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As a clearer picture of the oxygen activation processes by manganese(I1) co- 
ordination complexes begins to emerge, we are more likely to understand the 
biological significance of the Mn-0, interaction in various enzymes and to use 
the activated oxygen molecule for the catalytic oxidation of organic substrates. 
This Comment describes some of the recent advancements in the area of diox- 
ygen activation by manganese(I1) complexes. Details regarding the binding of 
the 0, moiety to the metal center and the reaction pathway that is taken during 
the four electron reduction of the 0-0 double bond are presented. Particular 
attention is given to new information on Mn(I1) Schiff-base complexes as these 
results provide strong evidence for a more straightforward and simpler oxygen 
activation process than previously thought. Also described in this article are 
examples of unique intermetal oxygen atom transfer reactions that the 0x0 
bridged dimers of Mn Schiff-base complexes undergo with electrophilic metal 
compounds. This recently discovered reactivity pattern for the 0x0 bridged com- 
plexes likely provides the opportunity to resolve the long-standing controversy 
regarding the multiple oxidation products that are reported to form upon oxi- 
dation of Mn(I1) compounds by 02. 
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Abbreviations 

DMF-N,N-dimethylformamide 
DMSO-ddimethysulfoxide 
1-MeIM-CH,-imidazole 
En-formal reduction potential 
PhIO - iodosylbenzene 
ESR-electron spin resonance 
OEC-oxygen evolving complex 
PSII-photosystem I1 
DMA-N,N-dimethylacetamide 
CV-cyclic voltammetry or cyclic voltammogram 
RDE-rotating disk electrode 
CA-chronoamperometry 
ECE-E = electrochemical and C = chemical step 
SSCE-sodium chloride saturated calomel electrode 

I .  INTRODUCTION 

An understanding of the reactivity of metal complexes toward 0, 
is pertinent to such diverse topics as biological oxygen transport 
and homogeneous catalysis.'S2 Thus, the reversible and irreversible 
binding of dioxygen to transition metal compounds has received 
considerable attention for many years. Among the middle tran- 
sition metals, Mn, Fe, and Co, the reactivity of manganese com- 
plexes toward 0, is the least well understood despite the fact that 
it was 60 years ago that Pfeiffer and his research collaborators 
published the first paper describing the reactivity of the compound 
(SALEN)Mn", Figure 1.1, toward 0,.3 However, over the past 
dozen or so years, there has been renewed attention paid to man- 
ganese-0, chemistry primarily because of the relevance of man- 
ganese redox enzymes that catalyze 0, evolution from H,O, 0; , 
and H,0,.4 Complexes of Mn(I1) with porphyrin and Schiff-base 
ligands are the most thoroughly studied systems with regard to 0, 
activation processes, and their chemistry is the focus of this Com- 
ment. 

Pfeiffer and co-workers found that oxygenation of the yellow 
(SALEN)Mn" complex in CHCI, produced a rather intractable 
red-brown solid. They postulated that the majority of the solid 
was comprised of [(SALEN)Mn'1'-OH],3~5 but that other com- 
pounds might also be present. This result and its interpretation 
have lead to the long-standing notion that reaction of Mn(I1) com- 
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L l : R = H  
L,: R = CI 

L,: R = t-Bu 

X-H2SALEN 

L s  R = CH30 

b i - N d  

L,:R=H. R = H  
L;:R=CI. R = H  
L+R=CH,O. R = H  
L,: R = C1. R = CI 

X-H2SALPRN 

H2TF’P 

H,Pc 

FIGURE 1.1 Ligand structures discussed in this Comment. 

pounds with 0, produces a complex mixture of products, and that 
homolysis of the 0-0 bond, which we refer to as 0, activation, 
occurs as a consequence of the oxygen binding process. 

Illustrated below are some of the simpler oxygenated compounds 
that have been proposed to form for manganese complexes, and 
all have been claimed to occur for the Schiff-bases6 However, in 
no single ligand system have all of the oxygenated complexes been 
unambiguously identified. There are also many higher nuclearity 
0x0 bridged manganese compounds containing either 1 or 3 as a 
subunit, for which excellent reviews are available,’ but they are 
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generally not formed by reaction with 0, and so they will not be 
discussed explicitly in this Comment. 

0 
/ \  

\ /  
0 

Mnlll-O-Mn"' Mn"l-O-O-Mn11' MnIV MnlV -(Mn"'-O-MnlIl),-O 

I 2 3 4 
(I-0x0 dimer q'. q'-pcroxo bis(p-oxo) dimer poly-catena-oxo 

Owing to the multi-component product mixtures thought to oc- 
cur especially in  Schiff-base chemistry, multi-step 0, activation 
pathways have been proposedH.Y and Scheme 1 is an example. A 
similar set of reactions is often used to explain reactivity of the 
porphyrins even though oxygenated products are not isolated; one 
typically isolates [porphyrinMn"'] + and decomposition products. 
This scheme contains intermediates and products that are closely 
related to those found during the reaction of 0, with Fe(I1) and 

We are aware of only two examples of Mn"'-Mn"' p-0x0 dimers 
without additional bridging groups spanning the metal centers that 
have been isolated and unambiguously characterized1°-12 despite 
the suggestion that this type of dimer plays a prominent role in 
the 0, activation process. In contrast, the bis(p-0x0) dimer is much 
more common and can be synthesized from Mn(I1) using 0, or 
from Mn(II1) using other  oxidant^.'^-^^ 

A particularly exciting recent development in the 0, activation 

Co( 11). ' 

M.n" + 0, 3 Mn"'-O, 

Mn"'-02 + Mn" j Mn"'-O-O-Mn"' 

Mnlll-O-O-Mnlll + ~[MII '~=O]  

[MnIV=O] + Mn" j Mn"'-O-Mn"' 

0 
/ \  

\ /  
0 

2[Mn'V=O] 3 Mn'" MnIV 

SCHEME 1 
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area is the isolation and crystallographic characterization of two 
manganese compounds with O2 bound in the ql, ql-peroxo fash- 
ion.35*36 In at least one instance35 the O2 could be released by 
irreversibly decomposing the compound with acid. An ql, q'-per- 
0x0 complex is thought to form for a Schiff-base ligand ~omplex ,~ '  
and apparently the bound O2 can be released by thermal means, 
but both these claims need further investigation in order to be fully 
substantiated. 

Our interest in the reactivity of tetradentate Mn(I1) Schiff-base 
complexes toward O2 was stimulated by reports that the porphyrin 
analogues are good catalysts for epoxidizing olefins using 0,. The 
reaction could be driven starting with the Mn(II1) complex via 
chemical reducing  agent^^^,^^ or more efficiently by electrochemical 
 mean^.^-^^ Scheme 2 was proposed by Murray and c o - w o r k e r ~ ~ ~  
to explain the electrochemical results. We, and others, reasoned 
that the Schiff-base ligands would allow for greater control over 
electronic, steric, and stereochemical properties of the catalyst 
than the porphyrins, thereby affording tunability of the catalyst to 
the desired substrate. Electronic properties of the catalyst have 
been addressed by Kochi and ~ o - w o r k e r s ~ ~ , ~ ~  while various aspects 
of stereochemical control currently are being examined by oth- 
e r ~ ~ - ~ ~  (in both kinds of studies PhIO is used as the source of the 
oxygen}. 

