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A. INTKODUCTION 

The utilization of dioxygen in biological systems and organic syntheses is 
of the utmost importance. A feature shared by almost all biological 
dioxygen reactions, including the transport of 02, is the ir,wolvement of 
metal ions via complexation and activation [l]_ Some examples are cyto- 
chromes, superoxide dismutase, hemoglobin and myoglobin. The metals 
involved usually are manganese, iron and copper. Manganese, for esample, 
has been implicated as a possible dioxygen evolving agent in photosynthesis. 
Calvin postulated (21 that a Mn “‘-O~-Mn*l’ linkage could be important 
in the final dioxygen evolution step. Another aspect of dioxygen manganese 
reactivity is the well documented advantage of using manganese in some 
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form as a catalyst to effect various organic oxidations. Manganese( III) is 
known [3] to oxidize alkylbenzenes, alcohols, carboxylic acids, phenols and 
ethers. MnO, has proved [4] to be a highly selective heterogeneous oxidant 
for amines, hydrazines, hydrocarbons, heterocyclic compounds and other 
natural products. Evidence has been presented in certain cases that an 
oxygen atom can be directly transferred from the oxidant to the substrate. 

An intimate involvement of manganese and dioxygen can therefore be 
anticipated in numerous areas of research. The literature dealing with transi- 
tion metal dioxygen complexes is vast and has been reviewed several times 
[ 5,6]. The reader is referred to these manuscripts in order to gain a funda- 
mental understanding of the interactions between metal complexes and 
dioxygen. While these reviews were at the time rather comprehensive they, 
for the most part, dealt primarily with cobalt and iridium because these 
were the two metal systems which had received the most attention_ More 
recently the synthetic iron models for the dioxygen-binding hemoproteins 
have been reviewed 171. The renewed interest in the osygenation of manga- 
nese complexes during the last decade prompts this review. While the higher 
osidation state chemistry of manganese was reviewed in this journal in 1972 
[Sl little mention was made of manganese diosygen reactions. 

The nomenclature employed in this review will follow that set forth by 
Vaska [6] _ The coordination of dioxygen is usually thought of in terms of an 
oxidative addition reaction_ All known dioxygen complexes can be essen- 
tially divided into two types, superoxo and peroxo, with the valences of 
dioxygen being negative one and two, respectively. These two major types 
can in turn be further divided into smaller classes depending on the mono- 
meric or dimeric nature of the species. It will be evident shortly that other 
terms must be involved to describe the manganese-oxygen linkage. 

The scope of this review will span the areas of dioxygen reactivity with 
somewhat classical coordination compounds and selected biomolecules. 
Reports of reversible and irreversible dioxygen coordination as well as non- 
reactivity with dioxygen will be discussed. Reports dealing with the interac- 
tion of manganese complexes with dioxygen species other than molecular 
oxygen (e.g., 0; and O:-) will also be mentioned_ The discussion regarding 
inorganic systems will be subdivided according to the type of “manganese- 
complesed” polydentate ligand employed while the biological systems 
discussion will revolve around superoxide dismutase and manganese substi- 
tuted heme proteins. 

B. INORGANIC SYSTEMS 

(i) Biden ta te ligands 

Manganese(H) complexes of a number of bidentate ligands wherein the 
donor set is O2 have been recently studied by Sawyer and coworkers as 
models for photosynthetic dioxygen evolution_ Chemical or electrochemical 
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(E” = G-3 V) oxidation in basic medium of a dimeric manganese( II) gluconate 
complex [ 9,lO J, I, is reported to yield a species in solution probably formu- 
lated as 

[(GHj)IMn!“” 
0 

0 
)Mnw(GH,),]4 - 

where G H 5 - represents the dianion of gluconic acid which results from the 
removal of the carboxylate proton and one of the secondary alcoholic 
protons. Under low diosygen partial pressures the di-p-oxo species is 
reported to evolve O2 with regeneration of the manganese( II) precursor. This 
conclusion is based on electrochemical data alone and measurements of Ar- 
purged solutions of the di-p-oxo material with an oxygen electrode gave no 
measureable O2 partial pressure. 

The compleses of manganese with a series of aliphatic and aromatic poly- 
hydroxy ligands in basic media have been studied [ 111 by electrochemical, 
spectrophotometric and magnetic methods. The results indicate that gluca- 
rate, glycerate, L-tartrate and meso-tartrate stabilize the +2, +3 and +4 
osidation states of manganese in much the same manner as gluconate ion. 
The reactivity of these materials with 01, however, was not noted. Contained 
in this report, nevertheless, was the observation that [~ln’*‘(catechol)~]3- 
was oxidized by dioxygen to a short-lived intensely blue complex which 
appeared to be a semiquinonc. The complex, however, decomposed to give a 
g-reen-yellow solution. 

More recently sorbitol, a straight-chain hexitol, has been reported [ 121 in 
a corresponding study to complex and stabilize the +2, +3 and +4 oxidation 
states of manganese in aqueous alkaline solution. As in previous studies, the 
oxidation state assignments have been deduced from magnetic and visible 
spectral measurements on these species in solution. Molecular oxygen osi- 
dizes the Mn( II) and Mn( III) complexes to the Mn( III) and Mn( IV) com- 
pleses respectively and in turn is reduced to the peroside anion in each 
case. Electrochemical studies suggested peroxide as the reduced diosygen 
species. Additional documentation for the tetravalent state has appeared 
[ 131 with the synthesis of bis(tetramethylammonium) tris(sorbitolato) 
manganese(IV) and the report that it is an ESR-active monomeric high spin 
comples of manganese( IV). 

In another related study [ 141 the oxidation product of tris(3,5-di-tert- 
butylcatecholato)manganate( III), II, is reported to reversibly bind 0, in 
DlMSO solutions. The results of a series of UV-visible spectrophotometric, 
ESR and electrochemical experiments served as a basis for this conclusion. 
For low metal-to-oxygen ratios a 1 : 1 O2 adduct is formed, whereas when 
the ratio is increased irreversible chemical oxidation of coordinated catechol 
by O1 is the predominant reaction. Additional ESR data indicated to these 
workers that the primary step in the oxygenation of the complex is the irre- 
versible formation of a mixed catechol-semiquinone complex and that it is 



this species that reversibly binds dioxygen. The formulation in solution of 
the osygenated species was suggested to be [(02)1Mn’1’(Cat)(sen~iquinone)l- 
(OH)J]-. The mode of O2 binding was not postulated. 

With these bidentate 02-ligands, WC believe that the question of Mn osida- 
tion state is still very much open to question. The isolation and characteriza- 
tion of a solid state material would certainly help to confirm or deny the 
conclusions inferred from solution chemistry. Manganese promoted osida- 
tion of the O,-ligand in solution must always be considered a distinct possi- 
biIity. Solid state materiak would enable more direct measurements to be 
made such as O2 uptake, 02-release, X-ray diffraction, etc. 

In discussing the bidentate iigands with an O2 donor set it should be noted 
that the rather common bis(salicylaldehydo)manganese( II) does not show 
any reactivity with O2 [ 151. 

Three studies employing bidentate ligands with an ON donor set have 
appeared. In 1968 Lewis et al. (161 reported on the properties of a series of 
manganese(I1) complexes of the Mn”(SAL-NR), type where SAL-NR, [II, is 
an acronym for the Schiff base formed between salicylaldehyde and a 
selected primary amine. The ON ligand field rendered the manganese( II) sus- 
ceptible to osidation by 01: but the products of the reaction with Oz were 
not characterized. 

