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Abstract

Some recently published results on the electrocatalytic oxidation of hydrocarbons, olefins and a thioacetamide derivative
by molecular oxygen are described. The catalytic process involves electropolymerized manganese porphyrin films as
electrode materials in acetonitrile or dichloromethane solution containing 1-methylimidazole and benzoic (or acetic)
anhydride, with acceptable catalytic efficiency (up to 500 turnovers of the catalyst per hour) and faradaic yield (up to 98%).
Confinement of the catalyst on the electrode surface markedly improves its stability compared with that of homogeneous
electrocatalytic systems and makes the supported porphyrin stable and reusable.
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1. Introduction

The desire to mimic enzymatic systems has
led to an active area of research involving syn-
thetic porphyrin models of enzyme active sites,
especially for monooxygenase enzymes of the
cytochrome P-450 [1-3]. An analysis of the
studies dealing with the selectivity, efficiency
and stability for both synthetic porphyrin mod-
els and natural systems has shown that effi-
ciency arises from the control of the environ-
ment of the enzyme active site [3—6]. Thus, in a
first approach, the design of synthetic
supramolecular architecture for porphyrin mod-
els with an elaborated steric environment (such
as picnic basket porphyrins, strapped por-
phyrins, etc...) has been the subject of intense
effort [7]. A similar approach in concept which
has been advanced during the past decade in-
volves replacement of the protein envelop of
natural enzymes by a mineral or organic poly-
meric matrix [8—11]. This strategy is based on
the fact that a polymeric matrix may provide the
best arrangement for a catalytically active centre
as well as preventing auto-destruction of the
enzyme model during catalysis.

An especially fruitful strategy for modeling
the enzymatic systems has been the use of
polymeric porphyrins as molecular devices
combined with electrochemistry. Therefore, the
electroassisted design of modified electrode sur-
faces by organized porphyrinic structures may
play a significant role in achieving biomimetic
hydrocarbon oxidations with molecular oxygen.
Efficient high-valent metal-oxo porphyrin com-
plexes, the reactive oxygenating intermediates,
have been postulated in numerous systems
[3,12-30]. Electroassisted formation of the oxo
species requires the enzyme model plus molecu-
lar oxygen, an activator (such as anhydride or
acid) and one or two axial ligands (such as
imidazole) as shown in Fig. 1 and as described
by several groups [19-24,26,28,30].

In fact, one of the challenges in developing
this concept is the necessity to achieve rapid
electron transfer to the enzyme model active site

at the electrode surface [31-35]. Conducting
polymers such as polypyrrole, polythiophene or
polyaniline are attractive as possible materials
for this approach [31-34,36-40]. In this review,
we address some of the rare and recent pub-
lished works that have involved electropolymer-
ized metalloporphyrin films in the field of elec-
troassisted biomimetic catalysis.

2. Electrochemical design of the metallopor-
phyrin film catalysts

Electrochemical polymerization is an elegant,
attractive and easy strategy for the immobiliza-
tion of catalysts [31-33,36-38] and especially
for metalloporphyrins on the surface of elec-
trodes. The principle is based on the electro-
chemical oxidation (or reduction) of a suitably
designed monomer to form a polymeric film
incorporating the metal complex.

It has been shown that electrooxidative poly-
merization of pyrrole-substituted cobalt and
manganese porphyrins (see Fig. 2) leads to the
formation of films having the electrochemical
properties of the monomeric complex [28,40-
48]. In a typical experiment, the electrochemical
polymerization of pyrrole-substituted porphyrins
is achieved by cyclic voltammetry of acetoni-
trile or dichloromethane solutions containing the
complex monomer and the supporting elec-
trolyte, through a well-defined potential range.
Fig. 3 shows the cyclic voltammograms of the

h;:lx:ocarbon [P-450)-Fe(I11) __e-__) [P-450)-Fe(ID)
A
E A0
Oxygen transfer reaction Eg
gl & 0, ¢
hydrocarbon (RH) 1%
NI -g
E
~