The Schiff-base compounds are moderately good electrocata- 
ly~ts ,~ '  likely operating by Scheme 2, but their activity is reduced 
after a relatively short period of time. From CV results, Section 
11.5, it seemed likely that a catalytically inactive dimer formed 
during the reaction. Any one of the dimers shown above could 
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have accounted for loss of the catalytic activity. We were interested 
in ascertaining the nature of the dimer, which we now know to be 
a bis(poxo) dimer, how it is formed, and ultimately how to control 
its formation. 

We will show in this Comment that analysis of recently obtained 
data from our lab and others reveals a simpler process than the 
one in Scheme 1. From our studies thus far,51-54 i t  is possible to 
demonstrate that 3 is the  kinetic product of oxygenation and that 
intermetal oxygen atom transfer reactions between 3 and the Mn(I1) 
starting material account in part for the multitude of products that 
have been suggested from prior studies. The Comment is divided 
into two parts: The first provides a limited overview of studies 
detailing intermediates involved in the oxygenation process while 
the second describes primarily the chemistry of Schiff-base com- 
plexes. 

11. REACTIVITY O F  LMn(I1) WITH 0, 

11.1. Coordination Requirements 

In the mid 1960's i t  was reported that manganoglobin did not bind 
02.55 This unexpected result led to the conclusion that a five co- 
ordinate Mn(I1) center could not be oxygenated. Subsequent 0, 
binding studies using TPPMn", Figure 1.1, with various axial bases 
supported this idea .56 X-ray crystal structures have since been re- 
ported for Mn(I1) porphyrin c ~ r n p l e x e s ~ ~ ~ ~ ~  with zero or one axial 
ligand but n o  six coordinate compounds have been isolated. Thus 
much of what was learned about using physical attributes of the 
axial ligand, e.g., 71 donor and acceptor capabilities, to manipulate 
reactivity of O2 toward Co(I1) compounds' may not be applicable 
to the Mn porphyrin complexes. 

Four coordination appears to be a less stringent requirement for 
the Schiff-base complexes. For example, the  oxygenation can be 
performed in solvents like DMSO or DMF59-65 where one or pos- 
sibly even two axial ligands may be present. The X-ray crystal 
structure of L,,Mn"(py), shows that both pyridines ligate the metal 
center.44 Furthermore, in our electrochemical  experiment^,^^,^^ we 
observe that inclusion of a 5-10 fold molar excess of 1-MeIM, 
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relative to the metal complex in CH,CN, does not inhibit or en- 
hance 0, binding even though we can observe that the 1-MeIM 
coordinates to the metal center. At higher 1-MeIM concentrations, 
50-fold excess, some inhibition occurs but it is not large. From the 
limited data set of the Schiff-bases and the porphyrins, their ap- 
pears not to be a strong correlation between reactivity of the metal 
complex toward 0, and coordination number. 

11.2. Griffith vs. Pauling Type Coordination of 0, to LMn(I1) 

The reaction of Mn(t1) complexes with O2 has been probed by 
ESR, IR, and UV-vis spectroscopy. While 0, is commonly bound 
to Fe and Co centers in the Pauling fashion,% the coordination 
mode of 0, to Mn(I1) still remains an unresolved issue except in 
a few instances. As the following discussion shows, ligand type 
and reaction conditions influence whether Griffith or Pauling type 
bonding is adopted, but the Griffith type appears to be the more 
common. 

The most thorough studies in this area are those of Basolo and 
Their primary observation was that reaction of 

TPPMn" with 0, in toluene at - 78°C gives rise to a six line ESR 
spectrum at g = 5.4. The formula assigned to the adduct was 
[TPPMII~~(~~-O, ) ] .  One expects Mn(II1) species to be ESR silent 
while Mn(1V) complexes are ESR active. The q2 coordination 
mode was controversial at  the time because Fe and Co analogues 
had been assigned as q'-superoxo species,1.66 and changes in the 
UV-vis spectrum upon oxygenation were most consistent with for- 
mation of a Mn(II1) species. 

During the debate, MO calculations were used either to support 
the structure proposed by Basolo and Hoffman'O or to that 
[TPPMn"'(q'-O,)] was a better description. Eventually, rigorous 
Hartree-Fock MO  calculation^^^ were interpreted as showing that 
the $-peroxo formulation is strongly favored but that an ql-su- 
peroxo form cannot be completely excluded. Interestingly, rotation 
of the bound 0, in [TPPTi'"(q2-O,)] proceeds through an ql-su- 
peroxo intermediate.73*74 There may be a similar small energy bar- 
rier between the two forms in manganese compounds. 

The coordination geometry issue was settled for [TFPMn-O,] 
through low temperature IR studies with 160*80.7s Griffith type 
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coordination was substantiated by the appearance of a single band 
in the IR spectrum assignable to vo-o for the l60l8O molecule. 
Previous studies of TPPCo" with a similar gas mixture had given 
rise to two 0-0 stretches (0, bound in an q'-superoxo geometry) 
for the assymmetrically labeled 0, m o l e c ~ l e . ~ ~ ~ ~ ~  Thus there is now 
little doubt that oxygenation of TPPMn" in toluene produces 
[TPPMn*"(q2-0,)]. Nakamoto and co-workers have also shown 
that [OEPMn-O,] has the oxygen bound in the q2 manner.78 

We recently found79 that the product from reaction of L,M# 
with 0, in DMF has an ESR spectrum, Figure 11.2.1, similar to 
the one for the porphyrins, so it, and probably other Schiff-base 
complexes, adopt the Griffith type bonding. It is likely that 0, 
adducts of Mn"X,PR, (X = CI, Br, or I and R = alkyl and/or 
aryl groups), initially claimed to have q' bonding,so.*' also bind 
0, in an qz fashion based on the six line ESR spectra observed 
for some of the compounds upon oxygenation. In retrospect, Grif- 
fith type bonding of 0, should not have been controversial as it 
is commonly found in 0, adducts of early and late transition metals, 

I I I 1 I I 
800 loo0 1 200 1400 1600 1800 

Gauss 

FIGURE 11.2.1 ESR spectrum taken at 6 K of L,Mn" oxygenated at -30°C in 
DMF. The product appears to be [L ,Mn'" (~ l~-0~)] .  
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especially for those metals that can undergo two electron oxida- 
tions. It is now known that under certain conditions even iron(I1) 
complexes can bind the 0, in a side-on fashion.77 

The X-ray crystal structure of [TPPMn11'(r\2-0,)]-, 5 ,  recently 
has been determined82 and the structure is shown schematically 
below. The Mn center in 5 lies 0.764 8, out of the plane of the 
macrocycle. Basolo and Hoffman earlier had suggested that if the 
0, was side-on bound to the manganese center in [TPPMnIV(q2- 
O,)], the rigidity of the porphyrin macrocycle would prevent the 
metal from adopting an octahedral bonding mode because of steric 
repulsion between the O2 and the porphyrin ligand. Clearly this 
is borne out in the structure of [TPPMn"'(q2-0,)] - . 

