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Hydrogen atom abstraction processes involving noncoordinated
tyrosine residues are proposed as mechanistically important for
some metalloenzymes. In the R2 unit of ribonucleotide reductase
(RR), a diiron oxide species, compound X (probably a{FeIII -
(µ-O)2FeIV} core structure), abstracts a hydrogen atom from the
nearby tyrosine Y122 to initialize the radical transfer pathway
ultimately responsible reduction of the sugar unit of ribonucle-
otides.1 An analogous reaction, but in the reverse direction, has
been suggested for the conversion of water to dioxygen at the
oxygen-evolving complex (OEC) of photosystem II; the tyrosine
radical Yz

• abstracts a hydrogen atom from a coordinated
hydroxide with concomitant oxidation of a manganese ion.2,3

These reactions can be illustrated by Scheme 1. The reaction
proceeding left to right shows the scenario for RR where M)
Fe; from right to left the scenario for OEC where M) Mn.

Elucidation of H-atom abstraction processes in biological
systems is aided by the study of analogous processes in simpler
compounds. Mayer and co-workers have carried out pioneering
studies in prediction of the H-atom abstraction energetics in the
oxidation of hydrocarbon substrates by metal-oxo and metal
coordination complexes.4,5 A system closely related to biological
systems in terms of metal oxidation state is [(phen)2Mn(µ-O)2-
Mn(phen)2]3+, which is capable of oxidizing dihydroanthracene
(DHA) to anthracene with resultant formation of [(phen)2Mn(µ-
OH)2Mn(phen)2]3+.6 The reaction proceeds by two consecutive
steps, both involving H-atom abstraction from the substrate
coupled with concomitant protonation of the oxo bridge and one
electron reduction of the metal center. Karlin and co-workers
showed that [(MePY2)Cu(O2)Cu(MePY2)]2+ (Mepy2 ) N-methyl-
N-bis[2-(2-pyridyl)ethyl]amine) can similarly effect H-atom ab-
straction from DHA.7 These processes are examples of the
{M(µ-O)2M} core as an H-atom abstractor, and as such, they
model to some extent (the organic reaction partners are not
phenols) the left to right RR process in Scheme 1. Proposed here
is the first example of a model for the reverse reaction in Scheme
1. A phenoxide radical and aµ-hydroxide bridged Cr-Mn
complex have been used as reaction partners. Typically analogous
µ-hydroxo dichromium complexes show pKa values many orders
of magnitude higher that those for dimanganese complexes. The
combination of Cr and Mn may have lead to an appropriate
homolytic bond dissociation energy (BDEOH) for H-abstraction
from aµ-OH group by a biologically relevant phenoxide radical.

The violet hydroxide-bridged Cr(III)-Mn(II) complex, [(Me3-
tacn)Cr(µ-OH)(µ-CH3CO2)2Mn(MeDPA)](ClO4)2, 1‚(ClO4)2 (Me3-
tacn) tri-N,N′,N′′-methyltriazacyclononane, MeDPA) N-methyl-

N-bis(2-pyridylmethylamine), was prepared using Wieghardt and
co-worker’s method for the preparation of the oxo-bridged
Cr(III)-Mn(III) complex, [(Me3tacn)Cr(µ-O)(µ-CH3CO2)2-
Mn(tacn)](ClO4)2, 2, (tacn ) tri-N,N′,N′′-methyltriazacyclo-
nonane),8 with the exception that tacn was replaced by MeDPA.9

The spontaneous reduction of the starting Mn(III) ions to give
the Mn(II) ion of the product, and the presence of aµ-hydroxide
group in1, is in contrast with the combination of a Mn(III) ion
andµ-oxide group found in2. MeDPA is a weaker-field ligand
than tacn, and this is presumably the reason for the contrasting
products in the analogous syntheses of1 and 2. The synthetic
outcome prompted our investigation into H-atom abstraction from
complex1.

To model as closely as possible the situation in OEC, the
tyrosine-like 2,4,6-triphenylphenoxide radical (TPP•)10 was used
as an H-atom abstractor. TPP• is generated in situ from the 2,4,6-
triphenylphenoxyl dimer (TPPD) in the course of the following
reaction: complex1 and TPPD are mixed in stoichiometric
proportions (2:1, respectively) in nitromethane or acetonitrile.11

An intense maroon color forms instantaneously due to formation
of the oxo-bridged Cr(III)-Mn(III) cation, 3 (Scheme 2). The
UV-visible spectra of112 and the H-abstracted product,3,11 in
acetonitrile are very similar to those reported for [(tacn)Cr-
(µ-OH)(µ-CH3CO2)2Mn(tacn)](ClO4)2

