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A. INTRODUCTION

“Mangania is the Greek word for magic or, in modern parlance, for voodoo-
ism. If this is the root of the metal’s name, it reflects some reality in the biclogy
of manganese, which is rich in phenomena and lacking in adequate guiding prin-
ciples’ [1].

Although made twenty years ago by Cotzias in a review of the clinical and
nuftritional aspects of manganese, this statement has not lost its veracity. Since
then numerous enzymes have been found to contain manganese as a cofactor,
but some are not specific for this metal and may substitute Zn?* or Mg®* for
the Mn** ion. Several review articles have appeared in the past decade which
include various biclogical systems that contain manganese, but we are not
aware of any that focus on the chemistry of biological manganese.

This review attempts to bring together some of the biological systems that
are specific in their requirement for manganese and to discuss the recent
advances in the chemical understanding of manganese which may be pertinent
to the biological funection of this element. A full account of the biological
aspects of manganese is far beyond the scope of this paper; therefore, we have
restricted the discussion to those systems which have (or are believed to have)
a unique requirement for manganese because of its chemical properties, espe-
cially oxidation—reduction reactions.

Although manganese iIs ubiquitous in nature, generally occurring at levels
comparable to copper [2], only a few enzymes are known to contain tightly
bound manganese, Pyruvate carboxylase was the first such enzyme discovered
[3]. Later, Fridovich and coworkers [4] discovered a superoxide dismutase
from Escherichia coli that contained manganese as the metal cofactor. Since
then manganese containing superoxide dismutases have been isolated from a
broad spectrum of organisms. A diamine oxidase enzyme that contains man-
ganese has recently been discussed [5], but its role is not known.

The necessity of a manganese cofactor for photosynthetic oxygen evolu-
tion in green plants has been apparent for some time [6]; however, the chem-
istry and catalylic mechanism of this cofactor are not understood. Several
reports on the role of manganese in various neurclogical and metabolic dis-
orders are also summarized,

B. MANGANESE ENZYMES AND COFACTORS
(i) Pyruvate carboxylase

The first metalloenzyme shown to contain manganese was pyruvate car-
boxylase from chicken liver mitochondria [ 3]. The discovery of bound man-
ganese in this enzyme was fortuitous because the experiments were designed
to monitor the proton relaxation rate of water when manganese {and nucleo-
tide triphosphate} was added to the enzyme as a paramagnetic probe. How-
ever, the enzyme had an inherent enhancement effect on the proton relaxation
rate of solvent water even in the absence of added manganese [3].
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Pyruvate carboxylase from chicken liver mitochondria has a molecular
weight of 500 000—520 000, consists of four subunits and contains one bio-
tinyl group and one Mn(II} ion per subunit [7]. The overall catalytic process
is the sum of two reactions

E—biotin + MgATP* + HCO3; Y22 gbiotin—CO, + MgADP™ + P~ (1)
E—biotin—CQ, + pyruvate == E—biotin + oxaloacetate (2)

Proton relaxation rate studies with '’C.enriched pyruvate have permitted
estimates to be made of the interatomic distances between Mn(II) and the
atoms of pyruvate. These indicate that the metal ion is in close proximity to
the site of transcarboxylation (reaction 2), but the interatomic distances are
too great to allow direct coordination of pyruvate to the metal ion [8]. A
current view is that a molecule of water is tightly bound to the metal ion
(which is buried in the protein} and that this coordinated water acts as an elec-
trophile to activate pyruvate [8].

Although this enzyme does not show a strict specificity for manganese, the
presence of bound manganese in pyruvate carboxylase from several sources
has enabled some elucidation of the mechanism of action through proton
relaxation studies. Such studies illustrate the utility of the Mn(II) ion as a
probe for the study o? enzymes that contain divalent ions.

(ii) The role of manganese in photosystem IT

Several recent review articles [9—11] discuss the necessity of manganese in
photosynthetic oxygen evolution. There is substantial convincing evidence
that it is directly involved in the charge accumulation center of photosystem
IT (PS II) of green plants, although a manganese cofactor which exhibits Hill
reaction activity (O, evolution) has not yet been isolated. Cheniae and Martin
[6] found that there are two manganese pools in the chloroplasts of green
plants and that the more loosely bound pool, which contains about two-
thirds of the chloroplast manganese, is directly related to oxygen evolution.
Treatment of chloroplasts with 0.8 M TRIS—HCI buffer at pH 8 depletes this
two-thirds pool to give a complete loss of Hill reaction activity [12].

The scheme developed by Kok et al. [13] for charge accumulation in the
oxygen evolving apparatus of PS II has gained wide acceptance since its incep-
tion several years ago (see Fig. 1). The current understanding of PS II is that
manganese acts as a charge accumulator in the oxygen evolving apparatus and
is an integral part of the enzyme catalyzed oxidation of H,O to Q,. The oxi-
dizing side of PS II has been characterized by means of magnetic resonance
and chemical inhibitor studies. Oxygen evolving photosynthetic materials exhi-
bit an EPR spectrum which is a composite of at least two components and
probably more. The properties of two major signals, one associated with PS IT
and the other with PS I, have been reviewed [11]. More recently, Sauer and
coworkers [14] have observed a transient radical species in oxygen-evolving
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Fig. 1. Four-state, four-photon model of Kok!? for photosystem II.

spinach chloroplasts which appears in less than 100 us with flash illumination,
and decays with a half-life of 400—900 us. In contrast to the slow decaying
signal, this transient radical does not readily saturate even at microwave power
levels of 200 mW. Removal of manganese from these chloroplasts by TRIS
treatment results in slower decay of the radical signal after a saturating flash,
and the power saturation curve is greatly altered. Furthermore, addition of
Ni(II} ion to the TRIS treated chloroplasts increases the power saturation
curve to resemble that of untreated chloroplasts, but it does not restore oxygen
evolving activity. The magnetic behavior and EPR lineshape of this transient
radical indicate that it probably is a *quinoidal™ species in close proximity to
a paramagnetic ion, probably manganese [14].

