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Abstract-This contribution provides an analysis of the basic coordination tendencies of manganese 
with specific emphasis on the biological chemistry of this element. The review is broken into four 
parts. First, a discussion of the basic coordination chemistry o f  manganese is mononuclear and 
multinuclear environments is prescnted. Second, the biophysical data essential to the development of  
models for the active center of the photosystem is examined. Third, recently reported mononuclear 
and cluster manganese compounds are profiled with an emphasis on relating the physical parameters 
of the models to the structure and function of the enzymatic system. Finally, a comparison is made 
between the OEC and other known manganoenzymes which metabolize the 0; moiety. 

INTRODUCTION 

Direct biochemical and biophysical studies of the 
chloroplast associated oxygen evolving complex 
have provided significant insight into the workings 
and structure of the enzyme complex responsible for 
the photosynthetic water splitting reaction (Amesz, 
1983; Dismukes, 1986). Among the important con- 
clusions gleaned from these studies are (1) that each 
reaction center operates independently requiring 
four photochemically derived oxidizing equivalents 
per mole of oxygen formed, (2) that four manganese 
ions are required for catalysis, and (3) that some or 
all of the manganese ions are associated in clus- 
ter(s). Unfortunately, the interpretation of the 
accumulated biophysical data has been hindered 
due to the lack of structurally and chemically well 
defined manganese complexes that are biochem- 
ically relevant. Inorganic chemists have been 
enticed into photosynthetic research by sensing this 
deficiency. While not directly dealing with either 
chloroplasts or highly purified PSI1 core particles, 
these investigators have aimed at establishing 
benchmark complexes that should provide a signifi- 
cant contribution to  the understanding of both struc- 
tural and mechanistic properties of manganese in 
biological systems. 

On the surface, it might not appear that model 
compounds could provide insight into the metallo 
active site structure or the mechanistic pathway 
operating in the water splitting process due to the 
complexity of the enzymic system which one cannot, 
at least in the near future, hope to mimic artificially. 
However, synthetic complexes can provide a wealth 
of information pertaining to reasonable structural 
types, appropriate ligands for high oxidation poten- 

*Editor's note: This paper was presented at a sym- 
posium on Photosystem I1 and Oxygen Evolution in the 
Photosynthesis Apparatus, organized by G. T.  Babcock, 
15th Annual Meeting of the Americun Societji for  Photo- 
biology. 

tials, reactivity mechanisms of clusters and magnetic 
and spectroscopic properties of manganese in vari- 
able oxidation states or nuclearity compounds. In 
the paragraphs below, I will discuss those areas 
where model studies are providing valuable infor- 
mation for the photobiologist. 

BASIC COORDINATION CHEMISTRY OF MANGANESE 

Mononuclear center,r 

It is important to establish the basic coordination 
(Cotton, A .  and G. Wilkinson, 1980; Huheey, 1983) 
and chemical properties of manganese in different 
oxidation states before proceeding to complexes 
directly relating to water oxidation. Table 1 presents 
some of the basic properties of manganese in the 
+2, t-3 and +4  oxidation states for mononuclear 
complexes. The degree to which manganese ions in 
multinuclear complexes comply to these parameters 
will depend on the extent of interaction between 
the metal centers. As discussed later, the magnitude 
of this interaction and the resulting modifications in 
the anticipated properties of the metal centers is 
under investigation in numerous laboratories. 

With few exceptions [e.g., complexes containing 
very strong field ligands (Gross and Kaim, 1987a,b)] 
virtually all Mn(II), Mn(II1) and Mn(1V) complexes 
are high spin. The d electron configuration of each 
oxidalion state imparts certain preferences for coor- 
dination geometry. A simple ligand field model 
demonstrates that Mn(II), with 5 unpaired d elec- 
trons, has the same ligand field stabilization energy 
(LFSE) in all geometries. Thus, complexes of 
Mn(I1) usually minimize ligand-ligand repulsions by 
forming tetrahedral or octahedral materials. In great 
contrast, Mn(IV) compounds (Kessissoglou et a/ .  , 
1986a; Kessissoglou et al. ,  1987b; Pavacik et al., 
1986; Hartmann et al . ,  1984) are strongly stabilized 
only as six-coordinate octahedral or pseudo-octa- 
hedral species since the 3 unpaired electrons con- 
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Table 1. Properties of mononuclear manganese ions 

Property Mn( 11) Mn(II1) Mn(1V) 

d Electron configuration ds d4 d3 

Coordination preference 6 6* or 5 6 

Orbital configuration* hA I 5E 4A2 

d-d Transitions*$ None 5E -+ ST 'A, + 4T, 
4A, -+ 4T, [5B2 -+ 5B,J§ 

[sE + sB,]3: 
[sA, + 5B,]§ 

Wctt (B.M.1 5.9 4.9 3.9 

Lewis acidity strong Strong Strong Very 

Exchange kinetics Very rapid Rapid Very slow 

Oxidant Very poor Good Good 

Reductant Poor Good Very poor 

*Octahedral, high spin configuration. 
$Spin-allowed transitions. 
STetragonally distorted octahedron (D4,, point group symmetry). 

tribute -12Dq LFSE in this geometry. The Mn(II1) 
ion is least selective due to  the one unpaired elec- 
tron in the doubly degenerate eg (antibonding) 
orbitals in octahedral symmetry. One expects a first 
order Jahn-Teller distortion away from octahedral 
symmetry, usually through a tetragonal elongation, 
which breaks the degeneracy of the eg set and lowers 
the overall energy of the system (Stults et al., 1979). 
Alternatively the symmetry can be broken by adopt- 
ing 5 coordinate structures such as trigonal bipyr- 
amidal (Bellito et al., 1971), square pyramidal 
(Pecoraro and Butler, 1986; Boucher and Day, 
1977; VanAtta et al.,  1987) or polyhedra along a 
Berry type (Muerterties and Guggenberger, 1974) 
distortion pathway. One consequence of this lack 
of geometrical preference is that sequential oxi- 
dations of a manganese compound from Mn(I1) to 
Mn(II1) to Mn(1V) are often accompanied by major 
structural changes. One electron processes in the 
cyclic voltammetry of manganese species are often 
quasireversible or irreversible due to  these struc- 
tural changes which can occur on the time scale of 
the experiment (Coleman et al . ,  1979; Coleman et 
al . ,  1981; Yamaguchi and Sawyer, 1985; Kessisso- 
glou et al., 1987b). 

In addition to the structural preferences of 
manganese compounds, the d electron configuration 
can be used to  understand the other properties listed 
in Table 1. Both Mn(I1) (hA,) and Mn(IV) (4A2) 
have orbitally singlet ground states while an octa- 
hedral Mn(I1I) ion (5E) is doubly degenerate. Ions 
with singlet ground states and small zero-field split- 
tings have long paramagnetic relaxation times 
(Lewis and Morgan, 1968) while orbitally degener- 
ate ions have shorter relaxation times. This obser- 
vation has led Sharp (Srinivasan and Sharp, 1986a 
and 1986b) to study the flash induced enhancements 
in the NMR spin-lattice relaxation rate ( R l )  of sol- 

vent protons in PSI1 particles since both Mn(I1) and 
Mn(1V) are predicted to  be more effective relax- 
ation traps than Mn(II1). 

The electronic spectra of transition elements are 
notoriously weak due to the symmetry forbidden 
nature of the transition. Two bands are predicted 
for Mn(IV), one for Mn(II1) in octahedral symmetry 
and none for Mn(I1). The latter is not only sym- 
metry but also spin forbidden. Because the metal 
centered electronic transitions are predicted to have 
extinction coefficients = 100 M-' cm-' they are not 
expected t o  make a significant contribution to the 
visible spectrum of the reaction center. As discussed 
below, however, changes in the UV-vis spectra with 
flash events have been assigned to manganese oxi- 
dation state changes. These perturbations may arise 
from charge transfer excitations between the metal 
and its coordinated ligands. 