In conjunction with an investigation of the redos behavior of compleses 
of manganese 8-quino~il~ol(HQ), IV, reactivity of these materials with O2 was 
also esplored [ 17,155. Mn”Q:! - 2 Hz0 was shown to react with 0, or H202 
in 50% CH30H/Hz0 to yield MH:‘~OQ~(HQ)~ - 2 CH30H and [MnQ]*. The 
osygenated black crystalline material was reported to be high spin in the 
solid state and dissolved in acetonitrile and pyridine; whereas, in DiMSO the 
proposed ~.t-0x0 bridged species was found to be diamagnetic and was stated 
to arise from strong antiferromagnetic coupling of the type observed for 
other ~1-0~0 bridged binuctear Mn(IlI) and Mn( IV) complexes. The molecu- 
iar form of the comples in DMSO was stated to be ((HQ)M~“‘Q~--~-MI~“’ 
Q2( HQ) 1. No rationale was given for this solvent dependent magnetic 
behavior. The interaction of several related 8-quinolinol manganese com- 
pleses with 0; was also esplored electrochemically. Mn”Qz _ 2 if,0 and 
[MnQ3] - are stated to possess the ability to disproportionate 02 according 
to the following reaction 

Mn”Qz - 2 Hz0 + 0, - Mn”‘Q,(OIH)(H,O) + OH- 

The reaction is postulated to be favored as a result of the strong interaction 
of the product species, Mn”’ and HO;. A cyclic catalytic process modelied 
after superoside dismutase was proposed based on the independently ob- 
served companion reaction 

[ Mn”’ Q3(02H)]- + 0; + [Mn”Q3]- + O7 f HO: 

Further characterization of the oxygenated materials has not appeared. 
Complexes formed between manganese( II) and cystine as well as several 



dipeptides have been prepared and their subsequent oxidation reactions have 
been discussed [ 191. The green Mn”(cystine)? complex in the presence of 
O2 is osidized to a red-violet complex in methanol solution. The red-violet 
complex rapidly decomposes to form a white precipitate, which was con- 
cluded to be a dinuclear complex with a disulfide bridge. The authors 
proposed the following mechanism 

0 

t-0 
’ Mnn 

HS-CH2-&-NH,’ - 

.NH2+2H--CHz-SH 

~0-4 

a 

(Green complex) 

I 
i 
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(Red-violet complex) 
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HS-CH,dH--NH2 ’ 

S-S-CH:--CH--NH,_,Inn __- 04 

LO,I 

a 
& 

‘-YHZ H-CH,-SH 

(Whire precipitate) 

It should be noted that the esistence of the peptide dimcr, the nature of the 
Mn(III) comples and the fate of any dioxygen reactant are open to question. 
The dipeptide complexes were reported to yield Mn( III) products upon osy- 
genation; however, again no compound characterization was reported. 

A study [ZO] conducted on the perosydisulfate oxidation of Mn’ll(pic), - 
H,O (pit = pyridine-Zcarboxylate, V) seems pertinent here. In aqueous solu- 
tion under reflux, [S,O,]‘- oxidation yielded a green comples formulated 
as Mn,(pic)JOz_ Magnetic susceptibility and ‘K-ray photoelectron spectros- 
copic data led the authors to conclude that each manganese eshibited the 
tetravalent state with two oside ions bridging the metal centers (see below). 
In the experimental section of ref. 20 the authors state that the Mn,(pic),O, 
comples was isolated as green crystals. It seems worthwhile to submit these 
crystals to an X-ray spectroscopist for possible structural information. The 
lability of the coordinated oxygen species was not described. 
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In 1967 Goodwin and Sylva [21] reported on an osidized manganese 

comples of l,lO-phenanthroline (N, donor set), VI. The complex [Mnl- 
(phen).,OII(CIOJ)J was formulated to contain two oside bridges between 
manganese( IV) centers_ Nyholm and Turco 1221 had earlier reported the 
synthesis of a similar compound with 2,2’-bipyridyl substituting for phen, 
cscept that mised valence states (III, IV) for the manganese atoms contained 
within the molecular unit were postulated_ In 1972 an ,X-ray crystal struc- 
ture determination 1231 of the bipyridyl complex revealed the complex 
indeed to have discrete Mn( III) and Mn( IV) ions from the inequivalence of 
bond lengths about the manganese ions. The corresponding (IV, IV) and (III, 
IV) complexes of l,lO-~1leIlant~lroline have recently been prepared [24,25I 
and partially characterized. Electrochemical esperiments on these materials 
have yielded Mn,( IV, IV), Mn2( IV, III) and Mn:( III, Iii) species. Yellow 
monomeric tris( l,lO-phenanthroline) and tris(2,2-bipyridyl)manganese( II) 
complexes were not sensitive to diosygen [ 261. For both classes of com- 
pleses an irreversible electrochemical osidation [ 251 of Mn( II) to Mn(Ii1) 
was observed followed by decomposition of the iMn(iif) product to form the 
previously mentioned dimeric Mn,(lIi, IV) complex. 

The dipyridyl Mnz( III, IV) complex has been discussed [ 281 as a possible 
diosygen-generating catalyst in the l~hotoct~emioal osiclation of water. Its 
use, however, in a cyclic system to mimic plant photosynthesis has been seri- 
ously questioned [27,29]. Nevertheless, kinetic and isotope studies [30,3X ] 
have indicated that a dimeric MII( IV) group does produce diosygen in 6-15 
M sulfuric acid at 60-100°C. 

Cooper and Calvin [ 321 have examined the electronic and IR spectra of 
these dimeric mixed valence state compleses. Broad bands, observed in the 
near IR region, were assigned to an inter-valence transition. No comparable 
bands were observed for the Mn2(iV, IV) complex of phenanthroline. Lower- 
ing the pIi of the solution reversibly cleaves the h’In,(IfI,iV) dimers. Isotope 
labeling experiments with ‘“0 aided the assignment of the manganese-oxy- 
gen stretching frequency at 688 cm -I. The authors concluded that these 
Mn,(III, IV) complexes were compatible with those of other class II systems 
[ 331 in that there esisted weak but non-negligible interactions between Mn 
centers. Cyclic voltammetry of the dipyridyl and phenanthroline Mnt(iII, 
IV) dimers yielded respectively reversible anodic waves at 1.25 V and 1.37 V 
vs. S.C.E. corresponding to oxidation of Mn,(III, IV) to Mn,(IV, IV). Photo- 
chemical esperiments [ 341 on these interesting materials have shown that 
acidic solutions of Mn2(IV, IV) are reduced to Mn,(iIi, IV) in the dark. The 
Mn,(III, IV) complex of dipyridyl was observed to reduce to the MnffI) state 
via the Mn~(iIi,iIl) state by photoescitation. 

Nyholm and Sutton [ 351 have examined the chemistry of Mn(II) and Mn- 
(iii) complexes employing the bidentate ligand, o-phenylenebis(dimethyl- 



axsine), VII, (As, donor set). All attempts to osidize the bivalent manganese 
complex to the Mn( 111) state were unsuccessful.’ 

(ii) Tridentate ligatgds 

A large amount of the data concerning manganese complcses of tridentate 
ligands involves Schiff-base type materials. IMukherjee and Ray 1361 have 
studied the magnetic moments of some Mn( II) derivatives with ligancls 
formed from selected aldehydes and amino acids, VIII, (O:N donor set), The 
complexes synthesized were sensitive to diosygen but the osygenated 
species were not isolated nor characterized. West and co-workers f37] have 
described the magnetic properties of a series of manganese( II) complescs 
which incorporate dibasic ligands derived from substituted salicylaldehycles 
and variously substituted ~-hydrosyanilines, IX, or anthranitic acid (0,N 
donor set). The cstreme sensitivity of the compleses to cliosygen was noted. 
The only data given on the osygenated species were their black/brown color 
(probably MnO(OH)) compared with the yellow color of their manganese( II) 
precursor. 

