concentrations of these complexes depend upon the reactivity of the alkene. For instance, 

high steady-state concentrations of the 421 nm-absorbing complex (80 Z of tha starting catalyst) 

are observed in the case of hex-Lana wharaaa only the Mn(III)(TPP) complex ia observed in the case 

of the moat reactive subatrate, atyrene. When C6H510 ia completely consumed, the spectrum of the 

manganese-porphyrin is identical to that of the starting catalyst. Moreover, it ia noteworthy that 

the Mn(II1) complex obtained at the and of the reactim retains its full catalytic activity. 

Oxidation of C-H bonds by the Mn(TPP)(Cl)-C6H510 system 

The oxidation of various alksnea by iodoaylbenzana in the presence of catalytic smounts 

of Mn(TPP)(Cl) has been racantly studied and fwnd to give alcohols in good yields 12. A detailed 

mechanism that involvaa the intermediate formation of a Mn” = 0 complex as the active species has 

bean proposed for this reaction 12 . In order to know if such an active apaciae ie involved in the 

reactions performed by the above described Mn(TPP)-02-aacorbata system, we have studied the oxida- 

tion of the alksnea indicated in Table 4 by C6H510 (12.5 mM) in the presence of Mn(TPP)(Cll (2.5 

mM), not mly under argon atmosphere, but also under one atmosphere of dioxygan as in reactions 

performed by the Fh-02-ascorbata biphaaic system. 

The rasulta are summarized in Table 6. They show that the ketone (or aldahyde) : alcohol 
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ratio largely increases in reactions performed in the presence of 02. This is particularly clear 

in the case of toluene and heptane : under an inert atmosphere, benzaldehyde or heptanones are 

only detected as traces whereas they become the main products under 1 atm of dioxygen. With cyclo- 

hexane as sub&rate, the yields of cyclohexanol end cyclohexenone, obtained under argon, are very 

similar to thoee previously reported 12a . Cyclohexanol remains the main product even under 1 atm of 

dioxygen. The relative reactivity of tertiary to secondary hydrogen8 of methylcyclohexane was c.a 

5.8 after statistical correction for the number of hydrogen atoms. No product derived from the 

oxidation of primary C-H bonds, in the case of heptene or methylcyclohexane, has been detected. 

As aholvn in Table 6, Fh(TPP)(Cl) is not very efficient to catalyze the oxidative deme- 

thylation of anieole by iodosylbenzene since only 2 % of phenol is produced. Moreover, as for to- 

luene, no product derived from an oxidation of the aromatic ring could be detected. During these 

oxidations, the manganese-porphyrin catalyst is both in the F+-I(III)(TPP) and in the 
c 

(TPP)MnI”(Cl) 

(OIPh)] 2O states, this last complex absorbing at 421 nm 
12c,d . It is noteworthy that after these 

reactions, using a 5rl C6H510 I Mn(TPP)(Cl) molar ratio, no irreversible modification of the por- 

phyrin catalyst could be detected by visible spectroscopy. 

DISCUSSION 

Characteristics and mechanism of the oxidationsperformed by the Mn(TPP)(Cl)-C6H IO system 

Very recently, a detailed mechanism for the oxidation of alkanes into alcohols by 

C6H510 catalyzed by Mn(III)-porphyrins has been presented12d. The species active in these reactions 

has been proposed to be a W(V) = 0 monomer complex12b which is in equilibrium with the isolated 

Scheme 1 
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c (TPP)Mnl”(C1)(PhIO) 
63 

Fe(III)-porphyrins’ , 
20 dimerlzd. As its Fe(V) = 0 equivalent formed upon reaction of C6ti510 with 

this species is believed to abstract an hydrogen atom from alkanes RlR2CH2 

leading to the corresponding free radical RlR2CH’ and a Mn(IV)-OH species (Scheme 1). In this me- 

chanism, alcohols are formed by an oxidative OH ligand transfer either inside the MnI”-OH 

R1R2CH’]caged radical pair, 
c ’ 

