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A. INTRODUCTION 

There is a growing interest in metahoporphyrins among inorganic chemists because 
of the unique nature of the coordination chemistry of these materials ’ and also because 
,of their obvious relevance as biological models * . . Although a large numbqr.of m&ill& 
porphyrins have been examined, most of the detailed work has involved the iron par- . 
phyrins 3; Surprisingly, a sizable body of literature also now exists for the analogous 
manganese complexes. Manganese porphyrins are of considerable interest for several 
reasons. For one, the unique absorption spectrum of .the Mn”’ complexes is presumably 

4. A thorough understanding of Mn por- diagnostic of an unusual electronic structure 
phyrins would be valuable in sorting out the closely related and biologically import&u 
Fe system, as well as for the general understanding of metalloporphyrin spectra and 
structure. A second reason is the utility of. the porphyrin complexes as m.odel compounds . . . 

;. 
Coord Chem. Rev., .7 (1972) 289-329 . ;-_ 
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290 L-3. BOUCHER 

in the study of the manganese-dependent oxygen evolution in green-plant photosynthesis5*6. 
Because of the increasing activity in this area, it seems appropriate to review the coordina- 
tion chemistry of Mn porphyrins. This review attempts to present the information about 
Mn porphyrin complexes and, by interpreting tis data, to propose electronic and molecu-. 
lar structures as well as reactivity patterns for the complexes. The biological implications 
of these results will then be discussed in relation to the Fe porphyrins and the role of 
manganese in photosynthesis. Although the discussion will be generally restricted to Mn 
porphyrins, reference is made to other metalloporphyrin systems when appropriatti. It is 
hoped that the gaps in our understanding of Mn porphyrins uncovered here will stimulate 
others to undertake the needed research. 

Altfiough a manganese-porphyrin complex was fust reported by Zaleski ’ in 1904, 
it was not until 50 years later that Calvin a and co-workers published a series of papers 
relating the preparation and properties of these materials. For coordination compounds 
the most common oxidation states of manganese are MnII, Mn”I and MnIV (see ref. 9). 
Although all these oxidation states appear to be accessible to the porphyrin complexes * , 
the-stable complexes lo are those of Mn”’ . The lower and higher oxidation states can. 
then be generated by the appropriate reduction and oxidation of Mn’II porphyrins. Be- 
cause most of the work reported to date has concerned Mn’I’ porphyrins, these will be 

R, R R. 

Substituents a 

Co&pound R RI R2 R3 % RS % R7 Rs 

Deuteroporphyrin IX dimethylester DMDepor H M H M H M PrM Prhf M 
Deuteroporphyrin IX DePor H M H M H M PrH PrH M 
Mesoporphyrin IX dimethylester DMMesopor H M E M E M PrM PrM M 
Mesoporphyrin IX Mesopor H M E M E M PrH PrH M 
Hematoporphyrin IX dimethylester DMHpor H M hlE M ME M PrM PrM M 
Hematoporphyrin IX Hpor H M ME M ME M PrH PrH M 
Protoporphyrin IX dimethylester DMPrpor H M V M V M PrM PrM M 
Protoporphyrin IX Prpor H M V M V M PrH PrH M 
Etioporphyrin I Etio H M E hi E M E M E 
Octaethylporphyrin OEP H E E E E E E E E 
Tetraphenylporphine TPP Ph H H H H H H H H 
Tetrapyridylporphine -n-Y Py H H H H H H H H 
Zorphine Porp H H H H H H H H H 

a M = CHJ; E = CH2CH3; V = CH=CHz; ME = CHOHCHs; PrM = CH&H2C02CHs; PrH = CH&H&02H; 
Ph =C6Hs; Py = NC51Q. 

Fig. 1. Structural representation of Wnul porphyrin complexes. 
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discussed first. A discussion of Mn’I and MnrV porphyrins as well as of the closely related 
chlorophyll and phthalocyanine derivatives follows. Structural representations of the 
commonly used porphyrins and the abbreviations used throughout this review are given 
in Fig. 1. 

B. MiiNGA&iESE(III) PORPHYRINS 

(ii Synthesis 
When excess Mn’r acetate and porphyrin (HaPor) are refluxed in glacial acetic acid (or 

dimethylformamide ’ ‘) in the presence of air, the acetate salt of the MnI” porphyrin is 
readily formed . 4~12 The reaction appears to proceed in two distinct steps 13. 

k, 
Mn” + H2Por =+ [Mn(Por)] + 2 H+ (1) 

k -s 

[MrQor)] IO, I -- [Mn(Por)]* (2) 

The first step is most likely rate-determining and the second step is very rapid and essen- 
tially irreversible. In glacial acetic acid, k_, s kr and in the absence of oxygen the Mn’* 
insertion does not proceed. Like most trivalent metal ions, Mn3’ insertion in the porphyrin 
is not noted lo. The rate of insertion in glacial acetic acid is second-order overall, first- 
order in metal ion and first-order in porphyrin_ For Hpor, the activation energy is 16.4 
kcal/molti and the activation entropy is -12 cal deg-’ mole-’ (ref. 14). Addition of 1% 
H2 0 to the glacial acetic acid altered the activation energy to 15.7 k&l/mole and the acti- 
vation entropy to -16 cal deg-’ mole -r . A somewhat higher activation energy, 18.7 
kcal/mole, has been determined for the insertion of Mn*’ into TPPy in glacial acetic acid l5 
Unfortunately, no kinetic data have been obtained for Mn2+ insertion reactions.under 
physiological conditions, i.e., pH 7 aqueous solution. The mechanism for metal insertion 
most likely involves a rapid pre-equilibrium to form an Mn2*- H3 Par+ intermediate and 
this is followed by a slow insertion reaction. The activation step is probably dissociative 
and may involve a multiple desolvation of the metal ion l6 which is required by the semi- 
rigid nature of the porphyrinfor metal binding. This effect is most likely responsible for 
the fact that Mn*’ reacts more slowly with porphyrins (by a factor of > 106) than it does 
with simple bidentate ligands “. 

The acetate ion of the MnH1 porphyrin complex can be replaced by another anion by 
dissolution in water and subsequent addition of a large excess of the sodium salt of the 
appropriate anion. This results in the rapid precipitation of the desired complex 4 

[Mn(Por)]+ + X- + [Mn(Por)(X)H, 0] . (3); 

where X- = F-, Cl-, Br-, I-, SCN-, N;, CNO-, NO;. The ions SO:- and PO,- ho.not yield 
a product; Surprisingly, the cyanide ion does not form a complex.. In fact, the product 
that precipitates out of 1 M sodium cyanide in aqueous solution at pH 4 to 7 is the hydrox- 

l8 ide complex . , Also. salts of the dianion complexes are not formed. In general, the best 

Coord Chem Rev., 7 (1972) 289-329 
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method of purification of the complexes is reprecipitation from aqueous solution. Thin- 
layer chromatography and elemental analyses prove to be satisfactory criteria of purity. 
From elemental analyses, the materials appear to have the composition Mn(Por)(X)H, 0. 
Attempts to prepare other solvates by replacing the coordinated water with pyridine, 
methanol or dimethylsulfoxide by precipitation of the complexes out of these solvents 
have been unsuccessful l8 Further drying at 110” in vacua over P2 0s does not remove _ 
the water. The question as to whether the wzter is coordinated to the metal and the related 
question of the coordination number in the solid state for Mnlrl porphyrins remain open. 
MnrII complexes of all the anions above have been prepared with DMPrpor and Etio 4~1g. 
It should be quite easy to prepare similar complexes of all the porphyrins given in Fig. 1; 
indeed, the Cl- complex of all of these has been synthesized lg. In addition, the following 
materials have been reported: [Mn(Por)(OH)Hs O] , Por = TPPy *’ ; Mesopor I*, DMMeso- 
por rr , Hpor Z’,Prpor”,TPP”,Depor24; [Mn(Por)(C, H, 02)H2 01, por = Hpor *r , 
OEP *‘, DMMesopor 23, Etio * 5 ; [Mn(Etio)(C2 H3 03)Cz s 021 26 ; [Mn(Por)(Cl)H, 01, 
Por = OEP **, Hpor 27, Mesopor *‘. In those instances where multiple reports exist, 
reference to only one paper is made. In most cases the presence of the coordinated water 
is assumed, even where elemental analyses are not presented. Otherwise, the formulations 
given correspond to those of the original workers. It must be pointed out that elemental 
analyses given for the acetate salts can equally well be fit by assuming a hydroxy(aquo) 
complex. It seem? a general observation that the only species that is isolated from aqueous 
solution in the absence of a large excess of coordinating anion is the hydroxide complex. 
As a result, this appears as a common impurity in the preparation of the other anion ’ 
cotiplexes. Further column chrqmatography of the anion complexes on silica gel or 
alumina also yields the hydroxide complex ’ 8. 

or 

(ii) Axial hgah-on 
When MnIII porphyrins are dissolved in a coordinating solvent like pyridine, methanol 
dlmethylsulfoxide, axial ligands are displaced by the solvent molecules. 

[Mn(Por)(X)H, 0] + B S [Mn(Por)(X)B J + H2 0 Kr 

[Mn(Por)(X)B] + B “t [Mn(Por)B* ]*+ X- K2 

(4) 

(5) 

The observation that the absorption spectra of these solutions are independent of the 
anion in the starting material for all the anion complexes indicates that the same species, 
the solvent complex, is present in all the solutions 4. If limited amounts of the donor 
molecule are used in an inert solvent, then the binding constants can be determined 
spectrophotometricaliy_ Measurements of K, for pyridlne (Py) binding *’ in chloroform 
at 25OC have been made for [Mn(Por)(Cl)H2 0] where por = TPP, Mesopor and Hpor. 
The.log K1 values are 0.40,0.54 and 0.34, respectively. The order Mesopor > TPP > Hpor 
does not follow the donor ability of the porphyrin. It must be pointed out, however, that 
K1 variks by less than a factor of 2 here and is therefore rather insensitive to the porphyrin. 
Values of K2 were not reported. The pyridle binding constants for [Mn(Mesopor(OH)H20] 
have been determined in aqueous solution by a combination of’spectrophotometric ind 

,. 
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l2 potentiometric methods . The data are consistent with the binding of two pyridine 
molecules per monomeric complex. It was found that K1 = 5.9 X 10S2 and& = 1.9 at 
30°C. The values are independent of pH in the 7-l 2 range. Reaction of solid [Mn(Etio) 
(C2H302)H20] with excess pyridme vapor results in the binding of a molecule of pyridine 
at room temperature in vacua 25. This is only slowly lost at -150°C in vacua. The bind- 
ing of pyridine probably Wolves replacing the axially coordinated water. 

The pKa for the reaction in aqueous solution at 22S°C was found to be 11.95 by 
spectrophotometric and potentiometric techniques lo. 

[Mn(Prpor)(H, 0)2 1‘ P [Mn(Prpor)(OH)H2 0] + Hf (6) 

The corresponding pK, value for [Mn(DMPrpor)(OH)HaO] is 11.3. Dilute solutions were 
used to avoid problems arising from metalloporphyrin aggregation. The formation of a 
dihydroxo complex is not noted even at pH 14. In addition to the -formation of the 
hydroxide complex at high pH in aqueous solution, there is the possibility for a ~1.0~ di- 
merization reaction 

2[MnPor(OH)H20] Z [(H20)PorMn-0-MnPor&O)] t Hz0 (7) 

Although the existence of such a dimer for [Mn(TPP)(OH)H, 0] has been alluded to in a 
recent review article, the preparation and characterization of the material have not been 
reported 28. (see Note tdded in proof, p. 327). 

Equilibrium constants have also been measured for the formation of charge transfer 
complexes for a number of acceptors and donors and [Mn@MMesopor)(OIi)H, 0] in 
methylene chloride at 25°C ” . Fairly stable complexes are formed with acceptors like 
trinitrofluorenone (K = 25OW’) and trinitrobenzene (K = 3OK’). Conversely, donor 
molecules like the oxygen-containing p-dimethoxybenzene (K = 0.2W’ ), the nitrogen- 
containing N&-dimethylaniline (K - 1 M-‘) and the hydrocarbon, hexamethylbenzene 
(K~2.5 K’ ) form weak complexes_ Interestingly, steroid donors, like cholestanone 
(K = 40&f-‘), cholestene (K = 75A.f’) and cholestanol (K= 250M-‘ ) give stable adducts. 
As with most metalloporphyrins,Mnl”gorphyrins are better charge-transfer donors than 
acceptors; i.e. the porphyrin n cloud interacts strongly with acceptor molecules but not 
with donor molecules. No simple corre? -ion between the stability constants and any 
parameters of the acceptors or donors L &ich could be associated with so-called charge- 
transfer forces exists. The strong bindin.; of the steroid molecules may be related to their 
large size or to the .possibility of these molecules binding to the metal atoms in the axial 
positions. The latter seems unlikely since the equilibrium constants are several orders of 
magnitude larger for steroid binding than for axial pyrlcline binding. This points up the 
relative importance of porphyrin interaction vis-a-vis metal interactions. 

