Tetrahedron, Vol. 40, No. 21, pp. 4297 to 4311, 1984. 0040-4020/84  $3.00 + .00
Printed 1n Great Britain. © 1984 Pergamon Press Ltd.

MONOOXYGENASE-LIKE OXIDATIONS OF OLEFINS AND ALKANES CATALYZED BY
MANGANESE PORPHYRINS 3 COMPARISON OF SYSTEMS INVOLVING EITHER O
AND ASCORBATE OR IODOSYLBENZENE

2

Marc FONTECAVE and Daniel MANSUY

Laboratoire de Chimie, Ecole Normale Supérieure, 24, rue Lhomond,
75231 Paris Cédex 05, France.

(Received in France 5 May 1984)

Abstract - A biphasic system 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 and keto-
nes. Its properties and specificities are shown to be different from those

of the manganese porphyrin-iodosylbenzene system, suggesting that a mangane-
se-oxo complex is not involved in these Uz-dependent oxidations.

INTRODUCTION

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

by NADPH and the insertion of one oxygen atom into organic compoundsl.
NADPH
5*02—-—-——)SO+H20
Cyt P-450

They are able to hydroxylate alkanes and epoxidize olefins. Under anserobic conditions, they cata-
lyze the reduction by NADPH of severel substrates such as halogenated compounds, tertiary N-oxides,
arene-oxides and nitroarenesz. The desire 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 investigators to study heme model systems either for reduction or
oxidation reactions. We have described a biphasic heme model system able to perform in anaercbic
conditions, most of the cytochrome P-450-dependent microsomal reductions of organic substrateaB.
This system uses sodium ascorbate as a reducing sgent in wster, an iron-porphyrin as a catalyst
of electron transfer to the substrate in benzene and a catalytic emount of a phase transfer agent.
Under aserobic conditions, this system is unable to perform oxidation of substrates such as alkanes
or olefins. One must note that no heme model system using an iron-porphyrin as a catalyst has been
shown so far able to activate dioxygen and to hydroxylate alkanes or to epoxidize olefins. However,
ve 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~
stratesa. Very few systems using dioxygen, a reducing agent and 8 metalloporphyrin as a catalyst
have been so far reported to be able to hydroxylate alkanes or epoxidize olefins. Two such systems
using manganese-porphyrins as catalysts and either a borohydride5 or H2 (in the presence of Pt)6
as reducing agents have been recently described. The first system performs the oxidation of ecyclo-
hexene to cvclohexanol and cvelohexenol58 and the oxidation of terminal olefins to methylketonesSb.
The second system performs the epoxidation of cyclohexene and the hydroxylation of ademantane6.
Very recently, a rhodium-porphyrin hes been used as a catalyst for the oxidation of olefins by
dioxygen in the presence of NaBHa in excess7, leading eventually to alcohols 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 cytochrome P-a501’8

. This was supported by the fact
that a number of single oxygen atom donors such as hydroperoxides, peroxyecids and iodosylbenzene,
effect oxygen transfer in a manner similar in many respects to the enzymatic system working with
02 and NADPHg. Model studies have demonstrated that metalloporphyrins caen catalyze various hydro-

carbon oxygenation processes by using iodosylbenzene as oxidentlo’ll’lz.

More particularly, manganese-porphyrins have been shown to produce, by reaction with
iodosylbenzene, an oxo-manganese species Mn(V) = D able to transfer very efficiently its oxygen
atom to alkaneslz. 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 cis- end

12b and the relative reactivities of some olefins towards this system, estimated

from competition experimentaé.

trans-stilbenes

In this paper, we describe the properties and specificities of the biphasic Mn(TPP)(Cl)-
Oz-eecorbate system and, in particuler, we shov that it is able to perform the selective epoxida-
tion of a variety of olefins under very simple and mild conditions. In order to get information on
the nature of the active oxidizing species involved in this system and to compare it with the spe-
cies involved in the Mn(TPP)(Cl)-C6H510 system (MnY = 0), we had to further precise some properties
of the latter concerning its reactivity towards olefins and its reactions with alkanes in the pre-
sence of 02 which vere not available in the literature., The present results strongly suggest that

different oxidizing species are involved in the two systems.
RESULTS

Description of the Nh(porphyrin)-Oz-aacorbate system

The reductive activation of dioxygen can be performed by & system using Mn(III)(TPP)(Cl),]3

dioxygen and a reducing egents's. We used the biphasic system schematically represented in Fig, 1.
Catalytic smounts of Ma(TPP)(Cl), 2.5 mM, are dissolved in a mixture of the hydrocarbon substrate
(1 ml) and CHg (1 ml). The reducing agent is sodium ascorbate, 250 mM, in an aqueous buffer

(pH 8.5) containing a phase transfer agent, trioctylmethylammonium chloride (TOMA), 5 mM, Reactions
are performed in the presence of 02 (1 atm). Ascorbate has been found as the most appropriate redu-
cing agent for dioxygen activation end substrate oxidation. Effectively, by studying the oxidation
of styrene by the same biphasic C6H6-H20 system but with 250 mM sodium dithionite (Table 1) or so-
dium cyano-borchydride as reducing agents, one found respectively less or no formation of styrene

oxide. Mareover, heterogenous systems using a metallic powder (manganese or iron) as a reducing

02—-\

N
electron Mo
transfer | MnN)‘
catalyst
e~ RH
N
7+ -Q oH
NADPH —> reducing €—{HOCH,CH
agent éu ©

Figure 1 : Schematic representation of the Mn{TPP)-0,-sscorbate system and comparison 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 transfer of the reducing equivalents of ascorbate to dioxygen occurs in three
steps 1

1) Transfer of ascorbate into the organic phase owing to a catelytic amount of a phase trana-
fer agent.