(P-450}-Fe(V)=O] €————— [[P-450}-Fe(t)-O, ]
activator
(acid or anhydride)
Fig. 1. Simplified catalytic cycle for the oxidation of hydrocar-
bons (RH) by molecular oxygen (long cycle) or by oxygen atom
donors AO (short cycle) and cytochrome P-450 (or its synthetic
models).
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pyrrole-substituted manganese porphyrin 2b [43]
in acetonitrile + 0.1 M Bu,NBF; solution, at a
vitreous carbon disk electrode. They exhibit the

redox system corresponding to the
Mn(IIl) /Mn(II) process at E, = —0.320

V /SCE, and two irreversible oxidation steps at
E, =075 V/SCE and E,=1050 V/SCE.
Comparison between the cyclic voltammograms
of 2b and MnTPP suggested that the pyrrole
group is oxidized around 1.3 V/SCE. Thus,
repeated scanning of the potential over the range

—0.8 V to + 1.3 V may result in the formation

R,

R, R,

R,

of a polyporphyrin film at the electrode surface
via electropolymerization of the attached pyr-
role groups. In addition, we can note that with
repeated potential scans, the oxidation peak re-
lated to the Mn(III) /Mn(II) process is anodi-
cally shifted. This indicates that the electrode
surface becomes covered by the porphyrin com-
plex.

The electropolymerized manganese porphyrin
films are usually characterized by cyclic
voltammetry and UV —-visible spectrophotometry
on optically transparent electrodes [40]. These

<
R;=-0O-(CHy; - N
—
2¢

R;-Ry=CH,

3
Ri=R3=-0-(CHy; - N
—
2d

Rz =Ry =CH,

R1=R2=R3 = -O‘(CH7)3 - N

W

2e
R4=CH3

Fig. 2. Structures of various electropolymerizable pyrrole-substituted porphyrins.
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st scan

E(V/SCE)

*’~“</ = B

Fig. 3. Electropolymerizing cyclic voltammetry at vitreous carbon
disk electrode (area = 0.071 cm?) of 1 mM Mn-porphyrin 2b in
acetonitrile+0.1 M Bu,NBEF, solution (scan rate =100 mV /s,
only the 1st and the 5th successive scans are shown).

Table 1

techniques reveal the formation of supported
porphyrin on the electrode surface, and provide
evidence for the similarity of the electrochemi-
cal (and spectrophotometric) behavior of the
polymer porphyrins and the starting monomers.
Cyclic voltammetry can also provide useful in-
formation on the apparent surface coverage of
poly(pyrrole-porphyrin) film electrodes. The
thickness of the films can be estimated, as
reported previously [45] by calculating the num-
ber of the porphyrin layers from the apparent
surface coverage of the electrode (by taking into
account the shape and size of the porphyrin
planar macrocycle) and by estimating the aver-
age distance between two layers, Ax, from
X-ray studies of tetra-coordinated metallopor-
phyrin crystals [45]. Thus, a poly(pyrrole-

Hydrocarbons and biologically active molecule oxidation by O, electrocatalyzed by electropolymerized manganese porphyrin films on

carbon felt electrodes

Entry Porphyrin Amount  Axial Anhydride Substrate Oxidized products Faradaic Turnover /
of Mn base * (concentration / (concentration / (105 mol) ° efficiency / h &
porphyrin mM) ° mM) %

(108 mol)
1 2a 5 A BzAn (100) Tetralin (400) © tetralol (29) 98 560
tetralone (29)

2 2a 3.1 A BzAn (100) indan (100) ¢ indanone (8.8) 2 81

3 2a 2.6 A BzAn (100) cyclooctane (100) © cyclooctanol (2.8) 1.5 78

4 2a 25 A BzAn (100) cyclohexene (100) ©  cyclohexene oxide (6) 13 264

5 2a 15 A BzAn (100) cis-cyclooctene (20) ©  cyclooctene oxide (85) 8 162

6 2¢ 2.1 A BzAn (10) cis-cyclooctene (10) ¢ cyclooctene oxide (54) 85 520

7 2¢ 1.1 A AcAn (10) cis-cyclooctene (10) ¢ cyclooctene oxide (7) 6 -

8 2 1.9 A BzAn (10) stilbene (10) ¢ stilbene oxide (38.4) 52 400

9 2c 1.6 B BzAn (10) cis-cyclooctene (10) ¢ cyclooctene oxide (40) 10 -

10 2c 1.6 B BzAn (10) stilbene (10) ¢ stilbene oxide (20) 17 -

1t 2c 09 A BzAn (0.5) thicacetamide (0.1) ¢ Ta (6); Tb (1.5); Tc (3) 22 290

12 2d 3.1 A BzAn (0.5) thioacetamide (0.1) ¢ Ta (2.4); Tb (10.9); 8 -

Te (0.2)
13 2e 9.1 A BzAn (0.5) thicacetamide (0.1) ¢ Ta (1.3); Tb (0.6); 5 -
Te (0.1)

* 1-Methyl (A) or 2-methyl (B) imidazole.
® Benzoic anhydride (BzAn) or acetic anhydride (AcAn).