Wydrzynski et al. [15,16] have recently monitored water-proton relaxation
rates in spinach chloroplasts and have observed a correlation between the
number of light flashes and the spin—spin relaxation rate. They conclude that
the proton relaxation rates may be indicative of the manganese oxidation
state in photosystem II. Their results are convincing, but must be interpreted
with caution because the rates for proton relaxation of water are sensitive to
many factors.

A wealth of data has been accumulated to discern whether water is indeed
the source of the oxygen that is evolved in photosynthesis [17]. There is
general agreement that the two oxygen atoms of the evolved molecular oxy-
gen are ultimately derived from water, but scission of the O—H bond is not
rate limiting [18].

Manganese is undoubtedly involved in the charge accumulation center of
the water oxidizing system of PS II, and probably also acts as a template to
bring two oxygen atoms into close enough proximity to form an O—QO bond
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[19]. Such a cofactor probably involves at least two, and perhaps as many as
four, manganese ions per oxygen evolving unit.

Recent studies [20,21] of manganese—catechol complexes indicate that
molecular oxygen is reversibly bound by the tris(3,5-di-tert-butylcatecho-
lato}Mn(III) complex {vide infra). Such a process is equivalent to the termi-
nal step of the PS II oxygen evolution reaction (Fig. 1). Quinoid species in the
chloroplast membranes may bind to manganese ions in PS II in a similar
manner to that for this catechol complex. The facile delocalization of un-
paired charge by the Mn{III)—catechol—semiquinone—OH chelate system may
be important for the water oxidizing process. Appropriate spacing of such
membrane bound manganese ions would provide the template that is almost
certainly required to promote formation of the O—Q bond during the water
oxidizing process.

A model for the PS II—water oxidation system is proposed on the basis of
these considerations and is outlined in Fig. 2. The crucial step is the transition
from the S, state to the S; state to form the O—O bond. Both charge delocaliza-
tion in the chelate rings and the atomic proximities imposed by the template -
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Fig. 2. Proposed model for the manganese cofactor of photasystem II,
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favor formation of the peroxide bridge. In many respects the water oxidation
scheme which is outlined in Fig. 2 is the reverse of the most recently proposed
schemes for the four-electron reduction of molecular oxygen to water'by cyto-
chrome oxidasé [22,23].

(iii} Superoxide dismutase

The role of superoxide anion radical (O3%) in metabolic processes has been
realized only in the last decade. The development of a viable assay for super-
oxide dismutase (SOD) [24,25] has led to the isolation of this enzymatic
activity from a broad spectrum of organisms. At least three forms of the
enzyme have evolved, each with a different metal ion content. The properties
of these three forms of SOD are discussed here only briefly to provide some
points for comparison. The reader is referred to a recent monograph for a
more comprehensive review of superoxide dismutases [26].

The first enzyme shown to exhibit superoxide dismutase activity was
erythrocuprein, a copper—zinc metalloprotein isolated from mammalian
erythrocytes [25]. This enzyme is composed of two identical subunits, each
with one atom of copper and one atom of zinc; the molecular weight of the
enzyme is 31 500 daltons. The activity is strongly inhibited by cyanide ion
which forms a Cu(II)-CN complex [27]. It has been suggested that an open
coordination site on the Cu ion is important for catalysis and complexing
anions compete with O3 for this site [28].

An iron-containing SOD has been isolated from bacterial [29] and algal
[30,31] sources. This enzyme resembles the manganese containing SOD from
bacterial sources in subunit molecular weight, aminc acid content and cyanide
ion insensitivity. The Fe and Mn forms of the enzyme have distinct differences
relative to the Cu—Zn SOD. These dismutases contain two apparently identi-
cal 20 000 dalton subunits per molecule and have one (or possibly two)} metal
atoms per molecule (dimer) [28]. The manganese enzymes are generally more
stable to denaturation [30,31].

A manganese SOD has also been isolated from chicken liver mitochondria.
This enzyme resembles the bacterial enzyme in subunit composition and
molecular weight, but the native enzyme exists as a tetramer rather than a
dimer [32]. Another manganese SOD which is also a tetramer [33] has been
found in yeast mitochondria.

The manganese from bacterial SOD can be removed under strongly denatur-
ing conditions [34,35]. When the E. coli apoenzyme is reconstituted with
Co(11), Ni(I1) and Zn(II) it remains catalytically inactive [35]. The SOD from
B. stearothermophilus has been reconstituted with Go(II}, Fe(II), Ni(II} and
Cu(II), but each is catalyticaily inactive [36]. The B. stearothermophilus apo-
enzyme maintains the native dimeric structure, which indicates that the metal
ion is not necessary for structural integrity [34]. Reconstitution of the apoen-
zyme with MnCl; restores full catalytic activity [36]. The fully active, man-
ganese-reconstituted enzyme appears to contain a single manganese atom per
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dimeric unit, which is a novel stoichiometry for an enzyme that contains two
identical subunits. These results seem to establish unequivocally that manga-
nese is essential for catalytic activity. That the iron-reconstituted enzyme did
not exhibit catalytic activity is surprising because the iron SOD enzymes have
similar subunit structures and amino acid content [37].