2) Reduction of the manganese-porphyrin catalyst Mn(III)(TPP)(C1) to Mn(II)(TPP) by ascorbate
in the organic phase,

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

In figure 1, we have compared this biphasic system to cytochrome P-450 iteelf, where, in
a similar manner, the reducing equivalents of NADPH are trensferred to dioxygen both by cytochro-
me P-450-reductase and by cytochrome P-450-heme, As it will be shown in Tables 2 and 4, the bipha-
sic Mn(TPP)(Cl)-Oz-aacorbate gystem is able to oxidize differently substituted olefins into the
corresponding epoxides and to oxidize alkanes into & 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 organic phase, In order to illustrate the various factors which are im-
portant for the oxidations performed by this system, its reaction with styrene as substrate is des-
cribed in the following paragraph,

Oxidation of styrene by the Mn(TPP)-Oz-ascorbate gyatem

Under the aforementioned conditions, the oxidation of styrene gives mainly styrene oxide
and also minor amounts of phenylacetaldehyde . The formation of these products is linear with time
for 2 hours, the rates of formation of styrene oxide and phenylacetaldehyde being respectively
0.6 and 0.08 mol per mol of Mn(TPP)(Cl) and per hour (Tables 1 and 2). Actually, at pH 8.5, under
1 atm of dioxygen, the reaction stops after about 2 hours (Figure 2) because sodium ascorbate is

Table 1 : Rates of formation of styrene oxide in the oxidation of styrene by the Mn(TPP)-U2
ascorbate system, under various conditions

v
mol/mol Mn(TPP)/h

Conditions

Complete System (a) : Mn{TPP)(Cl) 2.5 mM, ascorbate

250 mM, pH 8.5, t = 20°C, TOMA 5 mM, p02 = 1 atm 0.6
Dithionite 250 mM (b) 0.52
pH 7.4 (c) 0.26
p0, = 0.2 atm (d) 0.06
t = 70°C 0,005
TOMA 25 mM 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) Conditions for complete system are indicated in the experimental section. The modification of
one factor is precised in the Table, and the reactions carried out as described in the experimen-
tal section. (b) Ascorbate was replaced by sodium dithionite (500 umol). (c) 1 M phosphate
KH2P04/K2HPO4 buffer. (d) Aerated solvents were used and the system opened to the air.
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Table 3 : Relative reactivities of olefins in the
Mn(TPP)-Uz-ascorbete system

4
:g r Relative Reactivity
s\ ’ based on com- based on re-
-~ Olefin petition ex- sults of
- periments table 2 (b)
o (a)
E -
o
- 5 T Hex~l-ene 1 1
3 further trans-hex-2-ene 1.7 1.3
% addition Cyclohexene 9 8
[-]
s of 500 ol cis-hex-2-ene 8 8.6
o ascorbate .
g 2,3~dimethyl-but-2-ene 12.5 11.5
; Styrene 25 20
b
LN |
(a) Reactions were performed as indicated in the
- -+ 4 experimental section. (b) The relative reactivi-

1 2 3 t(;; ties were calculated from the yields of epoxides
indicated in Table 2.

Figure 2 s Time courses of styrene oxide for-

mation upon oxidation of styrene by the Mn(TPP)-

Oz-ascorbate system, Conditions : Mn(TPP)(Cl)

5 pymol, ascorbate 500 umol, styrene 1 ml, in

CgHg (1 ml)/Hz0 (2 m1), pH 8.5, p0y = 1 atm,

completely consumed not only for substrate oxidation but also for secondary reactions such as its
direct reaction with 02, which is known to be very efficient at high pH. This explains why yields
based on the reducing agent are very low (¢ 1.5 %). After a new addition of sodium ascorbate, 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 styrene
oxidation is lower (Table 1). for example, the rate of formation of styrene oxide is decreased to
0.26 mol per mol of Mn(TPP)(C1l) and per hour by using a phosphate buffer, pH 7.4 and 0.06 mol per

mol of Mn(TPP)(C1l) and per hour by using a dioxygen pressure of 0.2 atm,

No oxidation takes place if any component of the system (02, sodium ascorbate, Mn(TPP)
(Cl1), 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 shown by visible spectroscopy, the manganese porphyrin is completely in the Mn(III)
(TPP}(C1) state during styrene oxidation, and no destruction could be detected after 2 days reac-
tion, indicating that the Mn-porphyrin acts as a real catalyst. Table 1 indicates that the rates
of styrene oxidation are not changed by increasing the phase transfer agent concentration but are
drastically decreased by increasing the temperature to c.s.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, as it had been reported for the Mn(TPP)-Oz-H2 (in the presence of Pt)
system in the case of the oxidation of cyclohexene6. On the contrary, Table 1 shows that pyridine
inhibits the oxidation of styrene by the Mn(TPP)-OZ-escorbate syatem. One observed that the more
concentrated or the more nucleophilic the base, the more efficient the inhibition. One aslso obser-
ved, by visible spectroscopy, high steady state concentrations of the pentacoordinated Mn(TPP)(Py)
complex, Amax = 442 nmla, during the oxidation of styrene by the biphasic system, in the presence
of pyridine., To favour the reaction between the active species and the substrate, we have general-
ly vorked with a large excess of substrate relative to the manganese-porphyrin (22000), So, the
yield based on the substrate was very lov (2¢ 0.3 %). By reducing the concentration of styrene in
order to have 100:1 styrene: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 yields being 2.2 % and 0.25 % based on styrene, after 10 h reection. It is noteworthy
that, under these conditions, the yield of styrene oxide based on consumed styrene (which is diffi-
cult to determine precisely because of the error on the styrene concentration) was greater than

75 %.

Oxidation of alkenes by the MnLIPP)—OZ-aecorbate gystem

Table 2 records the products formed upon oxidation of differently substituted olefins
by the biphasic system as well as the rates of reaction at 20°C. For each olefin, except for sty-
rene and cyclohexene, the only product of the organic phase detected by g.l.c. and mass spectrome-
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 autoxidation, since the products distribution typical of cyclohexene autoxi-

dation is very different from that reported herels’Sa

. 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 absen-
ce of either sodium ascorbate or the phase transfer agent, cyclohexenone, cyclohexenol and cyclo-
hexene oxide are formed in a 79/20/1 ratio characteristic of cyclohexene autoxidation catalyzed

by metalloporphyrinals. 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 autoxidation
process, for the other olefins of table 2, we also found that the phase transfer and electron trans-
fer catalysts were necessary for the epoxidation to occur. For all olefins, we did not observe, by
visible spectroscopy, any characteristic absorption of an intermediate species other than Mn(III)
(TPP) or Mn(II)(TPP) and any destruction of the Mn-porphyrin after 2 days reaction.

