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formation constant of the precursor.

In sum, symmetry barriers to electron transfer from oc-
tahedral d systems become operative when the electron arises
from a high-energy (e,) rather than a low-energy (ty,) orbital,
whereas, as a result o% changes in coordination geometry and
in the symmetry character of the donor orbitals, the reverse
appears to be the case for f systems.

Acknowledgment. The authors are grateful to Professors
James Espenson and Raymond Fort for valuable discussions.

Registry No. U(III), 22578-81-0; Co(en),>*, 14878-41-2; Co-
(NH3)¢**, 14695-95-3; imidazole(NH,)sCo®*, 38716-02-8; pyra-
zole(NH;)sCo®*, 59389-55-8; pyridine(NH3)5C03+, 31011-67-3;
dimethylformamide(NH3)sCo®*, 31125-61-8; N,N-dimethylnicoti-
namide(NH;)sCo**, 31011-70-8; triethylacetato(NH;)sCo?*,
51965-36-7; trimethylacetato(NH;)sCo?*, 33887-25-1; cyclo-
pentanecarboxylato(NH,)sCo**, 51965-54-9; acetato(NH;)sCo®*,
16632-78-3; formato(NH,)sCo?*, 19173-64-9; lactato(NH,)sCo?*,
34464-03-4.

References and Notes

(1) Sponsorship of this work by the donors of the Petroleum Research Fund,
administered by the American Chemical Society, is gratefully ac-
knowledged.

(2) (a) J. H. Espenson and R. T. Wang, Chem. Commun., 207 (1970). (b)
See also A. Sato, Bull. Chem, Soc. Jpn., 40, 2107 (1967).

(3) R.T. Wang and J. H. Espenson, J. Am. Chem. Soc. 93, 380'(1971).

(4) (a) J.C. Chen and E. S. Gould, J. Am. Chem. Soc., 95, 5539 (1973);
(b) F. R, F. Fan and E. S. Gould, Inorg. Chem., 13, 2639 (1974).

(5) E.S.Gould, N. A. Johnson, and R. B. Morland, fnorg. Chem., 15, 1929
(1976).

(6) In a number of the kinetic runs, U3* was generated in the spectro-
photometric cell serving as the reaction vessel by using a small quantity
of zinc amalgam and a 7-mm Teflon-coated magnetic stirrer. During
the run, the cell was blocked off above the level of the amalgam so that
disturbances in the solid did not result in spectrophotometric interference.
Independent experiments showed that the cobalt(I1I) oxidants used were
not reduced directly by the amalgam under the reaction conditions
employed.

Inorganic Chemistry, Vol. 17, No. 2, 1978 333

(7) D.C. Stewart, Report No, ANL-4812, Argonne National Laboratory,
Argonne, Ill., 1952, p 12, We thank Dr. Stewart for furnishing us a
copy of this report.

(8) In addition to the peaks listed, we found shoulders at 602 nm (e 81),
577 (56), 447 (45), and 493 (38).

(9) E. R, Dockal and E. S. Gould, J. Am. Chem. Soc., 94, 6673 (1972).

(10) E. S. Gould, J. Am. Chem. Soc., 96, 2373 (1974).

(11) For evidence that the acetato and trialkylacetato oxidants are significantly
protonated at higher acidities and greater ionic strengths, see (a) J. C.
Thomas, J. W. Reed, and E. S. Gould, Inorg. Chem., 14, 1696 (1975);
(b) Mj Loar, J. C. Thomas, J. W. Reed, and E. S. Gould, ibid., 16, 2877
(1977).

(12) F.-R.F. Fanand E. S. Gould, Inorg. Chem., 13, 2647 (1974).

(13) Y.-T. Fanchiang, R. R. Carlson, P. K. Thamburaj, and E. S. Gould, J.
Am. Chem. Soc., 99, 1073 (1977).

(14) In the apparent absence of kinetic data on the Co(en)y**-Ru(NHj)¢2*
reaction, its specific rate is estimated as 0.005 M~ 57, using the cor-
responding kg, value (8.0 X 107™),'* in conjunction with Fan’s cross
relationship,'? log kg, = 1.05 log kg, + 0.96.

(15) J.F, Endicott and H. Taube, Inorg. Chem., 4, 437 (1965), reported E°
for Ru(NH;)¢** as 0.214 V.,

(16) R. A, Marcus, Annu. Rev. Phys. Chem., 15, 155 (1964).