Mn( III )-OH spscieslzd 

or between RlR2CH’ radicals escaped frw this cage end Mn(IV)- or 

(acheme 1). Our resulta confirm that alcohols are the main products derived 

fron the oxidation of several alkanes in anaerobic conditions and establish a relative reactivity 

of tertiary to secondary hydrogens of methylcyclohexane towsrd the active species of 5.8. They also 

show an important increase of the yields of ketones (or eldehydes) when alkanes are oxidized in the 

presence of dioxygen (Table 6). This is consistent with the general mechanism of scheme 1 if one 

admits that the intermediate free radical RlR2CH’ reacts with dioxygen and that the resulting pero- 

xy radical RlR2CHOO’ reacts with the Mn(III)-porphyrin catalyst leading to the ketone RlR2C0 

(scheme 1). The fact that one found the formation of lower but significant amounts of ketones, under 

strictly anaerobic conditions (Table 6) suggests that these ketones could be formed by oxidation 

of the RlR2CH’ radicals by the Mn(V) I 0 species as indicated in Scheme 1. Concerning the oxidation 

of alkenes by the NI(III)-C~H~IO system, it had been shown that epoxides were formed, the electron 

rich olefins being more reactive6, and that atilbenes were epoxidized in a non-stereospecific man- 

nerlzb 
12b . The mechanism proposed for these epoxidstions IS very similar to that proposed for simi- 

lar reactions performed by C6H510 in the presence of iron(III)-porphyrin 
10 . The high-valent 

Mn” (or Fe”) : 0 species which has a free radical character, adda to the double bond leading to a 

Mn” (or Fe’“) species bearing a carbon-centered free radical (scheme 2). The intramolecular oxi- 

dation of this radical by Mn(IV) eventually leads to the epoxide. However, although cis- and trans- 

stilbene epoxidation by the Fs(III)-C6H510 system ia stereospecific 10 , their epoxidation by the 

Fln(III)-C6H510 system is not12b. This has been explained by a less efficient control of the inter- 

mediate radical by the Mn(IV) species than by its Fe(IV) equivalent 
12b 

. 

Our results confirm that epoxides ere the main products of olsfins oxidation by the 

Mn(III)-C6H510 system, as shown for all the olefins tested. They establish that aliphatic olefins 

such as hex-2-enes are epoxidized in a completely stereospecific manner (Table 5) contrary to stil- 

benss. They also ahow that other oxidation products are formed such ss allylic alcohols as soon as 

allylic hydrogens are present, and aldehydea in the case of monosubstituted olefins. The epoxide : 
allylic alcohols rstio is high in the case of electron-rich’reactive olefins such a tie-hex-2-ene 

but considerably decreases in the case of monosubstituted olefins, the two kinds of products being 

formed in nearly ewal amounts with 6-phenoxy-hex-I-ene (Table 5). The eldehydes observed upon 

oxidation of monosubstituted olefjns are not derived from the corresponding epoxides since treat- 

ment of these epoxides by the Mn(III)- C6H510 system under identical conditions failed to give al- 

dehydes (data not shown). The formation of these aldehydes has also been recently observed upon 

oxidation of the corresponding olefins by Fe(III)-porphyrin-C6H510 systems 16 and by cytochrome 

P-45016. Moreover, the formation of aryl-ethanels upon oxidation of styrenes by C6H510 and iron- 

porphyrins has been very recently reported 
10h . The formation of aldehydes and allylic alcohols as 

well as epoxides upon olefin oxidation by the Mn(III)-C6H510 system can be easily explained by 

considering scheme 2. The b(V) = 0 species can either add to the double bond or abstract allylic 

hydrogena. The intermediate free radical formed by the first reaction can lead either to the epo- 

xide or to the aldehyde by migration of a hydrogen atom. Actually, these two reactions could also 

occur inside a four membered metallocycle deriving from the combination of the intermediate free 

radical with the metal (Scheme 2)“. Abstraction of an allylic hydrogen atom leads to the finally 

observed ellylic alcohol by the general mechsnism proposed for C-H bonda hydroxylation (Scheme 1). 