In addition to the scattered thermodynamic studies on axial ligation, only one report 
appears in the literature of the kinetic parameters for this process. Solvent exchange 
kinetics have been measured by proton NMR line broadening for both methanol and di- 
methylformamide solvated [Mn(DMPrpor)]+ (ref. 30). In methanol, the activation param- 
eters are AiY* = 8.0 * 0.3 k&/mole and AS* = 1.3 f 1.5 caLmole_’ .deg-' , giving a first: 

order. rate constant for exchange at 25” of 1.5 X IO’ set-* . In d’ 2ethylformamide, the 

Coord. Chem. Rev., I(19721 289-329 
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activation parameters are AfY* = 10.5 kcaljmole, AS* = 12.4 calmole-’ .deg-r , giving a 
rate constant for exchange at 25°C of 6.4 X 10’ set-’ _ It is readily seen that axial ligation 
is extremely rapid and that the rate is sensitive to the Iigand. The rate-determining step in 
these reactions is thought to be a dissociation of the axially bound solvent molecule in the 
complex, like [Mn(DMl$or)(CHs OH),]+. Ki ne t ic measurements on anation reactions of 

[Mn(Hpor)(OH)H,O] in aqueous solution at pH 7.2 were attempted with Ni, SCN- and 
CN-. No complex formafion’could be noted spectrophotometrically at O.lSManion for 
2 X IO-’ M solution of the complex. Since axial ligation appears to be a rapid reaction, 
the failure to observe anation must be related to a highly unfavorable stability constant 
for the binding of Ng, SCN- or CN-. Finally, the kinetics of anion exchange have not 
been measured. 

It is obvious that much more information about axial binding in M&I porphyrins is 

needed before any detailed discussion can be initiated. However, there are several points 
that can be.made with the data at hand. For one, it appears that the two axial ligands are 
not bound equally strongly. For example, the addition of a second pyridine molecule to 
[Mn(Mesopor)(OH)H, 0] _ f IS avored over the addition of the first by a factor of -30. The 
addition of the first pyridine molecule is assumed to lead to binding of the donor in the 
gxial position trans to the hydroxide ion. It is interesting to note that the rather small 
equilibrium constant for this process is about equal to that for pyridine binding to 
[Mg(Por)Ry] 32. Surprisingly, the replacement of the axially coordinated hydroxide ion 
appears to be slightly enhanced in [Mn(Mesopor)OHPy] . This appears not to be the case 
in the corresponding FeDr system. This latter case, however, is complicated by the for- 
mation of dimeric species 33. Since the axial ligations probably involve replacement reac- 
tions, it is difficult to say in an absolute sense whether axial ligation is weak or strong. It 
could be that the manganese atom prefers binding to oxygen donors like hydroxide and 
water over the nitrogen donor pyridine. More detailed measurements with a variety of 
donors and anion complexes would help to settle this point. When MnlI1 porphyrins are 
dissolved in coordinating solvents, the two axial ligands are now the same. A question 
which remains to be answered is whether the two axial ligands are equivalent thermo- 
dynamically and kinetically. 

(iii) Spectroscopy 

A wide variety of spectroscopic techniques can be used not only to characterize MnlI1 
porphyrins but also to aid in sorting out problems relating to structure and bonding. Rock 
salt infrared spectra are useful in showing that the integrity of the porphyrin skeleton and 
peripheral substituents are maintained during the formation of the complex 4. Anion- 
dependent IR absorptions, u(Mn-Cl) = 260-280 cm-’ (ref. 34), v(MnBr) - 210 cm-‘, 
v(Mn-I) - 190 cm-’ and v(Mn-F) - 460 cm-’ are also seen ‘? _ The IR spectra are con- 
sistent with the notion that the anions are axially bound to the manganese in the solid 
state. Whether or not a water molecule is coordinately bound is somewhat more difficult 
to assess. The solid state and chloroform solution spectra do, however, show prominent 
absorption at 3450 cm-’ and 1620 cm-’ which might be assigned to coordinated water’ 
vibrations 4 _ For anions like N,, NCO- and SCN-, multiple bond stretching absorption 
is seen, e.g. r@l;) = 2020 cm-r ; r~(NC03 = 2 175 cm-’ and Y(SCN 3 = 2056 cm-’ _ The - 
NO; cornpIex shows-the vs(NO;) absorption at 1275 cm :r. In- general, the frequenciti 



TABLE 1 

Magnetic moments for manganese porphyrins 

Complex Condition a peff Ref. 
(B.M.) 

MnIIi 

[MnfDMHpor)(C1)HaO] 
, 

]M~HPo~)(OH)H~OI 

[hIn(Hpor)(CI)HaO] 

[Mn(DMPrpor)(Cl)HaO] 

[Mn(DhIPrpor)(Br)HaO] 

]Mn(DMPrpor)(I)HaOl 

[Mn(DMPrpor)(F)HaO 

[Mn@MPrpor)(CNO)HaOJ 

[Mn(DMPrpor)(SCN)HsO] 

[Mn@hfPrpor)(OH)H20] 

W~(D~f~rporNEW~~l 

[Mn(DMPrpor)(C2Hs02)H20 

[Mn(DMHpor)(Cl)H,O] 

]hIn(DMMesopor)(C1)H20] 

[Mn(DMMesopor)(C1)H20] 

[Mn(DMDepor)(C1)H20] 

[Mn(Etio)(Cl)HzO 

[Mn(TPP)(Cl)H20] 

Solid 4.88 

Solid 4.79 
Methanol solution 5.01 

Solid 4.87 

Solid 4.86 

Solid 4.92 

Solid 4.89 

Solid 4.63 

Solid 4.83 

Solid 4.89 

Solid 4.86 

Solid 4.69 

Solid 4.92 

Solid 3.4 

Solid 4.79 

‘Solid 4.79. 

[Mn(TPP)(OH)H20] 
: 

]Mn(Mepheoa)(C1)HaO] 

MnII 

Solid 4.89 18 
10% Water-pyridine 4.76 18 

Solid 4.93 18 

Solid 4.76, 9. 

]Mn(Hpor)HaOl Aqueous solution, pH 13 5.8 
20% Pyridine-water, pH 13 5.9 

[Mn(Mesopor)H20] 

[hfn~prPor)H201 

Mr$v -, 

[Mn(Hw~)W% I 

S&d 4.7 
Aqueous solution, pH 7 4.9 

Solid 4.8 
Aqueous solution, pH 11 4.9 
20% PyridIne-water, pH 11 4.9 

Solid 2.82 
Solid 3.cl4 
Pyridine 2.88 
Pyridine-water 2.69 

Solid 3.86 

Aqueous solution, pH 13 2.0 

.lO 
10 

10 
-10’ 
10 

37 

4 
30 

4 

4 

4 

18 

18 

18 

18 

18 

18 

18 

38 

18 

18 

10 
10 

39 
39 
39 

’ 39 

39 

10 

a Temperature 20-25°C. 
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are close to the free ion values and appear to be consistent with N-bonded pseudo-halides 35. 
A more deta&d look at the solution infrared spectra, in both the high- and low-frequency 
regions of the different MnJII porphyrin anion complexes, may lead to valuable informa- 
tion about the axial binding of the anions 36. 

The oxidation state of MnlI1 porphyrins has been confirmed by magnetic susceptibility 
measurements of the complexes in the solid state 4s34 ..Some of the reported data are given 
in Table 1. The magnetic moments are generally in the 4.8-5.0 B.M. range, values entirely 
consistent with a high-spin d’? case, i.e. MnB!. Room-temperature solution measurements 
in pyridine-water also give magnetic moments of 4.8-5.0 B.M. In the case of solid 

]Mn(Hpor)WHs 01, variable temperature (SO-300°K) magnetic susceptibility measure- 
ments have been made roy3’. Similar measurements have also been made for [Mn(DMPrpor) 
(Cl)HzO] in methanol, 213-3 13OK. The data adhere to the Curie law.with a Weiss con- 
stant of approximately zero 10*30a37. Early measurements yielded magnetic moments for 
solid [Mn(Mesopor)(Cl)H, 0] of 3.4 B.M. 38 _ More recently, [Mn(TPP)(OH)H, 0] has 
been found to have a magnetic moment of 4.9 B.M. These observations may berational- 
ized if the materials examined actually contain variable amounts of a spin-paired oxo- 
bridged dimer. A detailed thermomagnetic analysis of MnlI1 porphyrin complexes would 
now be useful in obtaining the ground-state term and zero-field splittings of these mate- 
rials 40. 

Magnetic resonance techniques have been little applied to the study of MnlI1 porphy- 
rins. No attributable ESR absorption has been observed at _196”C for [Mn(Por)(OH)H,O] 
(Por = Prpor, Mesopor, Depor, Hpor) in water . 24 This occurs because high-spin d4 com- 
plexes have an even number of spins which can result in a singlet ground state (not a 
Kramer’s doublet) with a large zero-field splitting. The zero-field splitting of [Mn(DMDepor) 
(Cl)H, 0] has been determined to be 7.6 cm-’ by direct infrared measurement 4r _ Elec- 
tron spin relaxation of-M@ is rapid at room temperature. The latter fact is exploited in 
measuring proton magnetic resonance spectra of the MnlI1 complexes 4?. These contact 

shift measurements for MnB1 porphyrins can ultimately give the mode’of spin delocaliza- 
tion in the complex which can be related to metal-hgand binding. Chemical shift meas- 
urements for [Mn(DMPrpor)(Cl)H* 0] gave hyperfine cqupling constants for the axially 
bound solvent molecules for methanol hydroxy and methyl protons of 3.96 X IO” rad.sec-’ 
and 2.09 X 1 O6 rad.sec-’ , respectively, and for dimethylformamide CH and methyl protons 
of 8.11 X lo5 rad.sec-’ and 5.25 X 10’ rad.sec-’ , respectively 30_ 

The most useful spectroscopic technique for the study of metalloporphyrins continues 
to be electronic absorption spectroscopy. The normal metalloporphyrin spectrum shows 
an intense B (Soret) band at A24 kK and two weaker Q (LL, /3) bands at - 18 kK. A typical 
spectrum of this sort (for MnJJ) can be seen $n- Fig. 2. The absorption arises from rr + rr* 
transitions of the aromatic porphyrin ligand. The widely accepted model to fit this spec- 
trum, the four-orbital model, treats the porphyrin as a cyclic polyene and emphasizes the 
transition between the two highest filled bonding moIe.cular orbital levels, alu, 0% and 
the lowest empty doubly degenerate antibonding molecular orbital level, ez 43. The al- 
lowed transitions, aIU_.+ e;, a.‘2u +.ez, are assumed to be near degenerate in energy. As a 
consequence, the states undergo configuration interaction and give rise to new states. The 
resulting absorption spectrum shows a high-energy band B in which the transition dipoles 
add (high intensity) and a low-energy band Q in which the transition dipoles nearly cancel : .a 

_. _- 
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160- 

0 

, 

25 20 I5 IO 
kK 

Fig. 2. Absorption spectra of chloro(aquo)mesoporphyrinIX dimethylester’manganesc(iII) in pyridine- 
water, PH 11, with Na2S204 added (L) and in ethanol-water, pH 13, with NaxI added ( - - -). 

kK 

- I 16 

P - 14 

- 12 

. 
’ ! - to yz 

z 
-8 x 

-6 

I -4 L 
; 

._ 

-2 

I 
15 10 0. 