(17) For a summary of the applicability and limitations of the principle that
an increase in reactivity of a reagent entails a decrease in selectivity,
see B. Giese, Angew. Chem., Int. Ed. Engl., 16, 125 (1977).

(18) For examples of variations in selectivity with reactivity in outer-sphere
series not involving Co(IIT), see (a) H. Diebler and N, Sutin, J. Phys.
Chem., 68, 174 (1964); (b) G. Dulz and N. Sutin, Inorg. Chem., 2, 917
(1963).

(19) H. Taube and E. S. Gould, Acc. Chem. Res., 2, 321 (1969).

o0

(20) P. K. Thamburaj and E. S. Gould, Inorg. Chem., 14, 15 (1975).

(21) E. S. Gould, J. Am. Chem. Soc., 88, 2983 (1966).

(22) R.W. Talft, Jr., “Steric Effects in Organic Chemistry”, M. S. Newman,
Ed., Wiley, New York, N.Y., 1956, p 598.

(23) log ky values for the carboxylato oxidants fit the relationship log ky =
0.89E, + 3.83, where E; values are Taft’s steric substituent constants,?
The correlation coefficient is 0,980.

(24) W. H. Zachariasen, Acta Crystallogr., 1, 265 (1948).

(25) J. C. Eisenstein, J, Chem, Phys., 25, 142 (1956).

(26) M. A. Eick, N. C. Baenziger, and L. Eyring, J. Am. Chem. Soc., 78,
5147 (1956).

(27) H.G. Friedman, Jr., G. R, Choppin, and D. G. Feuerbacher, J. Chem.
Educ., 41, 354 (1964).

Contribution from the Department of Chemistry,
University of California, Riverside, California 92521

Redox Chemistry of the Polyimine Complexes of Manganese(II),

-(III), and -(I'V) in Acetonitrile

MARK M. MORRISON and DONALD T. SAWYER*
Received May 25, 1977

Electrochemical and spectroscopic studies have been made of the manganese(II), -(III), and -(IV) complexes formed by
2,2’-bipyridine, 1,10-phenanthroline, 2,2’,2”-terpyridine, 4,4’-dimethyl-2,2’-bipyridine, 4,4’-diphenyl-2,2-bipyridine, and
4,7-diphenyl-1,10-phenanthroline in acetonitrile solution. For both classes of complexes (bipyridine and phenanthroline)
an irreversible oxidation of Mn(II) to Mn(III) occurs. The product species rapidly decomposes to form a dimeric
manganese(IILIV) complex. Ultraviolet, visible, near-infrared, and electron paramagnetic resonance spectroscopies have
been used to monitor species that are produced during electrolysis. The tridentate 2,2’,2”-terpyridine ligand appears to
prevent quantitative conversion of bis(2,2’,2"-terpyridine)manganese(II) to a binuclear manganese(III,IV) complex. The
tetrakis(1,10-phenanthroline)-di-u-oxo-dimanganese(IV,IV) perchlorate complex has been prepared, and its reactivity with

OH, CI', and catechol has been studied.

Although manganese is an essential cofactor for photo-
synthetic oxygen evolution (photosystem II), its exact role and
environment in the thylakoid membrane is unknown.!? Several
groups believe that the manganese system serves as a *““charge
collector” in photosystem II. After the accumulation of four
equivalents of oxidizing power (via a four-photon sequential
process), it rapidly oxidizes two water molecules®™

[Mn]
2H,0 —— O, + 4H* + 4e” 1)

Joliet and co-workers” % have observed cooperation of pho-

tochemically produced intermediates of limited stability.

The proposed role of manganese in the buildup of oxidizing
power has been based on the availability of higher oxidation
states and variable coordination numbers.!’"!* Recent NMR
relaxation experiments indicate that during the cyclic process
photooxidation of Mn(II) to Mn(III) occurs, that the resting,
dark-adapted system involves a mixed-oxidation-state man-
ganese complex, and that the four-photon photoevent appears
to involve four manganese ions.!4!5

Other studies indicate that there are two types of manganese
binding sites.!®!° One form is bound to the interior of the
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Table I. Oxidation-Reduction Potentials for Tris(ligand)manganese(II) Perchlorate, MnL,(ClO,),, and
Tetrakis(ligand)di-u-oxodimanganese(IV,IV) and -(IIL,IV) Perchlorate, Mn,0,L,(C10,), and Mn,0,L,(Cl0,);, in Acetonitrile, 0.1 M TPAP

