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Synthesis of multinuclear manganese-oxo clusters is of current
interest for applications to molecular magnets,1 oxidation cataly-
sis,2 and bioinorganic chemistry in the area of photosynthetic water
oxidation.3-7 The inorganic core of the photosynthetic water
oxidase (WOC) is comprised of a cluster of composition Mn4Ox-
Ca1Cly, in which only the stoichiometry of Mn and Ca are well
established.8,9 It can be photooxidized by the photosystem II (PSII)
reaction center to produce five oxidation states, differing by one
electron each and designated S0, S1, ..., S4. Consequently,
comparisons to Mn-oxo complexes have played a key role in
suggesting possible core types such as the dimer-of-dimers8b,10

(Mn2O2)O(Mn2O2)n+, trigonal11a Mn4O3Xn+, distorted cubane3b

Mn4O4
n+, adamantane3a,4aMn4O6

n+, and butterfly3b Mn4O2
n+.

Herein we report the synthesis and crystal structure of the
Mn4O4

7+ cubane core cluster compound [Mn4O4L6]+ (1+),
obtained by an unusual dehydration/oxygenation route from
Mn4O4L6 (1), L ) diphenylphosphinato) Ph2PO2

-. 1 and 1+

contain the first examples of the Mn4O4
6+/7+ cubane core and

thus serve as important models for comparison to the S3 (or S1)
and S4 (or S2) oxidation state of the WOC, respectively.

Complex 1 reacts with triflic acid, CF3SO3H (HOTf), or
trimethylsilyltriflate, (Me3Si)CF3SO3 (Me3SiOTf), in the presence
of HOTf and oxygen (vide infra) to form [Mn4O4L6]OTf‚CH3-
CN (1+OTf-), which was isolated in∼80% yield from a reaction
mixture containing1 + 2Me3SiOTf + 2HOTf.15

The crystal structure of the inner core of1+OTf -‚CH3CN14 is
shown in Figure 1. The cubane cluster shows a significant trigonal
distortion from tetrahedral symmetry compared to1, creating a
trigonal pyramidal Mn4 core with shorter Mn2-4-O and longer
Mn1(apical)-Mn2-4(base) bond lengths vs1. The mean of the
three Mn1(apical)-Mn2-4(base) distances in1+OTf - is 2.933 Å
vs 2.844 Å for the three Mn2,3(base)-Mn3,4(base) vectors. The
short Mn-Mn distances are 0.08-0.14 Å shorter than found in
1 and 0.2-0.1 Å longer than in typical dinuclear [Mn2O2]3+/4+

cores.12 The Mn-O distances reveal elongation around Mn1 (avg.
2.004 Å) vs Mn2-4-O(oxo) (avg. 1.8948 Å) and 1.952 Å for the
Mn-O(oxo) in 1. Also, the narrower O-Mn-O angles around
Mn1 (77.58-79.35°) vs Mn2-4 (82.13-84.8°) indicate a trigonally
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Figure 1. X-ray crystal structure (ORTEP plot with 50% probability
level) of 1+OTf - (phenyls and counterion omitted for clarity). Selected
bond lengths (Å) and angles (deg): Mn(1)-Mn(4) 2.9038(4); Mn(1)-
Mn(2) 2.9826(4); Mn(1)-Mn(3) 2.9126(4); Mn(2)-Mn(4) 2.8341(4);
Mn(3)-Mn(4) 2.8588(4); Mn(2)-Mn(3) 2.8377(4); Mn(1)-O(1) 2.049-
(2); Mn(1)-O(2) 1.9233(14); Mn(1)-O(3) 2.040(2); Mn(2)-O(1) 1.8923-
(14); Mn(2)-O(3) 1.905(2); Mn(2)-O(4) 1.9151(14); O(1)-Mn(1)-O(2)
79.35(6); O(1)-Mn(1)-O(3) 77.58(6); O(1)-Mn(2)-O(3) 84.84(7).
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extendedC3V distortion. The coordinates are consistent with
assignment of Mn1 as Mn(III) and Mn2,3,4as Mn(IV). No obvious
tetragonal elongation or compression of the Mn-O bonds is
observed for Mn(III) in the crystal, in contrast with the carbox-
ylato-bridged trigonally distorted cubanes with the [Mn4O3X]6+

core (µ3-X ) F-, Cl-, Br-, OH-),11 where axial Jahn-Teller
elongations are observed for the three Mn(III) ions.

