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ABSTRACT

Electrochemical oxidation of water-soluble manganese(ilI) meso-telrakis(N-methyl-2-pyridylyporphyrin (Mn""{2-TMPyP}) gen-
erates stable Mn'™ and Mn" porphyrins. Specialion of various oxidalion states of the porphyrin are characterized hy
spectroelectrochemical methods. The acid dissociation constants (pK,s) for Mn""(2-TMPyP)H,0), are 9.6 and 10.7, respectively,
Spectroelecirochemical resulls of the one-electron ozidation of Mn""(2-TMPyP) exhibit different forms of oxomanganese(IV)
porphyrin, depending on the pH of the solution and the applied potential. The pX, for O=Mn"V(2-TMPyP)(H,0) is 10.5. The axial
oxygen alom ligated lo the Mn{IV) center is protonated in acidic solution (pK, 3.4). Further one-cleciron oxidalion generales
dioxomanganese(V) porphyrin, {C);Mn*(2-TMPyF), which is stable in alkaline solution at reom temperature. No oxidalion wave
is observed in the cyclic voltammograms, indicating the slow helerogeneous electron transfer rale of these axidation reactions. The
electrogenerated dioxomanganese(V) porphyrin exhibits higher reactivity toward olefin otidation than oxomanganeseil¥) por-
phyrin in basic solutions. © 1999 Elsevier Science S.A. All rights reserved.

A systemalic study for the efect of axially coordinaled monovalent anions on the electrode reactions of
se.veral manganese porphyfins in acelonilrile is presented. Potential shifts of the metal-centered reduction
wilh f:hanges in counterion were related o the degree of Mn(II1}-counterion inleraction. In the electro-
chemically induced ligand exchange, perchlorate anion replaces the other anions as axial Ii gand coordinated
o Mn‘(lll]l' at oxidation potential less than the first oxidation of manganese porphyrins. Formation constants
for a?ual ligation of OH- are calculated. One-electron oxidation of dihydroxide coordinaled manganese por-
phyrins generale oxomanganese(IV} porphyrin complexes electrochemically. O=Mn"YOEP(OH) is more
Illeml_odynamically stable than O=Mn""TPP(OH), while O=Mn"TpFPP(OII) cannot be generated electro-
chcnlucally. In the presence of styrenc or cyclobexene, the ahsorplion spectra of oxomanganese(1V) por-
phyrins are changed to form manganese(I11) porphyrins graduatly, which indicates the oxygen atom Lransfer
from oxomanganese(1V) porphyrins to the substraies,

Key Words: Manganese porphyrin; Electrochemical oxidation; Electrocatalysis; Olefin oxidation
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Abstract

Electrochemical oxidation of water-soluble manganese(ITI) meso-tetrakis{N-methyl-2-pyridylporphytin (Mn"(2-TMPyP)) gen-
erates stable Mn'Y and Mn" porphyrins. Speciation of various oxidation states of the porphyrin are characterized by
spectroelectrochemical methods. The acid dissociation constanis (pK,s) for Mn'"{2-TMPyP){H, 0}, are 9.6 and 10.7, respectively.
Spectroelectrochemical results of the one-electron oxidation of Mn'"'(2-TMPyP) exhibit different forms of oxomanganese(IV)
porphyrin, depending on the pH of the solution and the applied potential. The pK, for O=Mn'Y(2-TMPyP} H,0) is 10.5. The axial
oxygen atom ligated to the Mn(IV) center is protonated in acidic solution (pK, 3.4). Further one-electron oxidation generates
dioxomanganese( V) porphyrin, (01:MnY(2-TMPyP}, which is stable in alkaline solution at room temperature. No oxidation wave
is observed in the ¢cyclic voltammograms, indicating the slow heterogeneous electron transfer rate of these oxidation reactions. The
electrogenerated dioxomanganese(V) porphyrin exhibits higher reactivity toward olefin oxidation than oxomanganese(I¥) por-

phyrin in basic solutions. © 1999 Elsevier Science S.A. All rights reserved.

Keywords: Manpanese porphyrin; Electrochemical oxidation; Electracatalysis; QOlefin oxidation

1. Introduction

Manganese porphyrins have long been studied as
maode!l compounds for oxygen transfer reactions of cy-
tochrome P-450 [1-4]. The central metal ion in synthetic
manganese porphyrins can exhibit various oxidation
states, which are of interest with respect to the chemical
reactivity and catalytic properties of the compounds
[5.6].

Many high valent metalloporphyning [7-10] are
known to oxidize organic substrates. Manganese por-
phyrins have shown their high reactivity toward the
epoxidation of olefins [11,12] and the hydroxylation of
alkanes [13,14]. Most of the systems use chemical oxi-
dants such as molecular oxygen [!5,16], iodosylbenzene
[17,18), hydrogen peroxide [19,20], alkyl hydroperoxides
[21,22], peroxy acids [23] and oxone [24-26]. Only a few

* Corresponding  author. Tel.: + 886-2.2362980%; fax. + 886-2.
31436359,
E-madl address: yosu@ms.oe.niu.eduiw (Y.0. Su)

studies have developed the oxidation processes electro-
chemically [3,27]. High oxidation states of oxomangane-
se(1V) porphyrins and oxomanganese(V) porphyrins are
suggesied to be involved in the catalytic oxidation
reactions [11,28-30].

Groves et al. [11,2%] have characterized the high
valent oxomanganese(lV) porphyrins by EPR and FT-
TR. Spiro ¢t al. [31] identified the vibration frequency of
v(Mn'V=0) by resonance Raman spectra. Recently, oxo-
manganese(V} porphyrin, O=Mn*TMPyP(H.0), wus
produced from Mn""TMPyP (where TMPyP = meso-
tetrakis{ ¥ -methyl-4-pyridyl)porphyrinato dianion) with
a vaniety of oxidants and characterized by stopped-fow
spectrophotometry [32]. The oxidation of Mn''%2-
TMPyP) {(where 2-TMPyP = meso-tetrakis(V-methyt-2-
pyridyljporphyrinato dianion) with oxone has heen
previously reported erroneously to afford oxomangane-
se(IV) porphyrin [25]. The characterization of the oxida-
tion product as oxomanganese(V) porphyrin has been
proved by proton NMR [26]. The species, however, is
not stable and rapidly converts to oxomangane-

IK)22-¥726,949/8 - see frant matter £* 1999 Elsevier Science § A, All rights reserved.
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se(IV) porphyrin, which is relatively stable. The inter-
mediate is then reduced slowly to manganese(III) por-
phyrin [32]. Oxomanganese(V) porphyrin is more
highly reactive toward olefins than oxomanganese(IV)
porphyrin, and affords epoxide products [32).