E,,,, Vvs. SCE

Ligand . Mn(dID = Mn(ID

E.,,, Vvs. SCE

Ep ..*Vvs. SCE

2,2'-Bipyridine
2,2',2"-Terpyridine
4,4'-Dimethyl-2,2 -bipyridine
4,4’-Diphenyl-2,2 -bipyridine
1,10-Phenanthroline
4,7-Diphenyl-1,10-phenanthroline

@ Scan rate, 0.1 Vs7!.

thylakoid membrane where O, is generated.22* In this site
the manganese complex is more stable than Mn(II)-
EDTA .2

A useful model for the manganese cofactor in photosystem
1T should selectively oxidize water to molecular oxygen.
However, the absence of the thylakoid membrane may pre-
clude selective oxidation with model systems. A variety of
nitrogen and nitrogen—oxygen donor complexes of manganese
have been suggested as models for manganese in photosystem
I1, including porphyrin complexes!>?2® and Schiff base
complexes.”* For a variety of divalent manganese complexes,
addition of molecular oxygen leads to irreversible metal ox-
idation at room temperature.?’"*° Reversible O, binding by
MnTPP, accompanied by electron transfer at low temperatures
has been reported.*™*> Recently, Russian investigators have
described a tetravalent manganese system which oxidizes water
in 6-15 M sulfuric acid.**

Polyimines (such as 2,2’-bipyridine (bpy), 1,10-phenan-
throline (phen), and 2,2’,2”-terpyridine (terpy)) commonly are

NTTSN NZTNNT Sy ‘
bpy phen terpy

used for spectrophotometric and gravimetric determinations
of trace metals* and are known to form stable Mn(I1), -(III),
and -(IV) complexes.*” bpy and phen have been used in
combination with thiocyanate ion for the gravimetric deter-
mination of Mn(II).#84

In a recent communication we reported the oxidation~re-
duction reactions and solution magnetic measurements for
di-u-oxo-dimanganese(IIL1,IV) and -(IV,IV) phen and bpy
complexes in acetonitrile.®® These species have been suggested
as models for the manganese cofactor in photosystem-
112303132 The present paper presents further characterization
of these and related complexes and includes the synthetic
procedures as well as the results of electrochemical, EPR, and
UV-visible-IR studies of the complexes and their reactions.

Experimental Section

The polyimine ligands, 2,2’-bipyridine (bpy) (G. F. Smith),
1,10-phenanthroline (phen) (Aldrich), terpyridine (terpy) (Sigma
Chemical Co.), 4,7-diphenyl-1,10-phenanthroline (Ph,phen) (Aldrich),
4,4-dimethyl-2,2’-bipyridine (Me,bpy) (Aldrich), and 4,4’-di-
phenyl-2,2’-bipyridine (Ph,bpy) (Aldrich), were used as received.
Manganese(II) complexes were formed by adding an aqueous solution
of Mn(ClOy)56H,0 (G. F. Smith) to a slight excess of ligand in
ethanol. Crystals of the yellow tris complex as formed by bpy, Phyphen,
Me,bpy, and Ph,bpy, and of the yellow (terpy), complex were filtered,
washed with cold ethanol, and dried in vacuo at 80 °C for 24 h. The
white tetrakis(1,10-phenanthroline)manganese(II) complex formed
by this procedure was recrystallized from ethanol to form the yellow
(phen); complex.**** Di-u-oxo-dimanganese(II1,IV) and di-u-oxo-
dimanganese(IV,IV) complexes, Mn,0,L4* and Mn,0,L,**, were
originally synthesized by literature methods.*>*’ Because exhaustive
electrolysis of Mn(II) complexes at +1.50 V led to identical products
with those produced by the synthetic methods (see Results), much
of the solution data were obtained on electrogenerated species.

Mn,0,* = Mn,0,* Mn,0,% = Mn,0,** - X
+1.36 +1.33 +0.38
+1.28
+1.22 +1.20 +0.25
+1.24 +1.21 +0.28
+1.28 +1.34 +0.47
+1.22 +1.26 +0.35
a
+
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i
b
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s
i
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Figure 1. Cyclic voltammetry of (a) 1.00 mM tris(4,7-diphenyl-
1,10-phenanthroline)manganese(I1) perchlorate in acetonitrile, 0.1
M TPAP, and (b) after electrolysis at +1.50 V: scan rate 0.10 V
s7l; Pt working electrode area 0.23 cm?.

Acetonitrile (“spectroquality”, MCB) was used without further
purification. Tetra-n-propylammonium perchlorate (TPAP) was
recrystallized from absolute ethanol and dried in vacuo at room
temperature, Deaeration was accomplished by passing solvent-
saturated, high-purity argon through the solution for 10 min before
electrochemical analysis and passing argon over the solution during
the analysis.