13 and2,8 respectively.
Comparisons ofm/z values and gas-phase fragmentation

patterns in mass spectrometric experiments were used in the
characterization of1 and3. The ESI mass spectrum14 of 1‚(ClO4)2,
Figure 1(a), shows the doubly charged1 as the major cation at
an m/z of 313.1. Substantial fragmentation of this ion to
mononuclear Cr- and Mn-containing ions occurred unless the
potential difference between the nozzle and the skimmer was kept
small. The daughter ions, [(MeDPA)Mn(CH3CO2)]+ and [(Me3-
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tacn)Cr(OH)(CH3CO2)]+, were also generated from1 in a separate
collision induced dissociation (CID) experiment, shown as an inset
in Figure 1(a). ESI mass spectra of the reaction mixture after
addition of TPP•, recorded using the same source conditions,
shows the doubly charged3 with anm/zof 312.6 as the dominant
peak, Figure 2(b). Thus,3 is significantly more stable than1
toward source fragmentation, reflecting a more strongly bonding
µ-oxo group of3 compared with theµ-hydroxo group of1. In a
CID experiment (using higher energy collisions to those used for
1), 3 fragments into [(Me3tacn)Cr(O)(CH3CO2)]+ and [(MeDPA)-
Mn(CH3CO2)]+ (inset Figure 2(b)). This indicates an internal
disproportonation, CrIIIMnIII f CrIV + MnII, with the oxo group
staying with the Cr fragment. The match to the calculated isotopic
distribution for3 demonstrates that the reaction is very close to
completion.15

The ESR spectrum16 of 1 in nitromethane, Figure 2(a), contains
broad features consistent with the presence of the expected weakly
antiferromagnetically coupled Cr(III) and Mn(II) ions. The singlet
for the TPP• is found atg ) 2.00561 in the ESR spectrum of the
TPPD in nitromethane. Figure 2(b) shows that when a solution
of the phenoxide radical is mixed with a solution of1 (stoichi-
ometry, TPPD:1 ) 1:2), the organic radical signal disappears
completely and the complex-derived signals simplify. The d4

Mn(III) of 3 is expected to be ESR silent, and the resultant signal
(g ) 8.9) is ascribed to the Cr(III) ion only.

The results described above verify the identities of1 and 3.
That the reaction might be classified as an H-atom abstraction
rather than proton coupled electron transfer is based on the
following observations: the (i) cyclic voltammogram (CV) of115

and (ii) acid/base titrations. The CV of1 in acetonitrile shows
two reversible redox waves rather close together at 447 and 630
mV above the Fc/Fc+ couple. If deprotonation spontaneously
followed Mn oxidation, then a CV would be expected to show
an irreversible oxidation. The first reversible oxidation wave
implies a [Cr(III)-(µ-OH)-Mn(II)] S [Cr(III) -(µ-OH)-Mn-
(III)] process, i.e., the bridging hydroxide remains intact after
electrochemical oxidation, contrasting to the situation after radical
oxidation. Titration of1 with triethylamine or hydroxide did not
result in the spectroscopic detection of3. Excess hydroxide led
ultimately to the decomposition of1. Further, addition of 1 equiv
of perchloric acid to solutions of3 did not regenerate1, and excess
perchloric acid led to the formation of pale yellow solutions
without detection of1. These attempted deprotonation and
protonation reactions of1 and3, respectively, again suggest that
redox-coupled acid-base chemistry is not operative.

Further analysis of the electrochemical behavior in various
solvents, and measurement of thepKa of 1, is needed in order to
estimate the BDEOH for the µ-OH of complex 1. Using this
information, Pecoraro and co-workers have concluded that H-atom
abstraction by a tyrosine radical from hydroxide bridged Mn-
(III) -Mn(IV) and Mn(III)-Mn(IV) dimers is thermodynamically
feasible.18-20 In conclusion, the present Cr-Mn system appears
to model the H-atom abstraction step in mechanistic proposals2,3

for OEC. We have demonstrated that oxidation of the Mn(II) to
Mn(III) is a consequence of oxidation by a phenoxide radical,
and the evidence supports a H-atom abstraction mechanism. Cr
is not biologically relevant; however, in addition to playing a
probable role in tuning the BDEOH and providing an ESR
spectroscopic handle, the robust Cr(III) in1 may be a key feature
in preventing alternative reactions and rearrangements upon
radical oxidation.
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Figure 1. The ESI mass spectrum (a) of1 and (b) of3, using identical
source conditions. The insets show the main daughter ions after CID of
the m/z ) 313.1 ion of1 and them/z ) 312.6 ion of3. Assignments,
m/z: 313.1,1; 327.1, [(MeDPA)Mn(CH3CO2)]+; 341.1, [(Me3tacn)Cr-
(CH3CO2)2]+; 299.2, [(Me3tacn)Cr(OH)(CH3CO2)]+; 312.6, 3; 298.2,
[(Me3tacn)Cr(O)(CH3CO2)]+.

Figure 2. The ESR spectrum of (a)1 in nitromethane and (b)3 generated
by addition of 0.5 molar equiv of TPPD to the solution in (a).17

Scheme 2
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