Table 2 also shows that the epoxidation of aliphatic alkenes by this system is & stereo-
specific process since trans- and cis-hex-2-ene give only the corresponding epoxide. This is not

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

Table 2 : Oxidation of alkenes by the Nn(TPP)-Oz-aacorbate 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 6-phenoxy-hex-1-ene oxide 0.07
Hex-1-ene Hex-l-ene oxide 0.03
2,3-dimethyl-but-2-ene 2,3-dimethyl-but-2-ene oxide 0.34

(a) Reactione carried out as described in the experimental section. (b) The formation of the pro-
ducts is linear with time. (¢) Traces of cyclohexenone have been detected (2 % versus epoxide).
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Table 4 : Oxidation of C-H bonds by the Mn(TPP)-Oz-ascorbete system (a)

Substrate Product v (b)
mol/mol Mn(TPP}/h

Cyclohexane Cyclohexanol 0.04
Cyclohexanone 0.3

Heptane Heptan-2-one 0.07
Heptan-3-one 0.13

Heptan-4-one 0.03
Methylcyclohexane (c) 1-methylcyclohexanol 0.1

2-methylcyclohexanols 0.04

3-methylcyclohexanols 0.02

4-methylcyclohexanols 0.01

2-methylcyclohexanone 0.17
3-methylcyclohexanone 0.2

+ 4-methylcyclohexanone ¢

Toluene Benzaldehyde 0.4
Cyclohexanol Cyclohexanone 1,5
Heptan-4-o0l Heptan-4-one 1.3
Benzyl alcohol Benzaldehyde 8.7
Anisole Phenol 0.04

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

stilbene is oxidized into a mixture of cis-stilbene oxide and trans-stilbene oxide in a 1:1.7 mo-

lar ratio .

The relative reactivities of olefins towards the present Mn(TPP)-OZ-aacorbete system vere
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 vith en increase in the number
of alkyl substituents of the double bond. Moreover, Tables 2 and 3 indicate that cis-alkenes are
more reactive than their trans-isomers. For instance, cis-hex-2-ene was found 4.7 times more reac-
tive than its trans-isomer (Table 3) and cis-stilbene led to much higher yields of epoxide than
trans-stilbene (Table 2). It is interesting to note that the reletive reactivities of olefins,
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 Mn(TPP)-Oz-ascorbate system

Table 4 reports the products and rates of oxidation of alkanes, alcohols and enisole,
by the biphasic system. It reveals that alkanes are efficiently oxidized, leading mainly to ketones
or aldehydes. Minor amounts of cyclohexanol are also formed upon cyclohexane oxidation. With me-
thylcyclohexane es substrate, which contains primary, secondary and tertiary hydrogens, we found 2-,
3-, 4-methyleyclohexanone and l-methylcyclohexanol as major producte as well as minor amounts of 2-,
3-, 4-methyleyclohexanols. The relative reactivity of tertisry to secondary hydrogens 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 & also shows that the
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Table 5 : Oxidation of alkenes by the Mn(TPP)-C6H510 system, under anserobic conditions

4303

Substrate

Product

% Yield (a)

Styrene

cis-hex-2-ene

trans-hex-2-ene

Cyclohexene

6-phenoxy-hex-1-ene

Hex-1-ene

Styrene oxide
Phenylacetaldehyde

cis-hex~2-ene oxide
Allylic 8lcohols (b)

trans-hex-2-ene oxide
Allylic alcohols (b)

Cyclohexene oxide
Cyclohex-~l-en-3-0l

Cyclohex-1-en-3-one

6-phenoxy-hex-1-ene oxide
6-phenoxy-hex-1-en-3-o0l
6-phenoxy-hex-1-en-3-one
6-phenoxy-hexanal

tHex-1-ene oxide
Hex-l-en-3-o0l
Hex-1-en-3-one

Hexanal

86
3

64

40
23

45
34

(a) % yields based on starting 06H
mental section (Mn(TPP) 1 C.H 10 ¢ £:5),

possible products deriving

10 after 2 h reaction. Conditions are indicated in the experi-
(b) ecis- and trans-hex-2-en-1-0l and hex-l-en-3-o0l, the

from an oxidation of the primary C-H bonds were not detected. The
different possible secondary allylic alcohols {cis- and trans-hex-2-en-4-o0l, cis- and trans-hex-
3-en-2-0l1) could not be separated.

Table 6 : Oxidation of C-H bonds by the Mn(TPP)-C6H510 gystem

% Yield (a)

Substrate Product under Argon under 0,
atmosphere atmosphere
Cyclohexane Cyclohexanol 26 22
Cyclohexanone 5 11
Heptane Heptan-2-o0l 12,5 2.4
Heptan-3-ol 15 2.5
Heptan-4-o0l 4 1.5
Heptan-2-one 1 3.4
Heptan-3-one 1 3.6
Heptan-4-one 1 1.8
Methylcyclohexane (b) 1-methylcyclohexanol 24 22
2-methylcyclohexanols 20 2
3-methylcyclohexancls 3 )
4-methylcyclohexanols 18 9
2-methylcyclohexanone 1.5 10
3-methylcyclohexanone 1.5 12
+ 4-methylcyclohexanone *
Toluene Benzylalcohol 16 3
Benzaldehyde 1 29
Anisole Phenol 2 2

(a) % yields baged on starting oxidant after 2 h reaction. Conditions indicated in the experimen-
tal section. (b) The used analytical method was unable to separate the stereocisomers of the 2-,
3- and 4-methylcyclohexanols, in one hand,and 3- and 4-methylcyclohexanone, in the other hand,
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system is able to perform the demethylation of anisole to phenol and to oxidize very efficiently
alcohols to ketones or aldehydes. In order to know if the ketones or aldehydes formed during alka-
nes oxidation come from the oxidation of intermediate alcohols, ve studied the reaction of the
complete biphasic system with cyclohexanol and heptan-4-o0l, but with starting lov concentrations
of these alcohols (2,5-10 mM)-i.e., under conditions quite similar to those where one should find
these slcohols during the oxidation of cyclohexane and heptane, if they were intermediates in the
formation of ketones. Since these alcohols were not found to be oxidized under these conditions,
one can conclude that the ketones and aldehydes produced by oxidation of alkanes do not derive from
the intermediate corresponding elcohols. In the case of aromatic compounds, no product (methoxy-
phenols for anisole or methylphenols for toluene) arising from the oxidation of the aromatic ring
has been detected,