Electrochemical and spectroscopic measurements were performed
by use of conventional instrumentation that has been described
elsewhere.® All measurements were made at 23 = 1 °C, and potentials
are reported vs. the saturated calomel electrode (SCE).

Results

Electrochemistry. The cyclic voltammogram of tris(4,7-
diphenyl-1,10-phenanthroline)manganese(II) perchlorate in
acetonitrile, which is shown in Figure la, is typical of the
manganese(IT) complexes that have been studied. The
quasireversible oxidation of manganese(II) is followed by a
chemical reaction. Half-wave potentials for the Mn(II)
complexes are summarized in Table I and have been taken
as the median of the cathodic and anodic peak potentials. The
latter have been isolated from the redox reactions associated
with the species from follow-up chemical reactions by use of
rapid scan rates (up to 1 V s™!). For all of the complexes,
except bis(2,2’,2”-terpyridine)manganese(Il) perchlorate,
controlled-potential electrolysis at +1.60 V for a period of 2-6
h abstracts 2.0 £ 0.1 electrons per manganese and yields a
solution with electrochemical characteristics similar to those
previously observed®® for tetrakis(1,10-phenanthroline)di-u-
oxo-dimanganese(IV,IV) perchlorate, Mn,O,(phen)4(ClOy)4.
This is illustrated by Figure Ib for the 4,7-diphenyl-1,10-
phenanthroline complex. Controlled potential reduction of the
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Figure 2. Cyclic voltammetry of (a) 1.00 mM tris(2,2/,2"-ter-
pyridine)manganese(II) perchlorate in acetonitrile, 0.1 M TPAP, and
(b) after electrolysis at +1,75 V: scan rate 0.20 V s7}; Pt working
electrode area 0.23 cm?,
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Figure 3. Near-infrared absorption spectra as a function of the extent

of electrolysis at +1.60 V vs, SCE of Mn(phen)(ClO,); in acetonitrile,

0.1 M TPAP: A, before electrolysis: B~E, after solution electrolyzed

20, 40, 60, and 80%, respectively; F, after complete electrolysis.
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oxidized complex at +0.80 V adds 0.50 electron per man-
ganese. Half-wave potentials for the reduction of these di-
p-oxo-dimanganese(IV,IV) complexes to di-u-oxo-di-
manganese(II1,IV) complexes and the cathodic peak potentials
for the reduction of di-u-oxo-dimanganese(III,IV) complexes
are summarized in Table I.

The cyclic voltammetry for the isolated Mn,0,L4(Cl1O,);
complexes (where L is a bpy- or phen-type ligand) differs
slightly from that for the comparable complexes that have been
formed in situ by electrosynthesis. The potentials and currents
for the Mny(IILIV) = Mn,(IV,IV) + e process are identical,
and the peak currents for reduction of the isolated complexes
are approximately equal to those for the Mn,(III,IV) =
Mn,(IV,IV) + ¢ process (in contrast to the data of Figure
1b). In addition, some component of a reverse wave is observed
for the reduction of the isolated complexes. For electro-
generated complexes the peak currents for the reduction
process are much larger than for the Mn,(III,IV) =
Mn,(IV,IV) + ¢” process. Controlled-potential reduction of
the binuclear IIT and IV complexes at —0.50 V results in the
addition of three electrons per dimeric complex.

The cyclic voltammogram of Mn!!(terpy),(ClOy), is il-
lustrated by Figure 2a. Electrolysis at +1.60 V yields a
nonstoichiometric value (greater than 2) for the number of
electrons transferred per manganese. The measured value
increases as the time for the electrolysis is extended. In
contrast to the Mn(II)-bpy and —phen complexes, the oxi-
dation of the Mn(II)-terpy complex does not appear to occur
by a single straightforward rearrangement during electrolysis
(see Figure 2b).