° Electrolysis carried out in O,- saturated CH;CN + NBu,BF, (0.1 M), from Ref. [26].
¢ Electrolysis carried out in O,- saturated CH,Cl, + NBu,ClO, (0.1 M), from Ref. [28].

¢ HPLC or GC yield after 3 to 5 h reaction.

f Expressed as the ratio of moles of product analyzed to the electrochemical charge passed (expressed in moles, assuming a two-electron
reaction for the alcohols and epoxides and a four-electron reaction for the ketones).
£ Number of moles of product per mole of electropolymerized porphyrin, per hour.
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Fig. 4. Structures of various oxidizable hydrocarbons.
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manganese porphyrin 2b) film containing 1.1 X
10™° mol/cm?® of electroactive porphyrin (or
25 equivalent layers) has a thickness of 10 nm.
It was shown that the configuration of the start-
ing pyrrole, mono- or tetra-substituted
monomers (with the pyrrole group directly
linked on the porphyrin macrocycle or through a
flexible tether) induces a cross-linking effect
due to the steric hindrance of the macrocom-
plex. This dramatically affects the efficiency of
the electropolymerization reactions and limits
the electrode surface coverages by the supported
porphyrin [28,40,43-45].

3. Electroassisted biomimetic oxidations us-
ing electropolymerized metalloporphyrin
films and molecular oxygen

Relatively few examples on electroassisted
biomimetic oxidation of hydrocarbons by elec-
tropolymerized metalloporphyrins and molecu-
lar oxygen have been reported. However, they
constitute an important contribution to the de-
velopment of efficient chemical systems for hy-
drocarbon oxidation mimicking cytochrome P-
450. The catalytic cycle of substrate oxidation
by cytochrome P-450, or by its synthetic metal-
loporphyrin models [29] involves the transfer of
an oxygen atom, either directly from oxygen
atom donors such as PhIO, H,0,, CIO~,
ROOH, KHSO;,, ClO;, RCO;H and R;NO, or
from molecular oxygen after its reduction by
two electrons to the porphyrinic catalytic site.
This should lead to the formation of a high
valent metal-oxo species, formally a
[Fe(V)=0]* or [Mn(V)=0]* complex (as
shown in Fig. 1). This species is highly reactive
and is responsible of the hydrocarbons oxidation
to alcohols, ketones and epoxides.

We describe here some of the reported results
obtained for the oxidation of cis-cyclooctene,
cyclooctane, Tetralin (1,2,3,4-tetrahydronaph-
thalene), indan, cyclohexene, stilbene and
thioacetamide derivative (a biologically active
molecule, noted T) (see Fig. 4) by molecular

oxygen. O, was electro-activated by a series of

electropolymerized films of manganese por-

phyrin deposited on carbon felt electrodes (10

mm X 10 mm X 4 mm). The supported catalyst

was regenerated by controlled potential electrol-

ysis at E= —0.5 V/SCE, in acetonitrile or
dichloromethane solution containing tetrabuty-
lammonium tetrafluoroborate or perchlorate as
supporting electrolyte (note that the

Mn(III) /Mn(II) redox process of the supported

manganese porphyrins is usually taking place in

the potential range of —0.20 V/SCE to —0.35

V/SCE). In a typical experiment, the solution

contained an axial base (1-methylimidazole or

2-methylimidazole), hydrocarbon and benzoic
or acetic anhydride (as the activator) and was
kept under atmospheric oxygen pressure for 3 or

6 h at room temperature. The reaction products

were usually followed by GLC analysis [26,28].
Table 1 presents these results. They are com-

pared to those previously obtained with the

same kind of catalyst in a homogeneous phase

(Table 2). The essential observations are that:

- the oxidation products are formed with a
very good efficiency by the supported cata-
lyst, up to 500 turnovers of the catalyst per
hour.