: ., 

__ a- 

Fig. 3. Absorption spectk of anion(aquo)etioporphyrinI’man&nese(III) ik chlorofork _ 

cooti CWn. Rev.. 7 (1972) 289-329 
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(low intensity). The two Q bands are vibronic components of the same transition. The 
essential correctness of this model has been supported by the extensive molecular orbital 
calculations of Zerner and Gouterman 44 . The frequencies :of the B and Q bands vary only 
slightly for a wide variety of metal ions 4s and exact positions of the maxima are related 
to a number of parameters including metal electronegativity and metalloporphyrinmolec- 
ulu structure, but not to the presence of metal d orbitals 46. This is taken as evidence 
that the metal dn orbitals and the_ porphyrin R orbitals are only weakly interacting 

Although the high-spin FelI1 porphyrins show anomalies, the most striking exceptions 
to the normal metalloporphyrin spectra are observed with the MnrlI porphyrins. A typi- 
cal solution spectrum is given in Fig. 3. It is readily seen that while absorptions appear in 
the region of the Q band (bands III and IV) the B band is absent. Two high-intensity 
bands now appear in the 20-30 kK region (bands V and VI) along with two new low- 
intensity bands in the near infrared (bands I and II). An additional weak band, Va, is seen 
between bands V and VI. In most spectra, band III appears as a resolvable shoulder on the 
red side of band IV. Band VI is generally quite broad, indicating the presence of several 
overlapping absorptions. The anomalous spectrum would seem to indicate that MnlI1 is 
strongly perturbing the porphyrin B system. This result has prompted the study of a 
number of the variables that might affect the frequencies of the absorption maxima. Work 
of this sort is not only useful in assigning’the observed transitions but is also heipful in 
understanding any metal porphyrin interaction. In these spectral studies first the porphvrin 
was varied 34, then the coordinated anion 4*47, and then the solvent 2g*47_ 

By changing the porphyrin p substituents, the pK, of the ligand can be changed sub 
stantially; i.e. the donor strength of the porphyrin can be varied. The absorption spectra 
of a number of [Mn(Por)(C1)H20] complexes have been examined in chloroform and 
other solvents 34. The frequencies of the absorption maxima are dependent on the parti- 
cular porphyrin; the order is 

Porp > DMDepor > Etio > DMMesopor > DMHpor > DMprpor > TPPy > TPP (8) 

The order is also observed for [Mn(Por)(OH)H2 O] in water (pH 7) where Por = Prpor 
Mesopor, Depor and Dpor 24 For the fully P_substituted porphyrins, the order seems to . 
follow donor ability, i.e. the stronger the porphyrin u donor, the higher the energy.of 
the transitions. All metalloporphyrin spectra presumably show this trend 48. Electron-. 
donating substituents place negative charge into the macrocycle and the porphyrin bond- 
ing and antibonding levels move apart. The relative position of Porp and DMDepor in the 
order must be related to the presence of hydrogen substituents in the p position of the 
porphyrin rather than to the-donor strength oi the porphyrin In a similar way, the posi- 
.ion of TPP and TPPy may be related to the fact that they are the only meso substituted 
porphyrins in the order. The intensity of the absorptions vary with the porphyrin.34. In 
general, band VI is more intense than band V by a factor of 1.1-l S. It is interesting to 
note that the porphine derivatives (Porp, TPP, TPPy) are the only derivatives which show 
the intensity of band V greater than band VI. The intensity ratio of band V to band VI 
increases in the sequence 

TPPy > TPP > Porp > D~Pepor 5 DGHpdr 5 DMPrpor S’DMMesopor > Etio (9) 
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anions give maxima at lower energy. The results, of course, may be interpreted in a number 
ofways. -From the previous spectral s-tudies, it is known that porphyrins with the highest. 
negative charge in the macrocycle give the highest energy transitions. Further,. the anion : 
shifls are not specific but most likely relate to changes in all the porphyrin levels. There-. 
fore, the highenergy shift noted for some anions can be interpreted to arise from an in- 
crease in charge in the porphyrin ligand and, vice versa, a low energy shift can be corre? 
lated to ti lower negative charge in the porphyrin. If this is so, then the axial anion controls, 
to a small extent, the charge in the porphyrin. A mechanism.for this would involve controll- 
ing the charge’ on the metal: Hard anions prefer a high charge on the metal to give a strong 
ionic interaction, while soft anions allow a low charge on the metal. In the first instance, 
a high positive charge on the metal means a high negative charge,on the porphyrin. In the 
second instance, thelow charge on the metal means low charge onthe porphyrin. Inplicit 
in the argument is the assumption that little or no charge donation occurs from the axial 
anion to the metal, i.e. that the axial interaction is largely ionic and no significant u or ‘IT 
mixing occurs between the metal d-orbitals and the axial anion. There are, of course, other 
factors which may be important in influencing the frequencies of the absorption maxima. 
For example, anion-porphyrin “charge transfer” interactions may lead to the observed 
band sl&ts. The R * x* transitions of the porphyrin involve substantial charge reorganiza- 
tion 45. Polar&able axial anions can stabilize the excited state and lower the energy of the 
transitions. This may be an important factor in accounting for the low-energy transitions 
of the complexes for the highly polarizable iodide ion. 

The latter effect may also be operating’in the moderate solvent shifts that are noted 
for rM&I porphyrin spectra. Solvents can be divided into two classes, coordinating solvents 
and noncoordinating solvents. In the latter group the axial anions remain bound to the 
metal since the spectra are still anion-dependent while in the -former, the anion is displaced 
and the axial coordination positions are filled by two solvent molecules. Spectra of 

Wn@MPrpoMY-b 01 47 and [Mn(DMMesopor)(OH)H2 0] 2g were determined in a 
number of weakly coordinating solvents. The frequencies of the absorption maxima, which 
all shift in the same direction, vary with the solvent. The most sensitive absorption, bands 
V and VI, show a range of shifts of 0.3-O-4 kK for the OH- and 0.7 kK, 1.6 kK for the 
iodide. A combined order is 

’ 
CH, > CHa CN >(C, HS)a 0 > CHBN02 > CHa CO, C, H5 > C, Hra > 

CHa Cl2 - CHCls > CCb > C6 H, (10) 

.The order corresponds to the refractive index of the solvent; i.e. the lowest refractive index 
solvent (least polarizable) gives the highest energy absorption 52. A solvent effect is ex- 
pected for aromatic molecules like porphyrins 51 It is interesting to note that the solvent , 
dependence of the spectra is of comparable magnitude to that of the anions. Further, the 
complex with the polar&able anion, iodide, shows enhanced sensitivity to the solvent. 
The formation of charge-transfer complexes with donor and acceptor molecules also shifts 
the absorption bands’of [Mn(DMMesopor)(OH)H2 0] in methylene chloride by as much 
a~O.6kK~~. 

Spectra were measured for [Mn(DMMesopor)(OH)H, 0] 29 and [Mn(DMPrpor)(XY% 01 47 
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in good coordinating solvents. As expected, the spectra are independent of anion in these 
soivents. The donor solvent order for band V is 

H,0>C,HSOH-CH30H>C,H,,0H-CHs~CHs : l! -H :N(CHs)s-rz-C,H$‘iH,>I?y 

(II) 

It is readily seen that the oxygen donors give higher energy bands than the nitrogen donors. 
This is in’general agreement with the findings of the anion order. The shifts within the 
oxygen donor class are small, -0.2 kK, while the difference between the oxygen donors and 
pyridine is somewhat larger, -0.7 kK. A general solvent effect may also be superimposed 
on this ligand-binding effect. The spectra of the solvent complexes show some additional 
features. A typical spectrum,of a pyridine solution is shown in Fig. 4. Bands I and II can 
be resolved into a number of components. For example, a high-energy shoulder can be 
clearly seen on band I, and band II appears to be composed of three components. In gen- 
eral, the components are not clearly resolved in chloroform solution. 

In addition to the studies cited above, a number of absorption spectra of Mniii por- ’ 
phyrins have been recorded. For example, the visible spectra of [Mn(Hpor)(OH)HzO] lo. 
and [Mn(DMHpor)(OH)H1 01 r4 in glacial acetic acid have been reported. The super- 
imposition of the spectra indicate that the free acid porphyrin complex and dimethyl- 
ester-porphyrin complex show the same spectrum in a common solvent. The lack of 
sensitivity of the absorption spectrum to 0 substituents removed from direct attachment 
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Fig. 4. Absorption spectrum of chloro(aquo)porphinemanganese(tII) inpyri&e(. -) and chloro- 
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to the ring is also exemplified in the spectrum for [Mn(OEP)(Cl)H, 0] ** in methylene 
chloride. The absorption maxima appear close to those of the other fully alkylated por- 
phyrins like Etio and DMMesopor 34. The spectra of [Mn(TPP)(C1)H2 0] 4g in methylene 
chloride and [Mn(Etio)(C* Ha 02)C~ I& 02 ] 26 and [Mn(Mesopor)(OH)H20] r* in pyri- 
dine agree with those reported 34 On the other hand, the spectrum of [Mn(DMMesopor) . 
(CI)H2 0] in chloroform does not agree with that determined later 38. Absorption spectra 
have also been measured at 300°C for [Mn(OEP)(C1)H20], [Mn(OEP)(C2 Hs 02)H2 0] 
and C,Mn(TPP(Cl)H, 0] in silicone oil. While all the maxima broaden and bands V and Vi 
remain about constant, bands III and IV move to lower energy (- 0.3 kK) in comparison 
with room-temperature spectra **. Attempts to measure vapor-phase spectra in vacua lead 
to the formation of Mnrx porphyrins 22,50. 

Magnetic circular dichroism spectra have proved to be extremely useful in unravelling 
metalloporphyrin electronic spectroscopy 53 . The ‘MCD spectra of normal metalloporphy- 
rins are dominated by strong A terms at the absorption maximum at both the Q (one 
strong and one weak for the vibrational components) and B bands 53. This arises naturally 
because the transitions involve a double degenerate level, ez. The MCD spectra of several 
MnII* porphyrins have been determined 34ys4 The MCD and absorption spectra from 15 _ 
to 30 kK of [Mn(Etio)(Cl)H,O] are reproduced in Fig. 5. In this case, the spectrum cannot 
be described simply with A terms but must also include B and C terms (for transitions 
among non-degenerate levels). Bands III, IV and V do, however, give rise to strongA terms. 
On the other hand, band VI clearly does not show an A term, giving an MCD maximum at the 
absorption maximum. Shoulders on either side of band VI also give rise to MCD maxima. 
Finally, band Va shows a non-A term. A recent study has explored the MCD spectra in the 
region of bands I and II s4 . It is found that band I gives rise to an A term and band II to a 
B term. There is also a B term on the high-energy shoulder of band I and in pyridine solu- 
tion a splitting of band II gives rise to two B terms of opposite sign. All the results can be 
interpreted in the following way. Bands I, III, IV and V arise from transitions involving a 
doubly degenerate level. On the other hand, bands II and Va arise from transitions lnvolv- 
ing singly degenerate levels. Further, the complex MCD pattern at band VI implies that 
several transitions which are magnetically mixed give rise to the absorption. Further work 
on MCD spectra of M&I porphyrins will obviously be extremely useful. 

Although Mnrrl porphyrins do not show any observable fluorescence spectra 38, a 
phosphorescence spectrum of [Mn(DMMesopor)(C2 H3 02)H2 0] in a rigid EPAF glass, 
of 0.5 part NJWmethylformamide, 3 parts ethanol, 6 parts ether and 5 parts isopentane, 
at 77OK, has been reported 23 . The spectrum shows a strong band at 15.2 kK and a weak 
band at 14.7 kK. The posphorescence quantum yieId.was found to be very smah and the 
triplet-state lifetime to be very short (< 0.5 msec). As yet, this result has not been con- 
firmed by excitation-spectra measurements. Recent work in both the experimental deter- 
mination and the theory of luminescent spectra of metalloporphyrlns hai shown the 
spectra are quite sensitive to the metal ion and presumably to the metal porphyrin inter- 
action 4g _ A study of phosp horescence spectra of various MnlI1 porphyrins may prove to 
be valuable in understanding the electronic structure of these materials. 

Although a great amount of research has been carried out on the electronic absorption 
spectroscopy of M&I porphyrins, much detailed work remains to be done. Up to this 
point, the work has shown that the spectra of MnR1 porphyrins are sensitive to porphyrin, 
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Fig. 5. MCD spectrum at 65 KG, and absorption spectrum of chIoro(aquo)etioporphyxin I manganese(II1) 
in chIoroform. 

anion, additional donor molecules and solvent. Although a rationalization of the effects 
can be made, the complexity of the MnII’ porphyrin system thwarts any more than naive 
discussion. 

(iv)Electronic structure 
The anomalous absorption spectrum. ‘of MnIII 

;i. 
porphyrins, i.e. the disruption of the 

normal metalloporphyrin rr + rr* spectrum, can be related to a strong metal-porphyrin 
‘IT interaction. For metal ions, with.effective DG symmetry, the eg(dx,,dyz) orbital is of 
proper symmetry to interact with the e:(n) orbital on the.porphyrin. The most favorable 
geometry for metal-ligand R overlap occurs when the metal is in the plane of the por- 
phyrin “. This also leads to the.strongest sigma interaction between the metal and the 
four pyrrole nitrogen donors of the porphyrin. The strong sigma bonding is undoubtedly 
the most important interaction in metalloporphyrins. However, the existence of moderate 
back II bonding from the metalto the porphyrin helps relieve the charge build-up on the 

Coord. Chem Rev., 7 (1972) 299-329 
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Fig. 6. Qualitative molecular orbital level diagram and visible absorption band assignments for MnlI1 
porphyrins. 

metal ato_m that results from sigma donation. Thus the metal-porphyrin bond can be 
consigerably strengthened. This is another example of the well-known synergic bonding 
in metal complexes 56 _ Theoretical calculations predict that the metal d orbitals will 
match in energy &e porphyrin 7~ levels somewhere in the first transition series since the 

d levels are very high in energy at Ca” and very iow in energy at ZnlI (ref. 44). It 
appears that, this match may occur around manganese and iron. Thus Mn”* porphyrins 
w@uld shqw strong metal eg(7r) porphyrin e,(1~) mixing. The model developed below is 
based on this contention. 

