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Abstract

Ž .When a viologen-linked Mn III porphyrin complex with a short methylene-chain, in which a viologen is covalently
Ž .linked by the methylene-chain into one phenyl group of 5,10,15,20-tetraphenylporphyrinatomanganese III chloride

Ž Ž .Ž . .Mn III tpp Cl , was used as a catalyst for a monooxygenation of cyclohexene in an air-equilibrated acetonitrile solution
containing insoluble zinc powder as a reductant, more cyclohexene oxide was obtained as a single product than when

Ž .Mn tpp Cl was used as a catalyst. Benzoic acid as a cleaving reagent of the dioxygen double-bond and 1-methylimidazole as
a ligand to Mn porphyrin were further contained in the reaction mixture. This result implies that the viologen moiety in the

Ž .viologen-linked Mn III porphyrin acted effectively as a mediator for electron transfer from zinc powder to the
Ž . Ž .Mn III porphyrin moiety in the epoxidation cycle activating molecular dioxygen reductively. Though Mn tpp Cl was

q Ž .Ž .remarkably demetallated by H ion from benzoic acid during the epoxidation reaction in the mixed system of Mn III tpp Cl
and viologen, the demetallation of the viologen-linked Mn porphyrin with the short methylene-chain was partly prevented

Ž .because the reduction of a Mn II porphyrin-dioxygen adduct was easily caused by fast intramolecular electron-transfer
between the two moieties of the viologen and the Mn porphyrin, proceeding the epoxidation cycle smoothly. q 1998
Elsevier Science B.V.
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1. Introduction

Many attempts have been carried out on the
reductive activation of molecular dioxygen by a

Ž . Ž .Mn III porphyrin or an Fe III porphyrin as the
catalyst in order to elucidate the mechanism of
the catalytic activation of cytochrome P-450
w x1–38 . It is expected from their clarified reac-

) Corresponding author. Fax: q81-778-623415.

tion mechanisms that the amount of the
monooxygenation product such as epoxide in-
creased by accelerating the reduction of the

w xmetal porphyrin. Tabushi et al. 33 , Karasevich
w x w xet al. 36 and Suzuki et al. 28 reported that

colloidal Pt and the various mediators such as
viologen were allowed to increase the oxidation
rate, because these acted effectively as the elec-
tron-mediator from the reductant to the metal
porphyrin in the several systems, for example,

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž .Fe III porphyrin-O -H -benzoic anhydride-2 2
Ž . w xcyclohexene-1-methylimidazole 1-MeIm 33 ,

Ž . Ž .Fe III porphyrin-O -Zn Hg -acetic anhydride-2
w x Ž .hydrocarbon 36 and Mn III porphyrin-O -Zn-2

w xbenzoic anhydride-cyclohexene-1-MeIm 28 .
In this paper, in order to improve the cat-

alytic ability of Mn porphyrin, we have investi-
gated the epoxidation of cyclohexene using co-

Ž .valently linked Mn III porphyrin–viologen
complexes, which have a viologen moiety as
electron mediator, since their complexes were
not used so far for catalytic epoxidation of
olefin. A proton was added in our catalytic
system since it is used to cleave the double-bond
of dioxygen molecule in vivo. We wish to show
how the length of the methylene-group linked
between the viologen moiety and the Mn por-
phyrin moiety influences the epoxidation reac-
tion. Furthermore, to clarify the role of the
electron-mediator for the epoxidation reaction,
the amount of the produced epoxide was mea-
sured in the mixed catalytic system of Mn por-
phyrin and mediator as a function of the redox
potential of the mediator.