Spectroscopy. Controlled-potential electrolysis of the
manganese—polyimine complexes changes their UV-visible,
near-IR, and EPR spectra. Figure 3 illustrates the near-IR
spectra for the manganese(II) phenanthroline complex as a

. function of the extent of electrolysis. The-presence of a stable
intermediate from the electrolysis, with an absorption maxima
at 690 nm, is apparent. The UV-visible-near-IR spectra for
Mn(phen);(ClO,), before electrolysis, after electrolysis at
+1.60 V, and after rereduction at +0.80 V, are illustrated by
Figure 4. Spectra B and C of Figure 4 are superimposable
with those observed for Mn,0,(phen)(ClO4)4 and Mn,0,-
(phen),4(ClO,)3, respectively, which have been prepared by
chemical synthesis. Figure 5 demonstrates similar changes

A

lOQOOO‘ 10000

50,000 5000

ofF 0

1 T o

[ 4
200 250 300

I I
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300 550 600 600 650 700 750 800

Wavelength, nm

Figure 4. Ultraviolet, visible, and near-infrared absorption spectra of Mn(phen);(CiO,), in acetonitrile, 0.1 M TPAP: A, before electrolysis;
B, after exhaustive electrolysis at +1.50 V followed by reductive electrolysis at +0.50 V; C, after exhaustive electrolysis at +1.50 V. Molar

absorptivity, ¢, relative to manganese content.
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Figure 8. X-band electron paramagnetic resonance spectra of 0.73
mM tris(4,4’-diphenyl-2,2’-bipyridyl)manganese(1I) perchlorate in
acetonitrile, 0.1 M TPAP, as a function of the extent of electrolysis:
(a) before electrolysis; (b) after complete electrolysis at +1.60 V vs.
SCE; (c) as (b) followed by reductive electrolysis at +0.50 V.

Table II. EPR Data for Various Manganese Species in
Acetonitrile, 0.1 M TPAP

Mn,O,L,- Mn,0,L,-
MnL,(ClO,), (Cl0,), (ClO,),
L gvalue A,G gvalue 4,G gvalue 4,G
bpy 2.01 83 2.03 83 2.01 79
terpy 2.03 a b b b b

Me,bpy 2.01 85 2.01 77 2.01 78
Ph,bpy 2.01 a 2.01 79 2.01 77
phen 2.01 86 2.01 2.01 78
Ph,phen 2.01 a 2.01 78

@ Unresolved. ? Structure of species uncertain (see text).

in the EPR for Mn(Ph,bpy);(ClO,), during electrolysis.
Spectra b and ¢ of Figure 3 are virtually identical with those
obtained from synthetic samples of the di-u-oxo-dimanga-
nese(IV,IV) and di-u-oxo-dimanganese(IIL,IV) complexes.
EPR data for the three different manganese species with
various ligands are summarized in Table II.

Reactions. The reactions of the tetrakis(1,10-phenan-
throline)di-u-oxo-dimanganese(IILIV) and -(IV,IV) complexes
have been monitored by potentiometry and cyclic voltammetry.
Mn,05(phen),(ClOy), is reduced by a variety of substrates,
including hydroxide ion, chloride ion, and catechols. The red
Mn,0,(phen),** redox center is reduced to the green
Mn,0,(phen),** species by 1 equiv of chloride ion or hydroxide
ion on the basis of the changes in the rest potentials and the
cyclic voltammogram of the solution after substrate additions.
Further addition of either chloride ion or hydroxide ion beyond
a one-to-one stoichiometry causes decomposition of the di-
w-oxo bridge. This conclusion is based on the disappearance
of the Mn,O,(phen)s**/** redox couple from the cyclic
voltammogram and an increase in the solution magnetic
moment.® Reaction of Mn,O,(phen)** with catechols results
in the formation of quinones and a Mn(II) species; as observed
by the change in color of the solution to yellow. These re-
actions do not appear to generate “free” molecular oxygen
from water on the basis of measurements with an oxygen-
membrane electrode.

Discussion and Conclusions

Previous electrochemical studies of divalent manganese
polyimine complexes have bsen limited to reduction
processes®®%° with one exception.t Although similar reduction
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behavior has been observed for these complexes,®® our interest
has been directed to the oxidation—reduction chemistry of
higher valent manganese species.

The oxidation of Mn(terpy),(ClQy), in acetonitrile has been
studied by dc and ac linear-sweep voltammetry at a rotating
platinum electrode®” and interpreted as a reversible one-
electron process on the basis of peak shape. Although the £/,
value that we have determined for this process (Table I) is in
accord with their results, we do not observe the electrochemical
reversibility for the oxidation of divalent manganese bpy and
phen complexes which they report for the Mn(terpy),>*
complex. Furthermore, the one-electron oxidation of
MnL;(ClO,), is followed by a chemical reaction which forms
the di-u-oxo-dimanganese(III,IV) complex. A reasonable
reaction mechanism for the formation of the dimeric species
involves disproportionation of Mn(III) to Mn(II) and Mn(IV).
The Mn(IV) that is formed probably reacts with another
Mn(IIT) to form the di-u-oxo-dimanganese(111,IV) species.
The formation of the dimeric structure at the expense of the

' monomeric species undoubtedly is favored because of the

charge neutralization by the bridging oxo groups. The
manganese(Il) terpyridyl complex appears to be more resistant
to dimerization, perhaps due to steric considerations. However,
the results that are presented in Figure 2 indicate that fol-
low-up chemical reactions take place to some extent.