A qualitative molecular orbital energy level diagram for M&I porphyrins is given k 
Fig. 6 and is analogok to the energy-level scheme obtained for FelI1 porphyrins s6. 
Since all the MnIII porphyrins have a high-spin d4 confguration, the four lowest d- 
orbitals. &e stigll occupied arid the strongly antibdnding big orbital remains empty. The 
energyoftheaIg metal level will depend on the axial anion while ‘the bzg level is non- 
bqndkgr Stice no anions give rise td low-spin comple&S, axialinteiactions must not’be 
strong enc+@ to give spin pa&g (by raising the ak in energy). This is probably a con- 
seq$%ke%f the strk& in-plane porphyrin interaction_ The e&&j metal level is depressed 
in,&ergy &+use it is ‘R bonding to the porp@yrk. In an anal~ous way, the porphyrin 
e,*(nj i&&l is raiskd in energy because it is antibonding with respect to-&e n interaction. 

_Jii a coikequende bf the me&l--porphyrti z mixing, not bnl? should the ?r + n* spec- 
. 
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trum be altered, but a number of oharge-transfer bands should gain intensity and be ob- 
served in the spectrum. The allowed lowenergy charge-transfer bands are thelporphyrin- 
to-metal 56 bands. 

In addition, the visible spectrum should show the porphyrin alu a + e* bands. A tenta- 
tive assignment of the prominent visible absorption bands of Mn iI$orphgyrins is given in 
Fig. 6. The lowest energy band, I, can be assigned to the low energy part of the alu. 
ati + eg charge-transfer transition. The high energy ,part of the pair of transitions that 
are mixed by configuration interaction would be band III. Further, band V can be as- 
signed to the low-energy component of the a&,, b2u + eg charge transfer_ The Iess intense 
bands, II and Va, can be assigned to ah + dzz and a& + d,2 charge-transfer transitions. 
Band IV would then be assigned to the low-energy component of the alu, ah + ez 
porphyrin transition_ This pair of transitions should be heavily mixed by configuration 
interaction as with other metalloporphyrins. Similarly, the b,, Q’% -+ eg transition may 
be mixed. Band VI still remains to be assigned. A reasonable assumption would be that it 
arises from the high-energy component of alu, a& 

a&,ba4-+eg 
+ eg and from the high-energy part of 

The two transitions would be similar in energy and will couple to give the 
observed broad band 58. The relative intensity of all the bands will depend in a compli- 
cated way on the transition dipoles of the pure configuration and on the extent of mhing. 

While the experimental data do not prove the above assignment scheme, much of the 
information is consistent with it; Bands I and II are of low intensity and energy as required 
by the assignment to charge-transfer bands. Further, they show the expected A term for 
band I and the B term for band II since the first band involves transition to a doubly 
degenerate dn level and band II only involves singly degenerate levels. It is tempting to 
assign bands III and IV to the vibrational components of a Q band. There are several 
reasons in favor of only assigning band III to an alu, ak + eg band. The separation of 
band III and band lV is smaller than the vibrational components of the Q band 45, and 
both bands III and IV show sharp A terms of near equal magnitude. Conversely, the MCD 
spectra of divalent metalloporphyrins show only one strong A term for the Q bands and 
a much weaker one on the high-energy side. It therefore seems reasonable to assign band 
IV to a Q band, alu, aa 
this is a ba, 62~ + eg 

+ eg. The sharp A term for band V also supports the notion that 
transition. As expected, band Va shows a non-A term. The MCD 

spectrum at band Vl quite clearly does not show the normal A term which could be asso- 
ciated with a B porphyrin transition. The observed MCD pattern may arise from mixing 
of the B band, alu, ak + ez, ,tith the charge transfer band b,, a& + eg of similar energy 
which is induced by the external magnetic field. The intensity of the charge transfer bands 

Comb! Chem Rev.. 7 (1972) 289-329 
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of the Mr$* porphyrin absorption spectra’is surprisingly high. This can be attributed to 
the substantial porphyrin (TT) character of the eg(dz) level. Conversely, the intensity of 
the X+ X* bands is lower than usual since the e;(r) level is no longer a pure porphyrin 
orbital. In agreement with the destabilization of the eg level via metal-porphyrin back n 
bonding, the alU, a% 3 eg* transitions, bands IV and VI are at higher energy than for 
normal metalloporphyrins. The intensity of charge-transfer bands II and Va in the spec- 
trum may arise from some porphyrin rr mixing into the metal dzz orbital “. 

An alternative assignment of bands I and II has recently been made “. In this study, 
the bands are assigned to manganese d + d transitions. In a D,, symmetry field the de- 
generate d-levels of Mnrrr are split and three spin-allowed transitions are expected: 
drz + d 2 x --y2, d,,, dyz -+ a,2 _,,2 and dx,, + d,2 -,, 2. Bands I and II can then be assigned 
to the first d-d transitions. There are a number of objections to this ligand field analysis. 
For one, the intensity of bands I and II are between one and two orders of magnitude 
higher than observed for normal d-d transitions of MnIrI complexes 60. In fact, they are 
more in the range expected for charge-transfer bands ‘r. Secondly, the analysis assumes 
that the d levels in the complex are essentially pure metal levels. The anomalous visible 
spectrum of Mnrii porphyrin shows that there is substantial mixing of the porphyrin 
levels into the metal levels. The MCD spectra settle the point about band I since the ob- 
served A term rules out a djz + dx2_,, 2 transition. Nevertheless, the additional features 
observed near bands I and II_ (which are somewhat better resolved in pyridine solution) 
might be due to the low energy d + d transition. Polarized absorption spectra and optical 
activity measurements of M&I porphyrins, in a protein, would aid in picking out any 
d + d transition buried under the charge-transfer bands 62763. 

The anion dependence of the intensity of the absorption maxima may be related to 
metal-porphyrin ‘IT mixing. Hard acid anions stabilize a high positive charge on the metal 
atom with the resulting high charge in the porphyrin_ Since sigma donation is probabiy 
going to be strong in any case, the increase in charge in the porphyrin can be related to 
the back rr bonding of the metal to the porphyrin. In this case, rr bonding should be strong 
and the charge-transfer bands are intense. Conversely, with soft anions, the metal porphy- 
rin charges are low. Back bonding to the prophyrin is poor and the intensity of the bands 
is low. The intensity changes when going from the hydroxide to the iodide complex are 
are consistent with this proposal. The anion dependence of the energy and intensity of 
the absorption maxima may also be due to differences in coordination geometry_ With 
small axial anions like fluoride, the metal may be in the plane of the porphyrin. Conversely, 
with large anions like iodide the metal may be considerably out of plane and other anion 
complexes would fall between the two extremes. In the in-plane case, back n bonding 
would be strong and the charge transfer bonds intense. Another consequence of this 
would be a high negative charge in the porphyrin and blue shifted absorption bands. In 
the out-of-plane case, back rr bonding would be weaker and the charge transfer bands 
relatively less intense. Further back donation would be less with charge build-up in the 
porphyrin rather small. Hence, a red-shifte:d spectrum would result. Detailed structural 
work must be done before this argument can be more fully discussed. 

.IVj.~oiecular stmcture ’ 
The structures of a large number of ketalloporphyrins have now been elaborated *c~. 
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Fig. 7. Structural representation-of (chloro)-a,~,~,&tetraphenylporphinemanganese(IH). 

Unfortunately, only one structure of an Mnlrl porphyrin has been completely solved. Some 
bond distances for [Mn(TPP)Cl] 64 are given in Fig. 7. The crystallographic data are 

Space group monoclinic P2,/, 

4 molecules per unit cell 

a = 14.56 A 
b = 21.77 

. c= 17.01 
0’ 135.6O 

The porphyrin molecules in the crystal are stacked approximately perpendicular to the 
P direction with an acetone molecuie of crystallization trapped between adjacent por- 
phyrin molecules. 

The coordination sphere of the [Mn(TPP)Cl] is composed of a five-coordinate M&I 
surrounded by a square pyramidal array of four pyrrole nitrogens in the base and an axial 
chloride ion. No coordinated water molecule is seen. The axial chloride ion is coordinated 
to the metal atom at a bond distance of 2.36 A, approximately perpendicular to the mean 
plane of the four basal nitrogen atoms (angle 86”). The four nitrogens are alternately at a 
bond distance of 2.02 A and 1.99 A (2.01 average) from the manganese. Finally, the 
manganese is above the mean plane of the four basal nitrogen atoms by 0.27 A toward 
the axial chloride ion. The distances can.be contrasted to those of the analogous 
[Fe(TPP)Cl] 65 : Fe-Cl 2.19 A; Fe-N 2.05 A; out-of-plane 0.38 A and the porphyrin 
skeleton essentially planar. Even though the two metal ions are of comparable size (within 
0.01 A for high-spin six-coordinate structures) 66 the distances are significantly different; 
e.g., the axial bond is considerably longer, 0.17 A, and the in-plane bond a little shorter, 
0.04 A, for the M&l de.rivative. This finding is consistent with the model proposed here. 
Porphyrin 51 bonding gives a strong hln-N interaction (a short bond) while the resulting 
weak axial interaction then gives a rather long axial bond. It must be pointed out, how- 
ever, that the Mn-Cl distance is just a little shorter than the sum of the ionic radii, 2.40 A. 
The question remains as to why the manganese is out of the plane of the porphyrin. 
Molecular orbital considerations place no restriction on the metal being in the porphyrin 
plane for high-spin d4 cases since the Q_,,z orbital is not populated 56,. The out-of-plane 
displacement may be related to the overlarge size of the high-spin Mnlrl and the resistance 
of the porphyrin skeleton to expand to accept it in a planar configuration. Another factor 
may be the large size of the axial chloride ion. In order to maintain even a weak bond with 

Coo& Chem Rev., 7 (1972) 289-329 
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TABLE 3 

Potentials a for MnrH -+ MnH reductions of _manganese porpl~yrins 

Complex Solvent b T Added ‘8 
CC) figand WI 

Method Ref. 

Hz0 0~ = 0.3) 

20% Ethanol-Hz0 0~ = 0.3) 

H20 0, = 0.1) 

tMn(Hporj(OH)HzOl 

[Mn(Etio)(Cl)H20] 

[Mn(DMMesoporj(C1)H2@] 

[Mn(DMDepor)(CI)HzO] 

[Mnf.DMHpor)(CijH20J 

[Mn(DMPrpor)(Cl)H201 

IMn(TPPj(CWW1 

[Mn(Etio)(F)H*O] 

[Mn(Edo)(Br)H20] 

[Mn(Etio)(I)HsO] 

W@tio)(C2HsO2)H2Gl 

[Mn(Etio)(OH)HsO] 

IMn(EtioXNdH201 

[Mn(Etio)(SCN)HsO] 

[Mn(Etio)(GCN)H20] 

[Mn(Mepheoa)(Cl)H20] 

[Mn(Mepheoa)(Cl)H20] 

P~202QY)2W 

10% Ethanol-H20 (/J = 1.2) 
H20 

20% Ethanol-H20 
Hz0 

CH3CN@=0.1) 

20% EtOH-H,O @ 2 0.3) 

CH3CN OI= 0.1) 

Py OI = 0.05) 

22.5 -0.357. PT = 

-0.268 PT 

30 a-PicoIine -0.296 PT 
Pyridine -0.37 PT 
Nicotine -0.28 PT 

25 -0.343 PL 
Pyridine -0.280 PL 
a-Picoline -0.225 PL 
p-Picoline -0.254 PL 
TPicoline -0.259 PL 
Imidazole -0.353 PL 
Nicotine -0.231 PL 

25 -0.21 PL 

-0.19 PL 

-0.14 PL 

-0.13 PL 

-0.11 PL 

+0.01 PL 

-0.25 PL 

-0.17 PL 

-0.05 PL 

-0.24 PL 

-0.21 PL 

-0.24 PL 

-0.16 PL 

22.5 

25 

-0.22 PL 

-0.181 PT 

to.01 PL 

-0.64 PL 

10 

10 

12 
12 
12 

68 
68 
68 
68 
68 
68 
68 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

89 

89 

LOO 

a Versus standard hydrogen electrode. 
b Aqueous soIutions, pH 9.0. 
c PT potentiometrically. PL polarograp’hically. 
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The same porphyrin order is obtained for dimethylformamide solutions r g _ In aqueous 
solution the order is Mesopor > Hpor 10912. 