2. Experimental

5,10,15,20-tetraphenylporphyrinatoman-
Ž . Ž Ž .Ž . .ganese III chloride Mn III tpp Cl was synthe-

w xsized and purified by literature methods 39,40 .
Covalently linked manganese porphyrin–violo-

Ž .gen complex MnPC MV , where x indicatesx

the number of the methylene-group, as shown in
Fig. 1 was synthesized and purified by literature

w x Žmethods 40–42 ex. anal. found for
Ž . ŽMnPC MV C H N OMnClBr M.W.:2 57 43 6 2

.1076.3 : C, 63.66; H, 4.05; N, 7.88%. Calcd.:
.C, 63.55; H, 3.90; N, 7.80% . Acetonitrile and

cyclohexene were distilled after dehydration by
Ž .calcium hydride and molecular sieves 3A , re-

Ž .spectively. 1-Methylimidazole 1-MeIm was
distilled under reduced pressure in an N atmo-2

sphere after dehydration by molecular sieves
Ž .3A . They were stored over molecular sieves
Ž .3A in brown bottles, respectively. Benzoic

Fig. 1. Structure and abbreviation of covalently linked
Ž .manganese III porphyrin–viologen.

Žacid was recrystallized from ethanol–water 1:4
.by volume , benzoic anhydride was recrystal-

Ž .lized from ethanol–water 1:4 by volume after
removal of the contained acid by washing with
aqueous sodium hydrogencarbonate and they
were dried in vacuo at room temperature. Syn-
thesis and purification of the electron mediators,

Ž 2q .methylviologen MV , hexylviologen
Ž 2q. Ž 2q.HV , benzylviologen BV , 6,7-dihydro-

w x Ž 2q.dipyrido 1,2-a:2,1-c pyrazinium DQ , 7,8-di-
w xw xhydro-6H-dipyrido 1,2-a:2,1-c 1,4 diazepinium

Ž 2q. Ž .PDQ , methylene blue MB , brilliant crezyl
Ž . Ž .blue BCB and safranine-T S-T , were de-

w xscribed in a previous paper 28 .
The epoxidation reaction was carried out as

follows. The air-equilibrated acetonitrile sus-
pension containing soluble Mn porphyrin, insol-
uble zinc powder, soluble benzoic acid, soluble
electron mediator, and soluble cyclohexene was
stirred at a constant rate with a magnetic stirrer
at 308C. The quantitative analysis and identifi-
cation of the oxidation product of cyclohexene
were performed by a Shimadzu GC-8A gas
chromatograph with a silicon DC 550 column.
After a reaction time, the acetonitrile suspension
was filtered through a sintered-glass filter, the
unreacted zinc powder on the filter was dis-
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solved by hydrochloric acid and the amount was
determined by EDTA titration for the estimation
of the zinc-utilizing-efficiency. The concentra-
tion of Mn porphyrin was estimated from the

Ž .peak absorbance of Mn III porphyrin at 477 nm
by a JASCO Ubest-30 UVrVIS spectrophotom-
eter. Cyclic voltammetry was performed in
acetonitrile using a glassy carbon disk as the
working electrode, a Pt coil as the counter

Želectrode and Agr0.1 M AgNO 1 Ms1 mol3
y3.dm in acetonitrile solution as the reference

electrode at 258C. Tetrabutylammonium per-
Ž .chlorate Bu NClO was used as the support-4 4

ing electrolyte. Potential control was carried out
by a Hokuto Denko HA-301 potentiostat and a
Hokuto Denko HB-104 function generator.
Cyclic voltammograms were recorded on a
Rikadenki RW-21 X–Y recorder. Half-wave po-

Ž .tentials E were measured as the average of1r2

cathodic and anodic peak potentials. The elec-
trode potential and the half-wave potential were
described on the basis of the half-wave potential

Ž q .of ferrocenerferrocenium ion Fc rFc .

3. Results and discussion

According to the reaction of an air-equi-
librated acetonitrile suspension containing 1=

y4 Ž . y310 M Mn tpp Cl, 5=10 M 1-MeIm, 7.3
=10y2 M zinc powder, 2=10y2 M benzoic
acid and 0.47 M cyclohexene for 3 h at 308C,

y3 Ž .about 1=10 M cyclohexene oxide epoxide
was obtained as the single oxidation product of
cyclohexene. Since the turnover number of

Ž .Mn tpp Cl was about 10, it was found that
Ž .Mn tpp Cl acted as catalyst. Further, when 1=