In the + 2 ,  +3 and +4 oxidation states, manga- 
nese is classified as a hard Lewis acid. Therefore, 
it is expected to form the most stable complexes 
with hard Lewis bases such as oxyanions. Biolog- 
ically relevant oxyanions include carboxylate, phe- 
nolate, alkoxide, hydroxide and oxide oxygen 
atoms. The nitrogen atoms of imidazole groups 
would also be expected to be good donors. 

An interesting aspect of the coordination chemis- 
try of manganese is the predicted exchange rates of 
ligands coordinated to  the metal. Although many 
factors determine the actual exchange rate, two 
appear to dominate. The first is the change in LFSE 
on forming the intermediate species and the second 
is the energy required to  break the electrostatic 
interaction between metal and donor. Most octa- 
hedral exchange reactions are primarily dissociative 
in nature, requiring a five coordinate activated com- 
plex. Little or no LFSE is lost when Mn(I1) or 
Mn(II1) form five coordinate complexes. In con- 
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trast, ligand dissociation subjhects the Mn(1V) ion 
to a great loss of LFSE which drives up the acti- 
vation energy for the process. Removing a neutral 
or anionic ligand from Mn(1V) is much more diffi- 
cult than from Mn(I1) due to  electrostatic reasons 
as well. Thus, Mn(I1) exhibits exchange rates 
(Basolo and Pearson, 1967) of 10' s-I, Mn(II1) > 
10s SKI and Mn(IV) is predicted to  be s-'. 

The water splitting reaction requires a strong oxi- 
dant. Clearly Mn(I1) cannot fulfill the oxidizing 
capacity which is required. It is neither a good 
oxidant nor a good reductant, although in many 
reactions it can reduce dioxygen (Coleman and 
Taylor, 1977; Kessissoglou et al., 1987b; Pecoraro 
and Butler, 1986; Sawyer et al., 1977) to form 
Mn(II1) or  Mn(1V). The Mn(II1) ion can function 
both as a good oxidant and as a good reductant. 
This dichotomous behavior results from the 
unpaired electron in the antibonding orbital set. The 
loss of this electron givs a very stable d' electronic 
configuration. Conversely, adding an electron gen- 
erates a stable d5, half-filled shell configuration. 
The oxidizing nature of Mn(II1) dominates in most 
cases. The Mn(1V) ion is a good oxidant and poor 
reductant. It can function both as a one or a two 
electron acceptor as the Mn(I1) and Mn(II1) oxi- 
dation states are stable. A s  will be discussed below, 
it is a common misconception that all Mn(IV) com- 
pounds are strongly oxidizing. This is not the case 
as the Mn(IV) coordination environment often leads 
to the thermodynamically most stable material. 

Multinuclear complexes 

The magnetic moments for single ions can be 
easily calculated*. Because spin-orbit coupling is 
extremely small for manganese, mononuclear com- 
pounds rarely deviate markedly from the spin only 
values. The magnetic properties of multinuclear 
manganese centers are more complex and, there- 
fore, often provide insight into the mechanism and 
extent of interaction between metal centers. The 
magnitude of the coupling is usually reported in 
units of cm-' as either J or 21. The standard conven- 
tion is that complexes exhibiting antiferromagnetic 
coupling have negative J values, while ferromag- 
netic species have positive J .  The J values can be 
extracted, while also accounting for zero-field split- 
ting and g anisotropy, by fitting (usually to a modi- 
fication of the Van Vleck equation) the variable 
temperature magnetic behaviour of the compound. 
Unfortunately, the tabulation of magnetic moments 
for multinuclear complexes in the inorganic litera- 
ture has been inconsistent. Magnetic moments per 

*Throughout the text the abbreviation Mn(WIXIYI2) 
has been used to designate the formal oxidation states of 
the manganese ions forming the cluster. Thus, Mn(IIII1) 
indicates a dimer containing two Mn(I1) ions. Similarly, 
Mn(III/II/III) will describe a trinuclear complex with two 
Mn(II1) nd one Mn(I1) ions. 

manganese ion are presented in some studies while 
others report moments per complex. These values 
can be related by dividing the moment per complex 
by the square root of the total number of manganese 
atoms. 

As a general rule, biologically relevant multi- 
nuclear manganese complexes vary between very 
weak to moderate coupling between centers. Very 
weak coupling has been noted for diphenolate 
bridged Mn(1IIII)' dimers (e.g., [Mn(SALPS)]I 
where J = -1.6 cm-'; Kessissoglou et al., 1987a) 
and linear trinuclear manganese acetates (e.g. 
Mn(III/II/III) (SALADHP)2(0Ac)4 (methanol)z 
where J12 = -7 cm-I; Li et al., 1988). Stronger 
coupling ( J  = -120 cm-') is observed for (bipy)2- 
Mn(III)(0)2Mn(IV)(:bipy)2 (Plaskin et al., 1972). 
Wieghardt has recently reported the largest exch- 
ange coupling for a manganese dimer with a J for 
this complex equal to  -414 cm-' (Girerd er al., 
1987). Although this J value may appear large, it is 
actually small when compared to the very strong 
coupling that is often observed for binuclear copper 
complexes (Sorrel1 et al., 1985) (e.g. the protein 
hemocyanin, which contains a binuclear copper 
center, is diamagnetic at room temperature with J 
< -1200 cm-I). The J coupling in tetranuclear 
manganese complexes (Vincent and Christou, 1987; 
Christmas et al., 1987; Vincent et al., 1987b) have 
ranged from -1.97 cm-' to -22.5 cm-'. 

The magnitude of the exchange coupling is related 
to  a number of factors. As expected, direct 
metal--metal bonding leads to extremely strong 
coupling. However, the moderate to high oxidation 
state manganese complexes usually do not exhibit 
direct metal-metal bonding. For these molecules, a 
superexchange pathway is an effective mechanism 
for magnetic interaction. The efficiency of superex- 
change depends on metal and ligand type, bonding 
distances and geometry. The metal and bridging 
ligand atomic orbitals must have sufficient overlap 
so that the resulting molecular orbital can efficiently 
delocalize spin over both metal centers. Therefore, 
deviations in Mn-L-Mn bond angles can signifi- 
cantly modify the exchange coupling by decreasing 
molecular orbital overlap. The oxidation and spin 
state of the participating ions is also important. 
Higher effective nuclear charge and smaller ionic 
radii lead to  shorter Mn-ligand bond lengths. 
Shorter metal-metal distances occur and, more 
important, a shorter and more effective exchange 
pathway for electrons is produced. Within an oxi- 
dation state, a shorter Mn-L distance usually leads 
to stronger coupling. However, a comparison 
between oxidation states is more dangerous because 
the spatial orientation of magnetic orbitals (a mag- 
netic orbital is a metal centered atomic orbital that 
has an unpaired electron) is essential to superexch- 
ange coupling. A high spin Mn(II1) ion has four 
unpaired electrons with all the d orbitals but the 
d,2_,2 half occupied. In contrast, an Mn(1V) ion 
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(d3) also has two unfilled d orbitals (dx2-y2 and d,2). 
If the magnetic exchange pathway for an Mn(III/ 
111) dimer proceeds through the dZz orbitals of the 
metal ions, the oxidation of this compound to  an 
Mn(IV/IV) species could result in dramatically dif- 
ferent coupling since the optimal exchange path 
has been removed. The complexity of manganese 
magnetism is illustrated by a series of dimers which 
are antiferromagnetically coupled in the Mn(IIIIII1) 
and Mn(III/IV) complexes and ferromagnetically 
coupled in the Mn(III/III) dimers (Girerd et al., 
1987). As discussed below, a model has been pro- 
posed for the magnetic properties of the O E C  
manganese cluster using a tetranuclear cluster that 
has both antiferromagnetic and ferromagnetic coup- 
ling (dePaula et at., 1986). 