The redox-potential order for the various porphyrins corresponds to the pK, order, 
i.e. the higher the basicity of the porphyrin, the more negative the redox potential. This 
shows that the MrPI _ IS stabilized by strong in-plane sigma donation from the porphyrin. 
It is significant that the redox-potential order for the various anion complexes approxi- 
mately follows the hard base character of the anion. In fact, the frequency order from the 
visible absorption spectra corresponds to the redox-potential order. The smooth correla- 
tion between the two quantities is nicely shown in Fig. 8. The most electronegative species, 
F-, gives the most negative redox potential while the least electronegative species, I-, 
gives the most positive potential. Hard bases stabilize MnrIi fiorplryrins to reduction more 
than do soft bases. The observation that the sigma donating ability of added ligand moIe- 
cules is not related to the stability of MnIH porphyrins 68 is also consistent with the rela- 
tive unimportance of sigma bonding ability of the axial ligands. From the limited data 
available the anion order (14) is also the order for stability constants of MnIII complexes 6g. 
In a general way, then, the axial ligand which forms the strongest bond to the metal 
stabilizes the +3 oxidation state to the greatest extent. Both the anion and porphyrin trend 
noted here reflect the common observation that strongly binding ligands stabilize the high 
oxidation states of transition metal ions ‘O. Also implicit in this discussion is the supposi- 
tion that the axial interaction is largely ionic in character. It is interesting to note that the 
porphyrin ligand greatly stabilizes the MnIII to reduction since the potential for the MnlI1/ 
MnL1 half reaction in acidic solution is +1.5 V ‘. 

kK 

Volts 
Fig. 8. Plot of the half-wave potential E,i2 for acetonitrile solutions versus absorption maxima (band V) 
for chloroform solutions of anion(aquo)etioporphyrin I manganese(II1). 

The rate of reduction at 25°C of [Mn(TPPy)(OH)HzOJ , in aqueous solution at a pH 2.0, 
p= 1.0, has been determined for several reducing agents “. The second-order rate constants 
are 8.40 X 10’ M-‘.sec-’ for C$, 1.45 X lO’M_’ .sec-’ for VII and 1.29 X lo3 K’ .sec-’ 
for [Cr(bipy)3 ] *+. When added anions like Cl’ or NCS- are present, the rates of reduction 
increase from one to three orders of magnitude. The reaction rates then shoti a first-order 
dependence on the anion concentration. This may arise from an anion MnH1 porphyrin or 
reducing agent complexation occurring in a rapid ~re-equilibrium step. The third-order rate 
constants are Cl-, CP, 3.05 X 10~ M-* .sec-* , Cl-; VI1 < 103 Mm2 .sec-’ and for SCN-, 
CrII, 2.7 X 10’ iK2 .sec- ‘, SCN-, VII, 4.2 X 10’ M-* .sec-' . Unfortunately, insufficient 
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information exists to deduce a detailed mechanism for the redox reaction, i.e. whether 
they are inner sphere or outer sphere in character ‘I _ The rates of reduction noted for 
MnlI1 porphyrins are, however, comparable to those-of other Mnlrl complexes 6g. 

The MnlIi porphyrins are also reduced in the vapor phase at elevated temperatures. 
For example, when [Mn(OEP)(Cl)H, 0] is vaporized in vacua at - 4OO”C, the only 
species spectrally noted in the gas phase is the MnlI derivative 22. For [Mn(TPP)(CI)K, OJ 
the spontaneous reduction is somewhat slower,‘taking - 10 min for completion in the gas 

4g phase . The same reduction process results during the vacuum sublimation of 
[Mn(Etio)(C* Ha 02)Kz 0] *’ and during the determination of the mass spectrum of 
[Mn(TPP)(C1)H2 0] and [Mn(OEP)(Ci)K, 0] 22. The spontaneous reduction is apparently 
the rule for trivalent transition metal porphyrin complexes *‘. The mechanism.of this pro- 
cess is at present unknown. The -photochemical reduction of [Mn(Etio)(& K302)C2 I-&O2 ] in 
pyridine solution has also been reported 72 . The solutions, in the absence of oxygen, were 
exposed to white light for varying periods of time with a flood lamp which was filtered 
through water to remove infrared radiation_ The product obtained was [Mn(Etio)Py2] 
and no porphyrin alteration was noted. Although somewhat variable, the first-order rate 
constant at 25OC was -6 X 10m4 set-’ (ref. 73). The presence of water (up to 20%) in the 
pyridine slows the reduction down somewhat. However, reoxidation occurs when illumina- 
tion ceases, at a rate about one-tenth as fast as the reduction. Ethanol solutions of 
[Mn(Etio)(C* Ha 02)C2 I& O,] saturated with sodium cyanide and in the absence of air 
are also reduced in sunlight 26 Infcrmation about these very interesting photoreductions . 
is as yet sketchy. The influence of solvent, porphyrin complex and wave length of the 
light are still to be determined. It is interesting to note that other MnlIl complexes are 
generally found to undergo facile photochemical reduction when illuminated by visible 
light in solution or the solid state 74. 

C. MANGANESE(H) PORPHYRINS 

Although no procedme for the preparationand isolation of pure solid MnIl porphyrins 
has been published, these materi& can be easily generated in situ and their properties 
studied. Formation of the materials involves chemical reduction with Na2 S2 0, in pyridine- 
water or water at pH - 11 (ref. 18) or electrochemical reduction in methylene chloride 
solution at a platinum electrode 22, of the corresponding Mn*II porphyrins. If these solu- 
tions are protected from air, the spectral properties of the materials can be easily deter- 
mined_ In the presence of air, however, the complexes are rapidly oxidized to the Mn*r’ 
complex. Even in the absence of air, aqueous solutions of MnrI porphyrins slowly de- 
metallate; i.e. the complex decomposes to give the aquated MnI1 ion and free porphyrin 
ligand. This reaction is acid-catalyzed and found to be first-order in K’. The first-order 
rate constant at 25OC for decomposition of [Mn(Hpor)(OK)K2 01, in 45% ethanol-water 
y= 1.0, is kI = 8 X 1QV6 set-’ at pH 7, and 1 X 10” set-r at pK 3.4 (ref. 22). While half- 
time for dissociation at pH 7 is - 30 h, at pH 6 it is only ;y 20 min. The mechanism of the 
demetallation proposed involves the rapid formation of a protonated intermediate, fol- 
lowed by a slow rate-determining expulsion of the M&. The intermediate is thought to 
have a protonated pyrrole nitrogen with the metal considerably out of the plane of the 
porphyrin. hi aprotic solvents, demetahation is not observed. The coordination number of 
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MnII porphyrins is at present uncertain. By analogy with divalent metalloporphyrins it is 
probably six in coordinating solvents like pyridine and water; i.e. there are two axial ligands 
bound to the metal ***” _ One axial ligand is probably more tightly held than the second 22,75 
Potentiometric and spectrophotometric measurements are consistent with the binding of 
two pyridine molecules with an overall stability constant 

[Mn(Mesopor)(H20)2] f 2 Py z [Mn(Mesopor)Py2] +2 Hz0 (IS) 

of K = 38 at 3O”C, pH 7 (ref. 22). This is more than two orders of magnitude larger than 
the value for the MnlI1 complex r* . Of course K is the product of K, and K2, the stability 
constants for the addition of the first pyridine molecule and for the addition of the second 
ligand. Unfortunately, the individual stability constants have not been determined_ The 
ratio of the stability constant for the addition of two pyridine molecules to [Mn(Hpor) 
(H,O),] and to [Mn(Hpor)(OH)H20] in 1 Mpyridine at pH 9.0 at 2S°C is 6.8 while the 
value for nicotine is 58. In general then, axial ligands bind more strongly to MnI* porphy- 
rins than to the Mn”’ derivatives. The pKa for the aqueous hydrolysis 

[Mn(Hpor)(H, 0)2] “t [Mn(Hpor)(HaO)OHJ-+ H’ (16) 

is found to be 12.8 (ref. 10). This value is somewhat larger than for the comparable MnlI1 
porphyrin. The ease of deprotonation of the coordinated water can be related to the in- 
creased positive charge of the higher oxidation state complex. When the Mil porphyrin is 
generated electrochemically in methylene chloride, the water originally associated with the 
Mnltl derivative may be present as a fifth ligand ** . The same product, [Mn(Por)H,O] , 

is probably formed during the vacuum sublimation of the Mnril porphyrins. Exposure of 
a film of [Mn(Etio)H, 0] to pyridine vapor gives rise to a shift in the absorption maxima, 
indicating a replacement of the axiaIIy bound water by one or more pyridine molecules *‘. 

Studies of the polarographic reduction of Mnil porphyrins in acetonitrile and dimethyl- 
fomlarnide have been made I9 _ It is quite clear that the two polarographic waves seen at 
--1_3Vand- -1.7 V are one-electron reversible reductions in which the electron enters 
the antibonding R orbital on the porphyrin. The half-wave potentials are dependent on the 
porphyrin in the same way as for the Mn II1 reduction; i.e. they correspond to order (13). 

Electron-donating groups increase the electron density in the ring and reduction becomes 
more difficult. Ligand reduction potentials for a number of divalent metalloporphyrins 
have been measured and the Mn” potentials fall into the region between those of Mg” and 
Z& (ref. 76). The magnetic susceptibility of [Mn(Hpor)H, O), ] has been measured for 
aqueous solutions, 0.1 M KOH, in the presence and absence of pyridine. In both cases, the 
magnetic moment was found to be 5.8-5.9 B.M. lo. previous reports of low magnetic 
moments are undoubtedly in error. The magnetic moments are consistent with a high-spin 
& Mnl* complex with the configuration bzg’~~al,‘ba l, i.e. one unpaired electron in 
each of the five d orbitals. The ESR spectrum of [Mn(Propor)(H, O), ] embedded in 
Sephadex G-25 was examined at 77°K (ref. 77). The x-band spectrum shows two promi- 
nent signals at g1 = 5.8 and g,, = 2.0 with the expected six Mn(1=$) nuclear hyperfke lines. 
The spectrum was analyzed as an Szs 2 system in an axial ligarid field and the zero field 
splitting parameter, D, found to be 0.5 cm -r. The spectrum also reveals a small rhombic 
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distortion in the molecules, but the quality did not allow a more detailed analysis. 
The visible absorption spectra of a number of MnII porphyrins have been measured. 

A typical spectrum is shown in Fig. 2. The electronic spectra of MniI porphyrins are very 
similar to those of other divalent metalloporphyrins and show the usual a, 0 and Soret 
bands, e.g. at ca. 17.2, 18.2 and 23.5 kK, which can be assigned to the plU, ati * eg(rr+ n*) 
transitions. The visible spectra of Mn” porphyrins vary with solvent, porphyrin and phase 
and substituting one porphyrin for another produces shifts in all band frequencies r8. The 
order of the band positions agrees with that observed for other divalent metalloporphyrins48 
and also for Mnrrr porphyrins 34 (8) The bands also shift upon changes in axial coordina- . 
tion; e.g. the often observed frequency order Ha 0 > OH- > Py is noted 1oy12 _ There is also 
the expected substantial blue shift in going from solution to the gas phase for [Mn(OEP)HsO] 
(ref. 22) and in going from the solution to a solid film for [Mn(Etio)H,O] 25 _ An addi- 
tional feature of the spectra is the presence of very weak bands in the red end of the visible 
region, at 14.1 and -15 kK. Presumably the bands arise from the allowed porphyrin-to- 
metal charge-transfer bands since Mn II has no spin-allowed d-d transitions available. The 
bands are blue shifted and their intensity decreases by a factor of ten in going from MnrlI 
to Mnii. The blue shift is a consequence of the destabilization of the metal d orbitals with 
the decrease in oxidation state and the intensity decrease is consistent with a decreased 
porphyrin n character in the dn metal orbital. It is interesting to note an enhanced intensity 
and sharpening of the visible absorptions when going from MnIrl to Mnil. This is consistent 
with the notion that there is considerable charge-transfer character in the bands of M&I 
but very little in the bands of Mn II. The normal visible spectrum of M& porphyrin strongly 
implies then that, like other divalent metalloporphyrins, there is little metal-porphyrin ?I 
mixing. Although no fluorescence spectra of MnlI porphyrins have been observed, the 
phosphorescence spectrum of [Mn(DMMesopor)H,O] in EPAF glass has been measured 
at 77°C. The spectrum shows bands at 13.3, 12.8 and 12.0 kK, but the result has not yet 
been confirmed by excitation spectral measurements. 