10y4 M MnPC MV or the mixture of 1=10y4
2

Ž . y4 2qM Mn tpp Cl and 1 = 10 M MV
Ž Ž . 2q.Mn tpp ClqMV was used as the catalyst,
the amount of the produced epoxide remarkably
increased and the turnover number reached about
40 for 3 h. The time-dependence of the amount
of the produced epoxide is shown in Fig. 2. This
suggests that the viologen and the viologen
moiety in MnPC MV acted as the mediator for2

Fig. 2. Time-dependence of the amount of produced epoxide in
air-equilibrated acetonitrile suspension containing 1=10y4 M Mn
porphyrin, 5=10y3 M 1-MeIm, 7.3=10y2 M zinc powder,
2=10y2 M benzoic acid and 0.47 M cyclohexene at 308C.

Ž . Ž . Ž . Ž .Catalyst: Mn tpp Cl v , MnPC MV ` and Mn tpp Clq1=2
y4 2q Ž .10 M MV I .

the electron transfer from zinc powder to Mn
w xporphyrin 28 . Though the amount of produced

epoxide saturated above the reaction time of 3
h, the extra epoxide was produced by adding
benzoic acid to this reaction mixture. No oxida-
tion product was obtained when either of molec-
ular dioxygen, zinc powder or benzoic acid was
lacking. The zinc-utilizing-efficiency could not
be determined when benzoic acid was used as a
proton source to cleave the dioxygen double-

Žbond because zinc ions dissolved by ionization
of zinc due to the reduction of viologen,

Ž . .Mn tpp Cl and proton precipitated as white
Ž Ž . .zinc hydroxide Zn OH on the surface of2

zinc powder. Hence, the zinc-utilizing-effi-
ciency was determined when benzoic anhydride

w xwas used as the cleaving reagent 28 . When
Ž . 2qMn tpp ClqMV and MnPC MV were used2

Žas the catalyst, the zinc-utilizing-efficiency as-
sumed that one mole of epoxide is ideally ob-

.tained by consuming one mole of zinc were 44
Žand 40%, respectively. Reaction conditions

y4 Ž .were as follows: 1=10 M Mn tpp Clq1=
10y4 M MV 2q or 1=10y4 M MnPC MV,2
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y4 Ž .Fig. 3. Cyclic voltammograms of 5=10 M Mn tpp Cl
y4 2q y4Ž . Ž ., 5=10 M MV – – – and 5=10 M

Ž . y4 2q Ž .Mn tpp Clq5=10 M MV - - - in N -purged acetonitrile2

solution containing 0.1 M Bu NClO and 1=10y2 M 1-MeIm.4 4

Scan rate: 100 mV sy1 , working electrode: glassy carbon disk
with 0.07 cm2 area. The inset indicates the cyclic voltammograms

y5 Ž . y4 2q Ž .of 7=10 M Mn tpp Clq5=10 M MV — – — and
y4 2q Ž .5=10 M MV – – – .

7.3=10y2 M zinc powder, 4.2=10y2 M ben-
zoic anhydride and 0.47 M cyclohexene, reac-
tion temperature: 308C, reaction time: 12 h.
Under this condition, the epoxide was hardly
produced and zinc was hardly consumed in the

.absence of viologen.
Cyclic voltammetry was carried out for
Ž . 2q Ž . 2qMn tpp Cl, MV and Mn tpp ClqMV in

the N -purged acetonitrile solution in order to2

clarify the role of the mediator for this epoxida-
Ž .tion cycle. As shown in Fig. 3, Mn tpp Cl and

2q Ž .MV showed half-wave potentials E of1r2
Ž Ž .Ž ..y0.64 V Mn IIIrII tpp and y0.81 V

Ž 2q q.MV rMV , respectively. Since the differ-
ence of cathodic and anodic peak-potentials of

Ž .Ž .the redox wave was 100 mV for Mn IIIrII tpp
and 70 mV for MV 2qrMVq, the redox prop-
erty of viologen was more reversible than that