The complex chemistry of mat~ganese(II~ with the tridentate ligands 2,2’, 
2”.terpyridine and 2,2’,2”-terpyridine l,l’,l”-trioside has been studied 
[27,25,38] X and XI (NJ and 0, donor sets respectively). In contrast to the 
Mn( II)-dipy and -phen compleses, the electrochemical osidation of the 
Mn(II)-terpy complex is not accompanied by a single straightforward 
rearrangement to a dinuclear manganese( II&IV) comples as occurred in the 
bidentate case. MnjII)-terpyOJ (01 donor set) exhibits discrete one-electron 
reversible oxidation-reduction processes that are consistent with the forma- 
tion of stable mononuclear Mn(II1) and Mn(IV) species. Again in contrast to 
their bidentate analogs dimeri2ation of ~ln(III~ and (IV) was not observed. 
The manganese(IV) comples of 2,2’,2”-terpyricline l.l’,l”-trioside dicl react 
with water, a fact which was rationalized to the high positive Mn( IV)/Mn- 
(III) redox couple. 

{iii) Tetraden ta te Iigands 

The most thoroughly studied category to date regarding manganese com- 
plexes and their reactions with oxygen species concerns tetraclentate ligands. 
First to be dealt with will be N202 donor sets derived primarily from substi- 
tuted salicylaldehydes and selected diamines, The initial report of an osy- 
genated manganese complex was that by Pfeiffer et al. [ 391 wherein the air 
osidation of Mn(SAL&), XII, was investigated. The product of the react.ion 
was postulated to be Mn(SALCI)OH with triva.lent manganese in a high spin 
electron configuration. Air oxidation of the same precursor in a variety of 
organic solvents was reported f16] later to afford dark brown materials 
whose magnetic properties and composition were shown to be solvent depen- 
dent. Magnetic susceptibilities of most of these materials were temperature 
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dellendent which served as evidence for antiferromagnetic coupling between 
manganese centers. A dimer, Mn2(SALC2)?02, was suggested in the latter 
case in contrast to the previously assigned mononuclear hydrosy compound. 
Little evidence for these assignments was provided. 

Still further work has been performed [40,41] 011 Mn(S_4LC,) with 
respect to its reaction with diosygen. A variety pf structural proposaIs were 
presented for the different osygenated products obtained in DMSO under 
different conditions. Various dark red-brown materials were proposed to 
exhibit one of the following manganese-oxygen links: Mn”’ -O~-Mnlri, 
MII v=O and (Mn”‘+),, _ No -X-ray data have appeared to support any of 
these bonding suggestions. Unfortunately most conventional physicochemi- 
cnl measurelnents cannot distinguish these three linkages_ Further the manga- 
nese osygen ratio in the former two cases provides no assistance in this mat- 
ter. S-ray photoelectron spectroscopic data [42] on several of these com- 
plexes have been collected. Significant positive chemical shifts were observed 
in going from Mn( II) precursor to select oxygenated manganese_ In certain 
cases, however, a surprisingly near zero shift was observed. These results sug- 
gested that either (1) an increase in coordination number accompanies osy- 
genation, (2) a significant spin-spin interaction exists between osidized 
manganese centers, (3) the manganese(I1) state has been retained, or (4) the 
higher valence state manganese compleses are significantly more covalently 
bound. Espansion of this study to numerous other manganese systems sug- 
gests that a poor correlation esists between electron binding energy and for- 
mal manganese osidation state. 

More recently pyridine solutions of Mn(SAL&) have again been reacted 
[ 431 with 0,. In this case the ethylene backbone has been substituted with 
methyl and/or phenyl groups. In boiling pyridine or pyridine at -15”C, the 
major product was reported to be Mn(SALC2)(OH) together with an appreci- 
able quantity of Mn02_ Diosygen uptake esperiments performed at -15°C 
indicated that each h.In atom reacted with approsimately 0.6 osygen atom. 
These results forceci the authors to conclude that a misture of products was 
obtained. Reversibility of the osygenation reaction that produced Mn- 
(SALC,)(OH) was not possible in any case esamined. Again the Mn”‘--OH 
forniulation must be viewed with considerable caution since elemental 
analysis cannot distinguish a water of hydration from a bound hydroxide. 

A related comples, Mn(SAL&), has received much study and a number of 
contradictory results have also been obtained on this system. Johnson and 
Beveridge [ 441 reported that Mti(SALCJ)(H20) reacted reversibly with 02, 
NZ and CO forming 1 : 1 gas adducts as evidenced by gas uptake experiments 
and IR band assignments. The N2 and CO uptake experiments have since 
been shown [ 451 to be inconclusive. On the other hand, these workers con- 
firmed that Mn(SALCJ)did absorb one mole of O2 per mole of Mn. The 
product of this reaction was not characterized. Several years later in a sepa- 
rate study [ 461 Mn(SAL&) was suspended in benzene and exposed to air. 
The formulae postulated for the two products obtained via this method were 



[Mn(SALC,)(O,)(H,O)] and [~II~(SALC,)(O)(C,H~)~.~]. If the parent complex 
were suspended in pyridine, [lUn(SALC3)(0)(Py)] was the suggested product,. 
No definitive evidence in any of these three casts was presented regarding 
the bonding state of manganese or oxygen. A rc-esamination [ 47 1 of this 
latter product via S-ray structural analysis revcalcd it to be dimcric with 
each manganese atom octaheclrally coordinated to the non-planar S..\LC? 
ligand and to two bridging hydrosy groups. Four molecules of pyridine were 
associated with each dimeric unit.: however, they were not directly boncl~~d 
to the manganese atoms. The authors pointed out that the cis hydrosy 
groups imply a reaction proceeding through an initial diosygen adduct. The 
close Mn--Mn distance of 2.72 X was employed to explain the antiferromag- 
netic nature of the comples. \\%ile the authors prefer two formally Mn~lIl) 
centers which are hydrosy briclged, the ?<-ray and magnetic clata could have 
been interpreted as two Mn( IV) centers bridged by t\vo oxide ions. 

l-l 
/N I NA 

0 I 0 
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A somewhat more extensive s!udy 145,491 involving hIn(SALC,, ). where 
tz = Z-10. and diosygen has now b&et; carriei out. 1tractivit.y with 0: has 
been demonstrated to he a function of the methylene carbon chain lrngth 
which joins azomcthinc donors. All nianganese( II) materials rapidly reactcc :I 
with O2 when moist or dissolved in pyridine, but only CA--C,,, derivatives 
reacted in the solicl state. Regardless of the manner of osygenation the up- 
take of 0, corresponded to H~,~/)z~,!, = 0.5. The C,+ C7 ancl C,, analogs 
appeared to react fastest, while elextron withdrawing groups on the aromatic 
ring retarded any reaction with C-J>_ Although possessing quite different solu- 
bility properties all osygcnated ;woducts eshibited the same empirical for- 
mula, Mn(SALC,,)(O). Each compound was ESR active and eshibitccl an IR 
spectrum identical to its precursor escept for t\vo new intense sharp bawls 
ca. 615 cm-’ assignable to &In-O vibrational modes. Upon hwting the osy- 
genated materials to approximately 130°C in vacxo weight loss. equivalent 
to one oxygen atom per manganese, was obsrwec~ albeit with sonic sample 
decomposition. The above data along with low temperature magnetic suscep- 
tibility data suggested to these workers that. all fully osggenated compleses 
in this series have a di-p-oso manganese( IV) linkage. The great insolubility 
of the solid state and DMSO osygenated products indicated that the di-,u- 
oso linkage is part of a polymeric array (see below). In the light of this stud? 
earlier osygenation products (e.g., [Mn,(S_4LC2)20,] and [ Mn(SALC3)(0)]) 
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have been proposed to be di-~-osomanganese( IV) materials rather than &- 
peroxo or di-p-hydroxomanganese(II1) species. 