Mixed valence complexes have special relevance 
to oxygenic photosynthesis as the manganese cluster 
in the S2 state of the O E C  is believed to  fit this 
formulation (Dismukes and Siderer, 1981). A mixed 
valence complex is any multinuclear material in 
which an element is present in more than one oxi- 
dation state. Robin and Day (Robin and Day, 1967; 
Day, 1980) have presented a classification scheme 
for such complexes. Class I mixed valence com- 
pounds are valence localized systems. In this sense, 
each site acts independently of the other. This 
results in manganese centers with distinct chemical 
properties (e.g. wide variations in bond lengths 
between centers for identical ligand types). Rarely 
does a coordination complex completely fit this 
definition; however, compounds such as Mn(III/II/ 
111) (SALADHP)2 (OAc), (CH3 OH), described 
below (Li et al., 1988) deviate only slightly from the 
limit of non-interaction. Class I1 complexes contain 
centers that are crystallographically dissimilar; how- 
ever, many of the properties of the ions are similar. 
The classicexample of such a material in manganese 
coordination chemistry is (bipy)2Mn(III)(0)2- 
Mn(IV)(bipy), (Plaskin et al., 1972). Class II com- 
plexes often exhibit Intervalence Charge Transfer 
Excitations (ICT) at low energy with large band- 
widths. An ICT band for this complex is observed 
at 12 000 cm-' with a 4600 cm-' band width. 
Dismukes (Dismukes and Matis, 1984) has reported 
an ICT band at = 12 800 cm-' (E = 500) for the S2 
and S3 states of the OEC suggesting that this center 
is a Class I1 complex. Theoretical models (Piepho 
et al., 1978; Allen and Hush, 1967) have been pre- 
sented for the ICT bands for those interested in the 
basis of this effect. Class I11 complexes are valence 
delocalized systems in which the ions cannot be 
distinguished crystallographically. Strong antiferro- 
magnetic coupling in a system, such as observed for 
the Fe4S4 cubanes of oxidized ferredoxins, can lead 
to class I11 compounds. There are no examples of 
class 111 complexes within the biologically relevant 
manganese coordination chemistry literature. 

When considering the interaction between ions in 
clusters, one must also consider the nature of the 

bridging ligand. Bifunctional, aromatic ligands such 
as pyrazine or 4,4'-bipyridal have been employed 
to study electron transfer between ions in mixed 
valence complexes. Other groups, with more bio- 
logical application, which are known to facilitate 
metal-metal bridges are CI-, 02-, acetate and imi- 
dazole. EXAFS analysis of the O E C  (Cole et al., 
1987; Kirby et al., 1981a; Goodin et al.,  1984; Yach- 
andra et al.,  1986) indicates a very short Mn- 
(C,N,O) distance of 1.75 8, that has been assigned 
to  a bridging IJ.,-O~- (or p3-02-) moiety. Manga- 
nese seems to  have a high affinity towards forming 
acetate bridged species. Examples (Davies et al., 
1973; Bonadies et al . ,  1988) of chain structures that 
use acetate as an intermolecular bridge between 
two adjacent manganese units and intramolecular 
acetate bridges that provide structural integrity to 
multinuclear (Li et al . ,  1988; Bonadies et al.,  1988; 
Kessissoglou et al., 1988a,b; Lis, 1980; Vincent and 
Christou, 1987; Christmas et al., 1987; Vincent et 
al . ,  1987a,b; Sheats et al.,  1987; Wieghardt et al., 
1985; Diril et al . ,  1987; Lis, T. and Jezowska-Trzeb- 
iatowski, 1977; Bashkin et al., 1987; Mathur et al.,  
1987) complexes now exist. Exchange coupling 
between manganese is heightened with the 3-atom 
Mn-0-Mn 0x0 bridge relative to the 5-atom Mn-O- 
C-0-Mn acetate bridge for the reasons outlined 
above. 

The role of chloride in oxygen evolution is 
intriguing. A chloride dependence for S-state 
advancement (Theg et al.,  1984; Itoh et al., 1984) 
has been observed and explained (Sandusky and 
Yocum, 1983, 1984, 1986) through a structural 
requirement for the manganese cluster. In this 
model, chloride is needed to impart structural integ- 
rity and promote electron transfer between ions 
at  the active site. This proposal is consistent with 
observed synthetically prepared halide bridged 
dimers (Mathur et al., 1987) and a tetranuclear 
Mn(IIII/III/III/TV) cluster (Bashkin et al., 1987). 

STRUCTURAL PROPOSALS 

The nuclearity of the active site manganese rep- 
resents one of the most controversial topics in oxy- 
gen evolving chemistry. There is general agreement 
that some of the manganese ions are associated in 
a cluster; however, whether all of the manganese 
atoms form a single tetranuclear cluster or only a 
few are associated as trinuclear or binuclear units 
with mononuclear centers also being present is still 
being debated. Most of the structural proposals are 
based primarily on the behavior of the S2 state epr 
spectra. The multiline (Dismukes and Siderer, 1981) 
and g = 4.1 signals (Casey and Sauer, 1984) have 
been examined under slightly altered conditions. 
Zimmerman and Rutherford (1986) have shown that 
the choice of cryoprotectant (e.g. using sucrose or 
ethylene glycol) can strongly influence the epr spec- 
trum. PS I1 preparations containing 30% ethylene 
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glycol generates mostly the multiline signal when 
illuminated at 200 K. In contrast, illumination of 
membranes at 200 K using 0.4 M sucrose as cryopro- 
tectant generates both the g = 4.1 and g = 2 multi- 
line signals. Furthermore, the nuclear hyperfine 
interaction in the multiline signature is slightly dif- 
ferent in samples containing 0.4 M sucrose versus 
30% ethylene glycol (dePaula et al., 1987). Because 
the epr active manganese center appears to  be 
extremely sensitive to  sample preparation and 
environment, conflicting epr data, especially regard- 
ing the temperature dependence of the multiline 
signal discussed below, have appeared (dePaula et 
al., 1986, 1987; Hansson et al., 1987). As a result, 
different structural proposals have been advanced 
which can be considered as single center [Brudvig] 
(dePaula et a/.,  1985, 1986; Brudvig and Crabtree, 
1986) or dual center [Vanngard] models (Hansson 
et a/ . ,  1987). In addition to the stoichiometry of 
the centers, these models are distinguished by the 
explanations given for the origin of the g = 4.1 
signal and the magnetic properties of the cluster 
that yields the multiline feature. The single center 
proposal requires a tetranuclear cluster that can 
undergo subtle conformational changes, while the 
second invokes two manganese centers in an elec- 
tron transfer equilibrium. 

Single center model 

Brudvig has proposed that a tetrameric cubane 
type cluster undergoes sequential one electron oxi- 
dations until an adaniantane type intermediate that 
liberates oxygen is formed (Brudvig and Crabtree, 
1986). This view is supported by the temperature 
dependence of the Sz state multiline signal which 
shows non-Curie law behavior. The data were fitted 
to a model in which the cluster has an S = 312 
ground state configuration (dePaula et al., 1986; 
dePaula et al. ,  1986). The multiline signal then arises 
from a low lying S = 112 excited state which is 
thermally populated at 8 K. The requirement of a 
quartet ground state eliminates any model which 
suggests two non-interacting dimeric units but does 
not differentiate between tetrameric and trimeric 
stoichiometries. A signal at g = 4.1, which is also 
attributed to manganese, can be observed in certain 
Sz preparations. This low field signal arises from an 
S = 312 component of the cluster in a perturbed 
conformation within the Brudvig framework. 