Ž .of Mn IIIrII porphyrin. Further, the diffusion

2q Ž .Ž .coefficients of MV and Mn III tpp Cl esti-
mated from the dependence of their cathodic
peak currents on scan rate of electrode potential
were 7.3=10y6 and 2.9=10y6 cm2 sy1, re-
spectively. For the equimolar mixed solution of

Ž . 2qMn tpp ClqMV , the reversible redox wave
Ž .Ž .at y0.64 V of Mn IIIrII tpp and the cathodic

peak at y0.85 V assigned to the reduction of
MV 2q were obtained, but the anodic peak as-
signed to the oxidation of MVq was hardly
obtained. Even for the mixed solution of 5=

y4 2q y5 Ž .10 M MV and 7=10 M Mn tpp Cl
Ž .containing lower concentration of Mn tpp Cl,

the anodic peak of MVq became small com-
pared to for the solution containing only 5=
10y4 M MV 2q as shown in the insertion of Fig.
3. These imply that MVq was easily consumed
by the intermolecular electron-transfer from

q Ž .Ž .MV to Mn III tpp Cl because of the faster
electron-transfer and the faster diffusion of
MVq. That is to say, methyl viologen can be-
come the mediator for one-electron reduction,

q yMn III porphyrin qeŽ .

°Mn II porphyrin, 1Ž . Ž .
Ž .Ž .of Mn III tpp Cl, which is the first step of this

w xepoxidation cycle 33–38 .
Fig. 4 shows the cyclic voltammograms of

MnPC MV and MnPC MV in the N -purged2 6 2

acetonitrile solution. MnPC MV as well as6

MnPC MVs of xs4, 8, 10 showed two ca-x

thodic peaks around y0.7 and y0.8 V and the
shape of the voltammograms was similar to that

Ž . 2qfor Mn tpp ClqMV mixed solution even
though the cathodic peak current around y0.8
V was small somewhat. Therefore the peaks
around y0.7 and y0.8 V were assigned to the

Ž .reduction waves of Mn III porphyrin and violo-
gen moieties, respectively. In MnPC MV2

Ž .Ž .molecule, the redox potentials of Mn III tpp Cl
and viologen moieties became so closely proba-
bly because of the large electronic interaction
between two moieties linked by short methy-
lene-chain and eventually only one broad ca-
thodic peak was observed around y0.75 V. The



( )Y. Tsuda et al.rJournal of Molecular Catalysis A: Chemical 130 1998 285–295 289

Fig. 4. Cyclic voltammograms of 5=10y4 M MnPC MV inx

N -purged acetonitrile solution containing 0.1 M Bu NClO and2 4 4

1=10y2 M 1-MeIm. Scan rate: 100 mV sy1 , working electrode:
glassy carbon disk with 0.07 cm2 area.

Ž .oxidation wave of the Mn II porphyrin appeared
for all MnPC MVs, but the oxidation wave ofx

the reduced form of the viologen moiety did not
appear. This implies that the intramolecular

Ž Ž ..electron transfer Eq. 1 from the viologen
moiety to the Mn porphyrin moiety occurred.

The epoxidation reaction did not occur when
neither molecular dioxygen nor benzoic acid is
contained in this epoxidation system. Therefore,
we have investigated the influence of molecular
dioxygen and benzoic acid on the redox proper-

Ž .ties of Mn tpp Cl and MnPC MV and assignedx

their redox reactions to the redox reactions in
our epoxidation reaction by the assistance of
previously reported reaction mechanism in liter-

w x Ž . Ž .ature 33–38 . As shown in Fig. 5 a , Mn tpp Cl
and MV 2q showed a pair of redox wave in the
O -saturated solution as well as in the N -purged2 2

solution in the absence of benzoic acid. How-
Ž . 2qever, in the case of Mn tpp ClqMV and

MnPC MV in the O -saturated solution as4 2
Ž .shown in Fig. 5 c , the anodic peak of

Ž .Mn II porphyrin disappeared contrary to the

cyclic voltammograms in the N -purged solu-2
Ž .tion see Figs. 3 and 4 . This suggests that