The mechanism of action of SOD has been studied by a number of groups
[38—41]. The Cu—Zn enzyme [38] and the Fe enzyme [40] catalyze the dis-
proportionation of O3 by a simple two-step mechanism that involves a one-
electron reduction followed by oxidation of the metal ion by O3 to form O,
and H,O,, respectively

E, +05 3 Ez + O, (3)

Rk
Ep + 03 +2H' 3 E, + H,0, (4)

The manganese SOD enzymes appear to operate by the same mechanism at
low levels of O3, but the kinetics become complicated at higher substrate
levels [41] (levels which are probably not encountered in vivo).

Further consideration of the SOD catalyzed dismutation of superoxide ion
has been the object of an ingenious stopped-flow investigation [42]. The .
results indicate that the initial complexation of the oxidized or reduced me-
tal in 50D by Oj is followed by electron-transfer steps to give either O, or
bound peroxide. The latter is displaced by proton abstraction from bound
H;O. The rate limiting process for the Mn—SOD enzymes appears to be diffu-
sion of Q3 to the active site.

To rationalize the energetics for the electron-transfer steps in the catalytic
cycle for the dismutation of O3 by the SOD enzymes, an evaluation of their
standard oxidation—reduction potentials, E%, has been achieved [43]. The
measurements have been made by potentiometric titrations with coulometri-
cally reduced methyl viologen. Table 1 summarizes the E% values for several
SOD enzymes and the effect of solution acidity. The sharp change in potential
between pH 8 and 9 for the E. coli Mn—SQOD enzyme is consistent with the
greater than two-fold decrease in its catalytic rate constant when the medium
is changed from pH 7 to 8.5 [44]. In the case of bovine erythrocyte SOD the
greatest decrease occurs on decreasing the acidity from pH 6.0 to 7.8.

Because the potentials in Table 1 are more than adequate to oxidize O3 to
molecular Q, (E* =—330 mV) {45], the limiting process is probably the oxi-
dation of the reduced SOD by O3. In the absence of protons O3 is too weak
an oxidizing agent to achieve the oxidation of reduced SOD by an outer
sphere mechanism [46]. Hence, this part of the catalytic process must be
accomplished by formation of an M, .~peroxide complex via an inner sphere
electron transfer. Formation of such complexes would enhance the oxidizing
strength of O3 as well as the reducing strength of reduced SOD.
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TABLE 1

Redox potentials for several SOD enzymes at 25°C in the presence of TRIS—.-phosphate
buffers

Enzyme E* (mV vs. NHE) pH
MnSOD (B. stearothermophilus) +237 7.1
MnSOD (E. coli) +311 7.0
+320 8.0
+285 8.5
+180 9.0
Cu—Zn 50D (Bovine erythrocytes (BESOD)) +352 7.0
+288 8.0
+248 8.0

(iv) Diamine oxidase

Crabbe et al. [5] have recently discussed the purification and characteriza-
tion of a diamine oxidase enzyme with unusual substrate specificity and me-
tal ion content. The enzyme is isolated from human placenta and pregnancy
plasma and is estimated to have a molecular weight of 70 000 daltons, in con-
trast to other amine oxidases which generally exist as dimers with subunit
molecular weights of about 90 000 daltons.

The metal ion content of this enzyme, which has been studied by EPR and
by atomic absorption spectroscopy, is apparently one Cu atom and one Mn
atom per molecule of enzyme. Double integration of the EPR specira yielded
values of 0.7 atom of Cu and 0.3 atom of Mn per mclecule of enzyme; the
low values are attributed to spin—spin interactions. Addition of substrate to
the enzyme does not apparently affect the spectral intensity or lineshape.
Hence, there may not be any direct binding of substrate to the metal centers.

Clearly, more work needs to be done on this class of enzyme to deter-
mine the role of metal ions, as well as their oxidation states and the degree of
specificity for manganese.

(v) Clinical aspects of manganese

Manganese toxicity and deficiency have been discussed extensively in two
current monographs [2,47]. In recent years the role of manganese in neurologi-
cal disorders has received increased attention. Hurley et al. [48] have shown
that a relationship exists between the manganese levels in rats and their suscep-
tibility to convulsions. More recently, Tanaka and Harpur [49] have discussed
at least two cases in which children who had suffered numerous convulsions
had blood manganese levels far below normal. Furthermore, the mothers of
these children also had low blood manganese levels,

A correlation has been established between the levels of manganese and
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catecholamines in the brain {50,51]. High levels of manganese in the diet of
mice induce initial increases in levels of brain catecholamines.

Manganese also appears to play an important role in several metabolic pro-
cesses such as hone growth, glucase tolerance, reproduction, and development

of the inner ear [47].

C. CCORDINATICN CHEMISTRY OF MANGANESE

An adequate understanding of the chemistry of bioiogical manganese must
begin with the coordination chemistry of its various oxidation states. Until
recently, studies of manganese coordination chemistry have been limited and
directed primarily to the Mn(II} species. The high lability of ligand bonding of
the latter has prompted most coordination chemists to look to more interest-
Ing systems.

The Mn(II) ion has a d° electronic configuration which, in the high spin
state, corresponds to the spherically symmetric S grovnd state for the free
ion. This electronic configuration does not provide ligand field stabilization
energy and thus, Mn(Il) forms much weaker complexes than the succeeding
divalent cations of the first-row transition series (Fe(ID—Cu(II)).