1.421 A 7  

5 

Spectroscopic data obtained for the oxygenation of PcMn", Fig- 
ure 1.1, shows that the mode of O2 binding is strongly dependent 
on the solvent used during the reaction. In DMF, a species having 
an ESR signal at g = 2 with no hyperfine structure attributable 
to the metal center is ~bserved . '~  The signal could be that of 
[PcMn"'(q'-O,)] but unbound 0; is a second possibility (see be- 
low). Nakamoto and co-workers found by IR spec t ros~opy~~  that 
in an Ar matrix the 0, is bound side-on like [TPPMn'"(q2-O2)]. 
Perhaps the most interesting results are those of Lever and co- 
workers who recorded an 18-line ESR spectrum for the 0, adduct 
prepared in DMA.84,65 It seems probable, from recent ESR data 
on polynuclear manganese compounds,86 that the multi-line signal 
arises from a dinuclear mixed-valent compound rather than 
[P~Mn'~'(ql-0,)] as originally thought. If the compound is indeed 
a mixed-valent dimer, the 18-line spectrum is an unprecedented 
one as 16-line spectra are commonly observed for the dimers. This 
rather exceptional ESR result gains further importance in that it 
appears to more closely resemble the 19-line ESR spectrum ob- 
served for the S, state in the OEC of PSI187.88 than any of the 
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other model compounds for the OEC that have been prepared to 
date. 

11.3. Additional Reaction Intermediates 

Basolo and Hoffman also observed in their s t ~ d i e s ~ ' - ~ ~  that some 
oxygenated samples exhibited an ill-defined multi-line spectrum 
(greater than 6 lines) at g - 2. No attempt was made to assign a 
structure to the compound other than to suggest that it was a dimer, 
most likely with an oxygen bridge. The oxygenation of TPPMn" 
has been reinvestigated by Perree-Fauvet and c o - w o r k e r ~ . ~ ~  They 
detected a complex having a 16-line pattern at g - 2 with a spectral 
width of 1220 G, which they proposed to arise from the unstable 
complex 6, Eq. (1). The important suggestion made by these work- 
ers was that 6 forms in a fashion that is concerted with respect to 
0-0 bond cleavage, a pathway we also favor, and not through 
species like those in Scheme 1. 

0 
/ \  

\ /  
[TPPMn"O-OMn"'TPP]- e [TPPMn"' Mn'"TPP]- 

0 
6 

There are also two ESR studies regarding the reaction of TPPMn" 
with 0, in C,H,C1.89~w The results differ from those for reaction 
in toluene. Dismukes and co-workersw reported that the addition 
of 0, to a C,H,CI solution of the complex generated 0; as an 
initial productg1 along with [TPPMn"']' . Either species 7 or 8 in 
Scheme 3 was proposed to account for the 16-line spectrum ob- 
served at g - 2 that appeared following initial formation of 0,. 
The spectral width recorded for 7 or 8, 1410 G, is substantially 
larger than the one for the mixed-valent dimer produced in toluene, 
1220 G, Eq. (1). This information was used to assign the oxidation 
states for the metal centers at the + 2 and + 3 levels in 7 or 8 and 
+ 3  and + 4  for the dimer in Eq. (1). The reasons for the solvent 
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TPPMn" + O2 + [TPPMnl"]+ + 0- 2 

TPPMn" + 0; + [TPPMn"'O,]- 

[TPPMn"'02] - + TPPMn" e [TPPMn"O-OMn"'TPP] - 
7 

[TPPMn"O-OMn"'TPP] - e TPPMnIVO + (TPPMn"'O1- 

TPPMnIVO + TPPMn" @ TPPMnl"OMnl"TPP 

[TPPMn"'O] - + TPPMn" @ [TPPMn"0Mnt1'TPP] - 
8 

SCHEME 3 

dependence of the reaction are not obvious, but it illustrates the 
difficulty of proposing a general O2 activation pathway for Mn(I1) 
complexes. 

ESR studies for the Schiff-bases are less extensive than for the 
porphyrins but there is a particularly noteworthy and controversial 
one regarding oxygenation of L,Mn".92 A 16-line spectrum was 
observed for the oxygenation product. Hendrickson and co-work- 
ers assigned to the compound the formula [(L,)2Mn11-Mn11' (qlql- 
02)]- ,  an analogue of 7 in Scheme 3. However, Dismukes and 
co-workers showed, based on theoretical arguments86 and from 
the oxygenation of TPPMn" in chlorobenzene,w that the data were 
more consistent with a Mn"l-Mn'V dimer and not a Mn"-Mn"' 
dimer. This reinterpretation of the data by Dismukes has gained 
common acceptance. 

However, in neither 7 nor 8 nor in the oxidized form of L,Mn" 
is the coordination mode of the oxygen ligand(s) accurately known. 
It seems likely that the nature of the bridging ligand (0x0, qlql- 
peroxo, or qlql-superoxo) and the coordination geometry about 
the metal center (five or six coordinate) will influence the ESR 
parameters, maybe not in a predictable way. Support for this con- 
tention comes from the wide range in spectral widths recorded for 
mixed-valent Mn"l-MnlV bis(p-0x0) dimers, 980 G to 1250 G, 
which have metal cores that structurally are all quite similar. The 
ligands on these dimers include chelating amines, macrocyles, and 
the Schiff-bases. Until more ESR spectral data on a variety of 
mixed-valent dimers becomes available, some caution seems in 
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order when using ESR spectral widths alone to assign manganese 
oxidation states. 

Armstrong and co-workers also examined the reaction of L9Mn11 
with 0,.93 They isolated and crystallographically characterized 
[L,Mn"'],(@-O). No attempts to oxidize the complex to the Mn"*- 
MnIV form or to reduce i t  to the  Mn"-Mn"' state have been 
reported. Obviously this information could be used for comparison 
with the ESR results reported by Hendrickson and co-workers.'2 
Perhaps the more important observation Armstrong made regard- 
ing L,Mn" itself was that it is a dinuclear compound, 9, and that 
the manganese is five coordinate. This compound, or one of its 
close analogues, seems to be ideal for probing for the existence of 
the q'ql-peroxo and MnIV=O intermediates, Scheme I .  Further- 
more, if the ligand remains pentadentate during the oxygenation, 
it would show that a five coordinate Mn(I1) complex can react 
with O,, Section 11.1. Thus reinvestigating the oxygenation process 
for [L9MnJ1], or structural analogues may provide substantial in- 
sights into the overall 0, activation process. 