We report here the characterization of manganese
mesa-tetrakis( N-methyl-2-pyridyl)porphyrin {Mn(2-
TMPyP)) in agueous buffer solution using electrochem-
ical and spectral methods. The proximity of the positive
charges 1o the porphine causes a strong electron effect
on the metalloporphyrins [33-39). The special proper-
ties of this porphyrin makes the detailed speciation
of the various oxidation states of oxomanganese
porphyrins possible.

2. Experimental

Manganese(Ill)  meso-tetrakis(N-methyl-2-pyridyl)-
porphyrin (Mn"'(2-TMPyP)) was synthesized according
to literature methods [33-35). All chemicals were of
analytical grade. Buffer solution preparations have
been reported elsewhere [36].

Electrochemistry was performed with a Bioanalytical
System (West Lafayette, IN) Model CV-27 potentiostat
and a BAS X-Y recorder. Cyclic voltammetry was
conducted with the use of a three-electrode cell in which
a BAS plassy carbon electrode (area = 0.07 cm?) was
used as the working electrode. The auxiliary compart-
ment contained a platinum wire separated by a
medium-size glass frit. All cell potentials were taken
with the use of a Ag|AgCl|KCl{sar) reference elec-
trode. The optically-transparent thin-layer electrode
(OTTLE)} cell was composed of a 1 mm cuvelle, a
reticular vitreous carbon as the working electrode, a
platinum wire as the auxiliary electrode, and a
Ag| AgCl| KCl(sat.) reference electrode. UV-vis spec-
tra were measured with a Hewlett-Packard Model
8452A diode array spectrophotometer.

2.5

Absorbance

Product analysis was performed with a Waters
HPLC system, which was composed of a model 600E
multisolvent delivery system, 610F isocratic system, 486
tunable absorbance detector and 746 data module. The
substrate, cyclopent-2-ene-l-acetic acid, and the
product, cyclopent-2-ene-4-one-1-acetic acid, were sepa-
rated on a Waters [C-Pac anion HC column. The
eluent is a mixture of 1 x 1072 M Na,CO, and 6 x
10-* M NaH,PO, at 2.0 ml/min elution rate with
detection wavelength at 220 nm,

3. Results and discussion
3.1 pK, of Mu'"(2-TMPyPYH.0),

Fig. 1 shows the spectrophotometric pH titration of
Mn'"{2-TMPyP) in the range of pH 7.0 to 11.4. The
Soret band at 454 nm decreases gradually while a new
peak grows at 442 nm. No clear isosbestic point was
observed during the titration, suggesting the involve-
ment of two acid/base titration stages. Nonetheless, two
sets of absorbance changes with isosbestic points in the
520-620 nm Q band region can be resolved. From the
absorbance change at 559 and 548 nm, the two acid
dissociation constants of the axial ligated H,O molecule
can be estimated, respectively.

Mp"{(2-TMPyP)H,0),

= Mo TMRPYH,OXOH)+H*  pK,, =96
Mn!"(2-TMPyP)(H,OXOH)
= Mn"(2-TMPyP)OH), + H*  pK,, = 10.7

It is known that the pK,, and pK,; for Mn''(4-
TMPyP) are 10.9 and 12.3 [37], respectively. The lower
pK, for Mn"(2-TMPyP) is attributed to the proximity,
and hence stronger electron-withdrawing effect of the
pyridinium positive charges to the porphyrin ring.

Aae2

SeD cea 700

Wavelength/nm

Fig. 1. Spectrophotometric titration of Mo'"(2-TMPyP). pH (a) 7.01; ¢b) 9.25; (c) 9.51; {d) 9.74; {2} 10.63; () 10.75 (g) 10.9%; {h) 1144,
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Current
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0.5 0.0 05 -1.0
EfY vs, AgiAgCl

Fig. 2. Cvchic voltammograms of 4.5 x 10~ M Mn""{2-TMPyF) in
pH (a3 3.1 (b) 7.9; (¢) 11.6 buffer solutions. Scan rate=10.1 V57",

Absorbance

3.2, Electrochemistry of Ma'"(2-TMPyP)

Fig. 2 shows the cyclic voltammograms of Mn''(2-
TMPyP) in pH 3.1, 7.9 and 11.6 bufler solutions. A
redox couple appears al — 0.03 V and an irreversible
reduction wave starts at — 0.65 V in pH 3.1 solution.
The redox potential at — .03 V is pH dependent and
shifts 1o —0.14 V in pH 11.6 solution. It is thus
inferred to be that of the Mn""(2-TMPyP} redox
couple [33].

Mn"(2-TMPyPYH.O)OH) + e~ + H *
= Mn"(2-TMPyP)(H,0),

There is no observable oxidation wave below pH §.
In pH 9.2 solution, a new redox couple appears at
+0.53 V, which shifts to +0.28 V as the pH of the
solution increases to |1.6. The reactions are thus in-
ferred as the metal-centered oxidation [37].

Fig. 3(a) shows the thin-layer absorption spectral
changes during the oxidation of Mn'"'(2-TMPyP) in pH
9.1 buffer solution. The Soret band at 454 nm decreases
gradually and a new broad peak grows at 424 nm with

Tl
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Fig. 3. Time-resolved thin-layer absorption speciral change during the oxidation of Mn'"'(2-TMP¥P) in (ap pH 9.1: (b) pH 12.5 buffer solutions.
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Absorbance

108 sa@

saa 7 oo

Wavelength/am

Fig. 4. Spectrophotometric litration of O=Mn'"(2-TMPyP}. pH (a) 9.10; (b} 9.92; (c} 10.50 and (d) 12.07.

clear isosbestic points. The species is stable and can be
totally reversed to its tri-valent form, In pH 12.5 buffer
solution, the oxidation spectrum is quite different (Fig.
3{b)). The Soret band of the final spectrum is at 444 nm
and the Q band is at 556 nm. The absorption spectra
for the oxidation of Mn""(2-TMPyP) in pH 9.1 and
12.5 buffer solutions are different, indicating a different
species of the oxidized form.