- the faradaic efficiency expressed as the ratio
of moles of oxidation products analyzed to
the electrochemical charge passed is poor in
some cases, but reached 98% in some other
cases.

Comparison of these results (Table 1) with
those reported for the homogeneous phase and
using different kinds of reducing agents
[18,20,21,23,27] (Table 2) clearly show that the
catalytic activity of the catalyst (turnover) is
largely enhanced when the complex is fixed on
the electrode. This is probably due to either a
preferred orientation of the supported catalyst
for approach of the hydrocarbon to the pre-
sumed active manganese site, or to the high
local concentration of the catalyst. However, the
low faradaic yields obtained in some cases are
certainly due to the direct electrochemical re-
duction of the active oxidant, a high-valent
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manganese ‘oxo’ complex, at the potential of
electrolysis according to the electroactivity study
of this ‘oxo’ form of the catalyst previously
reported [22,26,30]. Thus, the fixation of the
catalyst onto the electrode promotes the elec-
troreductive consumption of the active oxidant.
But it is important to note that in these studies,
the products are formed using a substrate /cata-
lyst ratio higher than 6000, with similar yields
compared with those obtained in homogeneous
solution (with a substrate /catalyst ratio up to
400).

From these results it also appears that in-
creasing the surface concentration of catalyst by
using manganese porphyrins containing two or
three pyrrol groups, and hence having a better
polymerizability, gave cross-linked polymers
which present a lower activity than a polymer

film prepared from a monomer containing only
one pyrrole group [28] (Table 1, entries 11-13).
In the same way, it is clear that in the case of
the epoxidation reaction of cis-cyclooctene, the
better turnover (520 per hour) and faradaic yield
(85%) (Table 1, entry 6 compared to entry 5)
were probably due to the presence of a flexible
chain between the pyrrole group and the por-
phyrinic macrocycle, giving a less dense poly-
mer in which catalytic centers are more active
and more easily accessible to substrate
molecules. It was also observed that the opti-
mum activity of the polymer porphyrin catalyst
was obtained with very thin films [19,24]. Fi-
nally, it should be noted that the epoxidation
reaction proceeded with difficulty in acetonitrile
electrolyte, compared to dichloromethane elec-
trolyte [19,26,28].

Table 2

Behavior of various homogeneous catalytic systems for hydrocarbon oxidations by molecular oxygen

Catalyst and activator Reducing agent Hydrocarbon Product(s) Turnover  Yield (%)
based on the
reducing agent

CIMnTPP (0.5 mM) + benzoic electrolysis at  cis-cyclooctene (0.1 M)  cyclooctene oxide (5.7 mM)  2/h 56

anhydride (0.1 M) in —04 V/SCE

dichloromethane *

CIMnTPP (1 mM) + acetic zinc powder cis-cyclooctene (0.38 M)  Cyclooctene (75 mM) 150/h 50

acid (0.2 M) in cyclooctane (0.38 M) cyclooctanol + cyclooctanone 28 /h 15

acetonitrile ° (22 mM)

CIMnTPP (1 mM) + acetic electrolysis at  cis-cyclooctene (0.1 M)  cyclooctene oxide 1.7/min 45

acid (0.2 M) in
acetonitrile
ClMn-salen (0.59 mM) +
benzoic anhydride

(0.1 M) in acetonitrile °

—0.4 V/SCE

electrolysis at
—-0.45V/SCE

CIMnTPP (1 mM) + acetic zinc powder Tetralin (0.4 M)

acid (0.1 M) in acetonitrile +

dichloromethane (95:5) ° indan (0.4 M)
cyclohexene (0.4 M)

cyclooctane (0.1 M)

cyclooctene (0.1 M)

cyclooctanol + cyclooctanone 0.15/min 7.5

cyclooctene oxide (1.4 mM)  2.4/h 35

tetralol + tetralone 9/h 36
(27 mM, i.e. pmol)

indanol + indanone 9/h 37
(27 mM, i.e. 270 pmol)

cyclohexene oxide +

cyclohexe-1-ene 2-ol +

cyclohexe-1-ene-3-one

(70 mM, i.e. 700 wmol) 23/h 50

CIMnTPP is the manganese tetraphenyl porphyrin complex; CIMn-salen is the manganese, N, N'-ethylenebis(salicylaminato) complex.