In the high-spin MnlI porphyrin, the strongly antibonding dx2_,,z orbital is singly oc- 
cupied. This orbital will be of low energy only if the metal is out of the plane of the por- 
phyrin since sigma donation of the porphyrin to the metal falls off if the metal is removed 
from the plane 57 . Indirect evidence for this is the result of molecular orbital calculation 
which shows that planar configuration would give rise to an intermediate spin state 44. 
More to the point, it is known that the isoelectronic high-spin FelI1 porphyrins adapt a 
non-planar configuration. The ease of demetallation of MnII porphyrin derivatives is also 
consistent with a structure in which the manganese metal atom is considerably out of the 
plane of the porphyrin. In this configuration, the porphyrin retains a high negative charge 
because of the poor sigma donation of the porphyrin to the metal and, as a consequence, 
the metal retains a high positive charge. The high potential of the Mn” porphyrin ligand 
reduction is consistent with this description. Further, strong binding of an axial Iigand is 
in line with the relatively high positive charge on the metal. The strong axial interactions 
and out-of-plane configuration are also consistent with the low zero field splitting for MnII 
porphyrins. The absorption maxima for M& porphyrins appear near those of MgII por- 
phyrins ‘* the two divalent ions having similar sizes and electronegativities. Since MnII 
porphyrin: are high-spin ds complexes, and crystal Reld effects are absent, it is reasonable 
to assume a similar molecular structure for the Mg” complexes. The crystal and molecular 
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structure of the [Mg(TPP)H,O] has been determined ” and it is found that +Lhe metal 
atom is out of the pIane of the porphyrin towards the single axial ligand “. A similar 
five-coordinate, out-of-plane structure may exist in the solid state and in solution in the 
absence of added donors for the MnB porphyrins. The lack of strong MnII porphyrin n 
mixing, which is suggested by the spectral data, may be at least partially ascribed to an 
out-of-plane structure. 

D. BIANGANESEWI PORPHYRINS 

Addition of one equivalent of sodium hypochlorite to [Mn(Hpor)(OH)H,OJ at pH 13 
rapidly yields a one-electron oxidation product that has been tentatively identified as an 
MnIV porphyrin . r” The oxidation does not proceed at pH less;‘tian 9.0 with sodium 
hypochiorite or hydrogen peroxide. Potentiometric measurements yield an estimate of 
the oxidation potential for Mn lrl-MnlV 0f+O.325 V at pH 13 and 22.5OC. The potential 
is pH-dependent and the reaction proceeds more readily in very alkaline solution. At 
pH 9.9, the oxidation potential is l-0.635. From the pH dependence, the pK, of the dis- 
sociation 

PWJpod(H, OY, 3 2+‘* [Mn(Hpor)(OH),] + 2 H’ (17)’ 

is given as < 10. The great acidity of the coordinated water protons can be related to the 
high pdsitive charge of the MnIV porphyrin. Several properties of the MnrV porphyrin 
have been determined. Susceptibility measurements on an aqueous solution of [Mn(Hpor) 
(OH),] yield magnetic moments of 2.0 B.M. This is slightly higher than expected for a 
low-spin d3 case. A low-spin form for a d3 metailoporphyrin is surprising since this would 
lead to the configuration bsg %? l. In most cases the splitting between those levels is too g 
small to give spin pairing and the high-spin configuration bzgle 2 would be expected. Un- 

I% fortunately, no ESR measurements have been made on the Mn porphyrin. 
Visible spectra of the MnIV porphyrins have been recorded. A typical spectrum is shown 

in Fig. 2. The materials show an intense peak at 25.1 kK as well as two weaker absorption 
bands at - 19 and 20.1 kK. Although somewhat broidened, these bands could arise from 
the normal metalloporphyrin B and Q bands. There are, however, several other absorptions 
in the spectrum; a weak one at 16.6 kK and a very weak, broa.d, low-energy band at 11.6 
kK. A self-consistent picture would assign the low-energy bands to porphyrin-to-met& 
charge-transfer transitions. The increased stabilization of the metal d orbitals in the high- 
oxidation state naturally shifts these bands to lower energy than for the MnIB po_mhyrins. 
The relatively normat ‘II + ?I* spectrum and low-intensity charge transfer band of the MnIV 
porphyrin would *&en indicate that metal-porphyrin n mixing is not strong. This is 
reasonable since the high-oxidation state would not be expected to be a good 71 donor to 
the porphyrin. 

The MnrV porphyrins are unstable in solution and slowly revert to the M&I derivative 80, 
a process accelerated by white.@&. The first-order rate constant for spent-aneous reduction 
in air at 25&C, pH 13 aqueous solution, is 2.5 X 10v6 set- ‘.. The apparent heat of activation 
was found to be 20 kcal/mole and an activation entropy -25 cal/mole.deg was calculated; 
the reaction rate is independent of added anion bllt is accelerated by a factor of ten in the 
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absence of air and is enhanced as the pH is decreased. The oxidation product formed in 
the reduction of the MniV porphyrin is still open to question. The oxidation of water to 
form hydrogen peroxide or oxygen was ruled out, since neither of these products was ob- 
served. Evidence from infrared spectra indicate that the product is an oxidation product 
of the carboxylic acid side chain (percarboxylic acid or diacetylperoxide) “. Addition of 
excess ferrocyanide to M@’ porphyrins yields a spectrally distinct material which has 
beeri tentatively designated as MnV porphyrin ” The evidence for the existence of Mnw . 
porphyrins is not altogether compelling_ In addition to metal oxidation, it is possible to 
oxidize the porphyrin, i.e. remove an electron from a ‘IT orbital and form a porphyrin 
radical_ This has been shown for a number of metalloporphyrins using a combination of 
controlled electrolysis in aprotic solvents with visible and ESR spectroscopy ‘I. Before 
the existence of MnIV porphyrins can be conclusively shown, measurements of this sort 
must be made for M@ porphyrins. 

E. MANGANESE PORPHYRIN-PROTEIN COMPLEXES 

A number of Mn porphyrins have been incorporated into a series of apoproteins that 
normally bind hemes. In general, the heme group is removed by the acid-butanone extrac 
tion of an aqueous phase of the hemeprotein. The separated aqueous solution of the apo- 
protein is then mixed with an aqueous solution of an Mn”’ porphyrin ‘*. The complex is 
purified by column chromatography. The apoprotein binds one Mn”’ porphyrin for every 
heme group that is bound in the naturally occurring heme protein 24. The binding pre- 
sumably occurs at the same site, without gross changes in the protein conformation 83_ 
Table 4 lists the complexes reported to date. 

The absorption spectra of the MntI* porphyrin protein complexes have been recorded 
and the absorption maxima tabulated 24 . Although the spectral pattern is preserved, there 
is a small red shift (- 0.3 kK) in going from the aqueous solution spectrum of the MnilI 
porphyrin to the aqueous solution spectrum of the protein complex. This shift may be 
related to a change in the dielectric medium around the MnlI1 porphyrin, i.e. from the 
high dielectric constant environment of water to the low dielectric medium inside the 
hydrophobic region of the protein. While the spectra of M@ porphyrins are equivalent 
for the CCP and HRP complexes, those of MB are appreciably blue shifted, which may 
indicate an environmental difference at the protein binding site. This effect is not unlike 
the solvent shift noted above. Addition of NT, F- and CN- to the protein complexes 
does not alter the absorption spectrum of the MB or HRP complexes, indicating that these 
ions do not bind. On the other hand, spectrally distinct complexes of F- and N; appear 
to be formed with the CCP derivative. This result is in marked contrast to the.lack qf 
biding in aqueous solution for the free MnlI1 porphyrin. The question remains as td how 
the MnlI1 porphyrin is bound to the apoprotein. One of the axial coordination positions 
of the metal is most likely filed by a hydroxide ion. The other position may be filled by 
an imidazole group of a histidine residue from the protein, as is the case for the naturally 
occurring hemeproteins 2y3. Although magnetic susceptibility measurements have not 
been made on the protein derivatives, the absorption spectra are typical for high-spin & 
Mr@ porphyrins. As with the free MntIi porphyrin, no ESR signal is observed for the 
protein complexes that cari be assigned to the.metal ion. ’ 
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TABLE 4 

Reconstituted manganese(IH) porphyrin Protein complexes 

Complex Apoprotein Biological 
activity 

Ref. 

Pfn(PrpoMX-W-Wl 
[Mn(Mesopor)(OHlH201 
[Mn(Mesopor)(OH)HzO] 

IMn(Prpor)(OH)H20] 
[~Mn(Prpor)(OHXGOl 
[Mn(Hpor)(OH)H201 
[Mn(DeporWH)H201 
[Mn(Mesopor)(OH)HzO] 

W(PrporWWH201 
[Mn(Depor)(OH)H20] 
[Mn(Mesopor)(OH)H20] 

[MnWpo4WWJ~Ol 
[Mn(Mesopor)(OH)H20] 

WNWorWWH201 
[Mn(Depor)OH)H20] 

IMnOIpor)(OH&OJ 

Apocytochrome b5 

Apohemoglobin 

Apomyoglobin 

Apocytochrome c peroxidase 

Apohorseradish peroxidase 

CYT None 84 
CYT Not inve.:tigated 84 
HB Not investigated 83 
HB None 85 
MB None 24 
MB None 24 
MB None 24 
&MB None 24 
CCP Some 82,24 
CCP Some 24 
CCP Some 24 

CCP Some 24 
HRP Some 24 
HRP Some 24 
HRP Some 24 

HRP Some 24 

The Mnrr porphyrin protein complexes can be generated in situ by addition of Na2 S2 0, 
to the appropriate solution of the MnJJJ derivative 24. The absorption spectra are typical 
of MnH porphyrins_ ESR spectra of the complexes of [Mn(Prpor)H2 Oj with HRP, MB, 
HB and CCP have been measured in frozen aqueous solution, pH 7, at 77%. The spectra 
are typical of a high-spin tetragonal MnH complex. The x-band spectra show two prominent 
signals at g1 = 5.9 and gl1 = 2.0 with MnH nuclear hyperfine lines, A, = 0.0073 cm-’ and 
A,, = 0.011 cm-‘. In a few cases, more than the six expected metal hyperflne lines are seen, 
the additional lines arising because of rhombic distortion. Ligand nitrogen (I= 1) super- 
hyperfine splittings have not been observed for either the free MnII porphyrins or the 
protein complexes. Analysis of the spectra yields the zero field parameters D and h(EjD). 
The D values for the protein complexes are - 0.5 cm-r, which indicates a very small axial 
distortion in the MnH porphyrins_ In fact, the axial distortion is an order of magnitude 
smaller than for the isoelectronic FelI1 porphyrin. Although somewhat better resolved, 
the ESii spectra of the MnJJ porphyrin protein compiexes are very similar to those of ‘me 
free Mn” porphyrins. A small rhombic distortion, E/D = 0.02-0.002, is also indicated by 
the ESR spectra. The.extent of the x,y distortion in the M@ porphyrins seems to depend 
on the protein and is greatest for CCP and least for HRP. 

The Mn porphyrin protein complexes have been tested for biological activity. The bio- 
logical function of cytochrome bs is as a component of an electron transfer chain in animal 
chromosomes. Apparently the Mnlii porphyrin does not have the proper redox potential 
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Fig. 10. Absorption spec+a of chloro(aquo)methylpheophorbideamanganese(iII) in ethanol-water, 
pH 11 with Na&04 added (- - - ) and without NazSz04 (-)_ 

have been carried out *‘7*‘. The materials are rapidly oxidized in the presence of air. The 
spectra of the reduced solutions (Fig. 10) show the normal metallochlorin spectrum sug- 
gesting that the Mnil complexes are very similar to the other divalent metal complexes go _ 
As expected, band V is gone, the Soret band appears in the lower energy region and band 
IV moves to higher energy. Thus, the Mnii chlorophylls do not show any indication of a 
strong metal-ligand rr mixing. 

The potentials for the reduction of Mnr*r + Mnrr have been measured polarographically 
and potentiometrically for [Mn(Mepheo,)(Cl)H,O] in non-aqueous and aqueous solution 
(see Table 3). The potentials are 0.1-0.2 V more positive than for the porphyrin com- 
plexes, in agreement with the presumed weaker donor strength of the chlorophylls. Over 
a narrow range (7.8-10.0) the potential is independent of pH in aqueous solution. Sur- 
prisingly, the ligand reduction potential for [Mn(Mepheo,)HaO] in acetonitrile is 0.28 V 
more positive than for [Mn@MPrpor)H,O] _ The molecular orbital model for chlorin pre- 
dicts that both eg” levels will be destabilized and thus the addition of an electron to the 
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levels should be more difficult than for the porphyrins. Perhaps the anomaly here can be 
explained by noting that this may be a substituent effect, i.e. that the comp.arison is made 
between a system with an exocyclic ring and one without. 