The Mn{III) ion is a strong oxidant and in the absence of complexing ligands
disproportionates to Mn(II) and MnQ.. Even when coordinated, Mn(III) {and,
likewise, Mn(IV}) remains a strong oxidant and most of its complexes decom-
pose slowly due to oxidation of the ligand. As a result, the majority of the
investigations of the higher oxidation states of manganese {>>2+) has been with
ligands that are resistant to oxidation. The visible and near IR spectral charac-
teristics [ 52] of Mn(IIT) complexes and the properties of Mn(III) in aqueous
solution [53] have been reviewed.

Littie is known about the properties of the Mn(IV) ion because it is such a
strong oxidant and complexes of this ion are usually unstable.

(i) Phthalocyanine and porphyrin complexes

Tt.~ nroperties of transition metal complexes with this class of ligands have
been oi interest because of their utility as models for hemoproteing and their
curious photochemical behavior. Almost 20 years ago the Mn{II)—phthalocy-
anine {Pc} complex was found to bind molecular oxygen reversibly in pyridine
solution [54]). The final product of oxygenation in pyridine was shown by X-
ray crystallography to be g-oxo-bis(phthalocyanine manganese(IIT)) [55]).
This binuclear species is formed from an intermediate which has been
shown to be Mn{Pc)Q, [56] and not a peroxo bridged species [54] or Mn(Pc}-
(OH) [57], as previously suggested. Rigorous exclusion of water and protons
in pyridine solutions of Mn{II}{Pc) inhibits formation of the oxygen adduct
[56]. The absorption spectrum and the EPR characteristics of the Mn(Pc)—
oxygen adduct suggest an Mn(III}(Pc){03) formalism [56].

Recently, Uchida et al. [58a} have shown that Mn(II)}(Pc) exhibits trypto-
phan-2,3-diozygenase activity in DMF solution. The major product of the
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catalyzed oxygenation of 3-methylindole is 2-formamiddacetophenone, with
Z-aminoacefophenone and the 2-isonitrile derivative as minor products.

o] =]
LHy
Mn{Pc) CHz T "CHy CH3z
*% TomF (* .
N ~G-H =c~ NH 2
" 0

These results are significant because the Fe(IlI)heme—O3 adduct has been
postulated to be the active component in the indoleamine 2,3-dioxygenase-
catalyzed oxygenation of tryptophan and its analogs [ 58b].

Reversible binding of molecular oxygen also occurs with the Mn{Il)—tetra-
phenylporphine (TPP) complex, although only at low temperatures (<—78°C)
in toluene [59,60]. The oxygen adduct exhibits a spin state of 3/2 [60],
which has generated much discussion concerning the electronic distribution
formalism. The Basolo group [60,61] favors the Mn(IV)(TPP){0Z7) forma-
lism, which is consistent with the symmetrical, Griffith-type conformation(I)
that has the Mn—O bond distances equal for both oxygen atoms. However,

P

0-0
Mn(IV) Mn(III)
(I {II)

the magnetic and spectroscopic properties are not inconsistent with an Mn(III)
(TPP}{O3) formalism(II); the analogous Mn(Pc)—oxygen adduct exhibits a
similar magnetic moment and has been postulated as Mn(III}{Pc}(O3) [56].
Recent molecular orbital calculations indicate that Mn(IITPPYO,) is amore
reasonable formalism [62]. X-ray crystallographic evidence confirms that the -
Mn{II}(TPP) complex is five coordinate and that its out-of-plane geometry
results in a high-spin electronic configuration ($=5/2) [69]. The observed
physical characteristics are coniraindicative of the Mn(I1){TPP){(Q,) formalism.
The analogous Cr(II)}(TPP)(py) complex in the crystalline state yields an
oxygenated species upon exposure to oxygen, which, on the basis of spectro-
scopic evidence, is postulated to have the formula Cr(III)}(TPP)(py)(O3) [63].

Substitution of Mn(Il) for Fe(lI) in hemoglobin (Hb) yields an Mn(Hb) spe-
cies which does not reversibly bind oxygen, but is oxidized irreversibly to
Mn(III)}(Hb) [64]. These results indicate that the Fe(1II}{(O3) formalism may
be preferred for the oxyhemoglobin complex.

(ii} Schiff base and imine complexes

The Schiff’s base, N,N'-ethylenebis(salicylaldimine) (salen), and its deriva-
tives and analogs provide a relatively rigid, tetradentate coordination geome-
try with an N,0, donor configuration. Mn{II)(salen) is readily oxidized by air



183

in organic solvents to an insoluble brown product which, on the basis of mag-
netic susceptibility measurements [65], appears to be an oxo-bridged dimer.
Further studies [66], however, indicate that the oxidation yields several pro-
ducts with both Mn(III) and Mn(IV} centers.

The halogenated Mn{Iif}(salen) complexes exhibit high-spin magnetic mo-
ments with no apparent exchange interaction [67], and appear to involve five-
coordinate Mn(III) with square pyramidal geometry.

s-Bu Q‘:>jn C;Qs-au

The same coordination also is observed for the Mn(III}{Busalen)X complex
{Busalen = 4-sec-butylsalicylaldehyde ethylenediimine and X = a variety of
monovalent anions) [68]. Air oxidation of the Mn{IIl} Schiff base complexes
in chloroform or methanol solutions yields a di-u-oxo-bridged, mixed valence,
Mn(II1/IV) dimeric species [68].