Dual center models 

The non-Curie law behavior of the multiline sig- 
nal is observed for preparations using ethylene gly- 
col as a cryoprotectant; however, a Curie law 
behavior for this signal is reported when sucrose is 
added to stabilize the system at low temperatures 
(Hansson et al., 1987). This observation is fully 
consistent with a binuclear formulation. It appears 

that the signal intensity at the g = 2 multiline 
decreases as the g = 4.1 component develops. These 
data prompted Vanngard to present an alternative 
structural proposal. In the Vanngard model, a 
mixed valence binuclear S = 112 center is the origin 
of the multiline feature. The g = 4.1 resonance, 
which also follows Curie’s law, results from a 
mononuclear Mn(1V) center which is an S = 312 
spin manifold. These two systems are thought to  be 
in an electron transfer equilibrium such that when 
the binuclear center is oxidized, presumably an 
Mn(II[/IV) center, the mononuclear center is 
reduced, forming an epr silent Mn(III) ,  so that 
only a multiline signal is observed. In contrast, when 
conditions are altered, for example by the addition 
of ammonia, the equilibrium shifts so that the 
mononuclear center is oxidized to Mn(IV) and the 
cluster reduced to Mn(IIIIII1) giving predominantly 
the g = 4.1 epr feature. Four manganese ions are 
necessary for oxygen evolution, therefore, this 
model would require an additional mononuclear 
manganese center which is not redox active in the 
lower S states. 

The magnetic behavior reported by Brudvig and 
the electron transfer framework described by 
Vanng,ard can be mated to generate a third viable 
structural framework. In this model, a mixed val- 
ence trinuclear center which has an S = 312 ground 
state and a low lying S = 1/2 excited state could 
give rise to the non-Curie law dependence observed 
by Brudvig. The g = 4.1 signal could then arise 
from a mononuclear Mn(1V) center which is in 
electron transfer equilibrium with this trinuclear 
cluster. Thus, the g = 2 and g = 4.1 signals could 
be generated in a manner analogous to that pro- 
posed by Vanngard. Zimmermann and Rutherford 
(1984) had suggested that the species responsible for 
the g == 4.1 signal might function as an intermediate 
donor between the cluster and the reaction center; 
however, more recent studies (Zimmermann and 
Rutherford, 1986) indicate that the loss of the g = 
4.1 signal was due to ethanol in the sample prep- 
aration. As discussed above, the S2 state epr spec- 
trum is extremely sensitive to small molecules such 
as ethanol that inhibit the formation of the g = 4.1 
signal when samples are illuminated at  200 K. Only 
when ammonia is added can the g = 4.1 signal be 
restored. On the basis of thse data, the authors 
concluded that the two epr spectral f o r m  of manga- 
nese arise from the same center. 

X-ray Absorption spectroscopy has been used to 
determine manganese-manganese and manganese 
heteroatom distances in the lower S states (Yachan- 
dra et al., 1986a,b; Cole et al.,  1987; Yachandra et 
al., 1987; George et al.,  1987). The EXAFS data 
indicate that there are at least two manganese atoms 
which are separated by 2.7 A. The best fit to the 
data also suggests that there is a short manganese- 
(carbon, nitrogen, oxygen) atom of 1.78 A. These 
observations are suggestive of p-0x0-bridged 
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Mn(1V) ions. Manganese to heteroatom bond dis- 
tance typical of Mn(II1) and Mn(1V) complexes 
1.9-2.0 A were also reported. The EXAFS fit 
appears inconsistent with chloride being directly 
coordinated to  the metal cluster. However, it is 
possible that one chloride bonded at a long distance 
might escape detection [(e.g. 2.7 8, as reported for 
a tetranuclear manganese cluster (vide infra))]. A 
long Mn-Mn separation (3.3 A) has also been 
observed. Recent EXAFS (George et al., 1987) 
show that this vector is anisotropic which rules out 
a symmetric metal cluster. However, it is possible 
that a highly distorted cubane structure could fit the 
available experimental data. 

Over the past few years many interesting low 
molecular weight manganese complexes have 
appeared. A discussion of some of the materials 
that are relevant to the structural proposals pre- 
sented above is undertaken in the following section. 

SYNTHETIC MODELS 

Tetranuclear centers 

The characterization of an independent Mn4 oxo- 
cubane, illustrated as Fig. lA,  originally proposed 
by Brudvig has not been reported; however, there is 
precedent for this structural type in a dodecanuclear 
mixed valence manganese acetate, Mn12(CH3- 
CO2)16(H20)4, reported by Lis, 1980. A central 
core of four Mn(IV) ions are bridged by four ps- 
0x0 atoms in this structure. Two important features 
of this unit are the Mn-Mn vectors (dist,,, = 2.88 
A) and the Mn-(p3-O) distance (1.91 A). These are 
important distances as EXAFS data (Yachandra et 
al., 1986a,b; Cole et al., 1987; George et al., 1987) 
indicate that there are two Mn-Mn vectors (2.71 A 
and 3.3 A) and a very short Mn-0 distance (1.79 
A). Clearly, this cubane cannot fit the EXAFS 
structural constraints. This is especially true of the 
long Mn-Mn vector. The dodecanuclear cluster con- 
tains another tetranuclear building block, shown as 
Fig. l C ,  composed of a Mn(1V) and three Mn(II1) 
ions. There is a short Mn(1V)-Mn(II1) distance 
(2.77 A) and longer Mn(II1)-Mn(1V) (3.45 A) and 
Mn(II1)-Mn(II1) (3.37 A) distances. Furthermore, 
a short Mn-0 distance of 1.85 is observed. 

Christou (Vincent et al.,  1987a; Christmas et al.,  
1987) has recently reported tetranuclear butterfly 
type clusters reminiscent of the structural unit seen 
in the dodecanuclear system described above. The 
tetranuclear Mn(II1) complex has an [Mn4O2IX+ 
core with a short Mn-Mn distance of 2.85 A and 
longer distances in the range 3.30-3.39 A. Further- 
more, this material possesses a very short Mn-0 
distance of 1.80 A. Thus, it would appear that 
butterfly type units more closely mimic the EXAFS 
bond distances than does the cubane structure. 
Another very interesting tetranuclear complex 
[Mn(III),Mn(IV)I(p~-O)~(~~-CI)I prepared by the 

cubane 

b u t t e r f l y  

d 

adamantane  
Figure 1. Three tetranuclear structural types which have 
been proposed for the OEC manganese cluster. (Top) 
cubane, Mn,O,; (Middle) adarnantane, Mn,O,; (Bottom) 
butterfly, Mn,O,. The large black spheres are manganese 
atoms and the small white spheres are oxygen atoms. The 
solid lines between manganese atoms in the middle figure 
are meant to emphasize the butterfly structure and are 

not intended to represent Mn-Mn bonds. 

same authors (Bashkin et nl . ,  1987) contains both 
chloride and imidazole coordination to  manganese. 
The chloride ions act as terminal ligands to  three 
Mn(II1) ions with 2.2 A Mn-CI distance. Most inter- 
esting is a p3-C1- which bridges a triangular face 
of three Mn(II1) ions. The Mn-CI distance is quite 
long (2.7 A) which suggests that a bridging chloride 
could have escaped detection in the original x-ray 
absorption studies of the OEC. 

Wieghardt et al. (1983) have synthesized an adam- 
antane type cluster, with an [Mn4O6I4+ core schem- 
atically illustrated as Fig. 1 (bottom), which is 
employed as the active oxidant in one mechanistic 
proposal (Brudvig and Crabtree, 1986). In this case, 
the Mn-Mn vectors are 3.21 A, without a short 
Mn-Mn distance, and there is a short Mn-0 dis- 
tance of 1.79 A. It is unlikely that this structure 



Review Article 255 

would appear in the lower enzyme oxidation levels 
given these distances and the metal oxidation states. 
However, it is equally unlikely that an adamantane 
structure in this oxidation level can fulfill the reac- 
tivity pattern required of the S4 state. This complex 
is stable even in boiling acetic acid, illustrating that 
often times Mn(IV) compounds are very stable spec- 
ies. The possibility of an adamantane cluster that 
contains an Mn(V) as the reactive species cannot be 
completely ruled out. To date there are no clusters 
containing Mn(V), although the existence of this 
oxidation state as an intermediate in olefin epoxid- 
ation reactions catalyzed by porphyrin or Schiff base 
ligands has been suggested (Srinvasan et al., 1986). 