Oxidation of alkenes by the Mn(TPP)-C6H<IO system

As shown in Table 5, Mn(TPP)(Cl) in benzene catalyzes the transfer of the oxygen atom of
iodosylbenzene in excess (5 equivalents based on Mn(TPP)(Cl)) to the olefins previously studied
(Table 2), under anaerobic conditions, since no oxidation product is detected, by g.l.c. without
Mn(TPP)(C1). lodosylbenzene is quantitatively converted into iodobenzene, with all the olefins un-
der these conditions. The major product is always the corresponding epoxide, the yields ranging
from 8 to 86 %. These yields are unaffected by the presence of dioxygen (even 1 atm) in the reac-
tion medium. In addition to these epoxides, significant amounts of allylic alcohols or ketones are
formed, the epoxidation : allylic oxidation ratio being greatly dependent upon the nature of the
olefin, Actually, this ratio decreases from 32 for cis-hex-2-ene to about 1 for 6-phenoxyhex-l-ene.
No product derived from the oxidation of a primary allylic C-H bond has been detected. With mono-
substituted olefins es substrates, one also observed the formation of minor amounts of aldehydes.
We have shown that these aldehydes do not derive from an isomerization of the corresponding epoxi-
des that are stable under the reaction conditions.

The results reported in Table 5 indicate that the oxygen transfer from iodosylbenzene to
olefins leading to epoxides is a stereospecific process for aliphatic alkenes such as hex-2-ene,
since trans- and cis-hex-2-ene give only the corresponding epoxide, The analytical method would ha-
ve detected the presence of less than 0.5 % of the other epoxide isomer. It has been reported thst

this was not the case for a non-asliphatic alkene, atilbeneIZb.

During the oxidation of olefins by the Nh(TPP)-C6H510 syatem the manganeae-porphyriﬁ

catalyst ig both in the Mn(III)(TPP) state and in the [(TPP)PhIV (Cl)(OIPh)] 20 state as shown by
12¢,d
. The

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

the visible spectrum of the solution which exhibits peaks at A= 476 nm and A= 421 nm

high steady-state concentrations of the 421 nm-absorbing complex (80 % of the starting catalyst)
are observed in the case of hex-l-ene whereas only the Mn(III)(TPP) complex is observed in the case
of the most reactive substrate, styrene. When 06H510 is completely consumed, the spectrum of the
manganese-porphyrin is identical to that of the starting catalyst, Moreover, it is noteworthy that
the Mn(III) complex obtained at the end of the reaction retains its full catalytic activity.

Oxidation of C-H bonds by the Mn(TPP)(Cl)-86H510 gystem

The oxidation of various alkanes by iodosylbenzene in the presence of catalytic amounts
of Mn(TPP)(C1) has been recently studied and found to give alcohols in good yieldslz. A detailed
mechaniem that involves the intermediate formstion of a r'nv = 0 complex as the active species has
been proposed for this reactionlz. In order to know if such an active species is involved in the
reactions performed by the above described Mn(TPP)-Oz—aacorbate system, we have studied the oxida-
tion of the alkanes indicated in Table 4 by C HcIO (12,5 mM) in the presence of Mn(TPP)(C1l) (2.5
mM), not only under argon atmosphere, but slso under one atmosphere of dioxygen as in reactions

performed by the Mn-Uz-ascorbate biphasic system,

The results are summarized in Table 6. They show that the ketone (or aldehyde) : 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 en inert atmosphere, benzaldehyde or heptanones are
only detected as traces vhereas they become the main products under 1 atm of dioxygen. With cyclo-
hexane as substrate, the yields of cyclohexanol and cyclohexanone, obtained under srgon, are very
similar to those previously reportedlza. Cyclohexanol remains the main product even under 1 atm of
dioxygen. The relative reactivity of tertiary to secondary hydrogens of methylcyclohexsne 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 heptane or methylcyclohexane, has been detected.

As shown in Table 6, Mn(TPP)(Cl) is not very efficient to catalyze the oxidative deme-
thylation of anisole 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
oxidstions, the mangenese-porphyrin catalyst is both in the Mn(II1)(TPP) and in the [(TPP)MnIV(Cl)
(0IPh) | ,0 states, this last complex absorbing at 421 nmiZ+d
reactions, using a 5:1 C6H510 ¢ Mn(TPP)(C1) moler ratio, no irreversible modification of the por-

. It is noteworthy that after these

phyrin catalyst could be detected by visible spectroscopy.

DISCUSSION

Characteristics and mechanism of the oxidationsperformed by the I‘h(TPP)(Cl)-CGHLIO gystem

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

C HSIO catalyzed by Mn(III)-porphyrins has been presentedlzd. The species active in these reactions

12b

has been proposed to be a Mn(V) = 0 monomer complex vhich is in equilibrium with the isolated

Scheme 1

R o P4
MnCl + Ph10 == [CIMn(o1PH) 0 vt Mn=o
M=0 + RyR,CH, — [Wh=oH +R{RyCH] —— M+ RyR,CHOH
=
o~ Mn Mn=0 MA=OH or MA~
\CHRn‘R <_—R4|R2CH W '::' *R1R20HOH
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ETPP)MnIV(Cl)(PhIO) 20 dimer12d, Ag its Fe(V) = O equivalent formed upon reaction of CeHeI0 with