Absorption spectral changes in the pH titration of
O=Mn'v(2-TMPyP) are shown in Fig. 4. The Soret
band shifts from 424 to 444 nm and the Q band shifts
from 548 to 556 nm. From the spectrophotometric pH
titration, the pkK, is estimated to be 10.5 1 0.2, which 1s
very close to that obtained from cyclic voltammograms,
The equilibrivm is thus described as:

0=Mn"¥(2-TMPyP)(H,0)
= O=Mn'¥(2-TMPyP)(OH) -+ H *

The plot of the redox potential for Mn'¥!"(2-
TMPyP) as a function of pH is shown in Fig. 5. The
redox potentials in basic solutions are calculated as the
mean of the cathodic and anodic peak potentials of
cyclic voltammograms, while in acidic solutions, redox
potentials are obtained from spectroelectrochemistry
{vide infra: Section 3.3). It appears that slopes are
— 115 mV/pH in the range of pH 4.0 to 10.7 and — 60
mV;pH in the range of pH 10,7 to 13.0, respectively. It
is thus inferred that two and one proton dissociation
occurs upon Mn'"(2-TMPyP) oxidation in the respec-
tive ranges. Because the pK, values of Mn"(2-
TMPyPYH,0), are 2.6 and 10.7, respectively, the
oxidation reactions are summarized as follows:

40<pH <9.6

Mn'(2.-TMPyP)H,O),
= 0=Mn"Y(2-TMPYP)(H,0), + 2H* + e~

9.6 <pH <107
Mn'"(2-TMPyP)(H,O)}OH)

= 0=Mn"v(2-TMPyP}{OH)+ 2H™ +e"~
107<pH <13
Mn"(2-TMPyP)(OH),

= O0=Mn"(2-TMPyPYOH}, + H™ + e~

The oxidation products are oxomanganesg(IV) por-
phyrins with a H,O molecule or hydroxide anion coor-
dinated at the sixth position.

3.3 Electro-oxidation of Mn"'(2-TMPyP) in acidic
solution

Thin-layer absorption spectral changes for the oxida-
tion of Mn"(2-TMPyP) in pH 4.0 buifer solution are

}r‘
B

-S0mV/pH
1.0 b=

S

=1 15mV/pH

- H1§
0.5 - Ha

EfV vs, Ag|AgCl

pPH

Fig. 5. The redox potential of Mn""{2-TMPyP) as a function of
pH.
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Fig. 6. Thin-layer absorption spectral changes of 10x 10 7 M
Mo 2-TMDvPy at different oxidation potentials in pH 4.0 buffer
salution, E, ., = ) 0.0, {hy LOR; () £ 10; (d) 1.12: (e) £.14; (P 116

and (g) 125 V.

2.2 454

w 1.5]
2
x .1
£
@ 1.2
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< 1.9

e.8
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Fig. 7. Thin-laver absorptien spectral changes of 1.0 =10 * M
Mn"'(2-TMPvPy at different oxidation potentials in pH 2.5 buffer
solution. E, = {a) 0.40; (b) 1.18; (c) 1.20; (d) 1.22: (e} 1.24:¢0) 1.26
and ¢g) 130 V.

>. 18 548
8.1F l [Ty

Absorbance

3z2@ 349 s -1 1] 9fa (-1 [-41:]

Wavelength/nm

Fig. & O bund absorption spectral changes of Mn'¥(2-TMPyF) in
solutions of various pH values. pH () 4.00; (h) 3.75; () 3.30; (d)
700 (e} 2.5

shown in Fig. 6. The final spectrum at +1.25 V is
identical with that obtamed in Fig. 3{(a) (pH 9.1). The
reaction invelves a one-electron oxidation [38.39].
Thus, the oxidation species s formulated as O =
Mo (2-TMPyPYH-0), and the formal potential is cal-
culated as + .12 V, which is very close to the reported

formal potential of one-electron oxidation of mangane-
se(Ill)  mreso-tetrakis(2,6-dichloro-3-sulfonalophenyl)-
porphyrin [40]. The oxomanganese(l¥) porphyrin will
return to Mn"™{2-TMPyP) H,0), rapidly and reversibly
under open circuit without any decrease in absorbance.
A similar absorption spectrum is also achieved for the
oxidation of Mn'"(2-TMPyP) in pH 5.5 bulTer solution.
The formal potential is calculated as + 0.95 V [41].

Cyclic voltammograms of Mn"'(2-TMPyPjin pH <9
solutions do nol show any oxidation waves in the
potential range of +0.2 10 + 1.3 V even at scan rates
lower than 10 mV s ' Nonetheless, OTTLE experi-
ments on the oxidation of Mn'"(2-TMPyP) in acidic
solution have made the calculation of the formal poten-
tial possible [41]. The results indicate a slow hetleroge-
neous electron-transfer rate for Mn"(2-TMPyP)H.Q),
oxidation.

Thin-layer absorption spectral changes of oxidation
of Mn"'(2-TMPyP) in pH 2.5 bufler solution are shown
in Fig. 7. The Soret band decreases at 454 nm while a
new broad peak grows at 414 nm. The Q band at 556
nm becomes featureless upon oxidation. The oxidized
species is stable at + 1.30 V, and returns reversibly to
Ma'"'(2-TMPyP)YH,0),. The final spectrum of the oxi-
dized species is quite different from those of O=Mn'v(2-
TMPyP)H.0) and O=Mn"(2-TMPyP}OH). The
formal potential for the oxidation of Mn"'(2-TMPyP)
in pH 2.5 buffer solution is calculated as + .20 V. The
slope of the redox potentials for Mn""(2-TMPyP} vs.
pH is about 60 mV/pH in the range of pH < 4 (Fig. 3),
indicating a one-proton dissociation upon Mn''(2-
TMPyP)(H,O}, oxidation. Thus, the oxidized form is
inferred 10 be H*O=Mn'Y(2-TMPvP)(H,0) and the
oxidation reaction is shown below:

Mn'"2-TMPyP)(H,O);
= H*O=Mn"v"(2-TMPyPYH.O)+ H* + e~

Fig. 8 shows the Q-band spectral changes for
Mn""'(2-TMPyP) oxidation under various acidic condi-
tions. The absorbance of the Q band decreases as the
pH of the solution decreases. Based on the absorbance
at 548 nm, the pK, of the protonated oxomangane-
se(lV) parphyrin is calculated.

H* O-Mn'"¥(2-TMPyP)H,0)

= O0=Mn"Y(2-TMP¥P)H,0)+ H’ pK,=34

Various forms of Mn"'(2-TMPyP) and the oxoman-
ganese{IV) porphyrin are thus shown in the £ versus
pH diagram for Mn'"""(2-TMPyP) (Fig. 5). Scheme 1
presents all the reactions in this study and the absorp-
tion wavelengths of the various species are listed in
Table 1.