Osygen uptake measurements as a function of time have revealed addi- 
tional interesting facets to this study. Oxygenations are two-step processes. 
An initial 0, uptake to n,Jtz,,,, = 0.25 occurred followed by uptake to 0.5. 
This was observed with each ligand (C,-C,,) in (1) the solid state where 
applicable, (2) suspended in DMSO and (3) dissolved in pyridine. In the 
SALCg case an intermediate osidized product, [ Mn(SALC&)(O)I, has been 
isoiated and characterized. Based on P,..~ = 4.8 B.M. at room temperature, 
ESR inactivity and diosygen reversibility, a ,+oxomanganese(III) material 
was proposed _ 

A related yet different approach to the study of manganese compIexes of 
SALC,, has been reported by Boucher and co-workers [ 50,511. Employing 
a set-butyl group in the five position of the SAL moiety in order to enhance 
comples solubility, these workers synthesized two manganese(II1) chelates 
wherein ?z = 3, and 3. Mild base hydroIysis of chloroform solutions of the iMn- 
(III) comples, [R?n(BuSALC,,)(HzO)] (CIOa), in air yielded red-brown 
materials of general formula [Mnl(BuSALC,, )?(O),] - x H,O. The compleses 
were dimeric in CHCl, and showed a reduced room temperature magnetic 
moment, flcf f = 2.5 B.M. IR and visible spectral properties were reported to 
be consistent with a di-p-osomanganese(IV) ring. Electrochemical and 
deosygenation studies were performed on these materials for comparison 
with the analogous dipyridine and l,~O-phenatlthroIine species. 

A re-esamination 152) of these complexes using low temperature mag- 
netic susceptibility techniques has revealed that the previously formulated 
Mni”O, complexes would be better described as p-osohydrosomanganese- 
(III, IV) species. In this same report circular dichroism measurements were 
made on several new manganese(II1, IV) dimers of BuSALC, where the dia- 
mine is now optically active and previously resolved. The results on [ Mnz- 
(BuSALC,)(OH)(O)] - x Hz0 implied that a mixture of various geometrical 
and optical isomers must be present in solution. The mixed valence dimers 
eshibited electronic transitions in the ligand field and charge-transfer 
regions arising from both Mn(III) and Mn(IV) sites. 

Manganese< if) complexes of another tetraden tate system possessing an 
OzNz donor set, bisfsalicylidene)o-phenylenediamine, XIII, have been sub- 
jected [ 531 to oxygenation studies. The complex that was isolated upon 
exposure to atmospheric oxygen was formulated as Mn”‘(SALOPHEN)(OH). 
The complex failed to obey the Curie-Weiss law and its temperature depen- 
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dence was ascribed to a weak antiferromagnetic interaction. It seems con- 
ceivable that this material may also be dimeric and analogous to the previ- 
ously described oxygenated SALC,, compleses. 

Tetradentate ligands with a N, donor set have received considerable atten- 
tion lately. The first ligand system in this regard was phthalocyanine, XIV. 
Elvidge and Lever [541 first noted the behavior of Mn”(Pc) when the com- 
plex was dissolved in pyridine and allowed to stand in the air. Purple crystals 
of the oxygenated complex were isolated and initially formulated as (PC)- 
Mn’ v=O. Subsequent to this result an X-ray structural study [ 55)) however, 
revealed the comples to be a Cc-osodimanganese( II I) species. Each manga- 
nese(II1) was pseudo-octahedral with pyridine and bridging oside occupying 
axial sites with the four nitrogen atoms of PC serving as the in-plane field. 
An osygen adduct intermediate was proposed in this study. Calvin and co- 
workers 1561 later proposed that the intermediate was (HO)Mn”‘(Pc). This 
apparently is not the case since (HO)Mn “I PC) has been shown [ 57 1 to have ( 
a different spectrum and different chemistry from that of the intermediate. 
In a later report [ 581 other nitrogenous bases besides pyridine were also 
shown to be effective in producing [(B)(Pc)Mn-O-Mn(Pc)(B)]. 

The formation of a diosygen complex of Mn’ ‘(PC) in poly(%methyl-l- 
vinylimidazole)-N,N-dimethylformamicle solution has recently been commu- 
nicated [ 59 1. This conclusion was demonstrated based solely on comparison 
of electronic absorption spectra and ESR measurements of Mn”(Pc) and its 
osygenated partner. Changes observed in the ESR spectra were the clisap- 
pearance of manganese( II) comples absorption features and the appearance 
of a strong peak centered at g = 2.0015. These changes were attributed to 
the formation of 0; following transfer of one electron from iUn(II) to O2 
resulting in the formation of undetectable Mn(II1). It should be noted that 
under close esamination the ESR data discussed in the test of this paper do 
not match the ESR data which may be calculated from the figures available 
in the paper. Presumably this is a typographical error but none the less such 
an irregularity should be noted. Because of the absence of any effect of poly- 
(Zmethyl-1-vinylimidazole) on the electronic spectrum of the complex the 
authors concluded that the composition in solution was (DM F)Mn” I (PC)- 
(02). No osygenated materials were isolated. 

A re-esamination [60] of Mn”(Pc) and its reactivity with diosygen in 
purified dimethylacetamide (DMA) is reported to generate an esceptionally 
thermally stable, sparingly soluble 1 : 1 adduct. This species was character- 
ized by elemental analysis, magnetic measurements, IR, electronic, ESR and 
mass spectroscopy. In the presence of certain nitrogenous ligancls or in sun- 

light, in vacua, the adduct is converted back to Mn”(Pc). -4ddition of imida- 
zole to the oxygen adduct dissolved in aerated D&IA generated the familiar 
p-osodimanganese( III) material. The 1 : 1 adduct was formulated as 
P&In” * (0;) with a moderately ionic bond. This conclusion was based 011 

the similarity of the solution spectra of typical ivIn”‘(Pc)S compleses and 
the osygen adduct and the appearance of a band in the I60 and ‘%O IR 
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spectra at 1154 cm-’ and 1094 cm-’ respectively which was assigned to a 
coordinated terminal superoxide ion. It should be noted that the employ- 
ment of IR evidence to deduce the nature of coordinated reduced oxygen 
has been seriously criticized [ 61]_ 

A limited investigation [62] of the ESR and visible spectra of manganese- 
(I I) 4.4’,4”,4”‘-tetrasulfoph thalocyanine, [ Mn” (TSPC)], has revealed that in 
the presence of asial ligands such as azide, cyanide or imidazole, osidation 
of the mangantse( II) chelate occurs in aqueous solution. The rate of the oxi- 
dation process increased with increasing concentration of asial ligand. There 
was no evidence for the presence of a diosygen complex. Osidation to a 
manganese(II1) complex was suggested and by analogy with Mn”(Pc) the 
general formula Mn”‘(TSPC)(OH)L was proposed_ Some additional informa- 
tion, however, has been provided that shows the ESR of Cookson et al. [62] 
(their Fig. 5) is apparently identical to the ESR spectrum of the diosygen 
adduct of Lever et al. [601. As a result the original identification of the 
species in Fig. 5 of ref. 62 as a Mn(I1) derivative appears to be in error. 

Jfcso-tctraphenylporphyrin(TPP), XV, provides a second N., donor set 
which has received considerable st.udy in the last few years. Basolo and co- 
workers [63,64] have esamined the reaction of Mn”(TPP)(Py) with diosy- 
gen in toluene at -79°C. Diosygen is reported to reversibly bind to manga- 
nese with replacement of pyridine to form a five coordinate comples as sug- 
gested by optical and ESR measurements in solution. Under these condi- 
tions after 14 h esposure to one atmosphere Oz, 70% of the initial manga- 
nous comples could be regenerated. In contrast, oxygenation of Mn(TPP)- 
(Py) in toluene at higher temperature (i.e. room temperature or even at 
-45°C) led to irreversible osidation. In methylene chloride the manganese- 
(II) comples was even more prone to osidation. Further study [65] of this 
system by Reed and co-workers supported the hypothesis that pyridine must 
be removed before diosygen can react. As further support, solutions of 
AIn”(‘I’PP)(Py) which contained a small molar escess of pyridinc were 
reported to be essentially unaffected by diosygen. It should be noted, how- 
ever, that in this experiment slow irreversible osidation to manganese( III) 
occurred over several hours. 