9 

11.4. Formation of Isolable Oxygenated 
Complexes- Background 

It is clear from the discussion above that the Mn(I1) porphyrin 
complexes have provided the bulk of the information regarding 
intermediates in the oxygen activation process. In contrast, since 
Schiff-base compounds generally form isolable oxygen containing 
products, they permit the study of the chemistry of the oxygenated 
products themselves. This portion of the Comment therefore fo- 
cuses primarily on the chemistry of compounds with ligands L,- 
L,, Figure 1.1. First we briefly describe earlier work reported by 
Taylor and co-worker@ which laid much of the groundwork for 
our investigations. The second part presents newly acquired in- 
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formation that we and others have gained relating to the oxygen- 
ated products. Unfortunately we must speculate to some extent 
on the nature of some of the products because we have been unable 
to obtain crystals suitable for X-ray analysis. Hopefully this situ- 
ation will change soon. 

Taylor and co-workers investigated the stoichiometry of the ox- 
ygenation reaction using three, four, and potentially five coordi- 
nate Schiff-base ligand complexes (complexes with ligands anal- 
ogous to L, were assumed to be mononuclear). The emphasis was 
placed on the latter two types. Virtually all of the experiments 
were performed in DMSO or similar solvents where both products 
and reactants were soluble. As discussed in Sections 11.6 and 11.8, 
this solubility condition can lead to complicating side reactions. 

Oxygen uptake measurements revealed a 1:2 O,:Mn(II) ratio in 
many instances, implicating production of dinuclear complexes, 
but the dimers were not isolated though it was generally felt that 
these were Mn"I, Mn"' q'q'-peroxo dimers. Both greater and 
lesser values of the O,:Mn(II) ratio were also recorded. It is likely 
that ligand decomposition occurred when large quantities of 0, 
were involved as the imine linkage (R,C=NR') is susceptible to 
oxidation itself. Ratios less than 1:2, which at the time were dif- 
ficult to explain, can now be accounted for by our observations 
that the kinetic oxidation product, [LMn1V(p,-0)]2, reacts with LMn". 
For example, oxidation of L,Mn" under some conditions leads to 
formation of the bis( poxo) dimer and a higher nuclearity species, 
but as discussed in Section 11.8 the cluster arises from the reaction 
in Eq. (2).53 

[LsMnlV(p-O)], + 2L,Mn" + [(L,Mn"'},(O) 1, (2) 

11.5. Electrochemical Studies on the Schiff-Base Complexes 

We first approached the 0, activation process using electrochem- 
ical methods since the design of robust electrocatalysts was our 
goal. All of our electrochemical experiments are performed in non- 
aqueous solvents starting with the 0, insensitive Mn(II1) complex 
which is then reduced to the 0, sensitive Mn(I1) form. 

Whereas one electron reversible electrochemical behavior is typ- 
ical for the Mn(III/II) couple under N,, we found the voltammetry 
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I I I 1 I 

0.2 0.0 -0.2 -0.4 -0.6 
E/V vs SSCE 

FIGURE 11.5.1 CVs of [L,Mn"']+ under N, and 0, in 0.1 M TBACIO,/CH,CN. 
The peak marked with a $ corresponds to the ECE process in Scheme 4 and the 
one denoted with a * is from [L,Mn'"(p-O)],. 

[LMn"']+ + e- -+ LMn" 

LMn" + 0, -+ [LMnrV(q2-0,)] 

E 

C 
10 

[LMn1V(q2-02)] + e- -+ [LMn"'(q2-0,)]- E 
11 

SCHEME 4 

under 0, to be much richer. Compounds with ligands of the type 
L,-L, exhibit an electrochemical response under 0, that indicates 
oxygen binding for the Mn(I1) form with subsequent formation of 
a new species reducible at more negative potentials than the start- 
ing material. CVs for [L,Mn"']+ under N2 and 0, atmospheres 
are representative, in the broadest sense, of these electrochemical 
features, Figure II.5.1.52 

The redox processes occurring under the potential-current en- 
velope in Figure 11.5.1 which are marked with a * are interpreted 
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in terms of the ECE reaction Scheme 4, while the one 
denoted by the * arises from reduction of [L,Mn1V(p-O)]2 to [(L2),- 
Mn"IMnrV (p-O),]-. Assignment of the latter process as being due 
the dimer was made by electrochemically, synthesizing bulk quan- 
tities of the hornovalent compound [L,MnlV(p-O)], from reduction 
of [L,Mnrl'] + under 0, and comparing its E" to the one in the CV 
shown in Figure 11.5.1. The potentials matched exactly.52 It was 
extremely fortunate for us that the redox process for the dimer 
appears at a potential more negative than the one for the starting 
material (see Section 11.7), as this permitted us to easily monitor 
its formation. 

The current increase at $ is a clear indication that the oxygen 
adduct 10 is more easily reduced than the starting material. The 
amount that the current increases under 0, is related to the oxygen 
binding ability of the Mn(I1) complex, but because of the dimer- 
ization reaction the analysis is often qualitative at best (see Sections 
11.6 and 11.8). It is not surprising that 10 is easily reduced as the 
manganese is in a relatively high oxidation state. Creager and 
Murray95 also reported that [TPPMn"'(qZ-O,)] - was formed via 
an analogous ECE reaction scheme while Sawyer and co-work- 
e r ~ ~ ~ , ~ ~  confirmed that [C1,-TPPMn1V(q2-02)] is more easily re- 
duced, Eo(MnlV'rrr) = -0.13 V vs. SSCE, than [CI,-TPPMnrl'], 
Eo(Mnllml) = -0.16 V vs. SSCE. The difference in reduction 
potentials between [LMn"I]+ and 10 is likely to be distinct for each 
compound examined, and at this time we have no estimate as to 
what the range in potentials will be. 

Once Scheme 4 and the nature of the dimer had been estab- 
lished, our main challenge has been to determine which species 
are responsible for [LMn'"( p-O)], formation. The diffusion layer 
around the electrode surface in the CV experiment is composed 
of at least [LMn"']' , [LMn"], [LMn1"(q2-0,)], and [LMn"'(q2- 
O,)]. It seemed most natural to propose that the dimer formed by 
the reaction in Eq. (3), [LMn"'(q2-Oz)]-, should be a strong Lewis 
base that is being generated in the presence of a strong Lewis acid, 
[LMn"'] + . This view was consistent with the suggestion by Dis- 
mukes and co-workersw that 5 is reactive toward Lewis acids, 
Scheme 3. However, we did not expect step 3 in Scheme 3 to apply 
here because neutral hornovalent compounds were isolated from 
electrochemical syntheses. Alternatively, the reaction could have 
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been the one in Eq. (4). thus making [LMn"'(q'-O,)]- a deadend 
species with regard to [LMn'"( p-O2)I2 formation. 