In the case of mmosubstituted olefins, allylic hydrogen abstraction efficiently competes with the 

addition to the double bond wheress with more electron-rich olefins which can easily approach the 

porphyrin catalystlog such as cis-hex-Z-ene, the addition pathway leading to the epoxide becomes 

predominent (Table 5). 

It is interesting to compare the characteristics of the Mn(III)(TPP)-C6H510 system to 

those previously reported for the Fe(III)(TPP)-C6H510 system 10 . Oxidations by both systems seem to 
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involve the same general mechanism. Both systems provide an active species reacting aa an oxygen- 

centered free radical 10,12 and exhibiting a marked electrophilic character 6,10,12 . In both systems, 

the intermediate free radicals derived from the substrates are fsstly enwghcontrolled and oxidi- 

zed by the Fh(lV) or Fe(N) intermediate complex to give satisfactory yields of alcohols from 

alkanee and stereospecific epoxidation of hex-2-enes (tables 5,6 and ref.10). However, this control 

is less efficient in the caee of Mn(lV) as previously underlined in the case of the non-stereo- 

specific epoxidation of atilbenea, the intermediate relatively stable benzylic radical having time 

to undergo a rotation around its C-C bond 
12b . The important increase of ketonea yields upon alkane 

oxidation in the presence of O2 observed in this study (Table 6) is e further indication of the re- 

latively less efficient control of intermediate free radicals by the Mn(III)-C6H510 system. This is 

certainly the main advantage of the Fe(III)-C6U510 system over its Mn(lI1) analogue ; however, one 

must note that the latter system gives higher yields of alkane hydroxylations and is considerably 

less limited by an irreversible oxidative degradation of the catalyst 18 . 

Characteristics and mechanism of the f+n(TPP)-02-eacorbate system 

This 02-activating system exhibits several analogies with the f+1(Ill)-C~H510 system. Both 

systems perform olefins epoxidation and alkane oxidation, give poor yields of enisole dealkylation 

and fail to hydroxylate aromatic rings (at least of benzene, anieole and 6-phenoxy-hex-l-ene). Both 

systems react preferentially on tertiary C-H bonds of alkenes, the relative ratios of reactivity 

of tertiary over secondary C-H bonds being 2.3 and 5.8 for the 02- and C6H510-dependent systems. 

These ratios sre compatible with a free radical reactivity of the active species 19 . Both systems 

working in aerobic conditions lead to high yields of ketones from elkanes and this could be explai- 

ned by the involvement of free radicals and their reactions with 02. The orders of reactivity to- 

wards various olefins observed for the two systems (Tables 2 end 5) are very similar suggesting 

the involvement of electrophilic active species which are able to epoxidize tie-and trsns-hex-2- 

enes, but not cis-and trsns-stilbenes, in a completely stereospecific msnner. Finally, both systems 

are considerably more reactive toward cis-1,2-disubatituted olefina than toward the corresponding 

trans-olefins. This has been observed for hex-2-enea and stilbenea (Tables 2 and 5). A similar 

result has been reported in the case of Fe(Ill)-porphyrins-C6H510 systems and interpreted by a much 

greater hindrance for the approach of trena-olefins to the porphyrin plane 109 . 

However, the two systems exhibit also major different characteristics : (i) the Mn-02- 

aecorbate system is totally regioselective for olefin oxidation leading exclusively to epoxides 

(Table 2) whereas the Mn-C6H510 system also leads to various amounts of allylic alcohols and keto- 

nes (Table 51, (ii) the two systems exhibit slightly different reactivity ratios of tertiary versus 

secondary C-H bonds (2.3 and 5.8 respectively), (iii) the Fh-02-ascorbate system gives higher ke- 

tone : alcohol ratios for alkane oxidation than the Mn-C6H510 system working under the same O2 

pressure (Tables 4 and 6). For instance, with cyclohexane as substrate, one found a BE:12 cyclo- 

hexanone : cyclohexanol ratio, with the Nn(TPP)-02-ascorbste system and e 34:66 ratio, with the 

Mn(TPP)-C6H510 system, under 1 etm of 02. These major differences strongly suggest that different 

active oxidizing species are involved in the two systems and therefore that the active species 

involved in the Mn-02-ascorbate system is not e Mn(V) = 0 canplex. 

