
Evidence against OH Radical Formation during Photocatalyzed Reduction 
of Manganese(III) in K2[Mn(III)-2-a-hydroxyethyl-isoclilorin e4]acetate 

in Oxygen Free Aqueous Alkaline Solutions* 

G E R H A R D V I E R K E a n d M A N F R E D M Ü L L E R 

Institut für physikalische Biochemie der Universität Frankfurt 

(Z. Naturforsch. 31 b, 816-819 [1976]; received February 3, 1976) 

OH Radical, Mn(III)-Chlorin, Kinetics, Photoreduction 

The hypothesis of GLIKMAN and ZABRODA (Biochemistry [ U S S R ] 3 4 „ 239 [1969]) that 
the primary electron donor during photoreduction of manganese(III) in Mn(III)-hydroxy-
chlorin compounds in oxygen free aqueous alkaline solutions is the axially bound OH - ion 
was tested with Mn(III)-2-a-hydroxyethyl-isochlorin e.4. It has been shown that 
1) the primary generation of OH radicals upon irradiation of the complex is highly 

improbable, 
2) light is not essential for the reduction reaction, 
3) the kinetics of photoreduction of the Mn(III)-compound in 2 N NaOH clearly is not 

compatible with OH radical formation. 

Introduction 
Photoreduction of the central metal ion in tran-

sition metal complexes of porphyrins and chlorins 
is commonly observed in electron donor solvents15. 
This effect, however, has also been reported to occur 
in aqueous alkaline solutions in the absence of 
reducing agents1'6-8. Photoreduction of manga-
nese(III) in Mn(III)-chlorin e6 in 2N NaOH was 
found to be accompanied by formation of H2O2 6-
This result was interpreted by assuming that the 
Mn(III)-chlorin compound photooxidized axially 
complexed 0H~ ions6-8. Therefore, G L I K M A N et al. 6>8 

suggested that decomposition of water in photo-
synthesis could be brought about t hrough photo-
oxidation of OH - ions by an as yet unknown Mn(III)-
chlorin compound. However, apart from the fact 
that this proposal presumably is without any photo-
synthetic significance, since manganese is not an 
integral part of the photoactive center of photo-
system II9 '1 0 and the OH radical model of photo -
synthetic oxygen evolution is not compatible with 
the observed oxygen flash yield pattern in photo-

* Measurements were taken from M. MÜLLER, Diplom-
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synthesis11, the photochemical reaction postulated 
by G L I K M A N et al. appears to be highly improbable 
in the light of the results obtained by us with a 
very similar compound, namely Mn(III)-2-a-
hydroxyethyl-isochlorin qa. 

Experimental 
Preparation and purification of K2[Mn(III)-2-a-

hydroxyethyl-isochlorin e4] acetate (3) has been 
described previously12. The absorption spectra of 3 
and its corresponding Mn(IV)- and Mn(II)-com-
pounds (4 and 2) are shown in Fig. 1. 

H2O2 test reactions were performed in a special 
tube described by E N G E L S M A et al.5. Quantitative 
determination of H2O2 was carried out using the 
phenolphthaline test reaction13. Phenophthalein -
the reaction product of phenolphthaline with H2O2 
in the presence of CuS04 - was determined by 
difference absorption spectrometry. 

Reduction of 3 can only be observed in oxygen 
free solutions. Dissolved oxygen was removed in 
high vacuum (10-5 mm) using the freeze- and thaw-
technique according to E N G E L S M A et al.5. 

The kinetics of the reduction reaction was 
followed by measuring the time course of the 
absorbance E;.(t) at different wavelengths in the 
visible and near UV part of the spectrum with a 
Cary 15 spectrophotometer. In order to account for 
the contribution of the reaction product to the 
absorbance | E A ( T ) — E A ( O O ) | was plotted against 
time. The apphcation of this method presupposes 
that there are no intermediate reaction products 
that contribute to the absorbance. 
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Fig. 1. Absorption specti'a of K2[Mn(III)-2-a-hydroxy-
ethyl-isochlorin e^acetate (3) in 2 N NaOH at 20 °C 
and of its corresponding Mn(II) and Mn(IV)-com-

plexes. 
Concentration: 1.5 x IO 4 M/L. 