Fe(III)-porphyrins1 s this species is believed to abstract an hydrogen atom from alkanes RlRZCHZ
leading to the corresponding free radical RlRZCH' and a Mn(IV)-OH species (Scheme 1). In this me-
chanism, alcohols are formed by an oxidative OH ligand transfer either ingide the [ﬂnIV-OH,
RlRZCH'] caged radical pair, or between RlRZCH' radicals escaped from this cage and Mn(IV)- or
Mn(III)-0H specieled (scheme 1). Our results confirm that alcohols are the main products derived
from the oxidation of several alkanes in snaercbic conditions and establish e relative reactivity
of tertiary to secondary hydrogens of methylcyclohexane toward the active species of 5.8. They also
shov an important increase of the yields of ketones (or aldehydes) 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 R,R,CH’ reacts with dioxygen and that the resulting pero-

xy radical RlRZCHOO' reacts with the Mn(III%-gorphyrin catalyst leading to the ketone R1R2C0

(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 RlRZCH' radicals by the Mn(V) = O species as indicated in Scheme 1. Concerning the oxidation
of alkenes by the Mn(III)-C6H510 system, it had been shown that epoxides were formed, the electron
rich olefins being more reectiveé, and that stilbenes were epoxidized in a non-stereospecific man-

er12b. The mechanism proposed for these epoxidationSIZb is very similar to that proposed for simi-

n
lar reactions performed by CéHSID in the presence of iron(III)-porphyrinlU. The high-valent

an (or Fev) = 0 species which has a free radical character, adds to the double bond leading to a
MnIV (or FeIV) 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 Fe(III)-C6HSIO system is etereospecificlo, their epoxidation by the
Mn(III)-C6H510 system is notle. This has been explained by a less efficient control of the inter-

mediate radical by the Mn(IV) species than by its Fe(IV) equivalentIZb.

Our results confirm that epoxides are the mein products of olefins oxidation by the
Mn(III)-CsHSIO 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-
benes. They also show that other oxidation products are formed such as allylic alcohols as soon as
allylic hydrogens are present, and aldehydea in the case of monosubstituted olefins., The epoxide :
allylic alcohols ratio is high in the case of electron-rich reactive olefins such a cis-hex-2-ene
but considerably decreases in the case of monosubstituted olefins, the two kinds of products being
formed in nearly equal amounts with é-phenoxy-hex-l-ene (Table 5). The aldehydes observed upon
oxidation of monosubstituted olefins 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 systemsl6 and by cytochrome
P-45016. Moreover, the formation of aryl-ethanals upon oxidetion of styrenes by C6HSIO and iron-
porphyrins has been very recently reportedloh. The formation of aldehydes and sllylic elcohols as
wvell as epoxides upon olefin oxidation by the Mn(III)-C6H510 system can be easily explained by
considering scheme 2. The Mn(V) = O species can either add to the double bond or abstract allylic
hydrogens. The intermediate free radical formed by the first reaction can lead either to the epo-~
xide or to the aldehyde by migration of & 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)17

. Abstraction of &n allylic hydrogen atom leads to the finally
observed allylic alcohol by the general mechanism proposed for C-H bonds hydroxylation (Scheme 1).
In the case of monosubstituted olefing, allylic hydrogen abstraction efficiently competes with the
addition to the double bond whereas with more electron-rich olefins which can easily approach the
porphyrin catalystlog such as cis-hex-2-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 aystemln. Oxidations by both systems seem to
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involve the same general mechanism. Both systems provide an active species reacting as an oxygen-—

centered free radicallV?1? 6,10,12

and exhibiting a marked electrophilic character . In both systems,
the intermediate free radicals derived from the substrates are fastly enoughcontrolled and oxidi-
zed by the Mn(IV) or Fe(IV) intermediate complex to give satisfactory yields of alcohols from
alkanes and stereospecific epoxidation of hex-2-enes (tables 5,6 and ref.10). However, this control
is less efficient in the case of Mn(IV) as previously underlined in the case of the non-stereo-
specific epoxidation of stilbenes, the intermediate relatively stable benzylic radical having time

to undergo a rotation around its C-C bond12b

. The important increase of ketones yields upon alkane
oxidation in the presence of 02 observed in this study (Table 6) is a further indication of the re-
latively less efficient control of intermediate free radicals by the Mn(III)-CGHSID system, This is
certainly the main advantage of the Fe(III)-C6H510 system over its Mn(III) 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 catalystle.

Characteristics and mechanism of the Mn(TPP)-Oz-aacorbate system

This Oz-activating system exhibits several asnalogies with the Mn(III)-CsHSIO system. Both
systems perform olefins epoxidation and alkane oxidation, give poor yields of anisole dealkylation
and fail to hydroxylate aromatic rings (st least of benzene, anisole and 6-phenoxy-hex-l-ene). Both
systems react preferentially on tertiary C-H bonds of alkanes, 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 are compatible with a free radical reactivity of the active apecieslg. Both systems
wvorking in aerobic conditions lead to high yields of ketones from alkanes and this could be explai-
ned by the involvement of free radicals and their reactions with 02. The orders of reactivity to-
vards various olefins observed for the two gystems (Tables 2 and 5) are very similar suggesting
the involvement of electrophilic active species which are able to epoxidize cis-and trans-hex-2-
enes, but not cis-and trans-stilbenes, in a completely stereospecific manner. Finally, both systems
are considerably more reactive toward cis-1,2-disubstituted olefins than toward the corresponding
trans-olefins, This has been observed for hex-2-enes and stilbenes (Tables 2 and 5). A similar
result has been reported in the case of Fe(III)-porphyrins-CsHSID systems and interpreted by a much

greater hindrance for the approach of trans-olefins to the porphyrin plenelog.

However, the two systems exhibit also major different characteristics : (i) the Mn-0

2
ascorbate system is totally regioselective for olefin oxidation leading exclusively to epoxides

(Teble 2) whereas the Mn-C6HSID system also leads to various amounts of allylic alcochols and keto-
nes (Table 5), (ii) the two systems exhibit slightly different reactivity ratios of tertiary versus
secondary C~H bonds (2.3 and 5.8 respectively), (iii) the Mn-0,-ascorbate system gives higher ke-
tone : alcohol ratios for alkane oxidation than the Mn-C6H510 system working under the same 02
pressure (Tables 4 and 6). For instance, with cyclohexane as substrate, one found a 88:12 cyclo-
hexanone : cyclohexanol ratio, with the Mn(TPP)-OZ-aacorbate system and 8 34:66 ratio, with the
Mn(TPP)-C6HSIO system, under 1 atm 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-Oz-ascorbate system is not a Mn(V) = D complex.