The tris(bipyridyl)Mn(I1} complex is high spin in contrast to the corre-
sponding Cr(1I} and Fe(II} complexes. Persulfate oxidation of the Mn(II)-
(bipyr)3" complex yields a di-pu-oxo Mn(II1/1V) complex which has been con-

O
-
firmed by X-ray crystallography [69] [(bipyr)gMn“L :an(bipyr)gl‘".
O
The magnetic moment of this complex indicates a net spin of i, apparently as
the result of strong antiferromagnetic coupling through the bridging oxygen
atom [70].

The di-p-oxo tetrakis(bipyridyl )Mn(III}Mn(IV) complex and the analogous
1,10-phenanthroline complex exhibit reversible, one-electron oxidation reac-
tions with extremely positive redox potentials in acetonitrile for the (IV—IV)/
(IV—III) couple, +1.61 V and +1.53 V vs. NHE, respectively [71,72]. The
respective reduction potentials for the (IV—III}/(III—III) couple are +0.63 V
and +0.72 V vs. NHE. Hence, the Mn{IV)—Mn{IV} di-u-oxo bipyridyl and
1,10-phenanthreline systems represent prospective strong oxidizing agents
for compounds in aprotic media.

The bis(phen}Mn(II} and bis(bipyr}Mn(Il) complexes catalyze the decompo-
sition of H,O, [73]. Inhibition of the reaction by hydroquinone indicates
that a radical chain mechanism is probably involved with - OH or HQ, - as
intermediates ['74].

The bis(8-quinolinato)manganese(Il) complex (Mn{I[}{8-Q), - 2 H,O) cata-
lyzes the disproportionation of superoxide ion (Q3) in aprotic solvents [75].
The analogous Mg(II) and Zn(Il} complexes do not exhibit any catal ytic
effect. Hence, the manganese of the Mn(II}{8-Q), complex apparently actsas a
redox catalyst for the disproportionation of O3 - to O; and H.O., possibly by
a mechanism that is similar to that for SOD enzymes. The Mn(II}{8-Q), com-
plex is also oxidized by air in the presence of excess ligand in 50% MeOH/H.Q
solution to give a u-oxo-bridged binuclear Mn(III} complex.
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A proposed mechanism for the catalytic dismutation process is represented
by eqns. (5)—(8) ['75]. Reactions (7) and (8) occur in the presence of excess
ligand

Mn"(8-Q),(H,0); + O3 -+ Mn™{(8-Q),(O,H)(H,0) + OH" (5)
(I (11)

O+ O3 - I+ 0, + HO; (6)

Mn'}(8-Q); + OF 2> Mn"{(8-Q)3(O,H)™ + OH" D

Mn'(8-Q),(O,HY + O3 > Mn'(8-Q); + O, + HO; (8)

These results indicate that oxine-like ligands may indeed be a good model
for the manganese environment in the MnSOD enzyme. One problem with
the model system, however, is the proton requirement in the dismutation reac-
tion, which limits the amount of O3 which can be destroyed in aprotic solvents.
Nature obviously has provided a means to overcome this problem.

(iti) Amino acid complexes

Manganese{1l) forms relatively weak complexes with most ligands, including
the amino acids [76—79]. Studies of the latter are further complicated by the
fact that most of the neutral amino acids form 2 : 1 (ligand : Mn) uncharged
complexes which are incoluble in most common solvents.

The preparation of L-cysteine and dipeptide Mn(Il} complexes and their
subsequent oxidation has been discussed recently [80]. However, the oxida-
tion products were not characterized with respect to manganese oxidation
state and stoichiometry. The green Mn(II)(L-cysteine), complex is oxidized
to a red-violet complex (probably Mn(III}} on exposure to an oxygen atmo-
sphere in methanol solution. The red-violet complex decomposes rapidly to
form a white precipitate. The latter was concluded to be a binuclear complex
with a disulfido bridge, {cys)}Mn{II}{cys—S—S—cvs)Mn(II){cys) [80]. Spec-
trophotometric studies of other mercaptoamine and mercaptocarboxylate
complexes indicate that Mn(III} probably coordinates ‘with the sulfide group.
The intense absorption bands (¢ = 103—10%) in the visible region (600—700
nm) of the spectrum appear to be due to Mn(III)—S8 charge transfer bands
[81]. _

The Mn(II)(his), (his = histidine} complex also catalyzes the decomposition
of H;0; in a manner that resembles the catalase reaction [82]. This reaction,
like the Mn(II} phen}, catalyzed reaction, proceeds via a radical chain mecha-
nism that probably involves HO+ and HO, - radicals. Although an Mn(I) inter-
mediate was proposed [82], redox potential considerations for H,O, and ana-
logous Mn(II} complexes indicate that Mn(III}(his), is a more likely interme-
diate that is consistent with the kinetic results.
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(iv) Oxvygen donor ligands

Manganese complexes with oxygen donor ligands have been studied exten-
sively. The Mn(IIl) complexes with several di- and polycarboxylic acids decom-
pose readily via oxidation of the ligands; examples include the Mn(III) [83,84]
and Mn(IV) [84] oxalate complexes. A mechanism that involves the COj radi-
cal has been proposed to account for the products and kinetics [83]. The
decomposition of Mn{IIl} complexes with malonate [B5] and tartrate [86] also
have been investigated.