Solutions of the MnIrl chlorophylls can be reduced in the absence of air by irradiation 
with visible light, the product in all cases.being the MnI1 chlorophyll and only a small 
amount (>lo%) of the pigment is destroyed during the process. Reoxidation occurs in the 
dark and in air. Ultraviolet irradiation has little reducing power. The kinetics of photo- 
reduction, in aqueous ethanoi pH 9, of [Mn(Mepheo,)(Cl)H, 0] yields 73 the first-order 
rate constant 3.7 X 1W4 set- ‘. This is a comparable value to that found for MnIrl por- 
phyrin photoreduction. The photoreduction of [Mn@heophytin,)(OH)H, 0] in ethanol 
has also been observed “. The reaction is more rapid in aqueous ethanol. The oxidation 
product has been identified as acetaldehyde which is formed from ethanol. The photo 
reduction of [Mn(chlorin ee)(Cz H3 Oz)H, 0] h as b een investigated in somewhat more 

‘* thorough fashion , the reaction proceeding quite readily in 2M sodium hydroxide solu- 
tion. The quantum yields are rather small, being 1.3 X 10m5 in the red region and 5X 10B5 
in the blue region of the spectrum. The quantum yield drops off rapidly as the hydroxide 
ion concentration is decreased. Presumably the photoactive complex in this system is 
[Mn(c_hlorin e6)(OH)Z]- and the oxidation product here appears to be hydrogen peroxide_ 
Under optimum conditions, the yield of the hydrogen peroxide formed in the photo- 
reduction reaches 57% of the stoichiometric amount. More detailed work is obviously 
needed on these very interesting systems. 

The oxidation of [Mn(Mepheo,)(OH)H, 0] by sodium hypochlorite in aqueous solu- 
tion, pH 13, has been briefly studied 73. The spectrum of the oxidized complex, tentatively 
identified as [Mn(Mepheo,)(OH),] , d oes not show any band V and resembles a normal 
metallochlorin spectrum. The potential for the oxidation of MnlI1 + MnIV is estimated 
to be +0.41 V at.pH 12 and +0.36 V at pH 13. This value is a little (0.02 V) more positive 
than for [Mn(Hpor)(OH)H, 0] and this is in qualitative agreement with the notion that 
the weaker donor chlorophyll complex should be more difficult to oxidize. Autoreduction 
of MnIV chlorophyll complexes also takes place slowly. 

G. MANGANESE PHTHALOCYANINES 

Much of the work on manganese porphyrin complexes was prompted by some observa- 
tions of Elvidge and Lever about phthalocyanine complexes gl. Therefore it is appropriate 
to discuss these materials briefly here and to ccntrast their behavior with that of the 
porphyrin complexes. Although it is generally thought that metallophthalocyanine and 
metalloporphyrins show closely similar behavior, there are many important differences 
which are exhibited in a striking fashion by the manganese complexes. A recent review 
by Lever is recommended for a detailed discussion of the phthalocyaninea g2 _ 

MnK1 phthalocyanine can be prepared by the condensation reaction of phthalonitrile 
and manganese dioxide or manganese acetate ‘*, the complex [Mn(PC)] being purified 
by vacuum sublimation. The crystals formed contain a four-coordinate square planar MnlI 
complex g3 with a magnetic moment, fl= 4.33 B.M. at 2O”C, which corresponds to three 
unpaired electrons and a metal orbital population of &ti2eg2alg1 (ref. 94). In the pres- 
ence of pyridine (and the absence of air) the complex picks up two pyridine molecules 
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to form the octahedral complex jJkln(PC)Py2 1. The electron spin resonance spectrum of 
this material at 90°K in frozen pyridine 73 (and absence of air) is consistent with a spin H 
system and a metal d orbital population of eg4b%l. The ESR parameters areg,, = 1.90, 
g,=2.16,go=2.07,A,, = 15 1 X 10e4 cm-’ and A,, 25 X 10m4 cm-‘. The temperature 
dependence of the solution absorption spectrum of [Mn(PC)Pyp] may indicate that in 
the temperature range 20 to 9O”C, the compound is a mixture of spin states (S= ‘A and 
S3/=) ” _ The complex 4,4’, 4”, 4’” sulfophthalocyanine manganese(H) g6, [Mn(SPC)] , 
has-been prepared and it has a magnetic moment analogous to that of [Mn(PC)] . In 
aqueous solution, the magnetic moment drops to that expected for a spin-paired Mn” 
complex. This may be ascribed to axial binding by water molecules but it seems more 
likely that this is a reflection of oxidation of the material. The salt Na[Mn(PC)(C2 Hs OH) 
CN] can be prepared in a saturated solution of sodium cyanide in ethanol in a nitrogen 

26 atmosphere . The absorption spectrum of [Mn(PC)] , wlrrch is not typical of divalent 
metallophthalocyanines, undergoes a blue shift when [Mn(PC)Py, ] is formed. Both 
spectra show additional absorption ln the near IR at 10 and 12 kK as well as a strong 
band at - 22 kK in addition to the normal rr + rr* bands at - 15 kK and - 30 kK. Whether 
&is is an indication of a ligand-metal K mixing in these complexes is not known. It is 
worthwhile noting that the low-spin [Mn(PC)Py,] complex with the filed dn level should 
be a good ‘IT donor to the empty phthalocyanine x* orbitals. Chemical reduction of 
[Mn(pC)] with lithiumbenzophenone in tetrahydrofuran (THF)yields one- and two- 
electron reduction products, [Mn(PC)(THF)J and [Mn(PC)(THF),] *- (ref. 97). Magnetic 
moments of the materials yield two and three unpaired electrons for the complexes re- 
spectively. These values are consistent if the complexes are formulated as low-spin com- 
plexes of MnII with the one- and twoelectron reduction product of the phthalocyanine 
ligand. 

Exposure of air to a methanol solution of [Mn(PC)] quickly leads to air oxidation 26_ 

]MnW)(MeOH)z I [O,! [Mn(PC)(OH)MeOH] (20) 

The analogous ethanol complex can also be prepared. Addition of HCI to the latter material 
gives the corresponding chloride complex. Undoubtedly, many other anion complexes of 
this type can be formed by adding the appropriate salt of the anion to the methanolic sdu- 
tion. Addition of excess NaCN and NaOH to these solutions gives [Mn(PC)(CN), ]- and 
[Mn(PC)(OH), I-. Ai r oxidation similar to the one carried out in methanol can be performed 
in glacial acetic acid to give ~n(PC)(C2 H3 02)C2 & O,] 26 _ In pyridine with added HCI 
or acetic acid, the materials isolated are [Mn(PC)(C2 H3 O,)Py] and [Mn(PC)(Cl)Py] . In 
the absence of added anion, the dimer is formed 25. 

The monomer hydroxide complex is undoubtedly an intermediate in the dimerlzation 
reaction. The compositions of all the complexes formed are consistent with six-coordinate 
complexes of Mn Iii. The room-temperature magnetic moments of solid [Mn(PC)(OH) 

(CHs OHM ad WWW2 Hz 02 Y’A are 4.87 B.M. and 4.76 B.M., corresponding to a 
high-spin d4 MnB1 COlTipkX 26 ; presumably the other monomeric monoanion complexes 
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show similar moments. The magnetic moments of the dicyauo and dihydroxo complexes 
have not been determined. It is interesting to note that M@ phthalocyanines are one of 
the rare examples known of high-spin metallophthalocyanines with more than 3 d elec- 
trons 92. Apparently, spin pairing of M&I complexes does not readily occur. The mag- 
netic susceptibility of the dimer [Mnz(PC)a(Py)aO] yields values of ca. 2 B.M. at room 
temperature 24 the moment decreasing to -1.3 B.M. at 77°K. The low moment probably 
results throughiuperexchange of the two high-spin Mnm ions acxoss the bridging oxygen 
atom. Of course, a similar process could also occur if the MnIII was an intermediate spin 
case. The crystal and molecular structure of the dimer has recently been determined g8 
and shows the MnlI1 atom in the plane of the planar phthalocyanine with one axial bond 
to a pyridiie molecule and the other to an oxygen atom which forms a linear Mn-0-Mn 
bridge. The Mn-N (phthalocyanine) distance is 1.97 A and the Mn-N (pyridine) distance 
is 2.15 A. The in-plane bond distance is -0.03 A shorter than for the [Mn(TPP)Cl] . This 
is a typical bond shortening in going from porphyrins to phthalocyanines 28. .The axial 
bond to oxygen, 1.71 A, is shorter than the sum of the ionic radii. It would thus appear 
that the manganese fomrs one strong and one weak axial bond. The molecular structures 
of the other Mr@ phthalocyanines are not yet known and it will be of some interest to 
know if these complexe 5 are in plane as the diier or out of plane. 

As expected, the M&I1 phthalocyaniues show no observable ESR signal at x-baud 
frequencies. Although many spectra have been recorded, no systematic study of the elec-. 
tronic spectra of MnlI1 phthalocyanines has been reported. Qualitatively, the absorption 
spectra show near IR bands at 9 and 10 kK as well as an additional band at -19 kK and 
the normal rr + z* absorptiona.; additional features appearing in the spectra may arise from 
an Mn”‘-porphyrin IT mixing. The-spectrum of the dimer in pyridine is quite different 
from that of the monomeric complex and it seems therefore that the spectra are sensitive. 
to the axial ligands. For example, the formation of Na [Mn(PC)(CN)a]- in MeOH from 
[Mn(PC)(OH)MeOH] gives rise to a blue shift of - 1 kK. 

The kinetics of dimer formation in aqueous solution at 25°C have been worked out for 
[Mn(SPC)(OH)H, 0] 99 _ 

[Mn(SPC)(OH),] ‘- + [Mn(SPC)(OH)H,O] 4- 2 [Mn2 (SPC),(H20)(OH)(OH)O] 9- + Ha 0 
(22) 

2 [Mn(SPC)(OH)Ha 0] % [Mna(SPC)a(HaO)aO] ‘-+ Ha0 (23) 

AtpH11,k1=8.3X102M-‘.sec’ andatpH12,k2=1.2X102M-1.sec-‘,ka=7.0X104 
see-’ _ No intimate mechanism for this complicated reaction has been proposed_ M&I 
phthalocyanines can be photoreduced to the M# complexes in the absence of air in 
pyrldine solution 26. The presence of pyridine appears to be necessary for photoreduction 
since solutions in ethanol, methanol and chloronaphthalene show no reaction. Far-red 
light is most active In the reaction. The polarographic reduction loo of [Mna(PC)i(Py)aO] 
in pyridine gave a wave at - 0.64 V, which presumably refers to the MnIII --f Mn” reduc- 
tion. Finally, sublimation of M@ phthalocyan&es in the absence of air leads to span- ,. 
taneous vapor-phase reduction to the M# derivative. The magnetic properties of several * 
high-spin MnIv phthalocyanines have been reported lo’. 
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The major difference between -the MnlI phthalocyanines and porphyrins are (1) the 
phthalocyanine forms an intermediate-spin four-coordinate planar complex whilst the 
porphyrin is a high-spin complex that is most likely five-coordinate and non-planar; 
(2) in the presence of donor molecules like pyridine, the phthalocyanines form a spin- 
paired (low-spin) six-coordinate complex whilst the porphyrin forms a six-coordinate 
spin-free complex (high-spin). The ability of the phthalocyanine to cause metal d electron. 
spin pairing is general and may be related to its strong i&and field. Spin pairing by axial 
ligation also points up the rather stronger axial interaction in the phthalocyanine com- 
plexes than for the porphyrins. Although Mn” phthalocyanines are among the less stable 
divalent metallophthalocyanines, concentrated sulfuric acid is needed for demetallation. 
In contrast, dilute acid quickly demetallates Mr? porphyrins. This difference is probably 
related to the low-spin in-plane structure of the phthalocyanines and the high-spin out-of- 
plane structure of the porphyrin complex. 

The overall behavior of MnlI1 porphyrins and phthalocyanines is similar, both forming 
six-coordinate high-spin complexes. In detail, though, the two systems differ in their axial 
coordinating ability. The property appears to be stronger for the phthalocyanine than for 
the porphyrin. This is shown by the ability of the former to form solvates, dianion com- 
plexes and dimeric complexes, which complexes are not noted with the porphyrin and may 
arise naturally from a difference in molecular structure, viz. metal in-plane versus out-of- 
plane. Further, the reduction potential for [Mn,(PC),(Py),O].is about 0.3 V more nega- 
tive than for the strongest-porphyrin donor. This indicates a considerable increase in 
stabilization of the higher oxidation state for the phthalocyanine over the porphyrin : 
which is in line with the greater donor strength of phthalocyanines. 