Another possible active species could derive from compounds such as 02' and H202, coming
from dioxygen reduction by ascorbste which has been shown to be importent 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 ascorbate has been replaced either by H202 or by K02 (from 2,5
to 250 mM) (data not shown). In the case of K02, similer experiments have been performed in the
abgence of the aqueous phase in order to limit its fast dismutation but in the presence of a crown
ether (dibenzo-18-crown-6-ether) to sclubilize K02 in the orgenic phase. Under none of these con-
ditions using KU2 or H202 instead of 02 and ascorbate, styrene was epoxidized or cyclohexane oxi-
dized into cyclohexanol or cyclohexanone. This result indicates that reduced dioxygen species such
as 02_ and H202 are not involved in the oxidations performed by the Mn-Oz-ascorbete system. More-~

over, it has been previously shown that alkylhydroperoxides in the presence of catalytic amounts
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of Mn(TPP)(C1) were very poor oxidizing agents towerd hydrocerbons and, particularly, were unable

10e' Thie is not in agreement with but does not completely exclude an active

to epoxidize olefins
species of the Mn-0,-ascorbate system derived from reaction of MA(TPP)(C1) with a peroxidic com-

pound formed upon autoxidation of ascorbate.

Another possible origin of the active species is tentatively depicted in scheme 3. The
Mn(III) catalyst is first reduced by ascorbate (step (1) of Scheme 3) the resulting Mn(II) complex
being able to bind 0, (step (2)). The involvement of the Mn(II)(TPP)(OZ) complex is supported by
the observed inhibition of styrene oxidation upon addition of pyridine (Table 1). It is well known
that Mn(II)-porphyrins can bind only one ligand,because in five-coordinated complexes, the metal
ion is displaced from the porphyrin plane towards the ligandzo. Thus, 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 less than that for nitrogenous ligandsla. This explaine why one observed by visible
spectroscopy high concentrations of Mn(I1I)(TPP)(Py) during the oxidation of styrenme by the biphasic
system in the presence of pyridine, Since dioxygen cennot bind to the metal ion trans to pyridine,
only a very 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)(Uz) complex (step (3)) and could have been either a Mn(III)-peroxo complex or & Mn{V)-

21. Whatever the structure of its active species may be,

oxo complex after cleavage of the 0-0 bond
the Mn-Dz-ascorbate system exhibits properties very similar to those of the previously described
Mw(TPP)(Cl)-Uz-HZ-Pt system (same regioselectivity for olefin epoxidetion and similar order of
reactivity of olefins)s. In that regard, it is noteworthy that the cheracteristics of these systems
are very different from those of the Mn(TPP)(Cl)-Oz-NRaBH“ system5b vhich was described to oxidize
monosubstituted olefina to the corresponding methylketones, Actually we found no methylketone for-

mation upon oxidation of styrene, hex-l-ene and 6-phenoxy-hex-l-ene by the Mn-Oz-ascorbate system.

The major problem of the Mn(TPP)(Cl)-OZ-aecorbate system, in its present form, is its lov
yields of oxidation products based on the consumed reducing agent. Actually, sodium ascorbate is
not only consumed for the formation of the active oxidizing species but also by reaction with 02
itself and wvith 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 ascorbate 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'mechaniam for substrate oxidation by the Mn(TPP)(Cl)-Oz-ascorbate system

0

/ e~ (ascorbate)
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ascorbate, only a very lov part of it being used for substrate oxidation. This is & general pro-
blem for chemical models of monooxygenases which must produce a highly oxidizing species in a
medium where high concentrations of a reducing agent are required for reductive dioxygen activation.
Despite this problem which limits presently both the rates of substrate oxidation and the yields
of oxidized products based on the reducing sgent, the above described Mn(TPP)(Cl)-Uz-ascorbate sys-
tem is interesting at leest from two points of view. First, it oxidizes alkanes and olefins in very
mild and simple conditions (room temperature, pH 8.5), which are close to those used for monooxy-
genases. Second, it leads to a completely regioselective oxidation of olefins with the exclusive
formation of epoxides, differing in that point with cytochromes P-450 end most of their metallo-
porphyrins based models. It would be very interesting to determine the nature of the oxidizing spe-
cies which does not seem to be a Mn(V) = O complex, responsible for these reactions.
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EXPERIMENTAL SECTION

Materials. All the substrates used for thies study were commercial reagent grade unless otherwise
stated and were purified by distillation, column chromatography, or recrystallization, Styrene,
cyclohexene, cyclohexane, heptane, toluene, methylcyclohexane and anisole were purchased from
Prolabo (France). Hex-l-ene, cis- and trans-hex-2-ene, 2,3-dimethyl-but-2-ene were obtained from
Fluka, cis- and trans-stilbene from Aldrich. 6-phenoxy-hex-l-ene was prepared by reaction of é-bro-
mo~hex-1l-ene (from Fluka) with an excess of sodium ghenate in DMSO (24 h reflux), extracted into
hexane and distilled (75 % yield), bp 69°C (0.2 mm)16,22, The elemental analysis and the spectros-
copic characteristicse of this product is in agreement with the indicated structurel$,22,