Another possible active species could derive from compounds such ss 02- and H202, coming 

from dioxygen reduction by ascorbete which has been shown to be important in the reaction condi- 

tions (see for instance Fig. 2). In order to test this hypothesis, experiments have been done with 

the complete system (Table 1) where aecorbete has been replaced either by H202 or by K02 (from 2.5 

to 250 mM) (data not shown). In the case of K02, similar experiments have been performed in the 

absence of the squeoue phase in order to limit its fast dismutation but in the presence of a crown 

ether (dibenzo-lB-crown-6-ether) to solubilize K02 in the organic phase. Under none of these con- 

ditions using K02 or H202 instead of O2 and ascorbate, styrene was epoxidized or cyclohexane oxi- 

dized into cyclohexanol or cyclohexanone. This result indicates that reduced dioxygen species such 

as 0 - 2 and H202 are not involved in the oxidations performed by the tk-02-ascorbate system. More- 

over, it has been previously shown that alkylhydroperoxides in the presence of catalytic amounts 
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of Mn(TPP)(Cl) were very poor oxidizing agents toward hydrocarbons and, particularly, were unable 

to epoxidize olef inaloe. Thie is not in agreement with but does not completely exclude an active 

species of the Mn-02-aacorbete system derived from reaction of Mn(TPP)(Cl) with a peroxidic com- 

pound formed upon autoxidation of aecorbate. 

Another possible origin of the ective species ie tentatively depicted in scheme 3. The 

Mn(II1) catalyst is first reduced by aacorbate (step (1) of Scheme 3) the resulting Mn(II) complex 

being able to bind 02 (step (2)). The involvement of the Mn(II)(TPP)(O2) caplex is supported by 

the observed inhibition of styrene oxidation upon addition of pyridine (Table 1). It is well known 

that Mn(II)-porphyrins CM bind only one ligand,becauae in five-coordinated complexes, the metal 

ion is displaced from the porphyrin plene towards the ligand “. Thue, pyridine competes very effi- 

ciently with dioxygen for coordination to Mn(II)(TPP) since it has been shown that the affinity 

for 02 is far leas than that for nitrogenous ligands 
14 . This explains why one observed by visible 

spectroscopy high concentrations of Mn(II)(TPP)(Py) during the oxidation of styrene by the biphasic 

system in the presence of pyridine. Since dioxygen cannot bind to the metal ion trane to pyridine, 

only a vary low part of the manganese porphyrin acts as a catalyst for the activation of dioxygen 

under these conditions. The oxidizing species could derive from a one-electron reduction of the 

Mn(II)(TPP)(02) caplex (step (3)) and could have been either a t!m(III)-peroxo canplex or a f+(V)- 

0x0 complex after cleavage of the O-O bond2’. Whatever the structure of its active species may be, 

the Mn-02-aacorbate system exhibits properties very similar to those of tha previously described 

b(TPP)(Cl)-O,-H,-Pt system (awns regioaelectivity for olafin epoxidation and similar order of 

reactivity of olefinsj6. In that regard, it is noteworthy that the characteristica of these systems 

are very different from those of the Mn(TPP)(Cl)-02-NR4BH4 system 
5b 

which wes described to oxidize 

monosubstituted olefina to the corresponding methylketones. Actually we found no methylketone for- 

mation upon oxidation of styrene, hex-l-ene and L-phenoxy-hex-l-ene by the Mn-02-aacorbate system. 

The major problem of the Mn(TPP)(Cl)-02-aacorbate ayatem, in its present form, is its low 

yields of oxidation products baaed on the consumed reducing agent. Actually, sodium aecorbate is 

not only consumed for the formation of the active oxidizing species but also by reaction with O2 

itself and with the oxidizing species (step (5) of scheme 3). The above results could be explained 

by a competition at the active oxidizing species level between substrate and aacorbate itself 

(step (4) and (5)). As this active species is oxidizing enough to activate alkanes, it should be 

easily reduced by ascorbate itself. This active species is thus mainly consumed by reduction by 

Scheme 3 : Proposed mechanism for substrate oxidation by the Mn(TPP)(Cl)-0 2 -aacorbate system 
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ascorbate, only a very low part of it being used for substrate oxidation. Thia is a general pro- 

blem for chemical models of mrmooxygenaaea vhich must produce a highly oxidizing apeciea in a 

medium where high concentrationa of a reducing agent are required for reductive dioxygen activation. 