Asada and coworkers [87] have shown that the Mn{II) pyrophosphate
(H,P,0;*") complex is oxidized to the Mn(III} complex by O3. The latter com-
plex reacts with the H,O, that is produced to yield O,, but it apparently dces
not oxidize O3. A recent report [88] indicates that Mn{II) forms a transient
complex with O3 which is characterized by a red shift in the absorption
maximum of O3 from 245 to 270 nm. However, the increase in molar absorp-
tivity in the UV region of tha spectrum and the presence of an absorption
maximum arcund 420 nm indicate that this transient is rapidly converted to
an Mn(III} species {cf. ref. 53).

That the Mn(II} ion inhibits lipid peroxidation {89,90]} infers that O3 may
be invelved in the peroxidation mechanism. In the presence of Fe(III)—ADP,
Mn(II) and superoxide dismutase accelerate lipid peroxide formation. This
accelerative effect may be due to aninitial reduction of Fe(IIl} to Fe{(II) by
O3, followed by a “Fenton’s reaction” whereby H,O. (formed by Mnr(II) or
the SOD catalyzed dismutation of O3) and Fe(II} produce OH. The latter
would be the radical chain initiator for lipid peroxidation [90].

During the past four years electrochemical, spectrophotometric, and mag-
netic studies of the complexes that are formed by an extensive group of poly-
hydroxy ligands with manganese(1V}, -(I11}, and -(II) ions have been made to
obtain an understanding of their coordination chemistry [91—93). A subsequ-
ent investigation [94] has made use of circular dichroic and spectrophotorme-
tric studies to characterize the equilibria and coocrdination chemistry of the
Mn(1Il) and Mn{I1V} complexes that are formed with D-glucarate ion, D-gluco-
nate ion, L-tartrate ion, sorbitol, and meso-erythritol. These studies establish
that polyhydroxy ligands form stable complexes with manganese ions in alka-
line media and effectively solubilize the Mn(III} and Mn(IV) oxidation states,
The complexes are the result of strong “hard acid—hard base’ interactions
between the strong Lewis acid metal ions and the oxo anions of the ligands.
Formation of five-membered chelate rings by vicinal deprotonation of the

H

]
ligand, R—({I—(%—-R', further stabilizes the complexes. The comparable stability

0O o__

of the Mn(III} and Mn(IV) complexes [93,94] that are formed by sorbitol,
glucarate ion, and gluconate ion confirms that coordination is by the vicinal-
secondary dioxo function of the ligand and does not involve the carboxylate
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function. Such dioxo chelation competes effectively with hydroxide ion

for the metal binding sites to give stable, soluble complexes. Hence, the dioxo
anions represent the equivalent of “polyhydroxide ions™ that yield solible
Mn({III} and Mn{IV) complexes because of their associated organic functional-
ity.

Almost all the aliphatic polyhydroxy ligands that have been investigated
[93] form two different Mn(III) complexes. Polarographie, circular dichroic,
and spectrophotometric measurements [91,93,94] have established that the
ligand-to-manganese stoichiometry is 2 : 1 for the Mn(III}, complex and 3:1
for the Mn(IIl}g complex. The magnetic moments for the Mn{II)y and Mn(IV)
gluconate complexes [91] are close to their spin-only values, and, hence, are
indicative of mononuclear complexes. In confrast, the magnetic moment for
the Mn(III), gluconate complex is significantly lower than the theoretical
value, and indicates spin pairing within a binuclear complex.

On the basis of these observations as well as additional recent studies of
Mn(III) and -{IV) complexes formed with sorbitol and meso-erythritol {947,
the coordination chemistry of aliphatic polyhydroxy lipands (R—CH{OH}CH-
(OH)—R') with manganese ions and the equilibria and redox reactions of the
resulting complexes can be summarized by the expressions in Table 2A. In the
case of the dimer—monomer equilibrium for Mn(IIl), the equilibrium constant
when gluconate ion is the ligand is 3.13 M™* at 25°C. The redox potentials
which are included are specifically for the gluconate complexes, but all of the
polvhydroxy complexes yield similar values in aqueous alkaline media.

The Mn(II) gluconate complex can be oxidized to the Mn(III} and Mn(1V)
complexes in alkaline media with stoichiometric amounts of potassium ferri-
cyanide [91]. In an oxygen atmosphere, the Mn(II) gluconate dimer complex
is rapidly oxidized (k¢ = 10° M~' 5°') to the Mn(III) dimer {see Table 2B},
which reacts further with O,, but more slowly (k = 40 M 57!}, to form an
Mn(IV) complex which probably incorporates a bridging peroxide ligand. This
reaction is reversed under less alkaline conditions to yield an Mn{II) complex
and molecular oxygen [92]. The Mn(IIl} polyhydroxy complexes are also oxi-
agized by molecular oxygen, but the process is slower and can be reversed by
lowering the pH [92]. Although the binuclear form of the Mn{III} gluconate
appears to be the reactive species with O; under strongly alkaline conditions,
detailed studies of the Mn{III)—sorbitol complexes indicate that the mononu-
clear tris(sorbitol dianion)Mn{III} complex may be the more reactive at pH
12 [94]. For this system the reaction with O, appears to be second-order in
[MnL3"] and first order in Po,; at 25°C the approximate rate constant, k, is
50 M 'atm™! 5L,

Hydrogen peroxide also oxidizes Mn{II) polyhydroxy complexes to the
Mn{III} complexes by a process which is first order in H,O, and Mn(1I). The
peroxide ion reacts with the Mn(II} complexes in a manner analogous to
“Fenton’s reagent” to yield the Mn(III) complex and O+ [92]. The latter
radical either reacts with the ligand or oxidizes a second Mn(II) (see Table
2B).
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TABLE 2

Complexation reasctions of manganese ions by polyhydroxy ligands (R—CH(OH)CH-
{OH)}—R", the equilibria and redox reactions of the resulting complexes, and the interac-
tions of these complexes with Oz and H;0; in alkaline mediaa.