Four coordinate Mn”(TPP) on the other hand, rapidly and irreversibly 
oxidized in diosygen to an undescribed manganese( III) product. The high 
preference for five coordination on the part of high spin manganese(H) in 
Aln”(‘I’PP) has been advanced to esplain this lack of dioxygen reactivity. 
The preference for five coordination could be traced [66] to the inability of 
the ligands to cause adoption of a low spin state which would permit manga- 
nese to move to an in-plane position. This same argument has been employed 
to account for the fact that manganese hemoglobin and Mn(ti,a,a,a-TpivPP)L 
(e.g., “picket-fence” porphyrin) do not carry 0,. Oxygenation of a toluene- 
THF solution of Mn”(TPP) at -90°C was stated in this study to be revers- 
ible and formation of a five-coordinate complex, Mn(TPP)(O?), was postu- 
lated. No characterization of this product, however, has been communicated. 



I3 

4 Mn’V(O~-) valence formalism in which the Mn( IV) is in a “(t:) ground 
st. ,Q has been suggested from the Basolo et al. [63,64] investigation. Based 
primarily on ESR evidence an “edge-on” structure (A) has been advanced for 
the manganesediosygen linkage rather than a bent structure (B) [ 651. _+I, 
initio calculations [67) have been carried out for the edge-on and bent struc- 
tures of the Mn(Tl?P)02 system in addition to twelve other probable manga- 
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ncse-diosygen configurations. i\ stable configuration was predicted for both 
cclgc-on and bent arrangements but the calculations supgcstccl a iUn’“(O;) 
rather than Mn’ “(Ot-) formalism. 

.-\ detailed ESR study of the reversible cliosygcn adducts of hln”(‘I“PP) 
ancl manganese octaethylporphyrin has recently heen reported [ 68 I_ Solely 
on the basis of the magnetic resonance parameters obtained, it was possible 
to rule out most possible combinations of an odd-electron configuration and 
manganese-diosygcn binding geometry. These resu1t.s coupled with cluali- 
tative bonding considerations again supported the description in terms of a 
M1n’~--0~- vatency formalism with a symmetric, edge-on cliosygen (A). 

Equilibrium constants incorporating derivatives of this system have been 
measured [ 691 for the reaction 

Mn[T(para-X)PP](L) + 0, = Mn[T(para-X)PP1(02) + L 

where ,X=CI, F, H, CHJ and 0CH3 and L = pyricline. Spcctrophotometric 
titrations of toluene solutions at -78” C with molecular oxygen confirmed 
the 1 : 1 stoichiometry of the porl~hyrinatorna~~~atlese-tliosygen comples. 
Log Kw, exhibited some clepenclence on the para-substituent (e.g. -5.75 for 
S=OCH3 and -6.53 for X=Cl). The experimentally determined equilibrium 
constants were fitted to the Hammett equation (-tog K,.,, vs. 4~) to give a 
Hammett P value of -0.41 f: 0.08. _An equiIibrium constant for the osygcna- 
tion (-75°C) of four coordinate i\ln”(TPP) was estimatecl as Kc,, ca. 10”’ 
mm-‘. 

The synthesis of polystyrene-covalently bonded metalloporphyrin com- 
plexes and their reaction with dioxygen have been published 1 TO]. Atthough 
only the cobalt(II) comples with O2 was studied, both mangancse(I1) and 
(III) were prepared. Since the latter was prepared by air osic?ation of Mn( II) 
it is entirely conceivable that a manganese-diosygen comples mcdiatcd the 
reaction. 

It is also interesting to note that the tendency for oxygenation is considcr- 
ably reduced [ 711 for Mn(II) compleses of N-methylporphyrin relative to 
porphyrin_ This change was attributed to the fact that the manganese is not 
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able to lie in the plane of the four nitrogen atoms of the deformed porphyrin 
ligand. 

Several neutral NJ tetradentate ligands have been studied with manganese, 
such as the 14-membered macrocyclic ligand, meso-5,5,7,12,12,14_hesa- 
methyl-1,4,8,11-tetraazacyclotetradecane ([ 14]-ane Na), ,XVI. Mn( [ 141-ane 
NJ)X2 complexes [72] were found to be sensitive to diosygen in solution 
hut when dry in the solid state these materials could be hanclled for short 
periods of time in the laboratory atmosphere. Nitromethane and acetonitrile 
solutions of these compleses are osiclized to manganese( III) products; how- 

ever, the properties and characteristics of the osygenated materials were not 
reported. Estended esposure to O2 (clays) produced dark insoluble materials 
which appeared to bc hydrous osides of manganese. 

In a related study [ 731 these same workers synthesized a series of Mn( II) 
and Mn( Ill) compleses of the dianionic conjugated cyclic Schiff-base ([ 141- 
12encNJ), .XVll. The isolated Mn( II) compleses, Mn( [ 141 12eneNJ)(L), were 
observed to be five-coordinate with the fifth ligand being tricthyl- or tri-n- 
propylamine which had been part of the original reaction misture. The 
proposed geometry of the neutral comples was square pyramidal with the 
metal ion displaced from the N, plane toward the amine adduct. Purging 
toluene or benzene solutions of the Mn( II) comples with dry osygen gas 
yielded a dark amorphous solid which was again postulated to be an oside 
of manganese. The Mn(Il1) compounds, Mn( [ 14112eneN,)S, are stable in 
the solid state under dry Nz gas. Esposure to the atmosphere over a period 
of weeks results in slow discoloration, which is accompanied by an odor 
characteristic of ligand decomposition. This observation is no doubt more 
attributable to hydrolysis than to osygenation. 

Linear tetradentate ligands with a NJ donor set have been considered [74] 
in the literature. Air stable solid Mn( II) compleses employing Schiff bases 
formed from pyridine-2-carbosaldehyde and selected diamines, XVIII, have 
been synthesized. None of these high spin compleses, Mn(PYC2( .I) )(X)2, 
regardless of the anion (X) employed were found to be sensitive to diosygen 
even in a variety of solutions. At this point it might be as well to indicate 
that while Mn“(SALC,,) is estremely dioxygen sensitive, Mn”(PYC,,) is un- 
reactive with diosygen under mild conditions. A summary discussion of rela- 
tionships of this type will be presented later. 

Chiswell [ 751 has described the reactivity of diosygen with a series of 
neutral Mn(l1) compleses containing the tetradentate ligand (NJ donor set) 
derived from a-diketones and 2-pyridylhydrazones, XIX. Reactions in cold 
pyridine were studied. Each osygenation comples had a Mn/O ratio of l-O/ 
1.3. The odd manganese to osygen atom ratio was esplained by the isolation 
of four products via fractional crystallization and column chromatography. 
The data led the author to postulate a di-p-hydrosomanganese( Ill) species 
similar to that previously suggested for Mn(SAL&)(OH). The three remain- 
ing products were empirically formulated as (i) MnOz, (ii) NIn(NJigand)(Py)- 
(O,), and (iii) Mn(NJigand)(Py)(O). The latter two materials may, in fact, be 
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dimeric. Assignment of these stoichiometrics was based essentially on ele- 
mental analysis data. No reversible oxygenation was noted. 

In concluding this section we should note, derived from salicylaldehyde 
and 1,2,4,5-tetraaminobenzene(TSAB), XX, a unique ligand which binds two 
metal ions. The synthesis of the ligand, which incorporates two N-O2 donor 
sets, and its manganese(II) complex have been reported [ 761. The isolated 
complex has the empirical formula Mn2(TSAB)(L) where L = Hz0 and 
N(C,H,),. Surprisingly, no mention was made of diosygen reactivity. 