[LMn"'(q2-02)]- + [LMn"']' - [LMn'"(pO)lz (3 )  

[LMn'"(q'-O,)] + [LMn") -, [LMn'"(pO)], (4) 

The conclusion we have arrived at from analysis of all the elec- 
trochemical data is that (LMn'"(p-O)], forms by the set of reac- 
tions in Scheme 5 ,  Eqs. (5)-(7).54 The implication of this view of 
the data is that the oxygen binding-dimerization reactions, Eqs. 
( 6 )  and (7). are highly competitive kinetically with the oxygen 
binding-reduction steps in Scheme 4. We have used CA, CV, 
RDE. and bulk electrolysis experiments to support this proposi- 
tion. The following discussion presents a few of the interesting 
observations that we made during our electrochemical studies that 
have lead to our invoking Scheme 5.  

Among the first interesting results we obtained using CV were 
that at low [LMn"']' concentrations (-0.1 mM) the O2 binding 
affinity was not strongly influenced by the E" of the metal complex 
and that the stoichiometry of the reaction was often nearly 1:l 
0,:Mn. Low metal complex concentrations are necessary to avoid 
formation of substantial amounts of the bis(p-0x0) dimer. The first 
observation is unusual because one expects metal centers having 
more negative E O ' S  to possess higher 0, affinities than ones that 
are less powerful reducing agents. However, Basolo and co-workerP 
had previously shown for the TPPMn" complexes that O2 affinity 
was not very sensitive to the E" for the metal. The significance of 
the stoichiometry being nearly 1: 1, at least from our perspective, 
is that most of the compounds that we have examined could be 

LMn" + 0, + [LMn'"(q2-02)] (6) 

[LMn1V(-q2-02)] + [LMn"] -+ [LMn'"(p-O)], (7) 
SCHEME 5 
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used as epoxidation catalysts as they all efficiently form [LMn"'(q2- 
O,)]-, Scheme 2. We have no reason not to believe that it is 
[LMn111(q2-02)]- that reacts with the anhydride in Scheme 2 to 
form the active epoxidation catalyst. 

The CV experiments also allowed us to determine that the bis(F- 
0x0) dimer forms extremely rapidly and that it can be generated 
in high yield. Using L,Mn as an example, the dimer in Figure 
11.5.1 is forming in 60-80% yield based on [L,MnlI1]+, and the 
redox process for [L,Mn'V(p-O)], is detectable up to scan rates of 
2 V/s; this places a lower limit of 75 ms on its formation.s2 This is 
an impressively fast reaction when one considers the number of 
events occurring within this short time period; binding of 0, to 
Mn(II), dimerization with a second Mn(I1) complex, reduction of 
the 0-0 bond by four electrons, and reorganization of the ligand 
from square planar to the cis$ configuration9' (see Section 11.6 
and Figure II.6.124-27). Thus there must be a large driving force 
for bis(poxo) dimer formation in order to justify having this com- 
plex set of reactions occur so rapidly. The facility of the dimer 
forming reaction throws doubt on the applicability of Scheme 1. 

Of all the complexes that we have investigated, the compound 
L,Mn" exhibits the greatest propensity to form its bis(p-0x0) di- 
m e ~ - . ~ ~  This turned out to be an important factor in allowing us to 
support Eq. (4) to account for dimer formation. Apparently the 
0, binding rate for L,Mn" is inefficient enough that all of the 
L,Mn" in the vicinity of the electrode surface is not drained away 
in the form of [L,Mn1V(q2-02)] or [L,Mn"'(q2-o2)]-. The dimer- 
ization reaction is so facile that we can observe a substantial amount 
of [L,MnlV(~-O)], in an RDE experiment, a result we have not 
seen for any other Schiff-base complex. In the RDE experiment 
the concentration of the Mn(I1) starting material near the electrode 
surface is extremely small while that for Mn(I1) is high under the 
reaction  condition^.'^ Thus detecting the bis(p-0x0) dimer in the 
RDE voltammogram provided very strong evidence for dimeri- 
zation by Eq. (4). 

We were also able to determine from CV data that dimer for- 
mation is first order in metal complex.s4 By combining this infor- 
mation with the results described above, it seems most likely that 
the rate determining step in the overall reaction is Eq. (6) in 
Scheme 5 .  (Pseudo first order reaction conditions in 0, are una- 
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voidable in these experiments since the flux of O2 to the electrode 
surface is so much greater than for the metal complex). Frederick 
and Taylor9 also report that oxygenation of some other Schiff-base 
complexes is first order in Mn(II), is first order in O2 as well, and 
that the reaction proceeds in two stages. They postulated the first 
oxygenation product to be a p-0x0 dimer and the second to be a 
bis(F-oxo) dimer. However, we can show that the reaction most 
likely occurs in the opposite order (Sections 11.6 and 11.8). 

The electrochemical experiments described above, and some 
others that were not d i s c ~ s s e d , ~ ~ - ~ ~  provided us with strong evi- 
dence for dimerization by Scheme 5 but we needed to electro- 
chemically synthesize and characterize compounds that would pro- 
vide more definitive proof for this pathway. This was accomplished 
by performing a bulk electrolysis experiment using a mixture of 
(L,Mn"'] + and [L,Mn"'] + . These particular compounds were cho- 
sen because they have a large separation in the formal potentials 
for their Mn(III/II) couples (0.2 V; see Table I in Section 11.7). 

0.2 0.0 -0.2 -0.4 -0.6 
E I V vs SSCE 

FIGURE 11.5.2 CV of the product from the bulk electrolysis of a nearly 1:l mixture 
of [L.,Mn"']+ and [LMn"']' produced under conditions where only 5% of [L,MnII']+ 
was reduced and 100% of [L,Mn"']' was reduced. The # indicates the (L,MnI"(F- 
O)]> dimer and * indicates the [L,L,Mn'"(p-O)J, dimer. 
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This condition allows for the application of a potential where the 
ECE process for [L,Mnlll] + occurs while simultaneously reducing 
only a trace amount of [L,Mn"']+. Thus we would have a high 
concentration of [ L , M r 1 ~ ~ ~ ( q ~ - 0 ~ ) ]  - in the presence of a large quan- 
tity of [L,Mnl"] + . Clearly if the dimerization were to proceed via 
Eq. (3), [L7L8Mn$V(k-0)2] would be the dominant product. 

The solid isolated from the experiment is comprised almost ex- 
clusively of the homoligand complex [L,MnIV( po)], as deter- 
mined by CV, Figure II.5.2.94 The trace amount of [L,L,MniV(p- 
O),] that is detected likely arises from the [L,Mn"']+ that is un- 
avoidably reduced during the electrolysis. We also found that high 
concentrations of Mn(II1) cause decomposition of [LMnTV(q2-02)] 
and/or [LMn111(q2-0,)]- as the yield of the dimer from this ex- 
periment is relatively low. Thus by combining all the information 
from the various electrochemical techniques, with particular em- 
phasis being placed on the bulk electrolysis experiment just de- 
scribed, we feel confident about using the reactions in Scheme 5 
to describe formation of [LMn'V(p-O)],. 