Trinuclear centers 

The best known trinuclear manganese complexes 
are the common basic acetates (Baikie et al., 1978; 
Vincent et al., 1987a) illustrated in Fig. 2. These 
materials contain manganese in a triangular array 
with two acetate bridging ligands between each 
metal ion and a p3-oxo ligand occupying the central 
position of the cluster. The coordination sphere is 
completed with acetate or other weak bases such as 
pyridine. The basic acetates can be isolated as mixed 
valence Mn(III/III/II) or non-mixed valence Mn(III/ 
IIIIIII) compounds. 

We have recently (Li et al., 1988; Kessissoglou 
et al., 198%) isolated new structural classes of 
mixed valence trinuclear manganese acetates. The 
methanol adduct, Mn(III/II/III)(SALADHP), 
( O A C ) ~ ( C H ~ O H ) * ,  which is shown in Fig. 3(a) con- 
tains a central Mn(I1) ion that is separated by 3.551 
A from the terminal Mn(II1) ions which are related 
by a crystallographic inversion center. The central 
ion is bridged to  each of the terminal ions by one 
alkoxide and two acetate oxygen moieties. The 

Figure 2. The standard structure type for the basic tri- 
nuclear acetates. The large black spheres are manganese 
atoms, the large white spheres are oxygen atoms, the 
small white spheres are carbon atoms and the small black 

spheres are nitrogens. 

metals are very close to being valence trapped (Class 
I) as indicated by the magnetic properties, the lack 
of an intervalence charge transfer band and the 
distinctive Mn(1I) and Mn(II1) bond distances. We 
have studied in detail the magnetic and spectro- 
scopic properties of the complex with methanol 
bound to the terminal manganese ions. The room 
temperature solid state moment is 8.1 B.M. per 
complex and exhibits non-Curie law behavior as 
the temperature is decreased. The Mn(III)/Mn(II) 
antiferromagnetic coupling is J 1 2  = -7 cm-'. This 
material has an S = 3/2 ground state. Because the 
ground state electronic configuration of this trinu- 
clear complex closely mimics the behavior suggested 
by Brudvig for the OEC, we investigated the low 
temperature x-band epr spectrum of this material 
in a methylene chlorideitoluene glass a t  4.1 K. A 
strong signal which exhibits 5sMn hyperfine coupling 
at g == 4 is observed. A multiline component is 
observed in the g = 2 region at low temperature if 
D M F  is used as the solvent rather than methylene 
chloride/toluene. 

The sensitivity of the epr spectrum of the O E C  
to environment has been noted above. Small mol- 
ecules and ions such as ammonia, ethanol and chlor- 
ide cause shifts in the relative intensities of the 4.1 
and multiline features (Beck and Brudvig, 1986; 
Beck et al., 1986; Ono et al., 1986; Hansson et 
al . ,  1987; Zimmermann and Rutherford, 1986). We 
have recently synthesized (Kessissoglou et al., 
1988a) an analog to the methanol complex described 
above in which the only change in ligation is the 
substitution of water for the alcohol (Li et al., 1988). 
This complex, illustrated as Fig. 3(b) has a Mn(II1) 
to water oxygen distance of 2.29 A. Most important, 
however, is that the Mn(II1) to Mn(I1) distance is 
3.42 A,, a decrease of nearly 0.1 A as compared to 
the methanol adduct. This system represents the 
first example of a structural change in a manganese 
cluster which is associated solely with the exchange 
of coordinated small molecules and illustrates struc- 
turally how the conformational change proposed by 
Brudvig could occur in trinuclear species. Even 
more recently (Kessissoglou et al., 1988a), we have 
synthesized a structural isomer of Mn(III/II/III) 
(SALADHP)2(0Ac)4(CH30H)2 in which the linear 
motif is not conserved. This molecule, illustrated as 
Fig. 3c, contains a Mn2-Mnl-Mn2' angle which is 
138.5", however, the Mnl-Mn2 separation (3.50 A) 
is very similar to the linear complex. As expected, 
the terminal Mn(II1) ions are much closer (6.5 A) 
in the bent structure than in the linear (7.1 A). 
Another interesting difference between the two 
structural types is the relationship of the two solvent 
molecules. Both solvent molecules, which are  
related by a crystallographic O2 axis, are disposed 
on the same side of the bent isomer. This contrasts 
with the linear complexes, which are related by an 
inversion center, where the solvent moieties lie on 
opposite sides of the molecular axis. Therefore, one 
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b 

Q B 
Figure 3. Three new structural types for trinuclear manga- 
nese complexes containing Schiff base ligands. (a) An 
ORTEP diagram of the linear mixed valence acetate 
Mn(IIIIII/III)(SALADHP),(OAc),(CH,OH),. This com- 
plex has a Mn-Mn separation of 3.55 A; (b) The water 
substituted analogue Mn(III/II/III)(SALADHP),(OAc), 
(CH,OH),. The coordinated water is 2.29 A from the 
Mn(II1) ion and the Mn-Mn separation is 3.42 A; (c) An 
ORTEP diagram of the bent form of Mn(III/II/III)(SAL- 
ADHP),(OAc),(CH,OH),. THe Mn2-Mnl-Mn2 angle is 

138.5" and the Mnl-Mn2 separation is 3.50 A. 

can envisage that as the bent isomer is more highly 
oxidized, a compression of the cluster could occur 
which would bring the two solvent moieties close 
enough for oxidative chemistry to occur. A similar 
process could not occur with the linear molecules. 

The linear trinuclear acetates described above 
mimic the magnetic properties of the O E C  in the 
Sz oxidation level, however, they are not realistic 
structural models for the center. Both the short 
Mn-0 bond (1.79 A) and the two Mn-Mn distances 
(2.7 8, and 3.3 A) of the O E C  are inconsistent with 
the methanol and water adducts of the trinuclear 
species. 

Binuclear centers 

Binuclear materials were the first complexes that 
were proposed as models for the oxygen evolving 
center. The epr spectral properties of mixed valence 
Mn(III/IV) species, especially L,Mn(IV)( 
Mn(III)L2 where L is either bipyridal or phen- 
anthroline, originally were used to explain the S2 
state multiline epr signal (Kirby et al., 1981a,b). In 

addition, the very short Mn-Mn and Mn-0 dis- 
tances were the first examples cited in support of 
bridging 0x0 groups in the manganese cluster, 
Binuclear mixed valence p-0x0 bridged species, 
containing tetradentate ligands, which are more eas- 
ily oxidized than the bipyridal or phenanthroline 
complexes, have recently been synthesized (Collins 
et al., 1987). Manganese analogues of iron dimers 
containing 0x0 and acetate bridges, which mimic 
the binuclear center in the iron protein hemerythrin, 
have appeared (Sheats et al. ,  1987). All of the 
Mn(III/IV) binuclear complexes studied to  date give 
S = 112 ground state configurations and usually give 
rise to g = 2 multiline spectra. Hendrickson (Mabad 
et al.,  1985) has shown that Mn(IIIII1) dimers can 
also show multiline features which have similar 
nuclear hyperfine coupling constants to the Mn(III/ 
IV) dimers. From these data, he has concluded 
that oxidation state assignment based solely on the 
magnitude of the nuclear hyperfine coupling is risky 
since coordination number and environment can 
perturb these values. More recent reports ( D i d  
et al., 1987) of Mn(IIIII1) dimers prepared from 
binucleating ligands further substantiate this obser- 
vation; however, controversy over this point still 
remains (Dismukes et al . ,  1987). 