The products derived from the oxidation of the substrates were generally commercial sam-
ples. Phenol, benzyl alcohol, l-methylcyclohexanol, 2-methylcyclohexanols, cyclohexanone, benzal-
dehyde, 2-, 3~, 4-methylcyclohexanone were obtained from Prolabo, cis- and trans-hex-2-en-l-ol,
cyclohexenol, hex-l-en-3-one, cyclohexenone from Aldrich, cis- and trans-hex-2-en-4-ol, phenylace-
taldehyde, hexsnal, heptanols and heptanones from Fluka, cyclohexanol and 4-methylcyclohexanols
from Touzart et Matignon, a mixture of cis- and trans-3-methylcyclohexanol from Rhone Poulenc and
hex-l-en-3-0l from Janssen, Styrene oxide was purchased from Fluka, trans-stilbene oxide and cyclo-
hexene oxide from Aldrich, The other epoxides vere synthesized from the corresponding alkenes with
m-chloroperbenzoic acid by a standard grocedure23. 2,3-dimethyl-but-2-ene oxide, bg 90°C (1it24 bp
89~91°C), hex-1-ene oxide bp 117°C{1it2> 116-119°C),cis-stilbene oxide, mp 38°C(1it23 mp 37°C),cis-
hex-2-ene oxide, bp 108°C(1it26 108°C),trans-hex-Z-ene oxide bp 112°C(1it26 113°C}.The oxidation
products of 6~phenoxy~hex-l-ene, 6-phenoxy-hex-l-ene oxide, 6-phenoxy-hexanal, 6-phenox§-h$x-1-en-
3-0l and 6-phenoxy-hex-1-en-3-one were synthesized according to classical procedures (2 127528 peg.
pectively) and gave satisfactory elemental analysis, 1H NMR and mass spectral®é in agreement with
the indicated structures. Trioctylmethylammonium chloride was obtained from Fluka and sodium ascor:
bate from Sigma. Tetraphenylporphyrinato manganese (III) chloride2® and iodosylbenzene30 were pre-
pared as previously described.

Procedure for the oxidation of substrates by the biphasic system. The oxidation of alkenes and sl-
kanes by dioxygen catalyzed by a manganese porphyrin was carried out under the following conditions.
S umol of Mn(TPP)(Cl) were dissolved into & mixture of benzene (1 ml) and substrate (1 ml). This
solution was added to 2 ml of a 1M Tris-HCl aqueous buffer, containing 10 pmol of trioctylmethylam-
monium chloride (TOMA), in a glass tube capped with a septum. 5 umol of an internal standard were
added in order to determine the yields of the products. Dioxygen was then slowly bubbled through
the biphasic system for at least 10 min. The reaction was starting by adding 500 umol of sodium
ascorbate and stirring the system under 1 atm of dioxygen at room temperature (20°C). Every 2 hours,
500 umol of ascorbate were added. The organic phese was analyzed, in one hand, by visible spectros-
copy, in an other hand by g.l.c. and mass spectrometry.

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 substrates by the Mn(TPP)-CGHng system. In a glass tube capped with
a septum 5 umol of Mn(TPPJ(Cl) were dissolved in 1 ml of benzene and 1 ml of the substrate. Argon,
for anaerobic reactions, or dioxygen were bubbled through the solution for at least 15 min. After
addition of 25 umol of iodosylbenzene, the solution was stirred at room temperature under 1 atm of
argon or dioxygen. The solution turned brown indicating the presence of the [(TPP)MnlV(C1)(0IPh)]40
complex, in addition to the Mn(III)(TPP)(Cl) complex. Indeed, the visible spectrum of the solution
exhibited two bands, at A= 421 nm and A= 476 nm. After c.a 2 h, when all the iodosylbenzene had
been consumed, as indicated by the disappearance of the brown color and the formation of the green
color of Mn(III)(TPP), an internal standard was added. The mixture was then analyzed by g.l.c. and
mass spectrometry.
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Physical measurements. For both systems, 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 Mn(III)}(TPP), Amax=476 nm and Mn(II)(TPP) , Amaxz447 nm complexes for the bi-
phasic system and Mn(III)(TPP) and [(TPP)MnIV(C1)(0IPh)]20 Amax=421 nm12c,d complexes, for the
C¢gHs10-dependent system.

The formation of oxidation products in both oxidizing systems was followed by g.l.c. with
an Intersmat IG 120 FL equipped with a hydrogen flame ionization detector. The glass columns used
for this study were packed with the following materials : 5 % W/W OV 210 on gas chrom Q for methyl-
cyclohexane, 5 % W/W Carbowax on Anachrom SD for styrene, toluene and anisole, 5 % W/W FFAP on
chromosorb WAW for the other substrates, For 6-phenoxy-hex-l-ene a fused silicas capillary column
packed with CPSi} was used, The carrier gas was Np. For combined gas chromatography-mass spectro-
metry, a Riber R 1010 mass spectrometer and a PDP 8 computer were coupled with a Girdel chromato-
graph. The temperature of the 3 % SE 52 glass column increased from 80 to 250°C et a rate of 5°C
per min, the carrier gas was helium at a pressure of 1 Bar. The retention times and the mase spec-
tra of the oxidetion products were compared with those of authentic semples. We have not tried to
separate by g.l.c. the cis- and trans-isomers of 2-, 3-, 4-methylcyclohexanols and of secondary
allylic alcohols derived from cis- and trans-hex-2-ene.

REFERENCES AND NOTES

(1)(a) Gunsalus, I.C., Meeks, J.R., Lipscomb, J.D., Debrunner, P., Munck, E, "Molecular Mechanisms
of Oxygen Activation", Hayaishi, 0. Ed.,Academic Press, New York (1974) 559, (b) Ssto, R., Omura,
T. "Cytochrome P-450", Kodensha Ltd, Tokyo (1978). (c) Chang, C.K., Dolphin, D. Bioorg. Chem, (1978)
4, 37, (d) Ullrich, V, Topics in Current Chemistry (1979) 83, 68.

T2) Mansuy, D. Rev. Biochem. Toxicol. (1981) 3, 283. and references cited therein.

(3) Mansuy, D., Fontecave, M. Biochem. Biophys. Res. Commun, (1982) 104, 1651.