11.6. Reaction of LMn(I1) with O2 

After establishing that [LMn'"(p-O)], forms in the electrochem- 
ically driven reaction by Eqs. (5)-(7), we sought to determine if 
the dimers could be synthesized in a pure state by reaction of 
LMn" in the absence of electrochemical influence. Syntheses of 
the bis(p-0x0) dimers with SALPRN type ligands were reported, 
Eqs. (8) and (9), as was the structure of [LsMn'V(q2-0,)], Figure 
11.6.1, while our studies were in p r o g r e s ~ . ~ ~ - ~ '  The most significant 
structural feature is the ligand adopting the cis+ geometry in this 
dimer whereas it is planar in the starting material. This result 
illustrates the conformational mobility of the Schiff-base ligand 
and probably accounts to some degree for the ability to isolate 
oxygenated compounds while only [porphyrin Mn"'] + and decom- 
position products are isolated for the porphyrins upon oxygena- 
tion. 

[L,Mn'". H,O] + + NaOH + [LSMntV( pO)]2 (8 1 
[L,Mn"'AcAc] + H20, -+ [L,Mn'V(~-O)], (9) 
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FIGURE 11.6.1 Schematic representation of [L,Mn*"(p-O)],. Cell parameters and 
fractional coordinate data were taken from Ref. 27. 

An interesting sidelight to our discussion about the 0, activation 
process is that the synthetic method in Eq. (8) was originally re- 
ported for [L,Mnlll.H,O]+ and the product was assigned as 
[L,Mn1V(p0)],.99 This was subsequently reformulated by the same 
researchers to  be  [(L,),Mn"'MnlV ( p - O ) ( p O H ) ]  .loo Other  
investigatorslO' repeated this work with some modifications of the 
synthetic procedures and suggested that it was possible to selec- 
tively form either type of complex. We repeated the conditions 
originally reported using [L,Mnlll.H,O]+ and found by CV that 
a mixture of at least two compounds forms which varies in the 
relative ratio of the  component^'^; one product is probably 
[L,Mn'"(p-O)], and the other appears to be [L,Mn"'],(p-O). Our 
observation provides some insight into why multiple products have 
been claimed, all of which may be correct, using this synthetic 
methodology (see also Section 11.7). 

We quickly found that analytically pure samples of the bis(p- 
0x0) dimers could be synthesized by the simple oxygenation pro- 
cess. However, we also found that reaction conditions play a critical 
role in determining the purity of the product. If the oxidation is 
performed in a solvent where both LMn" and [LMnlV(p-O)], are 
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sparingly soluble (CH,CN generally seems to work best), [LMnIV(p- 
O)], forms in nearly 100% yield in some cases-an observation 
different from that of Pfeiffer and others and one that called into 
question the pathway in Scheme 1. However, when carrying out 
a reaction where LMn" and [LMnrV(p-0)J2 are both soluble, at 
least one other species is isolated in addition to the bis(p-0x0) 
dimer-a result more in keeping with the conclusions of others. 
For the X-SALPRN complexes the second product is most likely 
[{LMnx11}2(0)],, 12, while it is [LMn"'],(p-O), 13, for X-SALEN, 
Eq. (10). Although we do not have structural information yet, we 
suspect that the metal core in 12 is as shown schematically below. 

[LMn'V(p-0)]2 + [LMn"'],( p-0) 
X-SALEN 

0 2  0 2  

@ LMn" 3 [LMn1V(p-O)]2 + [{LMn"'},(O)], (10) 
X-SALPRN 

An important observation we made during the experiments with 
X-SALPRN complexes in particular was that the rate of oxygen- 
ation could be used to control which products formed.53 For ex- 
ample,  bubbling 0, through a CH2CI, solution of the (X- 
SALPRN)Mn" compound produces a much higher yield of the 
bis( p-0x0) dimer relative to [{LMn1r'},(0)]2 than if air is allowed 
to slowly diffuse into a solution (12-24 hrs) of the Mn(I1) complex. 
If we are careful and allow the diffusion process to proceed ex- 
tremely slowly, it is possible to isolate [{LMn111},(0)]2 with none 
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of the bis(p-0x0) dimer present. This ability to control product 
formation was important as it suggested to us that it was the re- 
action of [LMn1"(p-0)l2 with Mn(I1) that lead to isolation of 
the second species-a concept that had not been considered in 
prior investigations. We show in Section 11.8 that indeed this is the 
case. 

Controlling the chemistry of the X-SALEN type complexes proved 
to be quite challenging. We have focused our studies primarily on 
the L,Mn complex because it  provides us with the most repro- 
ducible results." The other complexes have reactivities that are 
similar (bis( p-oxo)dimers are formed) but not necessarily identical 
to that for L,Mn. These results are somewhat frustrating, but at 
the same time enlightening, as they show that subtle changes to 
the ligand affect the oxygenation chemistry even within the same 
class of ligands. 

[L2Mn1"(p-0)I2 can be isolated in pure form upon slow oxy- 
genation (24-48 hrs) of L2Mn" in CH,CN, but fast oxidation in 
CH,CN or oxidation in DMF leads to a product that is contami- 
nated with variable amounts of the p-0x0 dimer. Figure 11.6.2 

0 . 2  0.0 -0.2 -0 .4 
E I V vs SSCE 

FIGURE 11.6.2 CV of the product from oxidation of L,Mn" in DMF taken in 0.1 
M TBACIOJDMF. The # denotes the (L,Mnll'],(fi-O) and the * is [L2Mn1"(fi- 
0) j2 .  The amount of [L,Mn"'],( F-0) varies between preparations as discussed in 
the text. 
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shows one example where the p-0x0 dimer predominates. The 
redox potential for [L,Mn"'],(p-O) is nearly coincident with the 
one for [L,Mn"'] + itself and initially we thought that our samples 
were contaminated with [L,Mn"'] + . Unfortunately we still do not 
have a good method for separating the bis(p-oxo) and p-0x0 di- 
mers, but the bis(p-0x0) dirner can be converted to its k-0x0 form 
(see Section 11.8). 

11.7. Physical Characterization of the Oxygenated Complexes 

Figure 11.7.1 shows IR and CV data for the red-brown [L,MnIV(p- 
O)], and the green-black [{L6Mn11'}z(0)]2 complexes. The 650 cm- 
band in the IR spectrum of [L&ln'"(p-O)], is characteristic of the 
Mn,O, core and it is readily seen that this band is absent in the 
spectrum of [{L,Mn"'},(O)],. A more striking difference is in the 
Cv's. First, the oxidation process at positive potentials recorded 
for [{L,Mn"'},(O)], is absent in [L6Mn'V(p-0)]2. Second, the ox- 
idation and reduction processes for [{LMnlll},(0)]z are multi-elec- 
tron Eq. ( l l ) ,  hence the asymmetrically shaped peaks in 
the CV, whereas the bis(p-0x0) dimers undergo sequential one 
electron reductions at widely separated potentials, Eq. (12). The 
mixed-valent nature  of the one  electron reduced complex 
[ (L,),MnlrlMnlV (p-O),]- is demonstrated by its ESR spectrum, 
Figure 11.7.2. This spectrum is typical of mixed-valent antiferro- 
magnetically coupled manganese dimers with lightly trapped va- 
lences. lo2 