Light experiments were done with a 900 W 
Xenon lamp (Osram, Germany) whose UV7 radiation 
was excluded by a 400 nm-cut-off filter (WG 400, 
Schott, Germany). The irradiated solutions were 
kept at constant temperature. 

EPR experiments were carried out with a Varian 
E-12 spectrometer. 

Results and Discussion 
1. Incompatability of OH radical formation with the 
kinetics of photoreduction 

After complete photoreduction of Mn(III)-
chlorin e6 G L I K M A N and Z A B R O D A 6 reported H2O2 
formation up to 57% of the stoichiometric amount. 
Contrary to this result, however, we have not been 
able to detect any H202 after photoreduction of 3 
(c = 1 x lO-4 M/L) in 2 N NaOH at 20 °C beyond 
the limits of experimental accuracy (4 X 10-6 M/L 
H2O2). 

This negative result could be due to the reaction 
of OH radicals and H2O2 with 3 and 2. The chlorin 
ligand would be expected to be readily oxidized by 
these agents with the eventual formation of bile 
pigments14. No spectroscopic evidence for these 
reactions has been obtained upon photoreduction 
of 3. The peak positions of the absorption bands of 3 

in the visible and near UV region* were found to be 
identical within ± 1 nm before reduction and after 
reoxidation of 2 with oxygen. The slight absorbance 
loss (7%) observed after reoxidation with O2 cannot 
be attributed to cleavage of the chlorin nucleus by 
oxidative attack of OH or H2O2, since this effect 
was also found to occur on spontaneous reduction 
of 3 in the dark (see section 2) to the same extent. 
The formation of OH radicals in the dark, however, 
can be definitely ruled out on thermodynamic 
grounds. This is easily seen merely from comparison 
of the redox potentials of the systems 3/2 
(E 0 ^400mV**) and OH-/OH ( E 0 ^ 2000mV15). 

But addition of oxygen free H 2 O 2 dissolved in 
2 N NaOH in stoichiometric amounts to a degassed 
solution of 3 or 2 in 2 N NaOH revealed that H 2 O 2 

oxidized the central metal ion instantaneously to the 
oxidation state 4 in both cases***. 4 was identified 
from its intense absorption band at 400 nm 1»12. 

This compound, however, is not stable in alkaline 
aqueous solutions. It spontaneously reverts to 3 
without adding any reducing agents12. 

Thus, if OH radicals were actually formed photo-
chemically, these results would suggest the following 
reaction scheme: 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

* Band VI (28150 cm-1) and band IV (15250 cm-1) 
are assigned to 71 -^-.T*-ligand transitions1. They 
should be indicative of chemical alterations of the 
chlorin nucleus. 

** The redox potentials of Mn(III)-hydroxy-porphyrin 
and chlorin complexes in aqueous solution do not 
differ much and are well below 400 mV1 . This must 
also be true for 3/2. since H202 was found to oxidize 
3 in 2 N NaOH (E0 - 400 mV for H 0 2 - / 0 2 - when 
a O H - = 1 M/L15). 

*** Oxidation of side chains of the porphyrin nucleus 
by H2O2 has also been reported14-16. We observed 
this reaction onlv in the presence of excess amounts 
of H0O0. ' 

3 + OH- 2 + OH 

3 + OH — • 4 + OH-

2 + OH — • 3 + OH-

1 Q 4 — • 3 

2 O H — • H2O2 

3 + H2O2 — • 4 + O H + O H -

2 + H2O2 — • 3 + O H + O H -
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Apart from the slow photocatalyzed reactions (1) 
and (4), the scheme is made up by rapid diffusion 
controlled dark reactions. Application of the steady 
state approximation to the calculation of [OH]ss and 
[H202]ss yields the kinetic equations* 

den 
dt 

d e m 

h 
Cm 

Cm + Cll 
dÜ2 = 

C 3 2 

C3+C2 

dt ki 
C H I ' 

CHI + en 
ki civ 

(8) 

(9) 

dciv Cm 
^ ki Civ — ki 

dt cm + en 
( 1 0 ) 

Thus the scheme predicts the reduction reaction 
to be approximately first order only at the beginning 
of the reaction and only if the steady state approxi-
mation can be applied to 4 as well. 