Fig.
(—1
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pK,=96 pK, =107
MnlT(2-TMPYPXH;O), MnT(2-TMPyP)(H,0)OH) Mn"(2-TMPyPXOH),
_ -+ N
-e 2H' -e -
-H o o
. pk, =314 pX, =105 v
H %M'V(E-M)’P)(Hzﬂ) O=MnV(2-TMPyPXH,0) O=Mn""(2-TMPyPOH)
-&
-H*
(OLMn¥(2-TMPYP)
Scheme 1.
Table 1

Absorption spectra of various oxidation states of Mn(2-TMPFPyP) species

Species B band (3 band

Amm (10 gt mal~ ' cm—Y) 2iam {107 %1 mol ! em ")
Mn'{2-TMPyPKH.O), 454 (91.7) 556 (11.6)
Mu''{2-TMPyPYOH], 442 (99.8) S64(15.4)
O=Mn'¥(2-TMPyP)(H,0) 424 (55.1) 548 (9.4)
O=Mn"¥(2-TMPyPHOH) 444 (64.7) 556 (11.5)
H* O=Mn""(2-TMP¥P)(H,0) 414 (49.5) -
{0),Mn¥(2-TMPyP) 432 (113.4) 548 (15.0)

Absorbance

Wavelengih/nm

Fig. 9. Absorption spectra of Mn"!(Z-TMPyP), Mn'"{2-TMFyP) and Mn*(2-TMPyP) in pH 12.0 buffer selution obtained at £, =(A) +0.10
{(—) (B) +0.40 (---) and (C) +0.92 () V.

3.4. Electrochemical generation of Mn¥{2-TMPyP) band indicates the formation of O=Mn'*(2-TMPyP)-
(OH) [37]. At +092 V, a new band of higher ab-

The electro-oxidation of Mn''(2-TMPyP) in pH 12 sorbance appears at 432 nm. The peak is sharper than
buffer solution is monitored by OTTLE (Fig. 9). At that of O=Mn"Y(2-TMPyP)}(H.0) and O=Mn""(2-
+ 040 V, the absorption spectrum with a broad Soret TMPyPYOH) and the peak wavelength is different. The
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O
(2) {1}

Scheme 2.

oxidation potential for Mn™(2-TMPyP) decreases as
the pH of the solution increases, suggesting a proton
transfer upon oxidation. Thus, the oxidation reaction is
metal-centered and shown below:

\ ;
Mn" (2-TMPYP) Mn"(2-TMPyP) + H' +¢
OH 0

Groves et al. [26,32] have used chemical oxidants to
achieve high valent oxomanganese(V) porphyrin, for-
mulated as O=Mn*TMPyP(H,0), in pH 7.4 phosphate
buffer. In our studies, more basic solutions were used
(pH 12-14), Deprotonation of the axial H,0 molecule
or hydroxide anion will generate the dioxo species. To
our knowledge, this is the first stable dioxomangan-
ese(V) porphyrin, which is generated electrochemically

H
g H 0
T + —
& OH

R
HO
H
Dl
OH
- HIO
0

H nbstraciion

in agueous solution at room temperature. In neutral
solutions, similar dioxomanganese(V¥} porphyrin is also
achieved but with smaller absorbance in the Soret
band, suggesting decomposition during the oxidation
reaction. Chemical oxidation of Mn'"'(2-TMPyP) in 1
M NaCH by KHS3O, gives an absorption spectrum
identical to the final specirum in Fig. 9. ARter a few
minutes, the species changes to O=Mn'Y(2-TMPyP)-
{OH).

An attempt to characterize the axial vibration of
MnY(2-TMPyP) by resonance Raman spectroscopy,
however, did not succeed. Though the spectral pattern
of MnY(2-TMPyP) is a little different from that of
Mn"™(2-TMPyP), it appears that no corresponding
stretching frequency lor the axial ligand vibration of
Mn¥(2-TMPyP) could be observed. The streiching fre-
quency at 725 cm ™' resulted from photoreduction of
MnY(2-TMPyP) to Mn'V(2-TMPyP) [31]. More work
will be done to characterize the axial vibration of
Mn(V) porphynns.

3.5, Electrocatalytic oxidation of olefins by
Mn¥{2-TMPyP)

The reaction of electrogenerated O=Mn'¥(2-
TMPyP)(H.,O) with an olefin substrate, cyclopent-2-
ene-l-acetic acid (1), leading to the formation of an
oxidation product, cyclopent-2-ene-4-one-!-acetic acid
(2), in acidic solutions has been reported [41]. However,
the absorption spectrum of Mn'"(2-TMPyP) in pH 12
solution in the presence of substrate (1) at +0.40 V is
the same as that without substrate (1), The results
indicate  that the electrogenerated O=Mn'"(2-
TMPyPXOH) in strong alkaline solutions does not
react with the substrate.
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Bulk electrolysis of substrate (1) with Mn'(2-
TMPyP} was conducted at + 1.30 V in pH 2.5 buffer
solution for 3 h. Product analysis showed that product
(2) is less than that obtained in pH 5.5 buffer solution
{41]. The phenomena indicate that protonated oxoman-
ganese(IV} porphyrin, H ~ O=Mn"'(2-TMPyP)(1L,0), is
a weaker catalyst than O=Mn'"v(2-TMPyP)(H,0).

At higher oxidation potentials, where (Q)},Mn¥(2-
TMPyP) is generated, the absorption specirum is quite
different for solutions with and without subsirate (1),
In the absence of substrate (1), the absorption spectrum
of Mn""{2-TMPyP){OH), changes to form (O),Mn¥(2-
TMPyP) at + 0.92 V in pH 12.0 buffer solution, While
in the presence of substrate (1), the final spectrum is
similar to that of O=Mn'"Y(2-TMPyP)(OH) at the same
applied potential. The results suggesi a rapid reaction
occurs between (O),Mn¥(2-TMPyP) and substrate ()
with the porphyrin finally returning to its O=Mn'¥(2-
TMPyP}OH}) state, which does not react with substrate
{1).