(iv) Pen taden tate ligands 

The diosygen reactivity of manganese complexes employing linear and 
macrocylic pentadentate ligands have been actively studied over the last few 
years. Five coordinate high spin, yellow, manganese( II) complexes of 
ZSALRDPT, XXI, have been prepared and characterized [ 771. Each com- 
ples reacted rapidly with diosygen in solution, and one derivative (2=3- 
OCHa, R=CHs) reacted in the solid state. The estent and rate of O? uptake 
was observed to be a function of the aromatic (2) and amine (R) substitu- 
ents. Electron donating groups promoted more extensive osygenation for a 
specific time frame than did electron withdrawing groups. Detailed osygena- 
tion studies revealed at least two different operating osygenation processes. 
Initial O? uptake was rapid (0.5 h) for all but two derivatives (R=n-C3H7 and 
CeH,) corresponding to nOJ)zhln = 0.5. Additional 0, consumption occurred 
thereafter at a very different rate which depended on Z and appeared to con- 
tinue indefinitely regardless of the solvent. The two-step osygenation was 
attributed to first irreversible oxidation of Mn( II) -+ Mn(II1) followed by osi- 
dation of the ligand. The secondary oxidation was inhibited sufficiently in 
two cases ( Z=5-N02, RyH, CH,) such that products Mn( 5-NO,SALDPT)- 
(OH) and Mn(5-NO$ALMeDPT)(OH), were isolated and characterized. 
Physical measurements on these two materials suggested them to be normal 
high spin manganese( III) species. 

A re-investigation [ 781 of these reactions under rigorously anhydrous 
conditions yielded similar results except that the isolated compounds were 
formulated as [ Mn( 5-NOzSALRDPT)] *02. Estension to the 3-nitro deriva- 
tive gave an analogous material_ Heating the materials in vacua (110°C) liber- 
ated weight equivalent to 32 a.m.u. In addition to recovering the mangancse- 
(II) precursor, thermal gravimetry coupled with chemical ionization mass 
spectrometry verified that the material being removed (150°C) was Oz. A ,%- 
peroxo-manganese(III) structure was postulated for the nitro-derivatives. A 
mechanistic scheme was suggested by analogy to the osygenation of cobalt- 
(II) chelates [79]. 

Mn”L + 0 2 * LMn”‘(0;) 

LMn”‘(0;) + LMn” * LMn”‘-(Oi-)-Mn’nL 
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Production of the Mn’*‘- (OH-) species was postulated to arise via (1) deoxy- 
genation of p-perosomangancse(III), (2) outer sphere oxidation of hydrated 
manganese(H) followed by (3) hydrolysis to yield LMnln(OH). 

LMn”‘--O, -Mn”‘L + 2 H,O --f 2 LMn”(H20) + O2 

LMn1’(H20) - [LMn”‘(H,O)]’ + e 

[Li\ln11’(H20)]* - LMn”‘(OH) + H’ 

Formation of l~ydroson~angancse(III) through p-perosomanganese( III) via 
the following reaction was ruled out basecl in part on a negative test for HIO1. 

LMn”‘--(O:-)--I\‘In’uL + HZ0 4 2 LMnll’(OH) + H?O? 

A substantial nitrogen substituent effect on the rate and extent of osyge- 
nation has been noted [ 77]_ \Vhen R=CH3 secondary oxidation is very slow. 
\\:hen R=n-CJH7 initial O? uptake is also slow. These results suggested that 
diosygen attack was proceeding cis to N-R. A similar effect was observed 
for R=C6H5 where the weaker aromatic nitrogen donor may also prove criti- 
cal. These steric effects have been founci to be just as pronounced in com- 
parable osygenation studies of cobalt( II) chelates 1801 and in reactions of 
nitric oxide with identical manganese( II) chelates [ 811. _AnaIogous manga- 
nesc(I1) compleses incorporating neutral linear pentadentate Ns ligands 
derived from pyridine-2-aldehyde and triamines demonstrated no reactivity 
with diosygen [ 82]_ 

The synthesis and X-ray crystal structure characterization of a manganese- 
(II) comples of the neutral ligand 2,6-diacetylpyridinebis-(picolinoylhydra- 
zone), XII, has been reported [ 831. The manganese(I1) was found to be hep- 
tacoordinate with the N,O? donor set of the ligand occupying in-plane posi- 
tions with two anion donors completing the pentagonal bipyramidal struc- 
ture. Since the comples was prepared in the atmosp!‘ere it was concluded 
that no diosygen sensitivity was observed. Similar observations [ 841 have 
been noted with a second neutral NOOZ ligand, 2,6-diacetylpyridinebis(semi- 
carbazone). The pentagonal-bipyramid complex apparently was air stable 
since no special precautions were given for escluding diosygen while per- 
forming the X-ray structure determination. Further studies [85--871 of this 
type have been carried out with other neutral pentadentate ligands derived 
from pyridine-2,6-dicarbosaldehyde and a series of polyfunctional Q’,w-aro- 
matic diamines. The ligands fields, XXIII, produced included 02N3, SZNII 
and NS donor sets. In a few cases, X-ray diffraction data confirmed pentag- 
onal bipyramidal geometry. No reactivity with diosygen was noted. 

The employment of neutral macrocyclic pentadentate ligands with man- 
ganese(I1) has produced analogous results [ 881. The template reaction of 
2,6_diacetylpyridine and 1,4,7,10_tetraazadecane in the presence of MnCl* - 
4 HZ0 has been demonstrated to yield Mn(DIACPY-1,4,7,10)C12, XXIV. The 
high spin seven-coordinate manganese(I1) complex was unaffected by dioxy- 
gen. Estension of this work [89] to include manganese(I1) compleses of 
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other tetraaza derivatives (1,4,8,11 and 1,5,S,12) provided the same results. 
The pentagonal bipyramidal nature of several of these munganese( II) com- 
plexes has been verified by X-ray structural analysis [90,91]. \Vith the same 
results regarding cliosygen reactivity, yet another unique set of neutral ligand 
systems (NS donor set) has been communicated [ 921, XXV and X.XVI. No 
structural data for manganese( II) complesed with SKIS was given; however, 
a pentagonal pyramid structure was suggested from ,X-ray crystal data for the 
manganese derivative of XXVIII wherein one of the anions occupied the api- 
cal position. Both orange-yellow compounds were air stable. 

Surprisingly no diosygen-reactivity was detected [ 931 with the high spin 
manganese(I1) comples of a dianionic acyclic pentadentate ligancl, SSVII, 
(S,N, donor set). .A11 attempts to prepare the corresponding manganesu( tit) 
comples by osidation of Mn( II) were unsuccessful. On the other hand, a 
somewhat similar hexadentate ligand (S,N,O, donor set), XSVIII, was stated 
not to form a INIn complex but instead stabilized a kln(III) state. In the 
former case, the lower osidation state was predictecl to be stabilized by the 
presence of sulfur donors; whereas, in the latter case hln(lI) was stated not 
to be favored because of the absence of ligand fielcl stabilization energy 
which would otherwise accrue to Mn( III). 

(v) Hesadentate ligands 

Investigations dealing with mangancse( II) complexes which incorporate a 
hesadentate ligand are indeed sparse. Manganese( II) complexes possessing 
ligands derived from substituted salicylaldel~ycles or pyridine-2-carbosalcle- 
hyde and selected tetraamincs have been synthesized [94] (O,N, and N6 
donor sets, respectively, XXIX, XXX). As in the pcntadentate case, the 
cationic Nd materials possess no diosygen reactivity in solution or in the 
solid state. On the other hand the O?N, derivatives provide anot!ler set of 
diosygen sensitive compounds, both in solution ancl in the solicl state. The 
nature of the osygenated products has not been established. 