Non-mixed valence dimers which show interesting 
bridging features have also appeared. Both Mn(II/ 
11) (Kessissoglou et al.,  1987a; Mabad et al . ,  1986) 
and Mn(IIIIII1) diphenolate bridged dimers (Vin- 
cent et al . ,  1986) have been prepared and structur- 
ally characterized. We isolated the Mn(II/II) dimer 
(Kessissoglou et al.,  1987a), [Mn(SALPS)],, shown 
in Fig. 4. The Mn(I1) ions are six coordinate, but 
d o  not form an ideal octahedron due to  steric con- 
straints imposed by the ligand. The material is epr 
active at 77 K and exhibits very weak antiferromag- 
netic coupling ( J  = -1.6 cm--'). This material has 
two interesting structural features. First, the 
Mn-Mn distance is 3.3 A, a value similar to the 
long distance in the OEC. Second, a disulfide sulfur 

Figure 4. An ORTEP diagram of [Mn(II)SALPSI2 show- 
ing the diphenolate bridge and the long bond between the 

Mn(I1) and disulfide sulfur atom. 
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atom is coordinated to  the metal at a very long 2.7 
A distance. This illustrates that heteroatoms other 
than manganese (e.g. chloride, bromide or sulfur) 
can occur at the short Mn-Mn distance seen in the 
EXAFS spectra. We have also synthesized (Bonad- 
ies et al., 1988) [Mn(III)(2-hydroxy-1,3-bis-(salicyli- 
deneaminato)propane)I2(CH30H) which is an 
asymmetric dimer that has only one alkoxide oxygen 
atom bridging the two manganese atoms. The separ- 
ation between the two metals (3.86 A) is the longest 
so far established for two manganese ions that con- 
tain a bridging atom. 

Mononuclear centers 

Mononuclear centers play an important role in 
both of the electron transfer mechanisms described 
above. Structurally characterized Mn(IV) com- 
plexes are relatively rare (Kessissoglou et al., 1986, 
1987b; Pavacik et al., 1986; Hartmann et al.,  1984; 
Camenzind et al. ,  1982). In addition to Mn(IV) 
porphyrin and catecholate complexes, two interest- 
ing materials with an N204 coordination environ- 
ment have been reported. The first of these (Kessis- 
soglou et al. ,  1986, 1987b), Mn(SALADHP)2, iq 
shown in Fig. 5.  The complex exhibits a slightly 
distorted octahedral environment using two phenol- 
ate and two alkoxide oxygen atoms and two imine 
nitrogen atoms to encapsulate the metal as a neutral 
complex. The for the Mn(1V) to  Mn(II1) 
reduction in D M F  vs the standard calomel electrode 
(SCE) is -350 mV. This demonstrates that Mn(IV) 
can be extremely stable to  reduction. Another neu- 
tral Mn(1V) complex with an N204 coordination 
environment (Pavacik et al., 1986), Mn(sali~yIate)~- 
(bipyridine), has been prepared and the electro- 

5 C 

Figure 5. An ORTEP diagram of Mn(IV)(SALADHP),. 

chemistry investigated. The complex exhibits a 
reductive wave at  +440 mV vs SCE. The primary 
difference between the two materials is that Mn(SA- 
LADHP)2 has strongly basic alkoxides ligands stabi- 
lizing the Mn(IV) ion while Mn(~alicylate)~(bipyri- 
dine) substitutes very weakly basic carboxylate 
moieties. One sees directly the trade off required 
for the: enzyme active site. On one hand, utilization 
of strongly basic ligands such as 0x0 groups stabilize 
Mn(IV) intermediates; however, too many of these 
very basic moieties lead to a complex which is ther- 
modynamically stable in the high oxidation states 
(for example the adamantane complex described 
above'). Thus, incorporating weakly basic groups 
such as carboxylates will lead to more oxidizing 
sites. 

The Mn(SALADHP)2 complex has bctf = 3.9 
B.M. as expected for an S = 312 system. A signal 
at g = 5.25 is observed at 77 K in the x-band epr 
spectrum omf a 5 mM solution in DMF:methanol 
(3:2). We have prepared other structurally similar 
materials (Kessissoglou, 1987b) which have low field 
components ranging between g = 4 and 5.3. This 
illustrates, using a structurally characterized mono- 
nuclear Mn(IV) complex, that the low field signal in 
the S2 state of the O E C  could arise from a monon- 
uclear center as has been suggested by Vanngard. 

OXIDATION STATE PROPOSALS 

The application of x-ray absorption spectroscopy 
to photosystem I1 chemistry has not only provided 
useful information for defining structure but also 
oxidation states of manganese in many enzymic oxi- 
dation levels (Cole et al., 1987; Yachandra et al.,  
1986a,b; Kirby et al.,  1981a,b; George et al.,  1987). 
The near edge region (XANES) of the spectrum 
provides the most useful data for interpretation of 
metal oxidation state. The absolute x-ray absorption 
edge energies (-6551.3 e V  in the S1 state and 
~ 6 5 5 2 3  e V  in the S2 state) are in the range 
observed for model Mn(II1) and Mn(IV) complexes 
described above. The edge shifts to  higher energy 
by about 0.9-1. 4 eV during the S, to S2 transition 
suggesting that a metal centered oxidation has 
occurred. Little or  no change is observed for the S2 
to  S3 transition which suggests that the manganese 
are not oxidized in this step. However, care must be 
taken in these interpretations as the edge energies 
reflect electron density on the manganese, not 
necessarily oxidation state. Therefore, a change in 
coordination number or type of ligand could miti- 
gate the change in edge energy associated with an 
oxidation state change. It is also important to con- 
sider the internal consistency between the XANES 
and E.XAFS analysis of the different OEC prep- 
arations. The fits of the EXAFS data clearly show 
a large feature at -1.75 8, that is normally assigned 
as an 0x0-bridge between the manganese ions 
(Yachandra et al . ,  1987). However, such short 

PAP 4a-2-1 
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manganese oxygen distances have only been 
observed in clusters with manganese in the Mn(IV) 
oxidation state. In lower oxidation state materials, 
this bridging oxide is at least 0.1 8, longer (Vincent 
et al., 1987). Therefore, the short Mn-0 distance 
would suggest a cluster with one or more Mn(1V) 
ions while the edge energy of the S1 state is much 
more consistent with an all Mn(II1) formal metal 
oxidation state. Evidence from other techniques 
both support and contradict the interpretation of 
the S2 to S3 transition. 

Sharp (Srinivasan and Sharp, 1986a,b) has moni- 
tored the change in relaxation enhancement (Rl )  
of water protons by the manganese centers after 
short saturating flashes of light. Efficient relaxation 
traps include Mn(I1) and Mn(IV) ions, while the 
orbitally doublet Mn(II1) ion is not. A strongly 
relaxing center disappeared on advancement from 
So to S, while a relaxation enhancement was 
observed during the S1 t o  S2 transition. An 
additional flash caused neither enhanced nor 
detractd from the water relaxation rate. The model 
presented from these data invokes an So level of 
Mn(II)IMn(III)3 being oxidized to Mn(III), at the 
S1 state which would result in the decreased R1. 
The subsequent S1 to S2 transition also corresponds 
to a metal centered oxidation which generates a 
Mn(III)3Mn(IV)l center(s) with enhanced water 
relaxation. As was the case with the x-ray absorp- 
tion data, the S2 to S3 transition is not believed to 
occur with a metal centred oxidation. The interpret- 
ations of the relaxivity data relies on two important 
assumptions. The first is whether the mechanism 
for relaxation enhancement is through direct water 
intraction with the cluster or  follows a spin diffusion 
mechanism through the membrane. If water coordi- 
nation to the manganese center being oxidized is 
required in order to see a change in relaxation 
enhancement, it would be possible to see no change 
in the relaxivity due t o  the inaccessibility of the site. 
The second is whether the relaxivity of a cluster can 
be modeled by the theory for mononuclear ions or 
whether the relaxation rates will depend on the 
mechanism and magnitude of the exchange coupling 
in the cluster. Both of these points are currently 
under investigation. 