- 4  e -  + 4  e -  
[[{LMnrV},(0)],J4+ [{LMn1x1},(0)]2 F== [[{LMn"},(O)],]+ 

[LMniV(p-O)], + e- =$ [(L)2Mn111MniV (k-O)J + e-  + dimer 
dissociation 

(12) 

The electrochemical properties of the bis(p-0x0) dimers them- 
selves turned out to be quite interesting and unusual. Apparently 
as a result of the ligand adopting the cis+ configuration, Figure 
11.6.1, and the presence of the 0x0 ligands, the Mn(1V) state in 
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I " " 1 " ' f l  
800 700 600 500 

waveno. I crn" 
800 700 600 500 

waveno. i ern-' 

0.4 0 .0  -0.4 -0.8 
E I v vs SSCE 

0.4 0.0 -0.4 -0.8 
E I V vs SSCE 

FIGURE 11.7.1 FTIR spectra of [L,MnlV(~-O)J,  and [{L,Mn111}2(0)]2 as KBr disks. 
CV's of [L,Mnlv(pO)], and [{L,Mn1"),(0)J2 in 0.1 M TBAPFdCH,CI,. 

the dimer is more stable than the Mn(II1) in the starting material, 
Table 1. With regard to the change of the ligand geometry, the 
oxidation of [L,Mn"']+ occurs at a potential > 1 V while the Eo 
for the Mn""'" couple in L,Mn"'AcAc is at + 518 mV vs. SSCE.24 
The significant role that the 0x0 ligands play in the stabilization 
process is demonstrable by comparing EO's for the one electron 
Mn""'" couples in L,Mn"'AcAc (I? = + 518 mV vs. SSCE) and 
[L,M~'"()L-O)]~, E" = -480 mV vs. SSCE. As noted above, the 
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I I I I 

2500 3000 3500 4000 

GaUS.5 

9, = 2.0092 A, = 492 MHz A,x = 231 MHz 
g = 2.0061 A, = 448 MHZ A,y = 227 MHz 
9, = 1.9925 A,* = 385 MHz = 209 MHz 

FIGURE 11.7.2 ESR spectrum of [(L,),MnlllMnlV(~-O),l- at 6 K in CH,CI,. The 
best fit parameters listed on the figure were determined for a S = 1/2 system having 
rhombic symmetry. 

TABLE I 

E" vs. SSCE for [LMnl"(p-O)], and [LMn"']PF, complexes. 

E" vs. SSCElmV E" vs. SSCEImV 
Ligand MnIV/III- MnIV MnIII/Il 

L, - 270' - 128' 
L6 - 340b + 60" 
L, - 5 9 0 b  - 25d 
L* - 2 6 0 b  - 17Sd 

0.1 M Bu,NCIO, or Bu,NPF, in "DMF, bCH,CI,, %H,CN and 5 mM 1-MeIM, 
"CH,CN. 
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very negative reduction potential of the dimer turned out to be 
quite fortunate for our studies as this allowed us to easily observe 
its formation by the various electrochemical techniques. 

The [L,Mn'"( p-O)l2 complex has additional interesting chemical 
and electrochemical attributes besides the stabilization of its Mn(IV) 
state. By the normal criteria applied to CV, the first reduction is 
electrochemically reversible, Eq. ( 12).94 However, by using the 
longer time scale bulk electrolysis experiment we were able to 
show that the reduction is chemically irreversible.s2 This irrever- 
sibility is also evident in UV-vis spectrophotometric titrations using 
chemical reductants. One electron is consumed per mole of bis(p- 
0x0) dimer using either method and the "decomposition" product 
is [[(L,)2Mn'*Mn111]2(p-0)]-, Eq. (13). This is confirmed by com- 
paring the ESR spectrum of the product from Eq. (13) with an 

2500 3000 3500 4000 
Gauss 

FIGURE 11.7.3 ESR spectra at 6 K of the product from the electrochemical ce- 
duction of [L,Mn'"(~-O)], (upper) and [L,Mn"'],(p-0) in 0.1 M TBACIO,/DMF. 
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authentic sample of the mixed-valent p-0x0 dimer and finding that 
they are identical, Figure 11.7.3. We do not know the fate of the 
ejected 0x0 ligand in Eq.(13). 

[LzMn1V(~-0)]2 + e- + [[(L,),MnllMnlll]z(p-O)]- + [o] 
(13) 

Subsequently we found that the reduction was simply acceler- 
ating the rate of conversion of [L,Mn'"(p-O)], to the p o x 0  dimer 
as a DMF solution of [L,MnIV( p-O)], spontaneously decomposes 
to [L,Mnll'],(p-O) over a 24-48 hr period. The likely cause for 
the instability of [LzMn'V(p-O)], is strain induced by the relatively 
short ethylenediamine derived backbone. Apparently the strain is 
relieved as the ligand returns to the square planar geometry from 
the cis$ configuration. Nevertheless, it is clear that the kinetic 
product of oxygenation is the bis(p-0x0) dimer but thermodynam- 
ically it is unstable toward formation of the p-0x0 dimer. This 
result further exposes the difficulties in understanding and con- 
trolling the oxygenation process. 

11.8. Reactivity of the Oxygenated Products 

Perhaps the most intriguing discovery we made since beginning 
our studies of Mn(I1)-0, chemistry is that bridging 0x0 ligands 
can participate in both complete and incomplete intermetal oxygen 
atom transfer  reaction^^'-^^. lo3, lo4 (the term 0x0 transfer is often 
used for brevity). We are unaware of any examples of bridging 
0x0 ligands undergoing these types of reactions prior to our re- 
ports. 0x0  bridged dimers have been used for intermetal 0x0 trans- 
fer reactions in a few  instance^'^^-'^^ but mononuclear fragments 
with terminal 0x0 ligands are the active agents. Homolysis of the 
Schiff-base dimers does not occur. 

Among the first reactions we investigated was the one in Eq. 
(14).53 We felt that this reaction would be the origin of [{LMnlll},(0)], 
in the X-SALPRN complexes. The easiest way to monitor the 
reaction was by CV where we expected the oxidation process for 
[{LMn"'},(O)], to appear upon addition of LMn". Fortunately the 
result is unambiguous in its interpretation as illustrated by Figure 
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0.8 0.4 0.0 -0.4 0 2 4 6 8 10 
E / V  pmol L&4n" 

FIGURE 11.8.1 (a) CV's of [L,Mn'"(p-O)], before (-.-.-.) and after (-) ad- 
dition of 1 equiv of L,Mn". (b) The graph represents the increase in current for 
the process marked with a # on (a)  as a function of the amount of L,Mn" added 
to the electrolysis solution. 

11.8.1. It can be seen from the graph on the figure that two equiv- 
alents of Mn(I1) are required for complete reaction to occur. Ac- 
tually we used this experiment to establish the nuclearity of 
[{LMn"'},(O)], as no crystals suitable for an X-ray analysis are 
available yet. 