Ž .Mn II porphyrin formed the adduct with molec-
ular dioxygen,

Mn II porphyrinqOŽ . 2

°Mn II porphyrin–O , 2Ž . Ž .2

and that its adduct was reduced further,

Mn II porphyrin–O qeyŽ . 2

y
° Mn III porphyrin–O . 3Ž . Ž .2

w xCreager et al. 38 reported that, for
Ž .Ž .Ž .Mn III tpp benzoate with benzoate ion as

counter ion, the electron-transfer reaction in Eq.
Ž .3 occurred at the more positive potential by
about 0.23 V than the electron-transfer reaction

Ž . 2qin Eq. 1 in dichloromethane. That is, MV
and the viologen moiety in MnPC MV can4

become the electron-mediator for the reduction
Ž . Ž .in Eq. 3 of the Mn II porphyrin-dioxygen

Ž .adduct as well as for reduction in Eq. 1 of
Ž .Mn III porphyrin.

In a blank cyclic voltammogram of the O -2

saturated system containing solely benzoic acid
Ž .Fig. 5b and d , the cathodic current flowed
below about y0.8 V, where the reduction of
molecular dioxygen was promoted by proton

w xfrom benzoic acid 43 . However, in the case of
Ž . Ž .Mn tpp Clqbenzoic acid Fig. 5b , the rela-

tively large cathodic current flowed below about
y0.6 V. This potential corresponded to the

Ž .Ž .reduction potential of Mn III tpp Cl and the
cathodic current around y0.75 V reached about

Ž .four-fold in comparison with that of Mn tpp Cl
Ž .Fig. 5a . This suggests that the proton pro-

Ž .moted both the production of Mn V -oxo inter-
mediate by the cleavage,

y qMn III porphyrin–O q2HŽ . 2

q
™ Mn V porphyrin5O qH OŽ . 2

y q= or Mn III porphyrin–O qHŽ .ž 2

q y™ Mn V porphyrin5O qOH , 4Ž . Ž ./
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y4 Ž . Ž . y4 Ž . y4 2q Ž .Fig. 5. Cyclic voltammograms of 5=10 M Mn tpp Cl — – — , 5=10 M MnPC MV — - - — , 5=10 M MV – – – and4
y4 Ž . y4 2q Ž . Ž . Ž .5=10 M Mn tpp Clq5=10 M MV - - - in the absence of benzoic acid a and c and with 0.02 M benzoic acid b and d in

O -saturated acetonitrile solution containing 0.1 M Bu NClO and 1=10y2 M 1-MeIm. Solid line indicates CV for the O -saturated2 4 4 2
Ž . Ž . y1solution containing 0.1 M Bu NClO a and c and 0.02 M benzoic acidq0.1 M Bu NClO b and d . Scan rate: 100 mV s , working4 4 4 4

electrode: glassy carbon disk with 0.07 cm2 area.

of the dioxygen double-bond and the regenera-
w Ž . xqtion of Mn III porphyrin by its reduction,

q y qMn V porphyrin5O q2e q2HŽ .
q

™ Mn III porphyrin qH OŽ . 2

q y q= or Mn V porphyrin5O q2e qHŽ .ž
q y™ Mn III porphyrin qOH , 5Ž . Ž ./

Žwhich occurred successively after reduction Eq.
Ž .. Ž .Ž .3 of the Mn II tpp -dioxygen adduct.

Ž . Ž .The Mn V -oxo compound in Eq. 5 is a
very important intermediate in the epoxidation

w xcycle 33–38 , that is, when its intermediate is
produced in the solution containing cyclohex-
ene, the epoxide is produced. Further, as Gutier-

w xrez-Garnados et al. 24 reported by use of the
rotating disk electrode that the molecular dioxy-
gen did four electrons reduction in acetonitrile
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Ž .containing Mn tpp Cl and benzoic anhydride,
Ž . Ž . Ž .the three reductions, Eqs. 1 , 3 and 5 , which

the total electron-transfer number is four may
occur in the O -saturated solution containing2