Despite this problem which limita presently both the rates of substrate oxidation and the yields 

of oxidized products baaed m the reducing agent, the above described Fh(TPP)(Cl)-02-aacorbate aya- 

tern ia interesting at least from two points of view. Firat, it oxidizea alkanea and olefina in very 

mild end simple cmditims (room temperature, pH 8.51, which are close to thoae uaed for mmooxy- 

genaaea. Second, it leada to a completely regioaelective oxidation of olefina with the exclusive 

formation of epoxidea, differing in that point with cytochromea P-450 and most of their metallo- 

porphyrins baaed models. It would be very interesting to determine the nature of the. oxidizing ape- 

ties which does not seem to be a Mn(V) = 0 complex, reapmaible for these reactions. 
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EXPERIMENTAL SECTION 

Materials. All the substrates uaed for this study vere canmercial reagent grade unleaa otherwise 
stated and were purified by distillation, column chromatography, or recrystallization. Styrene, 
cyclohexene, cyclohexane, heptane, toluene, nmthylcyclohexane and aniaole were purchased from 
Prolabo (France). Hex-l-ene, cia- and trans-hex-2-ene, 2,3-dimethyl-but-2-ene vere obtained from 
Fluke, cis- and trans-atilbene from Aldrich. 6-phenoxy-hex-l-ene was prepared by reaction of 6-bro- 
mo-hex-1-ene (from Fluke) with an excess of sodium 

P 
henate in LXISO (24 h reflux), extracted into 

hexane and distilled (75 9; yield), bp 69OC (0.2 mm) 6~22. The elemental analysis and the apectros- 
topic characteristics of thia product is in agreement with the indicated atructurel6,22. 

The products derived from the oxidation of the substrates were generally cotmvercial aam- 
plea. Phenol, benzyl alcohol, l-methylcyclohexanol, 2_methylcyclohexanols, cyclohexanme, benzal- 
dehyde, 2-, 3-, 4methylcyclohexanme were obtained from Prolabo, cia- and trans-hex-2-en-l-01, 
cyclohexenol, hex-1-en-3-one, cyclohexenme from Aldrich, cia- and trana-hex-2-en-&01, phenylece- 
taldehyde, hexanal, heptanola and heptanonea fran Fluka, cyclohexanol and 4+nethylc+lohexanols 
from Touzart et Matignon, a mixture of cia- and trans-3-methylcyclohexanol from Rhone Poulenc and 
hex-l-en-3-01 from Janaaen, Styrene oxide vaa purchased from Fluka, trana-stilbene oxide and cyclo- 
hexene oxide from Aldrich. The other epoxidea vere synthesized from the corresponding alkenea with 
m-chloroperbenzoic acid by a stmdard 
89-91°C), hex-1-ene oxide bp 117°C(lit 2! 

rocedure23. 2,3-dimethyl-but-2-ene oxide, b 90°C(lit24 bp 
116-119DC)lcis-stilbene oxide, mp 38Y(lit 3 mp 37’%),cie- s 

hex-2-ene oxide, bp lORoC(lit26 108”C),trana-hex-2-ene oxide bp 112aC(lit26 113OC).The oxidation 
products of 6-phenoxy-hex-l-ene, L-phenoxy-hex-1-ene oxide, 6-phenoxy-hexanal, 6-phenox 
3-01 and 6-phenoxy-hex-l-en-3-me were synthesized according to classical procedures ( 2j;&Q-;;,_ 

pectively) and gave satisfactory elemental analysis, 1H NMR and mass spectral6 in agreement with 
the indicated structures. Trioctylmethylamnonium chloride was obtained fra Fluke and eodium ascor: 
bate fran Sigma. Tetrephenylporphyrinato manganeee (III) chloride29 and iodosylbenzene30 were pre- 
pared as previously described. 