Bulk electrolysis of substrate (1) in the presence of
Mn"42-TMPyP) at pH 12.0 buffer solution supports
the above speculations. After electrolysis at +0.40 V
for 2 h, the chromatogram is the same as that before
electrolysis. During electrolysis at + 092 V for 2 h,
product {2} is generated with higher vield under air
than that obtained under N,. The higher reactivity of
oxomanganese(V) porphyrin than oxomanganese(IV)
porphyrin toward alkene epoxidation has been reported
by Groves et al. [32]. The proposed mechanism for the
catalytic reaction is thus shown in Schemes 2 and 3
[42,43]
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Axial Ligand Effects on the Redox Reactions of Manganese Porphyrins

Chi-Hong Chang® ( &% ), Shu-Hua Cheng™ { s )and Y. Oliver Su™ ( & RAE )
*Department of Chemistry, National Taiwan University, Taiper, Taiwan 106, R.O.C.
*Department af Cosmetic Science, Chia Nan College of Pharmacy and Science, Tainan, Taiwan 717, R.0.C.

A systematic study for the effect of axially coordinated monovalent anions on the electrode reactions of
several manganese porphyrins in acetoniitile is presented. Potential shifts of the metal-centered reduction
with changes in counterion were related to the degree of Mn(IIT)-counterion interaction. In the electro-
chemically induced ligand exchange, perchlorate anion replaces the other anions as axial ligand coordinated
to Mn(III) at oxidation potential less than the first oxidation of manganese porphyrins. Formation constants
for axial ligation of OH- are calculated. One-electron oxidation of dihydroxide coordinated manganese por-
phyrins generate oxomanganese([V) porphyrin complexes clectrochemically. O=Mn"VOEP(OH) is more
thermodynamically stable than O=Mn""TPP{OH), while O=Mn'"TpFPP(OH) cannot be generated electro-
chemically. In the presence of styrene or cyclohexene, the absorption spectra of oxomanganese({[V) por-
phyrins are changed to form manganese(I11) porphyrins gradually, which indicates the oxygen atom transfer

trom oxomanganese(IV) porphyrins 10 the substrates.

INTRODUCTION

Manganese porphyrins have long been studied as
maodel compounds for monooxygenase and peroxidases
which play key roles in electron transfer processes in several
biological systems.”* The metal ion in synthetic manganese
porphyrins can exist in varicus exidation states, Itis of in-
terest with respect to the particular chemical reactivity and
catalytic properties of these compounds.”™

In 1982, Kelly and Kadish™ reported effects of sol-
vent and axially coordinated anions on the electrode reac-
tions of manganese porphyrins. On the basis of their re-
sults, complete dissociation of axial ligand of CIO,™ from
Mn”]TPP(Cl().J in strongly coordinating solvent has been
reported.

Mo TPP(CKY,) = Mn" ' TPP* + C10,”
MM TPP(CIO,) + xS = Mo TPP(S),” + CIO,~
S: solvent

In solvents of dielectric constants lower than 10.7, associ-
ated Mn""TPP(C10,) rather than [Mn""ITPP]" is the major
species in solution. In nonbonding solvents, such as CH:Cl
and C>HiCl,, the reduction of Mu""TPP(X) (where X =
ClO,, I, SCN”, Br', CI" and N37) became more difficult by
the increase of Mn""-X hinding strength. The reduction po-
tential  difference between Mn'“TPP(CI0.) and
Mn""“TPP(N.) is about 180 mV. In medium coordinating
solvent, such as CH,OCN, the difference is only 100 mV. In
strongly coordinating solvent, such as pyridine, the differ-
ence is lowered to 20 mV.

Groves and Stern® have isolated and characterized (wo
types of oxomanganese(IV) porphyrin complexes formu-
fated as MoV TMP(O) and Mn" TMP(O)}OH) (where TMP
= the dianion of 5,10,15,20-tetramesitylporphyrin}. The
high valent manganese porphyrins were produced from a
mixture of Mn"TMP(CI) and tetra-n-botylammonium hy-
droxide (TBA(OH)) chemically or electrochemically.
TBA(QH} is used as the source of hydroxide anion and
hence oxygen atom.

Although oxidation of hydroxide amon coordinated
manganese porphyrin have been reported,” the coordination
between hydroxide anion and manganese porphyrin is not
clear. This paper presents the results of such studies. Ace-
tonitrile (CH:CM) instead of methanol was used as solvent
for TMA(OH} titration and 4l electrochemical experiments
to prevent the competition of CH:OH'! and OH" as the fifth
and sixth ligand on the Mn{I1I} central ion. Also, this paper
presents the axial ligation ability of hydroxide anion on
manganese porphyrins, The ligation abilities for OH,
C10,~, CI” and OAc™ on manganese porphyrins are com-
pared and the formation constants of OH on manganese
porphyrins are calculated, Four different anions were coor-
dinated to three types of manganese porphyrins, and their
redox reactions were investigated in acetonitrile. Mecha-
nisms of oxidation and reduction reactions are presented.

EXPERIMENTAL

Methods
Cychic vollammeltric experiments were conducted with



222 L Chin. Chem. Soc., Vol 46, No. 2, 1999

a EG & G Princeton Applied Research Model 174A po-
larographic analyzer and EG & G PARC Model 175 Univer-
sal Programmer. The three-electrode electrochemical cell
contained a Pt working electrode (Bioanalytical System,
BAS, IN. USA), a4 Pt-wire counter electrode, and a home-
made saturated Ag/AgCl as a reference electrode. All po-
tentials were recorded vs. Ag/AgCl. A BAS X-Y recorder
was used 10 record the current-voltage output.

For all electrochemical experiments, the reference
electrode was separated from the bulk solution by a glass
fritt filled with solvent and a supporting electrolyle.
Deaeration of all solutions was accomplished by passing a
constant stream of high-purity nitrogen through the solution
for 10 min and by maintaining a blanket of the gas over the
solution during the experiment.