Unlike 1, 1+OTf - has a paramagnetic ground state and
solutions exhibit intense EPR spectra, as shown in Figure 2A.
The signal intensity obeys the Curie law between 7 and 29 K
with zero-field splitting and no resolved55Mn hyperfine structure,
indicating an odd-spin ground state (S g 3/2), possibly a high-
spin ground state analogous to [Mn4O6Cl]6+ complexes in the
III,IV oxidation state.1a Electrochemical oxidation of1 at a
platinum electrode (E1/2 ) 1.4 V vs NHE, Figure S3)13a also
produces1+, as seen by its EPR signal in Figure 2B. An additional
species forms under electrolysis which exhibits a 400 G broad
signal atg ) 2, presumed to arise from a Mn(II) decomposition
product. Other oxidants such as NOBF4 or Cl2 also oxidize1 to
1+, as evidenced by EPR spectra, but the product always contains
contamination from other species, in particular Mn(II).1 can be
recovered quantitatively from solutions of1+OTf - by addition
of reductants such as triethylamine or many common solvents
such as MeOH, EtOH, DMF, and DMSO. NMR reveals that the
one-electron reduction of1+ to 1 by 1 equiv of Et3N (Figure S7)
proceeds via an intermediate of lower symmetry than either1+

or 1. The identity of the intermediate is unknown, but might
involve formation of the triply bridging amine-oxide, Mn4O3-
(µ3-ONEt3)L6. Such an intermediate would be relevant to possible
water oxidation schemes involving addition of water or hydroxide
to a µ3-oxo.7 These data establish that formation of1+OTf - by
acidification of 1 in air involves one-electron oxidation rather
than protonation of1.

UV-vis (Figure S2) and NMR (Figure S6) titrations in air
show that∼2 equiv of HOTf is needed for conversion of1 to
1+OTf- with g84% yield (NMR integration). The near quantita-
tive yield of 1+ indicates that it could not form entirely by
disproportionation of1. A requirement for oxygen in the formation
of 1+OTf- from 1 + HOTF was established by UV-vis titrations
under anaerobic conditions (Figures S2b, S4, S5).

The formation of1+ by oxidation of1 can also be initiated by
addition of 2 equiv of Me3SiOTf, but proceeds to only 50%
conversion of1 independent of the presence of oxygen and yields
1 equiv of (Me3Si)2O, as established by NMR and UV-vis
(Figures S8, 9, 12). Subsequent addition of 2 equiv of HOTf leads

to complete conversion to1+ under aerobic conditions (Figure
S9). ESI-MS (positive ions) spectra of reaction mixtures show
the initial formation of the species [Mn4O3L6]+ (m/z 1570)
independent of whether the reagent is HOTf or Me3SiOTf (Figure
S11).

The observed reactions of1 can be explained by the following
equations (L) Ph2PO2

-; R ) H, Me3Si):

Initially a proton (R) H) or a trimethylsilyl cation (R) Me3-
Si) binds to1 (A), yielding [Mn4O3(OR)L6]+ and thus converting
it to a stronger oxidant.16 We propose that this species oxidizes
unreacted1 to 1+ (B), thus limiting the yield to 50% for R)
Me3Si in the absence of HOTf. The resulting one-electron reduced
species, Mn4O3(OR)L6, continues to react with ROTf to remove
one oxide bridge completely as R2O (C), forming the deoxygen-
ated intermediate [Mn4O3L6]+, which is detected by ESI-MS (m/z
1570) and which, in turn, is oxidized by O2 in the presence of
protons (from HOTf) to form1+ (D) for a total theoretical yield
of 100%.

The isolation of1+OTf - extends the known Mn4O4 cubane
core type to include the Mn4(III,3IV) oxidation state, a possible
model for the S2 (ref 8b) or S4 (ref 13b) oxidation states of the
WOC. The assignment of Mn oxidation states in the WOC is an
unresolved issue, with different conclusions reached from Mn
XANES data8b vs 55Mn EPR data.13b EPR spectral data of the
“cubanes” [Mn4O4L6]-/0/+ (ref 17), however, support the EPR-
derived assignment for the Mn oxidation states of the S2 state as
Mn4(3III,IV).

The isolation of1+OTf -, the highest oxidation potential Mn-
oxo cluster yet synthesized, will enable exploration of new
oxidation chemistry with organic and inorganic precursors, as well
as possible pathways for O2 production from water that are related
to the mechanism of photosynthetic O2 evolution.
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Figure 2. X-band EPR spectra (9.42 GHz) of (A) 0.5 mM1+OTf - in
CH2Cl2 frozen solution and (B) electrochemically oxidized (E ) 1.4 V
vs Ag/Ag+, Pt electrode) solution of 0.3 mM1 in CH2Cl2/100 mM TBAP.
Measurement conditions: Bruker ESP300 spectrometer with Oxford 900
cryostat and TE102 cavity;T ) 7 K; mod. freq 100 kHz; mod. amp 20
G; MW power 20 mW.

(A) Mn4O4L6 (1) + ROTf f Mn4O3(OR)L6
+ + OTf-

(B) Mn4O3(OR)L6
+ + 1 f Mn4O3(OR)L6 + 1+

(C) Mn4O3(OR)L6 + ROTf f

R2O + OTf - + Mn4O3L6
+

(D) Mn4O3L6
+ + 1/2O2 f Mn4O4L6

+ (1+)
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