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Redox Reactions of Di-u-oxo Bridged Binuclear
Manganese(IV) and -(III) Complexes
Sir:

Although manganese is essential for the oxygen evolution
process in photosynthesis,! its chemical role in photosystem-1I1
remains uncertain. Furthermore, the chemical environment
around the manganese ion is not known, which precludes the
rational design of model compounds.

In the mechanism proposed by Kok? and supported by flash
photolysis data,? four discrete one-electron steps lead to oxygen
evolution. Because of a multiplicity of oxidation states for
manganese and the associated coordination chemistry, most
investigators* believe its essential role is as a redox catalyst.

Several model ligand systems have been suggested for
manganese in photosystem-II, including one with manganese
bound to an N4 macrocyclic ligand.5 Various di-u-oxo, di-u-
hydroxo, and u-oxo-u-hydroxo binuclear manganese species
also have been proposed as photosystem-II models.5-!10 An
important test of the merit of model systems is the thermody-
namics of their redox reactions.

The di-u-oxo bridged binuclear manganese complexes, te-
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Figure 1. Cyclic voltammograms in 0.1 M TPAP-acetonitrile at a platinum
electrode of (a) 0.5 mM [Mn,'V-'VO,(phen)4](Cl04)4 (1), (b) 0.5 mM
[Mny'1V 05 (bpy)a](C104); (2). and (¢) 0.5 mM 2 after electrolysis at
+1.45 V vs. SCE. Scan rate, 0.1 V/s.

1 b L 1 I
2.00 150 10O 0850 DOO
VOLTS, v§ SCE.

trakis(1,10-phenanthroline)di-u-oxo-dimanganese(IV, 1V)
perchlorate, [Mn;!V1VO,(phen)4](ClO4)s (1), and tet-
rakis(2,2’-bipyridyl)di-u-oxodimanganese(111, IV) perchlorate,
[Mn,!1LIVO,(bpy) 4] (Cl04)3] (2), have been prepared and
partially characterized.!!-!3 Such complexes have proven to
be useful starting materials for the present oxidation-reduction
investigations. The crystal structure'? of 2 includes distinct
manganese-oxygen bond lengths for the trivalent and tetra-
valent manganese ions. The magnetic susceptibilities of 1!3 and
2!2 are less than expected for the spin-only condition and in-
dicate antiferromagnetic coupling of the manganese ions across
the di-u-oxo bridge. The electrochemical redox reactions and
solution magnetic susceptibilities of 1 and 2 are the subject of
the present communication.

The cyclic voltammogram of 1 (Figure 1a) exhibits two
electrochemically reversible redox reactions. Controlled po-
tential coulometry establishes that each wave is a one-electron
process; these reactions are summarized in Scheme 1. Elec-
trochemical reduction of [Mn,!!1VO,(phen)s]3* (3)!4 to
[Mn, LI (phen)4) 2t is followed by a coupled chemical
reaction. Electrolysis of 1 (a red solution) at +1.00 V vs. SCE
yields a green solution that appears identical with a solution
of 3.

The cyclic voltammogram for 2 (Figure 1b) includes a re-
versible anodic couple; the redox reactions are summarized in
Scheme I and are supported by controlled potential coulome-
tric measurements. The coupled chemical reaction that occurs
after reduction of 2 is much faster than in the corresponding
reaction after the second reduction of 1. Comparison of anodic
and cathodic peak currents confirms that a coupled chemical
reaction also follows the oxidation of 2. The pseudo-first-order
rate constant, measured by the method of Nicholson and
Shain,!5:16is 0.02 s~!. Anodic electrolysis of 2 (a green solu-
tion) at +1.45 V causes some decomposition, indicated by the
cyclic voltammogram of the product solution (Figure 1c), and
yields a reddish brown solution.

The solution-phase magnetic susceptibilities of 2 and of 3!4
have been determined by the NMR method!”-!® at ambient
temperature; for 2, perr = 2.56 £ 0.11 up (uncorrected) com-
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Scheme I. Redox Reactions for Di-u-oxo Bridged Binuclear
Manganese Complexes in Acetonitrile (0.1 M Tetrapropylammonium
Perchlorate) (TPAP) at a Platinum Electrode (Scan Rate, 0.1 V/s)
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pared to 2.53 up (uncorrected) for the solid by the Guoy
method at room temperature!? and for 3, pesr = 2.26 & 0.08
up.'>20 The reduced magnetic moments that are observed
relative to those for the spin-only condition support the con-
clusion that the di-u-oxo bridged species are stable in solu-
tion.

Of the two complexes, the mixed-oxidation state bipyridyl
complex (2) is slightly easier to oxidize and more difficult to
reduce than the corresponding 1,10-phenanthroline derivative.
Also, the coupled chemical reactions occur at a faster rate for
the bipyridyl complexes. This change in chemical and elec-
trochemical reactivity can be accounted for on the basis of the
“floppy” bipyridyl ligand compared to the rigid structure of
1,10-phenanthroline.

A noteworthy feature of the redox chemistry for the di-u-oxo
bridged complexes is the extremely positive potentials for the
reversible one-electron (IV-1V)/(IV-III) couples. The
1,10-phenanthroline complex, 1, appears especially attractive
for use as a reagent for one-electron oxidations in nonaqueous
media.

The electrochemical data for the

0]
N
M
Mn\o/n

linkage in these complexes confirm that discrete one-electron
steps are stabilized. Unfortunately, the stability of this linkage
(in association with the bipyridyl and 1,10-phenanthroline li-
gands) implies that the tautomeric equilibria in this medium
must lie far to the left;

0 0
S O 0
M v \Mn[v — MnEII :MnIII= MnII___"___MnII
0

n
\O/ \KO// )

the Mn(I11, III)-peroxo and Mn;, (11, II)-oxygen species have
not been detected. Furthermore, preliminary infrared data
indicate, as expected from electrostatics, that the Mn-O bond
is stronger for the Mn,(IV, IV) species than for the Mn (111,
IV) species. From the data presented, evolution of oxygen from
di-u-oxo bridged binuclear manganese(IV) complexes by re-
action 1 must involve a displacement of oxide by some other
ligand. This possibility is currently under investigation, as is
the use of other ligands to promote a shift of the equilibria to
theright ineq 1.
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Absolute Configuration of a Ribonucleic Acid Adduct
Formed in Vivo by Metabolism of Benzo[a Jpyrene
Sir:

Incubation of the potent carcinogen benzo[a]pyrene (1) with
bovine bronchial explants followed by extraction and digestion
of the cellular RNA led to the isolation of an adduct 4!+2 which,
by high pressure liquid chromatographic (HPLC) analysis,
was shown to correspond to one of the diastereoisomeric in vitro
products resulting from reaction of (£)-3 with poly(G).3+#
Spectral and chemical data established that the in vivo adduct
is represented either by structure 4 or its mirror image at chiral
centers C-7 through C-10. The following data now show that
the absolute configuration is as shown in 4. This work, together
with our previous studies on the adduct formed between
7,12-dimethylbenz[z]anthracene - 5,6-oxide and poly(G),’
constitutes the first full structure determinations of both in vivo
and in vitro® products derived from the carcinogenic polycyclic
aromatic hydrocarbons.
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