A. Complexation reactions, equilibria, and redox reactions be

Mn(II) + 2 H,L + 4 OH = Mn!IL} + 4 H,0

2 Mn''Li + 2 OH == [(Mn'IL; OH)»(Mn™ L2)]1*

{(MnUIL, (OH)(Mn!IL;)1°7 = [(MnITL2 - O—(Mn* " L)% + Ha0 + 267
E® =—0.30 V vs. NHE

[(MniL, y—O—(Mn*1Ly)]* + 2 H,L + 2 OH == 2 Mn'L3 + 3 H,0
K =313 M-! (L = gluconate)

Mn''ILY = MnlVLY + ¢ E% =—0.04V
Mn'IL3 + ™ + H20 > § {(MnTL,)(OH)2(Min* L,)]¢ + HL™ Epe=—083V
[{Mnif Lo OH)2(MnilLy) + 4 Ho0 + 46 > 2Mn + 4 HL” + 6 OH” Epe=—143V

B. Reactions and equilibria with O; and H,0, be

[(MnTIL2}(OH)2(Mn!lL;)] ¢ + O; & [(Mnil1L,)~0—-(Mn!11L;)]% + Hz0;
k=28x 10" M !

[(Mn10;)—O0—~(Mn'"L,;) )% + 07 + H,0 = [(Mn!VL; }-0-~-0—(Mn1VL;)1*" + OH
h=4x 10! Mg}

(MnlIL3"), + 0, + 2 H20 = [(Mal VL, )—0—0—(MnfVL,), 1% + 2 HL" + 2 OH"
k=5x10'M' s K =5.25 atm™!

Mn!TLi™ + H,0; » MalUL,(OH)* + -OH

‘OH + HzL -~ HL- + H;0

2 HaL-— HaL—LH;

‘OH + Mn!'L3™ + HL™ —> Mn™ L3I + H;0

HyL- + Mn!lL,{OH)* - HLCHG + Mn''L} + H,0

2 Conditions for the redox potentials are 1 mM manganese ion, 0.1 M gluconate ion, and

0.3 M NaDH. b L represents the dioxo dianion ligand (R—CH—CH~R’) from vicinal depro-
tonated polvhydroxy molecules. . ci,__

¢ In the case of Mn({II) the R of the ligand must be carboxylate ion to result in soluble zom-
plexes.

Aromatic polyhydroxy ligands such as the catechols form stable Mn(II) and
-{I1I) complexes under alkaline conditions [93]. Because such ligands are
more easily oxidized than gluconate, Mn(IV) complexes are not formed. Such
ligand oxidation results in the formation of a tris(semiquinone }Mn(III) com-
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plex which is more stable the tris{catecholato)Mn(III} complex. The semi-
quinone complex acts as a four-electron oxidizing agent.

Studies of the tris(3,5-di-tert-butylcatecholato)Mn(Iil} complex recently
have been extended to aprotic media (dimethyl sulfoxide (DMSO), dimethyl
formamide and acetonitrile} [20,21]. Oxidation of one of the ligands to a
semiquinone (either by O; or Fe(CN);™) results in a species that reversibly
binds molecular oxygen. In DMSO the P, , value is approximately 0.2 atm.
The system is especially intriguing because it involves a ““quinoidal’ radical
and represents a model for the terminal step of the water oxidation process
by the manganese cofactor of photosystem II (vide supra, see Fig. 2}.

(v). Sulfur donor ligands

The chemistry of manganese complexes with sulfur donor ligands is much
less understood than that for oxygen and nitrogen donor ligand complexes.
This is due mainly to the facile oxidation of sulfur in such ligands. The X-ray
crystal structure for the tris(IN,N-diethyldithiocarbamato)Mn(III) complex
indicates substantial distortion in the Mn coordination sphere as well as in the
ligands [95]. An electrochemical investigation of a series of N,N-disubstituted
dithiccarbamate (DTC) complexes in non-aqueous media indicates transient
stability for the Mn{II), -(III), and -(IV) oxidation states [96]. Several Mn(IV)
DTC complexes also have been isolated and characterized. There is not any
evidence for manganese binding to sulfur donor groups in metalloproteins,
but the chemistry of this class of complexes is interesting. The chemical simi-
larity of Fe(III) and Mn(III) and the biological importance of iron—sulfur
systems should prompt further investigation of manganese complexes with
sulfur ligands.

D. REDOX CHEMISTRY OF MANGANESE COMPLEXES IN APROTIC MEDIA

Although Table ZA provides a reasonable indication of the oxidation—reduc-
tion potentials (E°") for the polyhydroxy complexes of manganese ions in
aqueous solutions, it does not provide insight into the dramatic effect of
aprotic media upon the redox chemistry for manganese coordination com-
pounds. Whereas, an aqueous medium provides a leveling of electrostatic
effects upon EY values, aprotic media allow such effects to have a mazimum
influence. Because membrane bound manganese cofactors in biological sys-
tems probably experience an environrnent that is somewhat aprotic, the redox
properties of manganese complexes in aprotic media should be more relevant
to such biclogical manganese systems. Table 3 summarizes the oxidation—
reduction potentiais for a number of manganese coordination complexes in
dimethyl sulfoxide and acetonitrile [20,71,75,97,98]. Although the tris-
{(phen)Mn(III) and tris(bipyr)Mn(IlI} complexes are only transiently stable,
their highly positive reduction potentials illustrate the effect of electrostatic
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TABLE 3