This result, however, clearly is not compatible 
with experiment. After correction for the absorbance 
contribution of 2 the reduction reaction followed up 
to 95-98% completion at four different wavelengths 
is found to be exactly first order in complex con-
centration within experimental accuracy of 2% 
(Fig. 2)! 

This clear contradiction between theory and 
experiment strongly argues against OH radical 
formation upon photoreduction of 3. 

2. The primary photochemical generation of OH 
radicals is highly improbable 

Further support of this conclusion is obtained 
from two groups of experiments that render the 
primary photochemical generation of OH radicals 
unlikely. 

1) We have not been able to detect any OH 
radicals by EPR spectroscopy at 93 K after irradia-
tion of an oxygen free solution of 3 (5 X 10~4 M/L) in 
2 N NaOH for 6.5 hours at the same temperature 
with visible hght. 

2) Reduction of 3 has also been observed in the 
dark though with somewhat reduced rate! 

Like the photoreduction the dark reaction is also 
first order in pigment concentration (Fig. 2). The 
rate constants strongly depend on temperature 
(Table I). From an Arrhenius plot of the rate 
constants the activation energy is determined to be 

* According to the theory of the rate constant of 
diffusion controlled reactions17 the relations k2=k3 
and ke = ki hold. The contribution of the term 
involving [H202]ss is negligible in (8)—(10). 

t [min] 

Fig. 2. Semilogarithmic plot of the kinetics of the 
reduction reactions in 2 N NaOH at 24 °C. 

Curve 1: Photoreduction of K2[Mn(III)-2-a-hydroxy-
ethyl-isochlorin e4]acetate. 

Measuring wavelengths: A 355 nm, + 400 nm, 
• 423 nm, • 462 nm. 

Concentration: 1.31 X 10~4 M/L, 
Optical path length: 0.8 cm. 

Curve 2: Reduction of K2[Mn(III)-2-a-hydroxyethyl-
isochlorin e4]acetate in the dark in the absence of 

reducing agents. 
Concentration: 1.35 x 10~4 M/L, 
Measuring wavelength: 423 nm, 

Optical path length: 0.8 cm. 
Curve 3: Reduction of K2[Mn(IV)-2-a-hydroxyethyl-
isochlorin e4]acetate in the dark in the absence of 

reducing agents. 
Concentration: 1.47 X 10~4 M/L, 
Measuring wavelength: 400 nm, 

Optical path length: 1 cm. 

zlH+ = 18 kcal/mole. Thus the energy content of a 
quantum of visible or near IR light is by far 
sufficient to overcome the energy barrier for re-
duction. 

The rate of Mn(II)-formation measured at 423 nm 
is identical with the rate of Mn (III)-decrease 
measured at 355 nm and 462 nm. This is shown in 
Fig. 2 for the photoreduction but was also found 

Table I. Temperature dependence of the rate constants 
of the reduction of K2[Mn(III)-2-a-hydroxyethyl-
isochlorin e4]acetate in 2 N NaOH in the dark. 

Concentration: 1.35 X 10"4 M/L. 
Measuring wavelength: 423 nm. 

T [°C] k x 104 sec-1 

24 2.1 
40 8.6 
55 32.0 
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with the dark reaction. Hence electron transfer to 
the central metal ion determines the rate of the 
reduction reaction. 

Because of the existence of several charge-
transfer transitions in the visible and near IR 
region1 the catalytic action of hght indicates that 
electron transfer from the chlorin hgand to the 
metal ion occurs. 
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These results corroborate the hypothesis that the 
reduction of 3 essentially is a dark reaction which 
may be catalyzed by visible light. 
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