* From Ref. [17], reaction time 6 h.
® From Ref. [18], reaction time 1,2 h.

From Ref. [22], reaction time not given.
From Ref. [27], reaction time is 3 h.

e

From Ref. [20], reaction time and the chemical yields not given, turnovers are given for the first 10 min.



10 F. Bedioui et al. / Journal of Molecular Catalysis A: Chemical 113 (1996} 3—11

It should also be noted that the substitution of
benzoic anhydride by acetic anhydride, which
appeared to be a poor activator, produced a
dramatic decrease in both the faradaic efficiency
and the turnover (Table 1, entries 6, 7). The
replacement of 1-methylimidazole by 2-methyl-
imidazole markedly decreased the efficiency of
the epoxidation of cis-cyclooctene and cis-stil-
bene (Table 1, entries 9, 10)

Finally, it was also found that the recovered
porphyrin polymer electrodes (stored in air,
without precaution) retained 95% of their initial
catalytic activity during the second run, and
70% of their initial activity during the third run
[26]. It also appears from these results that it is
not justified to bring out any valid information
on the stereospecificity of the supported catalyst
and to draw a firm conclusion regarding this
point. More experiments with well-adapted test
reactions are needed to reflect the importance of
this aspect.

4. Conclusion

The easy-to-build electropolymerized man-
ganese porphyrin film electrodes give an effi-
cient, stable and reusable catalyst for the elec-
troassisted biomimetic oxidation of olefins and
hydroxylation of hydrocarbons by molecular
oxygen. Comparison between homogeneous
phase and supported phase catalytic reactions
shows that the confinement of the catalyst in a
polymeric film on the electrode surface
markedly improves its stability.

Acknowledgements

We thank our co-workers whose names ap-
pear in the references of this paper. Dr. A.
Deronzier and Dr. J.C. Moutet from the Labora-
toire d’Electrochimie Organique et de Pho-
tochimie Rédox (URA no. 1210 CNRS, Greno-
ble, France) are gratefully acknowledged for
their contribution.

References

[1] B. Morgan and D. Dolphin, Struct. Bonding, 64 (1985) 115.

[2] M. Momenteau, L’ Actualité Chim., 6 (1989) 95.

[3] D. Mansuy and P. Battioni, in J. Reedijk (Ed.), Bioorganic
Catalysis, Marcel Dekker, New York, 1993, p. 395.

[4] AE. Shilov, J. Mol. Catal., 47 (1988) 351.

[5] B.R. Cook, T.J. Reinert and K.S. Suslick, J. Am. Chem.
Soc., 108 (1986) 7281.

[6] K.S. Suslick, B.R. Cook and M. Fox, J. Chem. Soc., Chem.
Commun., (1980) 580.

[7] 1.P. Collman, X. Zhang, V.J. Lee, U.S. Uffelman and J.L
Brauman, Science, 261 (1993) 1404 and references cited
therein.

[8] P.C.H. Mitchell, Chem. Ind., (1991) 308.

[9] K.D. Karlin, Science, 261 (1993) 701.

[10] R. Parton, D. De Vos and P.A. Jacobs, in E.G. Derouane
(Ed.), Zeolite Microporous Solids: Synthesis, Structure, and
Reactivity, Kluwer, Amsterdam 1992, p. 555.

[11] F. Bedioui, Coord. Chem. Rev., 144 (1995) 39.

[12] I. Tabushi and N. Koga, . Am. Chem. Soc. 101 (1979)
6456.

[13] M. Perrée-Fauvet and A. Gaudemer, J. Chem. Soc., Chem.
Commun., (1981) 7371.

[14] 1. Tabushi and A. Yazaki, J. Am. Chem. Soc., 103 (1981)
7371.

[15] M. Fontecave and D. Mansuy, Tetrahedron, 40 (1984) 2877.

[16] 1. Tabushi, M. Kodera and M. Yokoyama, J. Am. Chem.
Soc., 107 (1985) 466.

[17] S.E. Creager, A.A. Raybuck and R.W. Murray, J. Am.
Chem. Soc., 108 (1986) 4225.

[18] P. Battioni, J.F. Bartoli, P. Leduc, M. Fontecave and D.
Mansuy, J. Chem. Soc., Chem. Commun., (1987) 791.