C. BIOLOGICAL SYSTEMS 

(i) Manganese porpll yrin-con taining proteins 

Manganese is widely distributed in nature but occurs only in trace 
amounts in biological materials [95]. In spite of these very small amounts, it 
is clear that manganese plays several important roles in the maintenance of 
life and regulation of biological functions. A discussion of the biological sys- 
tems that are specific in their requirement for manganese has recently 
appeared [96 ]_ It is not the intent of this review to cover these subjects again 
but in the interest of manganese-diosygen chemistry it is necessary that a 
few biologically related studies be mentioned. 

Manganese-substituted hemoglobin (Hb) and myoglobin (Mb) have been 
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prepared in order to explore the function of the heme iron in hemoglobin_ 
Mn’ ’ (Hb) was observed not to bind molecular oxygen reversibly both in 
compleses of manganese mesoporphyrin IX and globin [97] and manganese 
protoporphyrin IX and globin [98]. Hybrid hemoglobins have been prepared 
[99] containing manganese protoporphyrin IX in one type of hemoglobin 
subunit and iron protoporphyrin IX in the other type of subunit. These 
molecules are found to be tetrameric. While the iron-containing subunits 
have oxygen affinity, the manganese-containing subunits bound neither O1 
nor CO. It has also been shown [ 1001 that manganese porphyrin-containing 
myoglobins and their dithionite-reduced compounds do not form complexes 
with O1 and CO. Despite the fact that MnHb could not reversibly bind 
molecular oxygen, equilibrium allosteric properties of Hb were shown [ 1011 
to be retained when manganese is substituted for iron. In other words, 
MnHb underwent conformational changes upon binding of ligands such as 
nitric oside equivalent to those of Hb. 

In a related study [ 1001 apoproteins of cytochrome c peroxidase, horse- 
radish perosidase and sperm whale myoglobin were recombined with manga- 
nese compleses of proto-, hemato-, meso- and deutero-porphyrins to form 
manganese porphyrin-protein complexes. The manganese containing peroxi- 
clases reacted with hydroperosides to form peroxide compounds. The 
peroside compounds of manganese porphyrin-containing horseradish peroxi- 
dases were highly stable and appeared based on visible spectra to be a manga- 
nese(W) derivative. Because of the slow rate of formation of the peroxide 
compound, the moIar stoichiometry between Mn-porphyrin-HR-peroxi- 
dase and Hz02 was not accurately determined. The peroxide compounds of 
manganese porphyrin-containing cytochrome c peroxidase were less stable. 
Spectrophotometric titration of Mn-meso-CCP with H202 suggested a molar 
stoichiometry of 1 : 1 to form the peroxide compound. Two reducing equiv- 
alents of ferrocyanide were required to convert the peroside compound to 
the original Mn-meso-CCP. Thus the oxidation state of manganese in this 
compound was formally equivalent to manganese(V). None of the manga- 
nese porphyrin-containing myoglobins reacted with hydroperoxides even 
in a lo-20-fold escess. 

Manganese has been shown [ 102,103] to affect the oxygen affinity of 
hemoglobin and hemocyanin. Each HbCO tetramer has been found to bind 
two manganese(U) ions while oxyhemocyanin bound approximately six 
Mn(I1) ions. In the Hb case manganese increased the oxygen affinity only 
slightly below 25% oxygen saturation and caused a decrease in oxygen affin- 
ity above 25% saturation_ It is not clear whether manganese is directly 
involved with dioxygen in this study or only with the protein. 

(ii) Superoxide dismutase 

Superoside dismutase (SD) from the matrix of Escherichia coli has been 
observed [104] to contain tightly bound manganese. One of the functions of 
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this enzyme is to catalytically scavenge the diosygen one electron reduction 
product, superoside anion free radical, in aerobic species by way of the 
reaction: 

. 
0; + 0: ‘L HZ@ + OL 

Isolation and characterizat.ion of a manganese-containing SD from yeast 
which is cyanide insensitive has also been reported [ 105) _ The properties of 
yt’ast SD indicated a close relationship to the chicken liver mitochondrial 
enzyme. Yeast SD contains four subunits with each subunit having one 
manganese ion. The absorption spectra in the visible region suggested Mn( 1 II) 
in the resting enzyme. SD from E. coli has been observed 11061 to lose metal 
and activity when dialyzed against a chelating agent. Reconstitution of the 
apoenzyme with &lt-tCIZ restored activity suggesting the essentiality of manga- 
nese. A high spin Mn( III) comples of highly distorted octahedral symmetry 
with one 1Mt1 atom per E. coli SD enzyme dimer is postulated. Preliminary S- 
ray crystallographic studies of SD from E. coli and SD from yeast mit,ochon- 
clria have been published ( 10’7 ] _ Molecular parameters are not available as 
yet. The purification and characterization of a manganese containing SD from 
bovine heart, mitochondria has recently been reported [ 1081. The enzyme 
appears to contain two manganese atoms per mole of enzyme. It was ob- 
served to have a molecular weight of 86,000 and to contain four noncova- 
lcntly bound subunits of equal size. The catalytic mechanism of tnangancse- 
containing SD from E. cofi has been studied [ 1091 by pulse radiolysis. The 
results were interpreted in terms of four oxidation and reduction reactions. 
Four forms of the enzyme were postulated in which Mn( IV), Mn( III), Mn(II) 
and Mn( I) arc respectively present. It is conceivable that these elt>ctron trans- 
fer processes may proceed through manganese-osygen bound intermediates. 

(iii) Pltotosysterrz II 

The necessity of manganese in photosynthetic osygen evolution has been 
known for some time. Recent estimation [ 1101 of the content. of ivltln in 
chloroplasts of various higher plants was of one Mn for 50-100 chlorophyll 
molecules. Two different functions were ascribed (111 J to IMP. Two-thirds 
of the Mn was found within photosystem II activity where it was directly 
involved at the osidant site. The remaining l/3 was very tightly bound and 
was recognized to have a structurai role. The fragility of the OZ evolving sys- 
tem in vitro has severely restricted the approaches whereby this process can 
be adequately studied. Some time ago Calvin and co-workers indicated that 
a manganese porphyrin may be involved, but currently this idea is not well 
accepted [ 1121. Several mechanisms have been proposed to account for the 
role of manganese. Photo-osidation of manganese to a higher valence siate is 
a characteristic of many of these. Calvin [ 1131 and \Vang 11141 have pro- 
posed mechanisms for the O2 evolving systetns involving manganese. Calvin’s 
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mechanism incorporates two manganese atoms and is outlined below. 

\vang proposed for the oxidation of coordinated water the following scheme 
starting with a photochcniically generated Mn( IV) species. 

\ ’ --Mn’“-0” - \ -h,,/- - -M”?. + \ 
Q. 

02 

’ 0 ’ ‘00, 
/ \ 

&Sore recent investigations [ 115-l 17 1 concluded that t!iere are three mnnga- 
neso atoms per water-osidizin, cr unit and that all three are equivalent. A con- 
certed reaction sequcncc that involves hydroperoso and peroso intermcdi- 
ates has been proposed for a three-manganese model system. 

A connection between chloroplast manganese and superoside dismutase 
activity has recently been suggested [ 1181. Particles prepared for spinach 
chloroplast membranes have been shown to have SD-like activity of two 
kinds, one inactivated by heating and inhibited by H202 and the other insen- 
sitive to both of these treatments. The possibility that the photosynthetic 
water-splitting system and SD have evolved from a single precursor was 
advanced. 

D. PERTINENT STRUCTURE-REACTIVITY CORRELATIONS WITH Fe AND Co 
ANALOGUES 

In certain instances we have been able to relate the chemistry of Fe and 
Co diosygen systems to the comparable Mn systems. In particular, depend- 



ing on the solvent system Co”SALC, yields both monomeric end-on super- 
0x0 and dimeric p-peroxo-diosygen compleses [ 1191, with coordinated 
pyridine in the superoxo case. \\lith the comparable Mn”SALC3 system in 
pyridine, the oxygenated comples has been shown to be a dimer by X-ray 
techniques composed of either di-p-hydroso or di-l_c-oxo groups. The pyri- 
dine moieties are not coordinated in the IMn case. The very obvious differ- 
ence in the diosygen binding of these complexes is not conveniently 
explained. Presumably the difference lies in the ability of Mn to accommo- 
date the higher oxidation states. It has been suggested that an intermediate 
p-peroso comples is formed in the Mn case prior to isolation of the di-I-oso 
species but no substantial evidence has been offered. 