H. COMPARISON WITH IRON PORPHYRINS 

Superficially, the coordination chemistry of Mn and Fe porphyrins appears to be simi- 
lar_ There are, however, many important differences wehich lead to a biological differentia- 
tion of-the two transition elements. A brief discussion of these seems appropriate here to 
point out the special features of Mn porphyrins. In air, FelI1 porphyrins are the most 
stable oxidation state of the metal. The complexes can adopt two molecular structures, 
each with its particular spin state: an out-of-plane five-coordinate high-spin complex 65 
and an in-plane six-coordinate low-spin complex lo2 The change in structure is related . 

to the strength of the axial ligands; spin pairing occurs with good nitrogen base donors 
and cyanide ion. In general, relatively strong axial binding is a feature of the iron porphy- 
rins, the FeCl distance in [Fe(TPP)Cl] 65 for example, being considerably shorter than 
the sum of the ionic radii. On the other hind, the absence of a low-spin form of M&I 
porphyrins and a weak axial interaction seem to be a feature of their chemistry_ The 
stronger axial binding in the FelI1 porphyrins is illustrated by the higher binding constant 
for pyridine *’ and by the lower pK, of the aquo ligand 3* when compared to M@ 
porphyrins. 

High-spin FelI1 porphyrin complexes show characteristic weak near-IR absorption 
bands. These have been assigned to porphyrin rr to metal dsr transitions. The position of 
the maxima is very sensitive to the axial l&and with a spread of more than 2.5 kK in 
going from the methoxide ligand to the iodide for [Fc(DMDepor)X] ro3~ro4. Although 
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the same l&and order is observed for Mn 111 derivatives, the energy interval here is only one- 
fourth as large. Many other properties of FellI porphyrins are sensitive to the axial ligand 
(e.g., MZ)ssbauer spectra, zero field splitting ’ 04)_ The sensitivity of the axial interaction 
for FelI1, in comparison to MnIil , may be related to the molecular structure of high-spin 
FeIII porphyrins. With FelI1 considerably out of the porphyrin plane toward the axial 
anion, the iron atom can bind in a fairly specific way to the axial anion. Strong interac- 
tions with the porphyrin ligand are lessened by the placement of the metal out of the 
plane. In contrast to this, in MnilI porphyrins the metal atom is considerably closer to an 
in-plane structure and axial binding is weak. 

The extent of the Fe”‘-porphyrin interaction can be assessed by examining absorp- 
tion spectra. The complexes do not show intense charge transfer bands in the 20-22 lcR 
region as do the MnilI porphyrins 56 _ Of course, weak absorptions are seen in this region 
and the broadened (Y, fl bands indicate several other unresolved absorption maxima. In 
support of this MCD spectra do show several additional features here 53. Further, the 
near-IR charge transfer bands of FelI1 porphyrins are relatively weak. The intense nature 
of the charge-transfer bands for M&I porphyrins has been relate&to strong porphyrin- 
metal IT mixing. The absence of a strong visible charge-transfer band and the weak near-IR 
bands may be taken as evidence for a much weaker n interaction in the FelI1 porphyrins. 
Nevertheless, the difference in the spectra of the Mn”’ with Fer” porphyrins is one of 
degree, not of kind. In fact, the assignment scheme given her:! for the MnIII porphyrins 
can apply equally well to the spectra of the Fe”’ porphyrins. The fact that the latter 
materials show a normal Soret band indicates that the coupling of the ligand and charge- 
transfer bands that gives rise to band VI in the MnlI1 porphyrins is absent in the Fe111 
porphyrins. This is consistent with the expected stabilization of the FelI* d orbitals which 
removes the accidental degeneracy of the two transitions. 

The difference in rr bonding behavior between FerI1 and MnlI1 porphyrins may be due 
to the stability of the metal d orbitals. The charge transfer bands of the high-spin FerI1 
porphyrins are red-shifted from those of the Mnrrl porphyrins. This is consistent with an 
increasing stability of the d orbitals in going from MnlI1 to FeIIi_ This change in energy 
increases the energy mismatch between the metal dn and porphyrin e: level and this 
would lower the ‘IT interaction. An additional pcint relating to molecular structure and d- 
orbital population is relevant here. High-spin Feiil differs from MnlI1 in that the latter 
has an electron in the d x z _,,z orbital, which orbital is strongly u antibonding with respect 
to the porphyrin. The energy of the orbital can be depressed somewhat if the iron atom 
is out of the plane of the porphyrin; the farther out, the lower the energy 57. The FelI1, 
of course, adopts a configuration which represents a balance of CJ and rr in-plane and out- 
of-plane interactions. The exaggerated square pyramidal structure for FelI1 porphyrins 
places the metal atom in a less .favorable position for rr overlap. Since the d,~_~2 orbital 
is not occupied for M&I, the above restriction is not imposed on its complexes. 

In addition to the trivalent ions, the divalent metalloporphyrins exhibit substantial 
differences in behavior. The Fe” porphyrins are thought to adopt two molecular structures, 
each with its peculiar spin state. One is an in-plane six-coordinate low-spin complex and 
the other is a high-spin presumably five-coordinate and out-of-plane complex 3. The low- 
spin form is quite readily formed in the presence of good donors. In contrast to this, MnI1 
porphyrins only form high-spin complexes; i.e. spin pairing is not noted. The relative ease 
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of spin pairing in Fe porphyrins may be related to the increase in nuclear charge. Axial 
ligation is also stronger in Ferl porphyrins than in MnI1 porphyrins 3?. It is interesting to 
note that low-spin Ferr would be a good rr donor since its dsr orbitals are completely 
occupied; not ori;: are porphyrin ‘in interactions possible here but axial n donation can 
also be invoked 56 . Nevertheless, spectral properties of both MnlI and FelI porphyrins 
indicate a lack of metal porphyrin ‘IT interaction. 

The difference in electronic structure is also reflected in the redox properties of the 
materials. For exampIe, in aqueous solutions [Fe(Prpor)(OH)HzO] is more easily reduced 
than [Mn(Hpor)(OH)H, 0] ; i.e. the potential is 0.03-0.05 V more positive ld5. The in- 
creased stability of MnlI1 over Fe”’ may be related to the stronger porphyrin interaction 
in the former complex. As expected, the rate of reduction of FelI1 porphyrins is some- 
what more rapid than that of MnIII porphyrins ‘I In this case, aside from the additional . 
electron, there appears to be no spin state change in the reduction. Conversely, when 
strong axial ligands such as pyridine are present with FeIII porphyrins, the reduction 
involves low-spin complexes where the stability of FelI1 oxidation state is lowered con- 
siderably. On the other hand, the pyridine complexes of MnlI1 and Mn” porphyrins are 
both high-spin. The stability of the Ferrl with respect to MnlI1 is then reduced for 

[M(Hpor)Pya I 2+; the reduction p otential is - 0.38 V more positive for Fe {ref. 106). 
Attempts to show biological activity by replacing the heme in a hemeprotein by Mn 

porphyrins have met with mixed success. For those biological functions that involve the 
lower oxidation state of the metal, no biological activity was found for the Mn complexes. 
For example, cytochrome b5 activity involves precisely fitting a particular redox potential 
into a chain of electron transfers. The redox potential can change greatly if a spin state 
change is involved for Fe porphyrins. The MnlI1 is, of course, restricted in this respect. 
The biological function of myoglobin and hemoglobin involves the transport of molecular 
oxygen via axial bonding to the low spin FeII porphyrin. This configuration is required 
to give oxygen binding_ Since no low spin forms of MnlI porphyrins are known, it is not 
surprising that the Mn*I porphyrin proteins do not show any biological activity (do not 
bind oxygen)_ Conversely, in those biological processes like peroxidase activity that in- 
volve FelI1 and its higher oxidation states, Mnril porphyrins show some activity_ This 
suggests that the oxidation potentials of FelI1 and MnlI1 porphyrins are not greatly differ- 
ent and also that FeIV and MnIv may be similar in properties and structure ro7 _ 

I. MODEL COMPOUND STUDIES 

In green-plant photosynthesis, several transition elements are needed for normal func- 
tion of the chloroplast lo8 . One of these, manganese, is required for the oxygen evolution 6, 
The photochemical splitting of water into a reducing function and oxygen occurs in a 
part of the photosynthetic unit called photosystem 11’08 _ Several investigations have sug- 
gested, on the basis of photochemical experiments, that the manganese is involved in the 
oxidant side of photosystem II log. The absorption of radiant energy by the mass of 
chlorophyll a molecules of photosystem II results in the ejection of an electron from a 
reaction center chlorophyll a log, which electron is eventually utilized in the reduction of 
carbon dioxide. The reaction center chlorophyll a molecule cation is now a powerful oxi- 
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dizing agent and it abstracts an electron from another species. This latter material may be 
an Mn complex 5. ‘J3-e electron transfer could form a complex of Mn in a high oxidation 
state which would be a powerful enough oxidizing agent to oxidize water (and form 
oxygen). Of course, this is a rather simple model and other compounds may be involved 
m the process, acting as components in the electron transfer chain from water to the 
reaction center chlorophyll a. Further, Mn may not be directly involved in the oxidation 
of water but may react with an intermediate oxidation product between water and oxygen. 
Finally, it may be involved in both! There appear to be threemanganese atoms per photo 
system 11 center: two of one kind at one site, one of another at a second site log _ The 
metal atoms are physically located in the membrane protein portion of the chloroplast 
and the manganese is difficult to remove unless the membrane structure is disrupted and 
the protein is denatured. The manganese complex does not appear to be a special chloro- 
phyll molecule associated with chlorophyll in the lipid phase but the evidence does not 
mle out a s&&r complex contained in the protein phase. As yet, the active manganese 
complexes have not been isolated from the chloroplast. Further, no physical or spectral 
property of the metal can be observed in vivo. Thus the ligand atoms binding the metal 
well as the metal oxidation states are not known. Recent work has shown that O2 evolu- 
tion requires several activating light flashes log which suggests that some photooxidation 
must occur and may be related to the formation of a high oxidation state of manganese. 

The role that manganese plays in the photosynthetic liberation of oxygen from water 
is undoubtedly linked to the ability of the metal ion to function as a redox catalyst * _ The 
utility of the metal ion in this process depends on the potential resulting from the changes 
between the oxidation states and the availability of suitable oxidation states. Both of 
these are a function of the hgand field around the metal ions “. Although the binding site 
of manganese in the photosynthetic unit has not been assigned, the donor atoms surround- 
ing the metal will most likely be nitrogen or oxygen (or less likely, sulfur) of a prosthetic 
group or of an apoprotein. The ligand field may be composed of all of one kind of donor 
atoms or a mixture of several kinds. Good model ligands for the nitrogen donor prosthetic 
group are porphyrins. In addition to being peripatetic biological ligands, they form com- 
plexes with MnII, MnIII and MnIV (ref. 8). Although the coordination chemistry, redox 
chemistry and photoreduction of MnIII and MnlI porphyrins are fairly wellcharacterized 
and understood, the MnIV complexes have not been characterized in detail. At any rate, 
the bulk of the work yet to be done on manganese porphyrins will involve the higher oxi- 
dation materials, presumably MnIV. In this context, the work on the manganese porphyrin 
analogs of cytochrome c peroxidase and horseradish peroxidase will be particularly rele- 
vant. 

Lest the importance of manganese porphyrins as model compounds be overstressed, 
several other model systems also suggest themselves. For example, a likely man8anese com- 
plex in the chloroplast could involve direct binding of the metal to a protein or to a flavin, 
i.e. nitrogen-oxygen donors. Good models for both of these systems would be’ Schiff base 
complexes. The report that an Mr@ complex of pyridoxal and alanine catalyzed the re- 
versible reduction of oxygen to form hydrogen peroxide may be significant in this context”‘, 
Aqueous solutions of MnIII as well as complexes of oxygen donorsare quite potent oxi- 
dizing agents 6g. In fact, MnlII _ m water rapidly decomposes hydrogen peroxide to give 
moIecuIar oxygen 6g. Therefore, many other Mn model systems are likely to have biological 
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relevance as do the porphyrin complexes. Unfortunately, the coordina.tion chemistry of 
Mn is not far advanced. Perhaps the future will see an increase of both our knowledge af 
manganese chemistry and also of its role in photosynthesis. 

NOTE ADDED IN PROOF 

The synthesis in 0.05 M OH- aqueous pyridine of the dimer [Mnz TPPz (Hs O)* 01 has 
now been briefly reported “r. The dimer has a magnetic moment at 295°K of 4.12 B.M. 
The complex also shows a strong absorption at 867 cm-’ in the infrared which can be 
associated with an Mn-0-Mn stretch. 

The zero field splitting of solid&In@MDepor)XHz 0] has been determined by the 
direct infrared method to be d 3.5 cm-’ for X = Br- and 9.25 cm-’ for X = N; (ref. 112). 
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