[19] P. Moisy, F. Bedioui, Y. Robin and J. Devynck, J. Elec-
troanal. Chem., 250 (1988) 191.

[20] P. Leduc, P. Battioni, J.F. Bartoli and D. Mansuy, Tetrahe-
dron Lett., 29 (1988) 205.

[21] H. Nishihara, K. Pressprich, R.-W. Murray and J.P. Collman,
Inorg. Chem., 29 (1990) 1000.

[22] C.P. Horwitz, S.E. Creager and P.W. Murray, Inorg. Chem.,
29 (1990) 1006.

[23] PK.S. Tsang and D.T. Sawyer, Inorg. Chem., 29 (1990)
2848.

[24] F. Bedioui, P. Moisy, J. Devynck, L. Salmon and C. Bied-
Charreton, J. Mol. Catal., 56 (1989) 267.

[25] R.D. Arasasinghan and T.C. Bruice, Inorg. Chem., 29 (1990)
1422.

[26] E. Bedioui, S. Gutierrez Granados, C. Bied-Charreton and J.
Devynck, New J. Chem., 15 {1991) 939.

[27] W.Y. Lu, J.F. Bartoli, P. Battioni and D. Mansuy, New J.
Chem., 16 (1992) 621.

[28] G. Cauquis, S. Cosnier, A. Deronzier, B. Galland, D. Limosin,
J.C. Moutet, J. Bizot, D. Deprez and J.P. Pulicani, J. Elec-
troanal. Chem., 352 (1993) 181.

[29] B. Meunier, Chem. Rev., 92 (1992) 1411.

[30] S. Gutierrez Granados, F. Bedioui and J. Devynck, Elec-
trochim. Acta, 38 (1993) 1747.

[31] R.G. Linford, (Ed.), Electrochemical Science and Technol-
ogy of Polymers, Elsevier, London and New York, 1987.



F. Bedioui et al. / Journal of Molecular Catalysis A: Chemical 113 (1996) 3-11 11

[32] J. Heinze, Topics Curr. Chem., 152 (1990) 1.

[33] A. Merz, Topics Curr. Chem., 152 (1990) 49.

[34] R.W. Murray (Ed.), Molecular Design of Electrode Surfaces,
Wiley, New York, 1992,

[35]1 M. Gratzel and K. Kalyanasundaram (Eds.), Kinetics and
Catalysis in Microheterogeneous Systems, Marcel Dekker,
New York, 1991,

[36] T.A. Skotheim (Ed.), Handbook of Conducting Polymers,
Vol. 1 and 2, Marcel Dekker, New York, 1986.

[37] A. Deronzier and J.C. Moutet, Acc. Chem. Res., 22 (1989)
249,

[38] D. Curran, J. Grimshaw and S.D. Perera, Chem. Soc. Rev.,
20 (1991) 391.

[39] J. Roncali, Chem. Rev., 92 (1992) 711.

[40] F. Bedioui, J. Devynck and C. Bied-Charreton, Acc. Chem.
Res., 28 (1995) 30.

[41] A. Deronzier and JM. Latour, J. Electroanal. Chem., 224
(1987) 295.

[42] A. Bettelheim, B.A. White, S.A. Raybuck and R.W. Murray,
Inorg. Chem., 26 (1987) 1009.

[43] F. Bedioui, A. Merino, J. Devynck, C.E. Mestres and C.
Bied-Charreton, J. Electroanal. Chem., 239 (1988) 433.

[44] C. Armengaud, P. Moisy, F. Bedioui, J. Devynck and C.
Bied-Charreton, J. Electroanal. Chem., 277 (1990) 197.

[45] F. Bedioui, M. Voisin, J. Devynck and C. Bied-Charreton, J.
Electroanal. Chem., 297 (1991) 257.

[46] G. Ramachandraiah, F. Bedioui, J. Devynck, M. Serrar and
C. Bied-Charreton, J. Electroanal. Chem., 319 (1991) 395.

[47] A. Deronzier, R. Devaux, D. Limozin and JM. Latour, J.
Electroanal. Chem., 324 (1992) 325.

[48] G. Balasubramaniam, G. Ramachandraiah, P. Natarajan, C.
Bied-Charreton, J. Devynck and F. Bedioui, J. Mater. Chem.,
5 (1995) 625.