Ž .Mn tpp Cl and benzoic acid.
In the cyclic voltammogram of MV 2q with

Ž .0.02 M benzoic acid Fig. 5b , the anodic peak
for MVq disappeared and the cathodic current
around y0.85 V reached about five-fold in
comparison with that in the absence of benzoic

Ž .acid Fig. 5a . The reduction of dioxygen pro-
ceeded easily when both MVq and benzoic acid

w xexisted 44 . On the other hand, the cathodic
Ž .Ž . 2qcurrent of the Mn III tpp ClqMV qbenzoic

Ž .acid system Fig. 5d flowed from more positive
potential than that of the MV2qqbenzoic acid

Ž .system Fig. 5b and the cathodic current around
y0.9 V reached about four-fold compared to

Ž .Ž . Žthe Mn III tpp Clqbenzoic acid system Fig.
.5b . In MnPC MV in the presence of benzoic4

Ž . Ž .Fig. 6. Effect of the addition of benzoic acid on the amount of the oxidation products a and c and on the residual Mn porphyrin b and d
in air-equilibrated acetonitrile suspension containing 1=10y4 M Mn porphyrin, 5=10y3 M 1-MeIm, 7.3=10y2 M zinc powder and 0.47

Ž . Ž .M cyclohexene at 308C reaction time: 12 h . The epoxide was obtained as the single oxidation product of cyclohexene using Mn tpp Cl,
Ž . 2qMnPC MV and MnPC MV below 0.1 M benzoic acid, but both epoxide and 1-ol were obtained using MnPC MV and Mn tpp ClqMV2 4 6

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .above 0.06 M benzoic acid. a Mn tpp Cl ^: epoxide , MnPC MV `: epoxide and MnPC MV I: epoxide . b Mn tpp Cl ^ ,2 4
Ž . Ž . Ž . Ž . Ž . 2q Ž . Ž .MnPC MV ` and MnPC MV I . c MnPC MV e: epoxide, l: 1-ol and Mn tpp ClqMV \: epoxide, %: 1-ol . d2 4 6
Ž . Ž . 2q Ž .MnPC MV e and Mn tpp ClqMV \ .6
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Ž .acid Fig. 5d , the cathodic current at y0.75 V
reached about four-fold in comparison with that

Ž .in the absence of benzoic acid Fig. 5c . These
Ž . Ž .suggest that the reaction cycle of Eqs. 1 – 5

proceeded more smoothly in the Mn porphyrin
qviologenqbenzoic acidqO system since2

the electron mediator such as MV 2q and violo-
gen moiety in MnPC MV promoted the elec-4

Ž . Ž .tron-transfer reactions Eqs. 1 and 3 . Eventu-
ally, these cyclic voltammetric results indicate
that the epoxidation of olefine by the reductive
activation of molecular dioxygen using Mn por-
phyrin catalyst can be promoted by the electron
mediator such as methyl viologen and viologen
moiety in MnPC MV.x

It was investigated how the number of meth-
ylene chain linking two moieties of Mn por-
phyrin and viologen influenced the epoxidation

Ž . Ž .reaction. Fig. 6 a and c show the dependence
of the amount of the oxidation product on the

w xconcentration of benzoic acid, benzoic acid , in
Ž . Žsystems using Mn tpp Cl, MnPC MV xs2,x

. Ž . 2q4, 6 , and Mn tpp ClqMV as the catalyst.
Ž .Because Mn III porphyrin partially disappeared

and metal free porphyrin appeared by an ex-
change between Mn2q ion in the reductively

Ž . qproduced Mn II porphyrin and H ion from
Ž .benzoic acid, the molar ratio of Mn III porphyrin

remaining after 12 h reaction to an initial
Ž . Ž .Mn III porphyrin residual Mn porphyrin was

Ž . Ž .also shown in Fig. 6 b and d . When
Ž .Mn tpp Cl, MnPC MV and MnPC MV were2 4

used as the catalyst, the epoxide was the single
w xoxidation product below 0.1 M of benzoic acid

and the amount of the produced epoxide de-
w xcreased with increasing benzoic acid as shown