The oxidation of the Mn(II) complexes and the subsequent
dimerization of the product species require release of four
protons to yield the di-u-oxo-dimanganese(111,IV) complexes

2MnL,** + 2H,0 = Mn,0,L,*" + 4H* + 3e¢” + 2L )

In acetonitrile solution the probable fate of the generated
protons is protonation of the free ligands that are released in
the oxidation reaction. Reduction of Mn,O,L,** back to
MnL,?* (Figure 1b) is possible due to the availability of
protons to form water from the oxo bridges and the availability
of excess ligand to displace oxo ligands. In their absence the
reduction to divalent manganese apparently is not possible,*
This accounts for the slight dissimilarity between the elec-
trochemistry of chemically generated and electrogenerated
solutions of the Mn,0,L* species.

For the oxidation of the Mn(IT) complexes to Mn(III) the
bipyridyl-type complexes have more positive potentials than
the corresponding phenanthroline complexes. This trend is
reversed for the redox reactions that involve the di-u-oxo-
dimanganese groups. The shift in potentials does not follow
a linear free energy relationship. Hence, the shifts in half-wave
potential probably are associated with steric effects that
stabilize one oxidation state over another.

The EPR spectra are distinctly different for the three
manganese species. The narrow line widths for the Mn(IV)
complexes relative to those for Mn(II) systems probably are
due to the less efficient electron spin relaxation for the Mn(IV)
ion. The EPR spectra for the Mn,0O,L,** complexes confirm
that the two Mn(IV) ions are equivalent and that there is not
significant electronic pairing between them. In the case of
the Mn,0,L,*" complexes, the EPR spectra are broadened due
to superexchange with the oxo ligands and electron exchange
between the two metal centers.”

While complete assignments of the optical spectra for the
three classes of complexes are not possible because of the lack
of an octahedral ligand field, their spectra differ significantly
in the visible-near-IR region. The near-IR band for the
Mn,O,L3* complexes appears to be due to a metal-metal
charge-transfer band, based on similar bands for mixed-ox-
idation-state dimers.® Similar spectra have been obtained by
Boucher and Coe for the u-hydroxo-u-oxo-dimanganese-
(II1,1V) Schiff base complexes.?**°

The reactions of Mn,O,(phen),(Cl0O,), with CI” or OH" are
consistent with a strong one-electron oxidizing agent.
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X + Mn,0,L* —/;X, + Mn,0,L*
X=Clor OH

In contrast, the reaction of the Mn,O,L,*" complexes with
catechols involves a four-electron process

OH
Mny0,(phen) JF + 2@[ — 2Mn(phen),?" +
OH :
0
ECZQ + 2H0 (3)

Catechol serves as a useful model substrate for water oxidation
because it can be oxidized in a two-electron step to form
quinone with the release of two protons.

In conclusion, these di-u-oxo-dimanganese(IV,IV) complexes
appear to lie at a potential energy minimum relative to
monomeric species in terms of the stabilization of the Mn(IV)
oxidation state. Although the di-u-oxo-bridged structure is
a conceptually and mechanistically attractive structure to
achieve the net oxidation of water to molecular oxygen, the
experimental evidence indicates that the process is not ki-
netically favored under our solution conditions. Kinetic and
isotope studies by Shafirovich and co-workers**’ indicate that
a dimeric Mn(IV) group does produce dioxygen in 6-15 M
sulfuric acid at 60-100 °C. Such solution conditions differ
from those believed to prevail in plant photosynthesis. The
relatively mild conditions of the present study may preclude
significant oxidation of water. Additional investigations are
in progress to bring about a shift to the right of the postulated
tautomerism for the Mn,O,L,** complexes.

0 0 0
MnIV] MnTV < M/ T:MnT < MaT.of... MoT o)
0 o 0

Acknowledgment. This work was supported by the U.S.
Public Health Service-National Institutes of Health under
Grant No. GM 22761.