Dismukes (Dismukes and Mathis, 1984) observed 
a low energy transition in the near IR which was 
assigned as an intervalence band for the S2 state. 
One can not assign the oxidation states of the 
manganese on  these data; however, an interesting 
feature of this electronic transition is that it arises 
from a mixed valence center. Advancement of the 
cluster to  the S3 state does not diminish the intensity 
of this absorption which suggests that the metal 
center has not changed valence. Once again, these 
data are consistent with the x-ray absorption edge 
spectra. 

Although the water relaxation rate and x-ray edge 
and near IR spectra indicate that the metal cluster 

is not oxidized on advancing to S3, it is clear that 
some change has occurred that affects the metals 
since the multiline epr signal disappears above S,. 
The loss of the multiline signature can be due to an 
oxidation or a change in spin relaxation rates. The 
experiments described above support the spin relax- 
ation idea while studies of the U V  absorption spec- 
tra have been interpreted in favor of sequential, 
metal centred oxidations. A U V  absorption in the 
300-350 nm range has been associated with the S 
state transitions by a number of groups. Dekker et 
al. (1984a,b) studied the flash induced changs in the 
UV spectrum and observed that the spectral energy 
and magnitude of the change was equivalent for the 
So to SI, S1 to S2,  and S2 to  S3 transitions. Each 
transition was then assigned as a Mn(II1) to Mn(IV) 
oxidation by comparing the spectra to those 
obtained for Mn(II1) and Mn(IV) gluconate com- 
plexes. This model requires that the S,, oxidation 
level contains at least three Mn(II1) ions an that the 
fourth ion is either Mn(II1) or Mn(IV). The authors 
originally suggested that So was Mn(III),. However, 
the Mn(III),Mn(IV), or Mn(III),Mn(II), oxidation 
levels are the most probable formulations because 
the S2 level contains a non-integral spin system 
(either S = 3/2 or  112). Brudvig and Crabtree have 
suggested a mechanism for the water splitting re- 
action using SO as Mn(III),Mn(IV), while Christou 
has presented a scheme beginning with S,, as 
Mn(III)3Mn(II)l (vide infra) . 

The interpretation of the difference U V  absorp- 
tion studies is not universally accepted. The 
observed difference spectra were obtained after cor- 
recting for spectral changes occurring on the reduc- 
ing side of PS 11. This resulted in very weak signals 
after the subtraction. In addition, these are differ- 
ence spectra, not simple absorption spectra, which 
can complicate the interpretation. One might have 
expected that the spectral energy of these tran- 
sitions, if centered on a manganese cluster, would 
shift in energy as the cluster was sequentially oxid- 
ized. Only if the metals acted independently would 
the same energy and extinction coefficient be 
expected. These data are even more controversial 
since recent data suggest that the absorbance 
changes are not identical for each S state transition 
(Saygin and Witt, 1985) and can be fit to other 
models (Lavergne, 1986). Thus, one must question 
whether the observed signals are associated with 
manganese or  some other PS I1 component. In 
addition, the assignment of the oxidations as 
Mn(II1) to Mn(IV) has also been questioned since 
the Mn(I1) to  Mn(II1) oxidation can exhibit differ- 
ence spectral changes similar to  those observed for 
the OEC (Vincent and Christou, 1986). Thus, it is 
unclear to  what extent the difference U V  spectral 
changes have provided firm information about the 
oxidation states of the metal ions. Given the avail- 
able data, this author prefers the interpretation that 
the So level corresponds to 1 Mn(I1) and 3 Mn(II1) 
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ions. This formulation was assumed 
cussions in the previous section. 

MECHANISTIC PROPOSALS 

The field of photosynthetic oxygen 

Review 

in the dis- 

evolution is 
not at a loss for mechanistic proposals detailing the 
role of manganese in the water splitting reaction. 
Recent reviews that summarize some of these are 
given in the references. In this section, two recent 
chemical mechanisms (Brudvig and Crabtree, 1986; 
Vincent and Christou, 1986) that are based on 
tetranuclear formulations will be discussed. 

Brudvig and Crabtree have presented a model, 
illustrated as Fig. 6, which incorporates an oxo- 
cubane structure in the lower S states which converts 
to an 0x0-adamantane structure in the higher oxi- 
dation levels of the enzyme (S, and S,). The S,, State 
was assigned an oxidation state of Mn(III),Mn(IV), . 
Using the interpretations from the difference U V  
spectra of Dekker et al. (1984a,b), each S state 
transition was associated with a metal centered oxi- 
dation. This results in a non-integral spin system, 
Mn(III),Mn(IV),, for S2 as required by the 
interpretation of the epr and magnetic data. On 
advancing to the S3 state, two water molecules bind 
to the cluster with a simultaneous rearrangement of 
the metal atoms into an Mn406 adamantane type 
core. The final oxidation would then generate a 
catalytically competent Mn(IV),Mn(V), center 
which facilitates the formation of the 
oxygen-oxygen bond by excising two bridging 0x0 
groups from the core and regenerating the fully 
reduced 0x0-cubane of So. 

2"++O, q 

4:": +e 

Q 
Figure 6 .  Mechanistic scheme for water oxidation pre- 
sented by Brudvig and Crabtree and described in detail in 
text. Dark atoms are manganese ions and white atoms are 

0x0 groups. 

This mechanism accounts for many of the exper- 
imental observations for the OEC and is structurally 
consistent both with available model complexes and 
previously described clusters in biological systems. 
The cubane formulation is well established in iron- 
sulfur chemistry as an important structural motif. 
Manganese cubanes have not been isolated; how- 
ever, a cubane core is known in the Mn12 cluster 
reported by Lis (1980). The most recent EXAFS 
analysis (George et a / . ,  1987) of S ,  shows that the 
long Mn-Mn distance (3.3 A) is anisotropic. There- 
fore, a symmetric cubane is ruled out. However, 
this observation does not exclude either a highly 
distorted cubane or butterfly arrangement of 
manganese atoms, if the center is tetranuclear. 
Wieghardt e t a / .  (1983) have characterized an adam- 
antane manganese core which serves as justification 
for the higher S state structures. This Mn(IV), core 
is chemically unreactive even under harsh conditions 
and shows no higher oxidation state electrochemis- 
try. Whether ligand substitution on the non-oxo 
coordination sites of the manganese ions could allow 
oxidation to a formal Mn(V) oxidation state is an 
open question. Highly reactive mononuclear man- 
ganese(\/') porphyrin and Schiff base complexes 
have been invoked as catalysts in olefin epoxidation 
chemistry. The existence of this oxidation state in 
manganese clusters has not, as yet, been detected. 
This 'missing link' of model chemistry is not necess- 
arily a fatal flaw for this mechanism since one 
expects that the catalytically competent cluster 
should be unstable and may not be amenable to 
isolation. The requirement for a Mn(V) is partially 
dependent on the interpretation of the U V  absorp- 
tion data. If each S state transition does not proceed 
with metal oxidation or if the S,, cluster is more 
highly reduced, as predicted by the NMR relaxivity 
data, a lower formal oxidation state for S, is 
expected. Oxygen bond formation occurs at a very 
late stage in this mechanism. This is consistent with 
the mass spectrometric data of Radmer and Ollinger 
(1986) which showed that isotopically labeled water 
is not incorporated into dioxygen until the final S 
state transition. Therefore, the water must be freely 
exchangeable over the time scale of the experiment 
to a very late stage in the catalytic cycle. 