Procedure for the oxidation of substrates by the biphasic system. The oxidation of alkenes and al- 
kanea by dioxygen catalyzed by a manganese porphyrin ves carried out under the following conditions. 
5pmol of Mn(TPP)(Cl) were dissolved into a mixture of benzene (1 ml) and subatrate (1 ml). This 
solution vaa added to 2 ml of a 1M Tria-HCl aqueous buffer, containing 10 pmol of trioctylmethylam- 
monium chloride (TOMA), in a glass tube capped with a septum. 5pmol of an internal standard were 
added in order to determine the yields of the products. Dioxygen vaa then slowly bubbled through 
the biphasic system for at least 10 min. The reaction was starting by adding 500 pmol of sodium 
ascorbate and stirring the system under 1 atm of dioxygen at room temperature (2OOC). Every 2 hours, 
500/mol of aacorbate were added. The organic phase was analyzed, in one hand, by visible spectros- 
copy, in an other hand by g.1.c. and mass apectrometry. 

The competition experiments were carried out as described above with 0.5 ml of each subs- 
trate in 1 ml of benzene for the organic phase. 

Procedure for the oxidation of substratea by the Fh(TPP)-C6H5IO system. In a glass tube capped with 
a septum 5pmol of Mn(TPPl(C1) were dissolved in 1 ml of benzene and 1 ml of the substrate. Argon, 
for anaerobic reactions, or dioxygen vere bubbled through the solution for et least 15 min. After 
addition of 25pmol of iodosylbenzene, the aoluticn was stirred at rown temperature under 1 atmpf 
argon or dioxygen. The solution turned brown indicating the presence of the [(TPP)HnIV(Cl)(OIPh)J20 
canplex, in addition to the Mn(III)(TPP)(Cl) complex. Indeed, the viaible spectrum of the solution 
exhibited two bands, at a= 421 nm and A= 476 nm. After c.a 2 h, when all the iodoaylbenzene had 
been consumed, as indicated by the disappearance of the brown color and the formation of the green 
color of b(III)(TPP), an internal standard vaa added. The mixture was then analyzed by g.1.c. and 
maas apectrcinetry.. 
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Physical measurements. For both ayatema, the manganese porphyrin catalyst was studied by visible 
spectroscopy of the organic phase, using an AMINCO DW2 Spectrophotometer. The spectra have shown 
the presence of the Eh(III)(TPP), Amax= nm and Mn(II)(TPP),lmax&47 nm complexes for the bi- 
phaaic system and Mn(III)(TPP) and C(TPP)MnIV(Cl)(DIPh)J2D Amax= nml2ctd complexes, for the 
C6H510-dependent ayatem. 

The formation of oxidation products in both oxidizing systems was followed by g.1.c. with 
an titersmat IG12D FL eqipped with a hydrogen flame ionization detector. The glass colurma used 
for this study were packed with the following materials : 5 % W/W OV 210 on gas chrom 0 for methyl- 
cyclohaxme, 5 % W/W Carbowax on Anachrcm SD for etyrene, toluene and anisole, 5 % W/W FFAP on 
chromosorb UAW for the other substrates. For 6-phsnoxy-hex-1-ene a fused silica capillary column 
packed with CPSil was used. The carrier gas was N2. For combined gas chromatography-mass apectro- 
metry, a Riber R 1010 mass apectromster and a PDP 8 computer were coupled with a Girdel chrcmato- 
graph. The temperature of the 3 % SE 52 glass column increased from 80 to 250°C at a rate of 5“C 
per min, the carrier gas was helium at a pressure of 1 Bar. The retention times and the mass apec- 
tra of the oxidation products were compared with thoae of authentic samples, We have not tried to 
separate by g.1.c. the cia- and trans-iacnners of 2-, 3-, 4-methylcyclohexanole and of secondary 
allylic alcohols derived from cis- and trena-hex-2-enc. 
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