(4) Mensuy, D., Fontecave, M., Bartoli, J.F. J. Chem, Soc., Chem. Commun, (1983) 253,

(5)(a) Tabushi, I., Koga, N. J. Am. Chem., Soc. (1979) 101, 6456 (b) Perree-Fauvet, M,, Gaudemer,

A. J. Chem. Soc., Chem. Commun. (1981) 874,

(6) Tabushi, I., Yazeki, A. J. Am. Chem. Soc. (1981) 103, 7371,

(7) Aoyama, Y., Watanabe, T., Onda, H., Ogoshi, H. Tetrahedron Letters (1983) 24, 1183,

(8)(a) Hamilton, G.A. "Moleculer Mechanisms of Oxygen Activation",Hayaishi, 0. Ed.,Academic Press,
New York (1974) 405, (b) Groves, J.T., McClusky, G.A., White, R.E., Coon, M.J. Biochem, Biophys.
Res. Commun. (1978) 81, 154. (c) Groves, J.T. Adv. Inorg. Biochem, (1979) 1, 119,

(9)(a) Nordblom, G.D,, White, R.E., Coon, M,J, Arch. Biochem. Biophys. (1976) 175, 524, (b) Hrycay,
E.G., Gustafsson, J.,Ingelman-Sundberg, M., Ernster, L. Biochem. Biophys. Res. Commun. (1975) €6,
209. (e) Ullrieh, V., Ruf, H.H., Wende, P. Croat. Chem. Acta (1977) 49, 213. (d) Lichtenberger, F.,
Nastainczyk, W., Ullrich, V., Biochem. Biophys. Res. Commun., (1976) 70, 939.

(10) Oxidations of substrates by icdosylarenes catalyzed by en iron porphyrin have been reported,
(a) Groves, J.T., Nemo, T.E., Myers, R.S. J. Am, Chem, Soc. (1979) 101, 1032. (b) Groves, J.T.,
Kruper, W.J., Nemo, T.E., Myers, R.S. J. Mol. Cstal. (1980) 7, 169.” (¢) Chang, C.K., Kuo, M.S. J.
Am, Chem, Soc., (1979) 101, 3413. (d) Chang, C.K., Ebing, F. J. Chem. Soc., Chem. Commun. (1981)
778. (e) Mansuy, D., Bartoli, J.F., Momenteau, M, Tetrahedron Letters (1982) 23, 2871. (f) Lindsay-
Smith, J.R., Sleath, P.R. J, Chem. Soc,., Perkin Trans. II (1982) 1009. (g) Groves, J.T., Nemo, T.E.
J. Am, Chem. Soc. (1983) 105, 5786. (h) Groves, J.T., Myers, R.S., J. Am. Chem. Soc. (1983) 105,
5791, (i) Groves, J.T., Nemo, T.E. J. Am, Chem. Soc. (1983) 105, 6243,

(11) Oxidations of substrates by iodosylarenes catalyzed by a chromium porphyrin have been repor-
ted. Groves, J.T., Kruper, W.J. J. Am. Chem. Soc. (1979) 101, 7613. See also ref. 10b.

(12) Oxidations of substrates by iodosylarenes catalyzed by a manganese porphyrin have been repor-
ted. (a) Hill, C.L., Scherdt, B.C. J. Am, Chem. Soc. (1980) 102, 6374. (b) Groves, J.T., Kruper, W.
J., Haushalter, R.C. J. Am. Chem. Soc. (1980) 102, 6375, (c) Smegal,J.A., Schardt, B.C.,, Hill, C.L.
J. Am. Chem. Soc. (1983) 105, 3510. (d) Smegal, J.A., Hill, C.L. J. Am. Chem. Soc. (1983) 105,
3515. Mangsanese porphyriﬁg-gre able to catalyze the oxidation of substrates by other oxygen atom
donors such as hypochlarite : Guilmet, E., Meunier, B. Nouv. J. Chim, (1982) 6, 511.

(13) Abbreviation : TPP = meso-tetraphenylporphinato dianion ligand.

(14) Hoffman, B., Weschler, C.J., Basolo, F, J. Am. Chem. Soc. (1976) 98, 5473.

(15)(a) Paulson, D.R., Ullman, R., Sloane, R.B., Closs, G.L. J. Chem. Soc., Chem. Commun. (1974)
186. (b) Ledon, H. C. R. Acad, Sc. Paris (1979) 288.

(16) Mansuy, D., Leclaire, J., Fontecave, M., Momenteau, M. Biochem. Biophys, Res. Commun. (1984)
119, 319,

7373 Such an intermediate formation of metallocycle has been proposed for the oxidation of olefins
by chromium-oxo complexes : Sharpless, K.B., Teranishi, A.Y., Backval}, J:E. J. Am, Chem. Soc.
(1977) 99, 3120, The formation of a metal-carbon o¢-bond during the oxidation of subs@ra@es by
metal-oxo porphyrins has been proposed : Mansuy, D., Chottard, J.C., Lange, ﬂ., @att1on1, J.P7

J. Mol. Catal. (1980) 7, 215. Sheldon, R.A., Kochi, J.K. "Metal-cataslyzed oxidations of organic
compounds", Academic Press (1981) p 171. .

(18) Groves, J.T., Krishnan, S., Avaria, G.E., Nemo, T.E. Adv. Chem. Ser. (1980) 191, 277.

(19) Kerr, J.A. "Free Raditals". Kochi, J.K., Ed.,Wiley, New York (1973) Vel. 1.

(20) Reed, C.A., Kouba, J.K., Grimes, C.J., Cheung, S. K. Inorg. Chem, (1978) 17, 2666.

(21) Groves, J.T., Watanabe, Y., McMurry, T.J. J. Am. Chem. Soc. (1983) 122, 4489. )

(22) Leclaire, J., Dansette, P., Forstmeyer, D., Mansuy, D. Developments in Biochemistry (1982)

23, 95.

‘(23) Swern, D. Org. Peroxides (1971) 2, 355.

(24) Miysura, N., Kochi, J.K. J. Am. Chem, Soc. (1983) 105, 2368.

(25) Pasto, D.J., Cumbo, C.C. J. Org. Chem. (1965) 30, 1271,

(26) Gagnaire, D., Monzeglio, P. C.R. Acad. Sc. Paris (1964) 259, 1128,



Oxidations of olefins and alkanes 4311

(27) Gaiffe, A., Launay, C. C,R. Acad. Sc. Paris (1968) 266, 1379.
(28) Umbreit, M.A., Sharpless, K.B. J. Am. Chem. Soc. (1977) 99, 5526.

{29) Adler, D.A., Longo, F,R., Kampas, F,, Kim, J. J. Inorg. Nucl. Chem. (1970) 32, 2443,
(30) Luces, H.J., Kennedy, E.R., Formo, M.W. Org. Synth. (1955) 3, 483.