UV-visible spectra were measured with a Hewlett
Packard Model 8452A Spectrophotometer. The OTTLE
{optically transparent thin-layer electrode) cell was com-
posed of a 1 mm cuvette, a platinum gauze as the working
clectrode, a Ag/AgCl reference electrode and a platinum
wire as the auxiliary electrode,

Materials

The supporting electrolyte was tetra-n-butylam-
monium perchiorate (TBAP) purchased from Aldrich.
TBAP was first recrystallized from ethyl acetate and then
dried e vacuo. Tetramethylammonium hydroxide
TMA{CH) {Aldrich, 99%), cyclohexene {Jassen, 99%) and
styrene were used as received. Acetonitrile {CH;CN) was
received as HPLC grade and was distilled over calcium hy-
dride prior to use. Chloro-(5,10,15,20-tetraphenylporphyri-
nato) manganese(I11} (Mn'""TPP(CI)) was synthesized by the
method used by Alder," using chlorin-free H, TPP (Aldrich,
99%) and MnCl,-4H,0. Chloro-(2,3,7,.8,12,13,17,18-0c-
taethylporpyrinato) manganese(11I} (Mn"'OEP(C1}) and
chloro-(5,10,15,20-tetrakis(pentafluorophenylporphyrinato)
manganese(IL1} (Mn"'TpFPP(C1)) were synthesized in
the same way. Mn"'TPP(OAc), Mn"'OEP(OAc) and
Mn""TpFPP(OAc) were synthesized in the same way
except that Mn{OAc), 4H;0 was used. Synthesis of
Mn"TPP(CIQ,) was achieved by gentle reflux of a equimo-
lar amount of Mn""TPP(C1) and AgClO; in benzene for one
hour,”™"* Mn'"'OEP{C10,) and Mn""TpFPP(C10s) were syn-
thesized in the same way. Mn""TPP{OH) was synthesized
using Mn""TPP(C1} und excess TMA(OH) in acetonitrile.
The mixture was stirred for 3¢ min and the solvent was
evaporated. The resulting solid was dissolved in di-
chlomethane and washed with a large volume of water to re-
move the additional TMA(OH). Mn™TPP{OH) was ob-
tained after dichloromethane was evaporated.

Chang et al.

RESULTS AND DISCUSSION

Reduction of Mn""P(X)

Fig. 1 shows the cyclic voltammograms of Mn" TPP(X)
(X = OH", CIQy7, CI' and OACT) in CHACN. Two well-de-
fined reduction waves were obtained. The first one ranging
from -0.33 to -0.15 V corresponds to the one-electron reduc-
tion of the central metal ion.'"'* The second one between
-1.26 and -1.43 V can be assigned as the one electron reduc-
tion of the porphyrin ring and thus the formation of the an-
ion radical."”

The aobserved potentials for all reactions i Fig. 1 are
tabutated in Table 1. The redox potentials of Mn'"TPP(CIO,)
and Mn'""TPP(C1) are in general agreement with those re-
ported in the literature.’® Reported potential for the first re-
duction in CHyCN was -0.19 and -0.23 V vs. SCE, respec-
tively. As seen in this table, the reduction of Mn""TPP(X)
waus almost the same for X = CI°, C10,™ and OH', which in-
dicates a similar interaction between Mn(1ID) and the coun-
terion in CH;CN. The reduction potential of Mn'"'TPP(OAc)
is more positive (han that of Mn'"TPP(C1Q4) by 0.12 V. Be-
causc of the coordination effect of CH;CN, the binding
strength of CIOs", C1” and OH" is not significant. The
Mn(ITD-counter ion binding strength is thus OAc” < ClOy™ ~
CI~CH".

As seen in Table 1, however, the ligation effect on re-
dox potential of Mn"OEP(X) and Mn"TpFPP{X) {X=
Cl04 ", C1” and OACT) are slightly ditferent from Mn" TPP(X).

Ei{Vwvs Ag/agCl)

Fig. 1. Cyclic voltammograms of manganese porphyrins
in CH-CN with 0.1 M TBAP, scan rate = 100
mV/s. (a) Mo TPP(OH) (b) Mo "TPP{C104) (c)
Mn"TPE(CD) {d) Mn""TPPOAc).
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Table 1. Redox Potentials of Manganese Porphyrins in CH3;CN Containing 0.1 MTBAP

Ringex2 Ringou MM Mn'™" Ringrea Ringeaz
Ma' ' TPP{OAC) no® no® nod -0.03 1.6 nad
Mn!ITPP(CI) not no? nod 0.14 -1.36 no?
Mn'"TPP(C1O4) +157 +1.30 no? -0.15 -1.33 no?
M TPP(OH) +1.60 +1.34 nod 013 -1.43 no?
Mn""TPP(OH); no? no” +0.43 -0.70" -1.43 not
MnOER(DAC) no? no? no? -0.35 no’ no®
Mo MOEP(CI) nad nod no® 0.36 no® o
MnOER(CI0) +1.34 +1.16 no® 0.29 not no®
MnZOEP{OH); no? o’ +0.22 no? no® no?
Mn'ITpFPP(OAc) o’ no’ no® +0.04 -1.06 137
Mo TpFPR(CY) not no? no? 0.04 -1.14 152
Mn'HTpFPP(C104] no® nod nod +0.03 -1.19 -1.37
Mn''TpFPR(OH}2 no® no* +0.77° 041° 1.03 no?
* quasi-reversible By, = 0.63 V. E, . =-0.77 V.
b quasi-reversible By a = +0.81 V, Ep . =40.73 V.
;quasi—rcversib]c Epa=-034 V, Epc=-048V.

no = not observed,

The Mo"™OEP(X) redox potentials occurred at more nega-
tive potentials than those of Mn™""TPP(X). Mn"OEP(C10.)
is reduced at -0.29 V, which is more positive than that of
Mn""OEP(OAc) and Mn™OEP(Cl). The Mn(1II}-counte-
rion binding strength is ClOy” < OAc¢ ~ (1. The
Mn"""TpFPP(X) redox potentials occurred at more positive
potentials than those of Mo TPP(X). The electron-with-
drawing effect of the five fluorine atoms at the phenyl group
makes the central metal ion reduction easier. Mn" TpFPP(OAc)
and Mn" TpFPP{C10.) were reduced at +0.04 and +0.05 V,
respectively, This suggests a similar ligation ahility of
OAc” and Cl0.". Mn"TpFPP{Cl} is reduced at -0.04 V,
which indicates a stronger ligation ability than that of CIOy”
and OAc™. Thus, the binding strength is OAc™ ~ ClOy™ < CL

The second reduction waves were observed for
Mn""TPP(X) and Mn"'TpFPP(X) systems. In the Mn"'OEP(X)
system, no ring reduction was observed. This might result
from the more conjupated porphyrin ring of the TPP sysiem
over that of the OEP system. Owing 10 the electron-with-
drawing effect, there can be third reduction waves observed
for the Mo TpFPP system. The second and the third reduc-
tions correspond to the porphyrin ring reductions to form
anion and dianion radicals, respectively.'™'®

Oxidation of Mn"'P(X)

The oxidation of Mn""TPP(X) is shown in Fig. 1. The
first oxidation waves of Mn'""TPP(OH) and Mn"'TPP(CIO4)
are well-defined and reversible. The redox potentials are at

+1.34 and +1.30 V, respectively. The second oxidation
waves are quasi-reversible. The oxidation sites involved the
porphyrin ring system to yield Mn(IIl) cation radicals
and dications, 1'|:spt:(:tively.15'lﬁ The oxidation waves of
Mo TPP(Cl}) and Mn"TPP{OAc) are, however, irre-
versible.