Ž .in Fig. 6 a . Since hydrogen which can not
reduce the viologen or the Mn porphyrin with-
out a catalyst such as Pt abundantly evolved

w xfrom zinc powder with increasing benzoic acid ,
the amount of the produced epoxide decreased.
Further, the elimination of Mn2q ion from Mn
porphyrin for all Mn porphyrin–viologen sys-

wtems was promoted with increasing benzoic
x Ž . Ž .acid as shown in Fig. 6 b and d . However,

Ž .when Mn tpp Cl was used as the catalyst, the

elimination was not observed though the amount
of epoxide reduced by half compared with when
viologen-linked Mn porphyrin was used. When

Ž . 2qMnPC MV or Mn tpp ClqMV was used as6

the catalyst, the amount of the produced epox-
w xide decreased with increasing benzoic acid and

the oxidation product changed from epoxide to
the mixture of epoxide and 2-cyclohexene-1-ol
Ž . Ž .1-ol as shown in Fig. 6 c . The similar results
were also obtained by use of MnPC MV and8

Ž .MnPC MV not illustrated . The ratio of 1-ol10

in the oxidation mixture increased with increas-
w xing benzoic acid . Even in the absence of Mn

Ž .porphyrin, 1-ol main product and epoxide
Ž .by-product were produced because the violo-
gen acted as a catalyst of the oxidation. Further,

Ž . Ž .as shown in Fig. 6 b and d , the residual Mn
porphyrin remarkably decreased with increasing
w x Ž .benzoic acid when MnPC MV and Mn tpp Cl6

q MV 2q were used compared with when
MnPC MV and MnPC MV were used. There-2 4

fore, the reduction of molecular dioxygen by the
Žreduced viologen moiety in H PC MV pro-2 x

2q .duced by the elimination of Mn ion or by
MVq in the mixed system was responsible for

w xthe production of 1-ol at higher benzoic acid .
Ž . Ž .Eqs. 2 – 4 may compete with the elimina-

tion,

Mn II porphyrinq2HqŽ .

™Mn2qqH porphyrin, 6Ž .2

2q Ž . qof Mn ion from Mn II porphyrin by H ion.
This elimination can be inhibited by acceler-

Ž .ating the electron-transfer reaction in Eq. 3 . In
this epoxidation using viologen-linked
MnPC MV, as the methylene-chain-length inx

MnPC MV becomes short, the ratio of residualx

Mn porphyrin became large as shown in Fig.
Ž . Ž .6 b and d . That is to say, since the intra-

Ž .molecular electron-transfer reaction, Eq. 3 , was
enhanced with shorting the methylene-chain-

Ž .length, the reaction in Eq. 6 was partially
prevented. The fast intramolecular electron-
transfer of electron acceptor-linked porphyrin
with a short spacer was reported for a viologen-



( )Y. Tsuda et al.rJournal of Molecular Catalysis A: Chemical 130 1998 285–295 293

w xlinked Zn porphyrin 45–47 and a Flavin-lin-
w xked Mn porphyrin 48 .

In the system without mediator, the elimina-
tion of Mn2q ion was hardly observed though
the amount of produced epoxide was much less
than that in the mediation system as shown in

Ž .Fig. 6 a . This implies that since the reactions in
Ž . Ž .Eqs. 2 – 4 occurred successively and immedi-

ately in the vicinity of zinc powder after the
Ž Ž .. Ž .Ž .reduction Eq. 1 of Mn III tpp Cl caused by

colliding with its zinc powder having strong
reducing power, the elimination reaction, Eq.
Ž .6 , was prevented. However, in the system

Ž .containing the viologen, the reductions, Eqs. 1
Ž .and 3 , of Mn porphyrin by the reduced violo-

gen occurred preferentially rather than the direct
reduction by zinc because of faster diffusion of

2q Ž . 2qMV for the Mn tpp ClqMV system and
faster reduction of viologen moiety for the
MnPC MV system. This caused the eliminationx

Ž .reaction in Eq. 6 . On the other hand, since the
Ž .important Mn V porphyrin-oxo intermediate

produced in the vicinity of zinc powder was
Ž Ž ..easily reduced by its zinc Eq. 5 , the amount

of the produced epoxide considerably de-
creased. If we can construct a mediation system
such that its intermediate keeps away from zinc
powder and the demetallation of Mn porphyrin
does not occur, a greater amount of produced
epoxide and higher zinc-utilizing-efficiency
would be expected.