[(X-SALPRN)MnIV( p-O)], + 2 (X-SALPRN)Mn" 

+ [{(X-SALPRN)Mn111},(0)]2 (14) 

Clearly, uncovering the incomplete 0x0 transfer reaction in Eq. 
(14) is significant as it allows us to establish that the bis(p-0x0) 
dimer is the kinetic product of oxygenation while the tetrametallic 
compound is a secondary reaction product. Furthermore, it gives 
us the first piece of evidence that the multitude of oxygenation 
products that had been claimed by other workers in  this area prob- 
ably arise from similar types of reactions. As noted, many of those 
studies were carried out in solvents where both [LMnlV(p-O)], and 
LMn" were soluble. The chemistry in Eq. (14) also makes it pos- 
sible to explain why the oxygenation rate controls which products 
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form. Slow oxygenation keeps the concentration of [LMnIv(p-O)], 
low relative to the Mn(II), thus favoring cluster building, but fast 
oxidations rapidly remove the Mn(I1) in the form of the bis(p- 
0x0) dimer. 

We also examined the reaction of [L,Mn1V(p-O)]2 with L,Mn" 
and again found that an 0x0 transfer reaction occurs in a 1:2 b i s (p  
oxo):Mn(II) ratio, Eq. (15).'08 Initially we expected that a tetra- 
metallic compound would be produced as is seen for the X-SALPRN 
compounds, but this proved not to be the case as no oxidation 
processes at positive potentials (see Figure 11.7.1) are observed in 
the voltammogram. We now know that the product is the p o x 0  
dimer and Figure 11.8.2 shows the evolution of [L,Mn1V(p-O)]2 to 

[c) 2.3 equiv Mn" y? 

0.4 0.2 0.0 -0.2 -0.4 
EN vs Ag wire 

FIGURE 11.8.2 CV's of [ L , M I I ~ ~ ( ~ - O ) ] ,  with (a) 0 equiv (b) 1 . 1  equiv and (c) 2.3 
equiv of L,Mnl'. 
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[L,Mn"'],(y-O). Presumably the reaction pathway includes a te- 
trametallic intermediate but it is not stable for steric reasons. 

[L,MntV(p-0)I2 + 2 L,Mnll -, 2[L,Mn"r]2(p-0) (15) 

11.9. Additional 0 x 0  Transfer Reactions 
All of the oxygenated complexes react stoichiometrically and ir- 
reversibly with L,Fe", Eqs. (16)-(18).s1-s3 Figure 11.9.1 shows 
CV's for the reaction of [LMnl"(p-O)], with L,Fe". As p-0x0 iron 
compounds generally are quite stable, we anticipated that complete 
0x0 transfer reactions of LFe" with compounds having terminal 
0 x 0  ligands, L'Mn=O, would be routinely cited. However, in 
almost all instances a heterobimetallic complex forms, Eq. ( 19),1"'.104 
so the chemistry of the oxygenated manganese complexes we are 
studying is rather unique. 

(16) 

(17) 

(18) 

(19) 

[LMn1V(p-0)]2 + 4L,Fe" + 2[LtFe1t')2(p-O) + ZLMn" 

[LMnU'),(p-O) + 2L,Fe" + + [L,Fcti ' l~p-O) + 2LMn" 

[{LMnt8'},(0)], + 4L,Fc" + 2(L,Fe't'],(p-O) + 4LMn" 

L'M"=O + LFe" + L'Mn-l-O-Fe"'L 

FIGURE 11.9.1 CV's of ILMn'"(p-O)j, before ( - '  - - .) and after (-) addition 
of 0.25 cquiv of L,Fe". The graph represents the increase in current for the process 
marked with a on (a) as B function of the amount af I.,Fe" added in the electrolysis 
solution. 
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0 

The extreme rapidity of the 0x0 transfer makes these reactions 
even more unusual. Preliminary kinetic measurements suggest that 
the r,n at 0°C is 5 s or less for Eq. (16). The impressive feature of 
the reaction occurring so rapidly is that formally two oxygen atoms 
and four electrons are being exchanged. Kinetically, 0x0 transfer 
reactions involving terminal 0x0 groups appear to be relatively 
slow. Thus, the 0x0 ligands in the Schiff-base compounds are highly 
unusual compared to other types of 0x0 ligands. Bridging 0x0 
ligands in other compounds may exhibit similar reactivity and are 
worthy of further investigation. Interestingly, protonation of 
[LSMn1V(p-0)]2 appears to be slower, k = 1920 M-ls-' at O'C, 
than the intermetal oxygen atom transfer we are 

We postulate that the chemistry observed in Eq. (16) proceeds 
through a pathway that is described by Scheme 6. If this proposition 
is close to being correct, then the tetranuclear complexes, 
((LMn111}2(0)]2 that we have been isolating from the oxygenation 
reactions actually provide a snapshot of what is one of the key 
intermediates in the scheme. This provides some commonality be- 
tween the various kinds of reactions that can be observed for the 
oxygenated manganese compounds. 

111. CONCLUSIONS 
Our understanding of Mn(l1)- O2 chemistry has expanded greatly 
during the past decade as researchers have focussed on modeling 
biological oxygen evolution processes and on finding new homo- 
geneous catalysts. From the evidence that has been gathered thus 
far it appears that the O2 activation.process for manganese, taken 
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LMn" + 0, 3 (LMn1"(q*-02)] 

0 0 

14 

0 
/ \  

\ /  
0 

(LMn1"(q2-02)] + LMn" .$ LMn'" MdVL Path B 

SCHEME 7 

as a whole, is relatively simple. We propose in Scheme 7 that the 
dimer forms in either a stepwise reduction of the 0-0 bond, Path 
A, or a single step, Path B, following generation of the initial 
oxygen adduct. Either path accounts for the high yield and the 
selective formation of the bis(p-0x0) dimer, and both paths com- 
bine the information obtained thus far from ESR, electrochemical, 
and chemical experiments. While we currently favor the more 
straightforward process in Path B, experiments are ongoing to 
ascertain if 14, the dashed line is meant to indicate a non-integral 
bond order for the bound Oz, in Path A is an intermediate. 

The obvious questions that still need attention are (a) do mono- 
nuclear intermediates form prior to formation of the 0x0 bridged 
dimers (preliminary evidence suggests not), (b) are compounds 
identified as final oxygenation products actually formed by 0x0 
transfer reactions with the kinetic oxygenation product, (c) can 
the oxygenation process be controlled so that new catalysts can be 
developed, and (d) will a single oxygen activation pathway apply 
to all the various types of manganese compounds that are capable 
of reducing oxygen by four electrons? Clearly Mn(I1)-0, chem- 
istry still needs extensive attention to resolve these issues. The 
intent of this Comment was to demonstrate that considerable prog- 
ress has been made in addressing some of these questions and, 
with the rapid pace of identifying and characterizing oxygenated 
products and intermediates, we can hope the overall picture for 
Oz activation will be settled in the near future. 
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