Time-resolved spectra of Mn'""TPP{OAC) at +1.05 V is
shown in Fig. 2. The absorbance of Soret band at 374 and
474 nm decreased, and the new peak at 388 nm grew up.
The isosbestic points were distinct, indicating that only two
species were present in appreciable quantities during this
transformation, The final spectrum is identical with that of

[ ST o T = N o

ARSORBANCE

S

Lo 3un Eanl) Rl Ay i an

WAVELENGTI [nw}

Fig. 2. Time-resolved spectraof 8x 107% M Mo "TPPOAC)
at Eapptica= +0.95 ¥ in CH;CN with 0.1 M TBAP.
Time = ¢a) © (b) 1.5 1c) 3.0 {d) 7.0 (&) 14 min.
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Mn""TPP{C10.}. The spectrum would be not changed if the
solution stands for 24 hours without applying oxidation po-
tential. In the cyclic voltammogram of Mn™TPP(OAc)
{(Fig. ¥d), there isn’t any oxidation reaction occurring at E <
+1.05 V. Bulk electrolysis of Mn" TPP(OAc) at +1.05 V re-
sults in the axial ligand replacement of OAc™ by (10, com-
ing from the supporting electrolyre. This is the first case
of electrochemically induced axial ligand exchange of
Mn'""TPP(X). In the case of Mn""TPP(C1) and Mn™ TPP(OH),
Cl10,™ replacement of the axial ligand was also observed at
+1.05 and +0.95 V, respectively. And Mn""TPP(C10,) is fi-
nally produced.

Fig. 3 illustrates the spectral change of Mo TPP(C10,)
at various oxidation potentials. C10y" is chosen as the axial
ligand because the other ligands such as OAc™, CI™and OH”
would be replaced by C104 during electrolysis. The spec-
tral changes should be simpler for C104” as an axial lgand.
The absorbance at 388 and 486 am decreased. The final
spectrum exhibited a broad band between 600 to 700 nm,
which is typical for a porphyrin cation radical. The calcu-
lated formal potential is +1.25 V.," slightly different from
that in the cyclic voltammogram.

Hydroxide Anion Coordination with Mn"P(X)

Fig. 4 illustrates the spectral change of Mn'"'"TPP(C10.)
during the titration with TMA(OH) in CH;CN, The peak at
436 nm is blue-shified and a new peak arises at 468 nm. The
absorbance at 388 nm decreases and the peak becomes
broader. A shoulder arises at 494 nm. The absorbance at 494
nin reaches a maximum unti! [TMA(QOH))/[Mn""TPP(CI0).]
= 1.5 {Fig. 4A). Further addition of TMA{OH) causes the
decrease of absorbance at 468 and 494 nm and the appear-

ABSORBANCE
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Fig. 3. Thin-layer spectra of 6 x 10/ M Mn'"TPP(C10,)
in CH:CN with 0.1 M TBAP. Euppiea=(a) 1.15
(b}1.18 {c)1.21 (d) 1.24{e) 1.27 (£ 1.30 (g) 1.33
V.
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ance of peaks at 410 and 430 nm. The absorbance at 410 and
430 nm reaches maxima at [TMA{OH} Mo ™ TPP(CIO).] =
8. The absorption spectrum remains unchanged upon the
addition of more TMA{QH} (Fig. 4B). The phenomeny in-
dicate that hydroxide anion ligated to Mn'"" center during the
titration process. The predominant species is Mn'""TPP(OH)
at [TMAOH M TPP(CLO,)) = 1.5 and is Ma' " TPP(QH),
at [ TMA{OH)/[Mn" TPP(CIO4}} = 8.0. The formation con-
stants are thus estimated from the spectrophotomenrnic titra-
tion."”

Mn"'TPP(CI0,) + O™ = Mo'""TPP{OH) + C10,

log K, =6.1{x0.3)

Mn"'"TPP{OH) + OH™ = Mn"' TPP(OH),”

log K, =4.0(x£0.3)

The spectral change of direct titration of Mn" TPP{OH)
with TMA(OH) also indicates the axial ligation of the sec-
ond hydroxide anion. The absorbance at 382, 468 and 494
nm decreases while that at 410 and 430 om increases. The
final spectrum is identical to that of Mn""TPP(OH),. The
calculated formation constant, log Kz = 3.7, is very close to
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Fig. 4. Absorption spectra of 1 % [0 M M TPP{CIQ4)
titrated with TMA{OH) in CH:CN. {TMA{OH))¢
(Mo U TPI(CI0)] = (2d 0 (b) 0.3 () 0.6 (d) 1.0 (e)
1.5(0)25 ()35 (h) 4.6 (i} 5.8 (j) 8.0,



Redox Reactions of Manganese Porphyring

that obtained from Fig. 4.

The spectral change in the titration of Mn'""OEP(C1)
with TMA(OH) proceeds in a similar paitern, The ab-
sorbance at 488 nm arose at first and decreased pradu-
ally, which suggests the formation of Mn"QOEP{OH) and
Mn""OEP(OHY},, respectively. The formation of monohy-
droxide and dihydroxide coordinated manganese porphyrin
depends on the [TMA(OHI)/[Mn"OEP(C])] ratio. The
predominant species is Mn"OEP{OH) at [TMA(OH)]/
[M"OEP(CD)] = 20, and is Mn"OEP(OH); at
[TMA(OH)[Mn™OEP(C1)] = 35.0. The formation con-
stants are log Ky = 5.2 (£ 0.3) and log Kz = 3.0 (£ (.3), re-
spectively.