References and Notes

(1) R.Radmer and G. Cheniae in “Primary Processes”, Elsevier Excerpta
Medica, North-Holland, in press.
(2) R. L. Heath, Int. Rev. Cytol., 34, 49 (1973).
(3) B. Kok, B. Forbush, and M. McGloin, Photochem. Photobiol., 11, 457
(1970).
(4) P.Joliot, A. Joliot, B. Bouges, and G. Barbieri, Photochem. Photobiol.,
14, 287 (1971).
(5) P. Joliot and B. Kok in “Bioenergetics of Photosynthesis”, Govindjee,
Ed., Academic Press, New York, N.Y., 1975, p 387.
(6) T. Mar and Govindjee, J. Theor. Biol., 36, 427 (1972).
(7) P. Joliot, Biochim. Biophys. Acta, 102, 116 (1965).
(8) P. Joliot, Photochem. Photobiol., 8, 451 (1968).
(9) P. Joliot, G. Barbieri, and R. Chabaud, Photochem. Photobiol., 10, 309
(1969).
(10) P. Joliot and A. Joliot, Biochim. Biophys. Acta, 153, 625 (1968).
(11) G. Cheniae, Annu. Rev. Plant Physiol., 21, 467 (1970).
(12) J. M. Olsen, Science, 168, 438 (1970).
(13) J. E. Earley, Inorg. Nucl. Chem. Lett., 9, 487 (1973).
(14) T. Wydrzynski, N, Zumbulyadis, P. G. Schmidt, and Govindjee, Biochim.
Biophys. Acta, 408, 349 (1975).
(15) T. Wydrzynski, N. Zumbulyadis, P. G. Schmidt, H. S. Gutowsky, and
Govindjee, Proc. Natl. Acad. Sci. U.S.A., 1196 (1976).
(16) P, Homann, Biochim. Biophys. Res. Commun., 33, 227 (1968).
(17) G. M. Cheniae and I. F. Martin, Photochem. Photobiol., 17, 441 (1973).
(18) E. Tel-Or and W. D. Stewart, Nature (London), 258, 715 (1975).
(19) S. Phung-nhu-humg, B. Houlier, and A. Moyse, C.R. Hebd. Seances
Acad. Sci., Ser. D, 279, 1669 (1974).
(20) R.E. Blankenship and K. Sauer, Biochim. Biophys. Acta, 357, 252 (1974).
(21) C. F. Fowler and B. Kok, Biochim. Biophys. Acta, 357, 299 (1974).

(22)
(23)
(24)
(25)
(26)
(27)
(28)

(29)
(30)
(31
(32
(33)

(34)
(33)

(36)
(37)
(38)
(39
(40)
(41
(42)
(43)
(44)
(45)
(46)
47
(43)
(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)

(57)
(58)

(59)

(60)
(61)

(62).

(63)
(64)
(65)
(66)
(67)
(68)
(69)

Inorganic Chemistry, Vol. 17, No. 2, 1978 337

W. Junge and H. T. Witt, Z. Naturforsch. B, 23, 244 (1968).

J. T. Warden, R. E. Blankenship, and K. Sauer, Biochim. Biophys. Acta,
423, 462 (1976).

J. V. Possingham and D. Spencer, Aust. J. Biol. Sci., 15, 58 (1962).
P. H, Homann, Plant Physiol., 42, 997 (1967).

M. Calvin, Rev. Pure Appl. Chem., 15,-1 (1965).

L. J. Boucher, Coord. Chem. Rev., 7, 289 (1972).

Dismissal of the porphyrin model suggested by Olson'? may be premature,
despite data of P, H. Homann and P. G. Schmidt, Plant Physiol., 42,
1619 (1976), because reduction of Mn(IIl) porphyrins leads to
demetalation,?” as does oxidation to the formal Mn(IV) state: D. G.
Davis in “Porphyrins and Metalloporphyrins”, D. Dolphin, Ed., in press.
L. J. Boucher and C. G. Coe, Inorg. Chem., 14, 1289 (1975).

L. J. Boucher and C. G. Coe, Inorg. Chem., 15, 1334 (1976).

E. B. Fleischer, J. M. Palmer, T. S. Srivastava, and A. Chatterjee, J.
Am. Chem. Soc., 93, 3162 (1971).

L. H. Vogt, Ir.,, A. Zalkin, and D. H. Templeton, Inorg. Chem., 6, 1725
(1967).

H.S. §vIas]en and T. W. Waters, J. Chem. Soc., Chem. Commun., 760
(1973).

J. K. Howie and D. T. Sawyer, J. Am. Chem. Soc., 98, 6698 (1976).
J. K. Howie, M. M. Morrison, and D. T. Sawyer, ACS Symp. Ser., No.
38, 97 (1977).