An alternative mechanistic proposal (Vincent and 
Christou, 1987), illustrated as Fig. 7, based on a 
series of tetranuclear butterfly type clusters has been 
advanced. In this, the double-pivot water oxidation 
scheme, the S,, oxidation level is composed of three 
Mn(I[I) and an Mn(I1) ion. These ions are arranged 
in a butterfly structure which contains two 'hinge' 
manganese ions at a short distance (2.85 A) and 
two wing tip manganese atoms at approximately 3.3 

from the hinge atoms. A short Mn-0 distance is 
observed from two p3-oxo atoms which bridge each 
triangular face defined by the two hinge manganese 
and one wing tip manganese atom. After two metal 
centered oxidations, the S2 oxidation level is com- 
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( a + )  

Figure 7. Mechanistic scheme for water oxidation pre- 
sented by Christou and described in detail in text. Dark 
atoms are manganese ions and white atoms are 0x0 groups. 

posed at an Mn(III),Mn(IV), cluster. A butterfly 
with water molecules coordinated to  the wing tip 
manganese was suggested. Additional oxidation of 
the cluster is thought to generate a cubane like 
structure which on advancement to S,, results in the 
liberation of dioxygen and the reformation of the 
So state structure. An imidazole group has been 
suggested as an acid base catalyst during the So to 
S1 transition (releasing a proton) and during the S2 
to S3 transition (accepting a proton) in order to 
facilitate cluster oxidation. Acid-base catalysis, 
whether using histidine or another moiety such as 
a carboxylate, is well established in other enzymatic 
reactions. Thus, precedent for an acid-base catalyst 
is known, although there is little or  no experimental 
evidence addressing the question in the oxygen 
evolving complex. 

After proposing the above chemical mechanism, 
a tetranuclear structural type with a bridging chlor- 
ide was isolated (Bashkin et al.,  1987). This complex 
may? give rise to a multiline type epr spectrum at 
60 K. Although this S2 state model was not part 
of the original scheme, it represents an interesting 
possible intermediate since it demonstrates the role 
of chloride as a cluster stabilizing ligand. This is 
consistent with the studies of Sandusky and Yocum 
(1983,1984,1986) which have demonstrated a chlor- 
ide requirement for oxygen evolving activity. 

RELATED MANGANESE ENZYMES 

Redox functions for manganese are most often 
encountered in enzymes which are involved in the 

tA  multiline signal is observed when this complex is 
dissolved in DMF:toluene; however, as the authors have 
pointed out, the nuclearity of the cluster in this solution 
may not be the same as in the solid state. Therefore, there 
is a potential ambiguity as to whether this signal originates 
from a tetranuclear center or a binuclear Mn(III)Mn(IV) 
fragment of the cluster. 

metabolism of the 02n- unit, where n may range 
between 0 and 2. A one electron redox process for 
the manganese superoxide dismutase (Ludwig et 
al., 1986) has long been established. This enzyme 
shuttles between the Mn(I1) and Mn(1II) oxidation 
states while catalyzing reaction 1: 

More recently, binuclear manganese enzymes with 
catalase activity (Beyer and Fridovich, 1985; Kono 
and Fridovich, 1983; Barynin et al., 1986; Khangu- 
lov et al., 1986), reaction 2, have 

2 H 2 0 2 + 0 2  + 2H20 (2) 
been purified from Lactobacillus plantarurn and 
Therrnus therrnophilus. The Therrnus enzyme has 
been crystallized and a low resolution x-ray struc- 
ture is available (Khangulov et al., 1986). In 
addition, the epr spectra of the native enzyme and 
a hydroxylamine-treated fortn have been reported 
(Khangulov et al., 1986). It appears that the manga- 
nese ions are within 3.6 A of one another in this 
preliminary structure. The native form gives a g=2 
multiline epr spectrum reminiscent of the S2 state 
signature of the OEC and the model complex 
(bipy)2Mn(III)(0)2Mn(IV)(bipy)2, In contrast, the 
epr spectrum of the hydroxylamine-treated sample 
resembles that of the binuclear (Mn(II)SALPSI2. 
Indeed, the origin of the enzymic signal is believed 
to be from an S = 1 or S = 2 spin manifold of 
two weakly coupled Mn(I1) ions. Apparently, an 
inactive enzyme results from the reduction of the 
core to  the Mn(IIII1) state by hydroxylamine (Kono 
and Fridovich, 1983). A model complex has been 
reported that will cause the decomposition of hydro- 
gen peroxide (Mathur et al., 1987). This compound 
functions between the Mn(1I) and Mn(II1) oxidation 
states. Thus, it would appear that this two electron 
chemistry is competent using either Mn(IIII1) to 
Mn(III/III) or even higher oxidation state couples. 

The OEC is also thought to be reduced by hydrox- 
ylamine treatment generating an S- I oxidation level 
that is epr inactive. In addition, there have been 
reports that under appropriate conditions hydrogen 
peroxide can act as an electron donor to PS I1 
(Schroder and Akerlund, H.-E., 1986) and that oxy- 
gen can be evolved in St] to S2 cycles using hydrogen 
peroxide as a substrate (Frasch and Mei, 1987; 
Mano et al., 1987). Further work on both the cata- 
lase and OEC manganese centers is required to 
elucidate the structural and/or electronic differences 
between these active sites. 

An interesting relationship between all of these 
manganoenzymes is the conservation of the ratio of 
manganese atoms to oxidizing or reducing equiva- 
lents required for catalysis. Because manganese has 
multiple available intermediate oxidation states 
( + 2 ,  +3, +4), it is possible that a four electron 
oxidation of substrate could occur by a reduction of 
an Mn(IV/IV) dimer to  the Mn(IIII1) oxidation 
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level. However, it appears that in the manganese 
superoxide dismutase and manganese catalase that 
each metal participates in redox catalysis as a one 
electron donor or acceptor. By analogy, it is tempt- 
ing to suggest that each manganese ion in biological 
systems acts as a single electron transfer agent. The 
requirement for four manganese ions in the O E C  
may result as much from a need to accumulate a 
sufficient number of one electron oxidants as from 
thermodynamic requirements for generating a 
highly oxidized center. A tetranuclear cluster would 
be most appealing within this framework. 

SUMMARY 

The previous discussion attempts to provide an 
underpinning for the basic properties of manganese, 
whether as mononuclear or multinuclear complexes, 
in biological systems. Complexes that have provided 
insight into both structural and oxidation state 
assignments have been emphasized. While the struc- 
tural data base and physical properties of manga- 
nese clusters has increased greatly in the past few 
years, our understanding of the reactivity of these 
materials is in its infancy. For this reason, a thor- 
ough critique of the reactivity models for the OEC 
that have appeared recently was not undertaken. 
We have progressed to  the awkward position of 
being able to state definitively that certain structures 
or mechanisms are ruled out, but are unable to  
assign unambiguously a structure or mechanism as 
correct. The reason for this uncomfortable situation 
is that the data base is incomplete. Therefore, inor- 
ganic chemists will continue to synthesize new com- 
pounds which will mimic more closely the properties 
of the biological centers. However, as the field 
matures, an increasing emphasis toward defining 
reactivity patterns of manganese catalyzed reactions 
will develop. The reader interested in this aspect of 
manganese chemistry may find references (Ash- 
mawy et a/ . ,  1984 and 1985; Ramaraj et af., 1986) 
informative. The information gleaned from these 
studies, when combined with biophysical, biochemi- 
cal and enzymatic data, will allow scientists across 
the many disciplines that have been studying oxy- 
genic photosynthesis to ferret out the secrets of one 
of the most important and intriguing reactions in 
nature. 
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