The structure of (COSALDPT)~~~, a reversible 0, carrier, has been deter- 
mined [ 1201. The Co-O linkage was shown to be p-peroso in nature. As dis- 
cussed previously, the comparable O1 plus MnSALDPT system has been 
studied. Very similar reactivity patterns were found to esist between the two 
systems. Hence, it seems reasonable to conclude that the osygenated com- 
pleses of ivIn with the empirical formula (MnSI\LDPT)O may be p-peroso in 
nature. 

S-ray crystallographic results [ 121 j on Fe(T,,,.PP) (1-MeIm)O, show the 
diosygen bonding to be end-on. Recent work on the comparable Mn system 
shows that Mn(T,i,PP)L does not react with 0,. The preference for five 
coordination in Mn” has been advanced to esplain this lack of 0, reactivity. 
It must be pointed out, however, that other MnTPP type systems do react 
with O2 and both end-on and edge-on bonding schemes have been tlevelopecl 
to esplain the O?--Mn interaction. 

E. CONCLUSIONS 

Table 1 compiles most of the data which has been discussed in a form that 
allows some conclusions to be drawn concerning dioxygen reactivity patterns 
with manganese compleses. First, those compleses composed of neutral un- 
charged ligands (PHEN, BIPY, TERPY, PYC,,, DIACPY-1,4,7,10 and PY- 
1,4,7,10, etc.) are not sensitive to diosygen. Therefore, regardless of the 
number and type of donor atoms and subsequent complex geometry, manga- 
nese( II) appears not to be susceptible to reaction with diosygen. The sole 
esception to this hypothesis seems to be Mn( [ 14]aneN,)Xg. Unfortunately, 
the nature and extent of the reactivity is not reported_ It should be noted 
that stabilization of higher manganese osidation states with several of these 
ligands is not precluded via reaction with a suitable oxidant. Several of these 
situations have been discussed (e.g., PHEN and BIPY). 

The situation regarding negatively charged ligands is quite different. For 
esample, dianionic N, donors such as PC, TPP, [14112eneN, and the Schiff 
base derived from diketones and 2-pyridylhydrazine sensitize manganese( II) to 
dioxygen. This result might be expected if we consider the reaction with 0, 
to be an oxidative addition_ In other words, the better donating dianionic NJ 
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ligands should be more effective in stabilization of a higher oxidation state. 
This idea seems to have validity in that those dianionic ligands even with a 
mix of nitrogen and oxygen donor render the manganese(I1) dioxygen reac- 
tive (e.g., SXLC,,). The trend is followed not only with tetradentate ligands 
but also higher polydentate ligands. Uncharged PYDPT(Nj) compleses dis- 
play no reactivity whereas S,2LDPT(O ?NR) complexes are extremely oxygen 
sensitive, even in the solid state. Likewise PY-1,4,7,10, etc. (N(,) compleses 
are unreactive whereas SAL-1,4,7,10, etc. (O,N,) compleses are reactive. 
That the situation is probably more complicated than we have suggested is 
supported by the fact that both dianionic DIP and DAPSC Iigands (O,N,) do 
not provoke diosygen reactivity. The oxygen donors in this case are car- 
bony1 in nature while in the SAL-related ligands the osygen is phenolic. The 
very poor coordinating affinity of carbonyl osygen relative to a deproto- 
nated phenolic oxygen may account for this observation_ 

Some discrepancies appear in the literature regarding all oxygen donor 
ligands. The “charged-ligand-requirement” does not universally promote 
reactivity with 0:. Salicylaldehyde and acetylacetonato compleses are insen- 
sitive whereas gluconate and catecholato compleses have been suggested to 
possess some reversible coordinating ability for diosygen at low temperature. 
it should be noted, however, that the ligand may be the site of 0, attack in 
the catechol case and in the gluconate case the process is quite sensitive to 
pH. In this situation even Mn(H,O)i’ is sensitive to Oz. 

That steric effects are important is supported by the observation that vari- 
ous substituents attached to the ligand can alter the degree of dioxygen reac- 
tivity. This has been dramatically demonstrated with manganese( II) com- 

plexes of SALDPT and SALC,,. 
Structural effects have been shown to be critical in both degree of reac- 

tivity and the type of manganese-oxygen linkage produced. The pronounced 
tendency for five-coordination by &In* ‘(TPP)(PY) and its reluctance to spin- 
pair dictates loss of pyridine prior to dioxygen attack. The failure of peroxo- 
osygen to bridge manganese in TPP compleses and in PC complexes may be 
structurally related. The O1 reactivity dependence on the amine substituent 
in SALRDPT clearly shows the necessity for an accessible site. On the other 
hand, SAL-1,4,7,10 and SAL-1,5,9,13 compleses are potentially octahedral 
yet these materials are extremely sensitive to dioxygen. Dibridged versus 
mono-bridged oxygen species may be structure oriented. For esample, 
SALC,, complexes appear to be di-p-oxo bridged (2 vacant cis positions) 
while SALDPT complexes (1 vacant position) may be Cc-peroso bridged. 

In conclusion, it seems that regardless of geometry the controlling factor 
that determines the reactivity of a certain manganese complex with dioxygen 
rests mainly with the strength of the donor atoms and the subsequent ligand 
environment. No goad correlation presently exists between ligand environ- 
ment, structure, mode of dioxygen coordination and extent of electron 
transfer between manganese and oxygen. The proposed linkages to date 



/OH, 
Mn”‘, Mn” and Mn”’ -o-Mn”’ 

OH/ 

It is surprising that only one superoso ~~~tain~ng linkage has been put for- 
ward. It should further be pointed out that no isolable, highly O1 reversible 
manganese system has come forward. In addition, S-ray structural data are 
very limited and at this time are supportive of only Mn”‘-O-&In’*’ and 

Mn’ r 
/OH, 

1, ikIn”* Clearly with additional study manganese may be shown 
OH’ - 

to eshibit more varied diosygen reactivity than any of the other first row 
transition metals. 
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NOTE ADDED IN PROOF 

McAuliffe et al, [ 122 ] have recently reported in a preliminary fashion that 
a series of over 200 compounds of formula MnLX?, where L = tertiary phos- 
phine but not PPhJ and X = anion, react reversibly with dioxygen in the solid 
state and when dissolved in non-hydroxylic solvents. The high spin MnLX, 
complexes are postulated to be dimers or tetramers in the solid state. The 
compiexes can undergo repeated oxygenation-deoxygenation cycles both 
in the soiid state and in THF solution. The MnLX-, - 0: compleses exhibit a 
magnetic moment of ea. 6.9 BM which the authors rationalize as arising from 
a 5050 misture of Mn”LX,(302) and Mn” LXz( ‘O& Infrared spectral bands 
at 1402-1430 cm-’ are assigned to neutral coordinated Oz. Reappearance 
of an ESR spectrum characteristic of high spin Mn” after 50% of the dioxy- 
gen is added is interpreted as evidence for two species in the solid state. The 
mode of dioxygen binding is not suggested. Even though the authors claim 
Mn” for the oxygenated species, a new band in the visible region (T”,~~ = 
569 nm) is observed which could have been interpreted as evidence for 
&In”‘. The authors also do not rule out the possibility that the phosphine 
ligand maybe undergoing oxygenation. Regardless of the precise formufa- 
tion, this class of reversible 0, carriers appears to have great practical poten- 
tial. 
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