In the titration of Mn""TpFPP(C1) with TMA{OH), the
pattern of spectral change differs from those of the
MnTPP{CIOy) and MnOEPR(CI). Rather, the Soret bands at
360 and 470 nm decrease and a broad band at 430 nm in-
creases monotonously. No isosbestic point is observed in
this wavelength region. This may result from the same or-
der of the formation constants for the monohydroxide and
dihydroxide ligation on Mn"'TpFPP(CI). The spectrum is
no longer changed at [TMA(OH)I{Mn"" TpEPP(CI)] > 3.2.
Under this condition, presumably Mn"™TpFPP(OH), is

formed.
J‘f +
e

b/

Ei{Vvs Ag/fngCh

Fig. 5. Cyclic voltammograms of (A} 4.4 x 10° M
MoOEP(OH):, [TMA(OH)/[MnOEP(CL)] =
35 (B} 6 x 10 M Mo""TPE(OH )., [TMA(OH)]/
[MaUITPE(C104)] = B (C) 7.0 % 10 M
Mn"TpFPFIOH): [TMAQOHY[MnTpFIIC] =
3.2 in CHACN with 0,1 M TBAP, scan rate = 100
mV/s.
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Electrochemical Properties of MnmP(OH)z

A cyclic valtammogram of Mn""OEP(QOH); is shown
in Fig. 5A. A redox couple occurs at E;; = +0.22 V. The
spectral change of Mo'""OEP(CH), at various oxidation po-
tentials is shown in Fig. 6. The absorbance at 362 and 420
nm decreases while that at 400 nin increases, and the spec-
trom is similar to that of oxomanganese{lV} porphyrin pre-
viously reported."” The spectrum remains unchanped and
the species is stable at +0.35 V. At+0.00V, the spectrum re-
turns to that of Mn""OEP(OH); without significant loss of
absorbance. The redox couple at +0.22 V is thus assigned as
the metal center oxidation.

Mn""OEP(OH); = O=MnYOEP(OH) + ¢~ + H’
Ep=+0.22V

Fig. 5B shows the cyclic voltammogram of Mn™ TPP{OH).
in CH:CN. A quasi-reversible redox couple is observed at
+0.43 V. The oxidation of hydroxide at the glassy carbon
electrode starts at +0.5 V, and the redox couple apparenty
overlaps with the irreversible oxidation wave of hydroxide.
OTTLE measurement at +0.53 V shows that the absorbance
at 410, 430 and 468 nm decreases gradually and the peak
shifts to 400 nm, which is similar to the reported spectrum
of O=Mn"TPP{OH)."” The oxidation reaction is thus in-
ferred as the metal oxidation.

Mo TP OH), = O=Mn'"TPP{OH) + &~ + H*
E]Q = +U_43 vV

The absorbance at 400 nm ot the oxidized form, however,
decreased gradually, indicating the decompositon of
oxomanganese(IV) porphyrin. {t has been reported that

ABSORBANCE

201 oo ann 500 [SEH s ani

WAVELENGTH {nm)

Fig. 6. Thin-layer spectra of 1 x 10r* M Mn™OEPIOH?;
in CH:CN with 0.1 M TBAP. [TMA{OH)]/
[Mn'"OEP(CD] = 35. Eagprea = (a) 0.14 (b} 0.17
() 0,20 (d} 0.23 {e) 0.26 (1 0.29 {g) 0.32 (h) .35
V.



226 S Cain. Chem. Soc., Vol 26, No. 2, 1999

O=MnWTPP(OH) is unstable in room tf:mpe;ratll.lre,8 s0 that
the absorption spectrum of oxomanganese(IV) porphyrin
chunges gradually without an isosbestic point during the
electrolysis. Probably the OH™ oxidation products react
with the porphyrin and cause decomposition.

Cyclic voltammetry of Mn" TpFPP(OH), (Fig. 5C)
shows a similar pattern as that of Mo TPP(OH).. The oxida-
tion waves are obscured by that of hydroxide oxidation.
Owing (o the electron-withdrawing effect of fluorine atoms,
the oxidation potential occurred at about Ejp = 4077 V,
which is more positive than that of Mn'""TPP(OH),. Flec-
trolysis of Ma""TpFPP{OH); at +0.65 V for 30 min does not
cause spectral change. But the spectrum finally becomes
that of Mn""TpFPP(C1). Hydroxide in TMA(QH) solution
is oxidized at +0.65 V. During the electrolysis processes,
TMA(OH) is consumed. After TMA{OH) is exhausted in
the solution, Mn""TpFPP{Cl} reappeared.

Electreoxidation of MnmP(OH)z in the Presence of
Alkenes

The absorption spectral change of Mn"OEP(QH); in
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Fig. 7. Thin-layer spectra of 1 % 10* M Mo "OEP{OH},
containing 30 mM styrene in CH:CN with 0.1 M
TBAP. [TMA(OMY[Ma™OEP(CD] = 33,
Epptica = +0.32 V. Time = (2} 0 (b) 0.5 (c) 1.3 (d)
6 (e) 12 () 32 (g} 37 (h) 87 (i) 187 min.
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the presence of styrene at +0.32 V is shown in Fig. 7. An ab-
sorption peak at 406 nm appeared with distinct isosbestic
points during electrolysis tor about 12 min, indicating the
formation of the oxomanganse{IV) porphyrin. It is a little
red-shifted from the spectral change in the absence of sty-
rene (Fig. 6). In the continnation of electrolysis, the absorp-
tion spectrum changes in a reverse direction (Fig. 7B).
MnOEP{C1) reappeared as evidenced by the absorption
peaks at 356 and 468 nm. The results suggest an oxygen
atom transfer from oxomanganese(IV) porphyrin to styrene.
After the oxygen source is consumed, only Mn™"OEP(C) is
present and is not oxidized at +0.32 V. The absorbance of
Mn™OEP(CD before and afier electrolysis is almost
the same, indicating no significant decomposition of
MnOEP(C1} in the presence of styrene during electrolysis.
Electrolysis of Mo OEP(QOH); in the presence of cyclo-
hexene exhibits the same pattern for spectral change. Itis
evident that oxomanganese{IV} porphyrin is capable of
transferring 4n oxygen atom to alkenes.

O=Mn""TPP{OH) also acts as an active species in the
catalytic oxidation of alkene. In the presence of styrene or
cyclohexene, the absorption peak at 400 nm appeared at
electrolysis for about 15 min with distinct isosbestic points.
Itis totally different from the decomposition situation in the
absence of alkenes. That is to say, O=Mn"'TPP(OH} is sta-
bilized in the presence of alkenes. After electrolysis for 1
hour, Mn™" TPP(CI0.) spectrum reappeared. The ligation
with OH™ and oxidation reactions with alkenes for manga-
nese porphyrins are thus summarized in Scheme [

Scheme I
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