The electron-transfer reaction should be gov-
erned by the reducing power of the electron
mediator. The dependence of the amount of the

Ž .oxidation product on the redox potential E1r2
Ž .of the electron mediator in Mn tpp Cl q

mediator systems is shown in Fig. 7. At rela-
Ž y2 .tively low concentration 1.0=10 M of

benzoic acid, the epoxide was obtained as the
single oxidation product of cyclohexene inde-
pendent of the E value. The results indicate1r2

Ž .that the electron-transfer reactions, Eqs. 1 and
Ž .3 , proceeded smoothly, preventing the demet-

Ž .allation of Mn tpp Cl. The amount of produced
epoxide exhibited a maximum value by using
MV 2q and HV 2q with the redox potential of

Fig. 7. Relation between the half-wave potential of electron
mediator and the amount of the oxidation products in air-equi-

y4 Ž .librated acetonitrile suspension containing 1=10 M Mn tpp Cl,
5=10y3 M 1-MeIm, 1=10y4 M mediator, 7.3=10y2 M zinc

Ž .powder and 0.47 M cyclohexene at 308C reaction time: 24 h .
Ž .The epoxide ` was obtained as the single oxidation product of

y2 Ž .cyclohexene with 1=10 M benzoic acid, but the epoxide I

Ž . y2and 1-ol ' were obtained with 6=10 M benzoic acid.
Ž . Ž . 2q Ž . 2q Ž . 2q Ž .Electron mediator: 1 S-T, 2 PDQ , 3 HV , 4 MV , 5

2q Ž . 2q Ž . Ž .DQ , 6 BV , 7 MB and 8 BCB.

y0.85 V. At a relatively high concentration
Ž y2 .6=10 M of benzoic acid, the epoxide was
obtained as the single oxidation product only
when the mediator with an E value below1r2

y0.9 V was used. However, both epoxide and
1-ol were obtained using the mediator with an
E value above y0.9 V and H tpp appeared1r2 2

by the demetallation of Mn porphyrin. This
indicates that the electron-transfer reaction, Eq.
Ž .3 , preferentially proceeded only when the me-
diator has strong reducing power, depressing the

Ž .elimination reaction, Eq. 6 . In contrast, in the
system containing the electron mediator which
has a more positive E than y0.9 V, the1r2

Ž .elimination reaction, Eq. 6 , preferentially pro-
ceeded rather than the electron-transfer reaction,

Ž .Eq. 3 . Then, the oxidation of cyclohexene was
caused by the electron-mediator remaining in
the system.

In conclusion, when MnPC MV is used asx

the catalyst, zinc powder as the reductant, ben-
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zoic acid as the cleaving reagent of dioxygen
double-bond and molecular dioxygen as the
oxygen atom source, cyclohexene oxide and
2-cyclohexene-1-ol were obtained as the oxida-
tion products of cyclohexene, in which the vio-
logen moiety in MnPC MV and H PC MVx 2 x

formed by the demetallation of MnPC MVx

acted as the electron mediator andror the oxida-
tion catalyst. In the system containing
MnPC MV with a short methylene-chain, par-2

ticularly, the elimination of Mn2q ion from
Ž . qMn II porphyrin by H ion from benzoic acid

was partly prevented because of the fast intra-
molecular electron-transfer from viologen moi-

Ž .ety to O adduct of Mn II porphyrin moiety and2

eventually the epoxide was obtained as single
oxidation product of cyclohexene since the vio-
logen moiety acted effectively as the electron
mediator. Furthermore, in the mixed catalytic

Ž .system of Mn tpp Cl and mediator, the epoxide
was more preferentially produced when the me-
diator had a lower redox potential, because the
intermolecular electron-transfer from the re-
duced form of the mediator to the Mn porphyrin
occurred rapidly.
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