Oxidation—reduction potentials for manganese coordination complexes in aprotic media
{dimethyl sulfoxide {DMSO) or acetonitrile {AN) with 0.1 M tetraethylammonium per-
chlorate as supporting electrolyte)

Reaction b E%Y(V vs. NHE) @
MnIl(8-Q), = Mnlll(8-Q)} + &~ I +0.38 {DMSO0)
MnilT0(8-Q)e(8-QH); + 2 e~ = 2 Mnl(8-Q); + H,0 +0.01 {DMS0)
Mn}10(8-Q)a(8-QH); = Mn}VO(8-Q)4(8-QH)]" + 2 ¢ +0.97 (AN)
Mnl!{phen)?* == MnI!l(phen)3* + e~ +1.52 (AN)
Mn(bipy)3" = Mn'(bipy)3" + e” +1.60 (AN)
MnlYO:(phen)* + e~ = Mn¥I-TV O, (phen)3* +1.58 (AN)
Mn}YO,(bipy)s" + e~ = Mol 11V O, (bipy)3” +1.57 (AN)
Mn3 VO, (phen)3" + e~ = MnH IO (phen)s* +0.71 (AN)
MnlIIVO,(bipy)a* + ™ = Ml Oy(bipy)3" 40.62 (AN)

Mn ! (bipy 02)3* == Mn!V(bipy 0. )3* + € +1.86 (AN)
Mn!(bipy0,)3* + e~ = Mn!I(bipy0,)3* +1.11 (AN)
Mn!{Cat)}™ = Mnlll{Cat),(Cat:)3~ + &~ +0.44 (Ep ) (DMSO)
MnII{DTC}, + ¢" = Mn!{(DTC); +0.21 (AC) ©
MnH{DTC)y == Mn!V(DTC)3 + e~ +0.69 (AC) €

2 E® yvalues represent the mean of the cathodic and anodic peak potentials (Ep.c and Ep 5,
respectively) that have been obtained at a platinum electrode at a scan rate of 0.1 V s71.

b Ligands; B-quinolinate anion (8-Q), 1,10-phenanthroline (phen}, 2,2'-bipyridyl (bipy),
2,2"-bipyridyl 1,1’-dioxide (bipy 03), 3,5-di-tert-butylcatecholate dianion (Cat), N ,N-
diethyldithiocarbamate (DTC). € A—C measurements in acetone with 0.1 M TEAP [97.].

charge [97]. An even more dramatic example is provided by the {IIT}/{IV)

and (II1)/(11) couples for the TRIS 2,2 -bipyridyl-1,1'-dioxide complexes [99].
Clearly, charge and solvent medium have as much effect on manganese redox
potentials as oxidation state or donor groups. Reference to Table 3 indicates
that the redox potential for a given couple increases by +0.3—+0.7 V per
increase in positive charge on the manganese complex. Similar effects should
exist for membrane-bound manganese cofactors in biological systems.

E. DISCUSSION

The chemistry of biclogical manganese is only beginning to be understood.
Further studies of the coordination chemistry of manganese should provide
useful insight into the functional role of this transition metal in biological
systems. Useful models for the superoxide dismutase reaction have evoived in
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recent years as a result of the work done with manganese complexes [42,75].
However, the inability of the Mn(II}B-quinolinol model to provide adequate
protons for formation of H,O, from O3 in aprotic media is a serious deficiency.
Because protons rapidly promote the disproportionation of O3 [45], thisis a
dichotomy.

The similarity of the coordination chemistry for iron and manganese ions
indicates that the properties of manganese model complexes can be usefully
extrapolated to iron-containing biological systems. Studies of Mn—porphyrins
and Mn—hemoglobin have provided useful insight into the coordination chem-
istry of hemoglobin. That Mn(I[)—phenanthroline and bipyridine complexes
exhibit catalase activity may also provide insight into the structure—function
relationships for this class of enzyme.

The environment and functional role of manganese in the oxygen evelving
apparatus of green-plant photosynthesis remains elusive. Model systems which
mimic the oxygen evolution reaction are being actively sought, but an effec-
tive model has not yet been developed. The experimental evidence strongly
implicates water oxidation in photosystern II [18], although the immediate
precursor may be other than two water molecules and could involve cther
inorganic or organic intermediates.

Although manganese appears to be a critical constituent in the brain and
central nervous systemu [47—51], its function in those systems is not under-
stood. Recent work with manganese catechol complexes in aprotic media indi-
cates that they reversibly bind molecular oxygen [20], but the mechanism has
vet to be elucidated. These studies have been extended to Mn—catecholamine
complexes to ascertain whether these complexes also are capable of canrying
oxygen. If so, there may be a direct interaction of manganese with the cate-
cholamines in the brain, anr. the resultant complexes may play a role in oxy-
gen transport or metabolism in the brain. That there is a secondary interaction
between Mn and catecholamine levels in the brain has already been demon-
strated [100].

The application of manganese model systems is far reaching. Because man-
ganese has a unique redox function in several biological systems, it also may
have useful applications in oxygen activation for oxidations, in solar energy
conversion, or in treatment of various metabolic disorders. Hopefully, this
review has summarized the coordination chemistry of manganese as it pertains
to biological systems, what is known about the biological systems which
require this metal, and what its function is in these systems.
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