M. E. Bodini and D. T. Sawyer, J. Am. Chem. Soc., 97, 6588 (1975).
M. E. Bodini and D. T, Sawyer, J. 4m. Chem. Soc., 98, 8366 (1976).
M. E. Bodini, L. A, Willis, T. L. Riechel, and D. T. Sawyer, Inorg. Chem.,
15, 1538 (1976).

D. T.Sawyer, M. E. Bodini, L. A. Willis, T. L. Riechel, and K. D. Magers,
Ady. Chem. Ser., No. 162, 330 (1977).

K. D. Magers, C. G. Smith, and D. T. Sawyer, J. Am. Chem, Soc., in
press. .

C. J. Weschler, B. M. Hoffman, and F. Basolo, J. Am. Chem. Soc., 97,
5278 (1975).

B. M. Hoffman, C. J. Weschler, and F. Basolo, J. Am. Chem. Soc., 98,
5473 (1976).

B. Gonzales, J, Kouba, S. Yee, C. A. Reed, J. Kirner, and W, R. Scheidt,
J. Am. Chem. Soc., 97, 3247 (1975).

T. S. Dzhabier, V. Ya. Shafirovich, and A. E. Shilov, React. Kinet. Catal.
Lett., 4, 11 (1976).

T. S. Dzhabier and V. Ya. Shafirovich, React. Kinet. Catal. Lett., 4,
419 (1976).

A. A. Schilt, “Analytical Applications of 1,10-Phenanthroline and Related
Compounds”, Pergamon Press, New York, N.Y., 1969,

R. D. W..Kemmitt in “Comprehensive Inorganic Chemistry”, Vol. 3,
J. C. Bailar, Jr., H. J. Emeleus, R. Nyholm, and A. F. Trotman-Dickenson,
Ed., Pergamon Press, New York, N.Y., 1973, Chapter 37.

T. L. Pirtea, Z. Anal. Chem., 184, 252 (1961).

T. L. Pirtea, Rev. Chim. (Bucharest), 15, 635 (1964).

M. M. Morrison and D. T. Sawyer, J. Am. Chem. Soc., 99, 257 (1977).
M. Calvin, Science, 184, 375 (1974). ’

S. J. Cooper and M. Calvin, Science, 185, 376 (1975).

A. A. Schilt and R. C. Taylor, J. Inorg. Nucl. Chem., 9, 211 (1959).
B. Chiswell and E. J. O'Reilly, Inorg. Chim. Acta, 7, 707 (1973).
R. S. Nyholm and A. Turco, Chem. Ind. (London), 74 (1960).

P. M. Plaksin, R, C. Stoufer, M. Mathew, and G. J. Palenik, J. Am.
Chem. Soc., 94, 2121 (1972).

H. A. Goodwin and R. N. Sylva, Aust.. J. Chem., 20, 629 (1967).
M. M. Morrison, E. T. Seo, J. K. Howie, and D. T. Sawyer, J. 4. Chem.
Soc., in press.

S. R. Cooper, Abstracts, 172nd National Meeting of the American
Chemical Society, San Francisco, Calif., Aug 1976, No. INOR 225.
A. A. Vicek, Pure Appl. Chem., 10, 61 (1965).

Y. Sato and N. Tanaka, Bull. Chem. Soc. Jpn., 41, 2064 (1968).

G. K. Budnikov, T. N, Kozitsyna, and V. A. Mikhailov, Zh. Obsh. Khim.,
41, 2132 (1972).

I. B. Bersuker, S. S. Budnikov, and M. K. Baraga, Theor. Eksp. Khim.,
11, 156 (1975).

M. Aihara, H. Kishita, and S. Misomi, Bull. Chem. Soc. Jpn., 48, 686
(1975).

R. Bonomo, S. Mucumeci, E. Rizzarelli, and S. Sammartano, Gazz. Chim.
Ital., 104, 1067 (1974).

R. Bonomo, S. Mucumeci, E. Rizzarelli, and S. Sammartano, Electroanal.
Chem. Interfac. Electrochem., 56, 435 (1974).

J. M. Rao, M."C. Hughes, and D. J. Macero, Inorg. Chim. Acta, 18,
127 (1976).

In general, the electrochemical reduction in acetonitrile involves stepwise
reduction to complexes having the formal oxidation state +1, 0, and -1.
F. A. Cotton and G. Wilkinson, ”Advanced Inorganic Chemistry”, 3rd
ed, Wiley-Interscience, New York, N.Y., 1972.



