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The oxo-manganese cubane core structure, JOU*, is
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Scheme 1Proposed Mechanisms for Water Oxidation by
the WOC of PSII (ref 2)
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proach was previously successful for the synthesis of £¢0
cubane complex starting from a complex with a dimeri¢'go
(OH), core and using bidentate ligands with shorter bridging
atom separatioh. This method was suggested as a possible

particularly interesting because it has not been previously route to the MaO, cubane core but was not realized until now.
isolated as a discrete complex and because it was proposed td forms after addition of diphenylphosphinate salts to a solution
be part of the catalytic cycle for dioxygen production by the ©Of [Mn202(bpy)](ClO,)s in acetonitrile? The IR spectrum of

photosynthetic water oxidizing complex (WOC) in two inde-
pendent hypotheses, depicted in Schenie Ih. one of these

1 shows mainly vibrations due to the phosphinate gt®apd
confirms the absence of perchlorate counterions or bpy ligands.

butterfly-type core, MgO,, resulting in the formation of an

mass of 15831584 D, corresponding to the formulation

“activated” cubane core which releases dioxygen with regenera-Mn4OaLs (1586.7 D), which is also supported by elemental

tion of the butterfly core. This proposal was based on the analysi

established structure of several butterfly core complékérs.

st?
Figure 1 shows the structure df determined by X-ray

the second proposal, oxide ions from water were proposed todiffraction!® together with selected bond distances and angles.

add to a cubane core, forming an “activated” /@s—adaman-

The molecule shown is one of four independent molecules in

tane core which in turn eliminates dioxygen and reverts to the €ach unit cell with slightly different bond distances and angles.
cubane. This proposal was based on the established adamantarihe molecules differ mainly in the orientation of the phenyl

structure of the MgOs core32 Neither of these proposed

rings, probably due to packing effects. Diphenylphosphinate

reactions has been experimentally demonstrated, nor do theligands bridge between Mn pairs across each of the six0yin
adamantane or butterfly-type complexes characterized so farfaces of the cube. This feature distinguisfiesom the more

exhibit spectral properties like those of the WOC of PSII.

compact CgO, cubane, which has twe-bridging acetates on

Herein we report the synthesis of the first example of the opposite face$and the pseudo-cubanes, M3X, which have
Mn,Os cubane core. Several tetranuclear Mn complexes with three faces bridged by carboxylates (NtaMn'", 2.8 A) and
distorted cubane-like cores have been synthesized beforethree open faces (Mh-Mn'", 3.2-3.3 A). Each independent

including several MgX,4 alkoxo complexes in low oxidation
state$ or having incomplete core structures, MiaX,® or being
part of a larger Mn clustet.

Synthesi$ of MnsO4(O:P(Ph})s 1, was done by fusing
together two pre-formed M@,3" units. A dimerization ap-
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(7) Diphenylphosphinic acid (Aldrich) (0.8 mmol) suspended in 5 mL
of methanol is added under stirring to 0.8 miL1oM tetra-N-butylammium
hydroxide in methanol (Aldrich). After stripping solvent in vacuum, the

residue is dissolved in 10 mL acetonitrile/acetone (2/1 v/v) and added to a

solution of 0.2 mmol of [MaO2(bpy)](ClO4)s in 10 mL of acetonitrile

cluster of1 contains one unique and three symmetry-related
Mn ions. No large (JahnTeller) distortions are observed in
the Mn—0O bond lengths, and this absence appears not to be
due to a superposition of inequivalent Mn valences. Further
support comes from the absence of appreciable differences in
the anisotropic displacement factors for different O atoms, unlike
the mixed valence complex M®.(phen)3*, where these are
5—8 times larger for the axial metal ligand bonids. These
features suggest that the valence electrons may be delocalized,
yielding a rare example of a class Il (delocalized) mixed-
valence MH'Mn"Y compoundt*@ This conclusion is supported
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(11) Available as Supporting Information.
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146 293 reflections were measured, of which 13 249 were indeperi@gnt (
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refinement 0% the structure was nontrivial, owing to twinning. Refinement
of the structure in the space grolp;s converged aR; = 9.65%, only
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MMQ for 1 compared to Fc, but the ratio of the values remains constant
Ol4ar*1 at 0.7+ 0.06. The deviation from the ideal values of 1.0 for
the ratio of peak currents and the peak-to-peak separation might
reflect the difference in the diffusion coefficients for the two
compounds and cannot be accounted for by a two-electron
process forl. The oxidation product is EPR actig&. Accord-
ingly, the oxidative process at680 mV is assigned to a
05a2 quasireversible one-electron oxidation (2111, 24 (lll, 31V).

Plial 1+ exhibits a considerably more positive reduction potential by
Ol4alr2 ) 0.7—-1.7 V than found for dimanganese (l11,IV)/(lI1,111) couples
and greater than the majority of known (1V,IV)/(lll,IV) couples

of dimeric Mn,O, complexes’

1 also exhibits an irreversible reduction process at an anodic
Figure 1. (a) Thermal ellipsoid plot (50% probability) of one of four ~ Peak potential of-730 mV vs Fc in dichloromethane (at a scan
molecules in the unit cell af. Phenyls omitted for clarity. (b) Selected ~ rate of 50 mV/s; peak-to-peak separation of 7800 mV).
bond distances (A) and angles (deg): Mn¢kin(2a), 2.914(3); Mn- Titration of 1 with phenothiazine, monitored by the electronic

0(3a*1

Mn(2q) 0(6al*2

Pl2a)*2

P(2a)*1

(2a)-Mn(2a)#1, 2.949(3); Mn(1a)O(2a), 1.917(7); Mn(1a)O(3a)- absorption band of the phenothiazine neutral radical at 380 nm
#1, 1.951(8); Mn(2ayO(1a), 1.982(7); Mn(2a)O(2a), 1.882; Mn(2a} and its EPR spectrum, reveals that a total of four to five H atoms
O(4a)#1, 1.955(9); O(2aMn(la)-O(2a)#1, 82.8(3); O(la)Mn(2a)— are taken up upon reduction df without decomposition to
O(2a), 84.3(3); O(2a) Mn(2a)-O(2a)#1, 80.8(3). monomeric Mn(Il). The stoichiometry suggests formation of
the tetrakis¢-hydroxo) cubane core, M(OH)4Le.

by variable-temperaturéH NMR spectra ofl, showing that 1 exhibits X-ray K-edge absorption that is 0.25 eV above
even in solution only one set of three paramagnetically shifted the K-edge for the Sstate of the WOC and has a more
resonances for all 12 phenyl rings is observable. symmetrical core structure based on Mn EXA#&? 1 is not

The Mn—Mn distances inl vary between 2.904 and 2.954 a complete or good structural model for the® S states of
A in the four independent molecules (average for all-Min the WOC based upon comparison of the amplitudes and

distances in all four independent molecules is 2.926 A). The distances of the EXAFS scattering vectors. This is not
Mn—Mn distances are considerably longer than observed for surprising when one compares the symmetrical structure of
both the digs-oxo-bridged dimers (2:62.7 A)® as well as with the postulated structures that simulate the Mn EX&FS
the tri-u,-oxo-bridged Mn(1V) dimer (2.296 A32both of which and EPRS of the WOC.

containuy-bridging oxo ligands. The MaMn distances are Comparing the functional aspectsundergoes a reduction
comparable to the MA, cubanes embedded within the larger process with uptake of four to five H atoms, as well as one-
clusters of Mn01, and MsFe,012 (2.82-2.99 A) and to the electron oxidation to forni*. Both reactions lead eventually
central pair in the MgO; butterfly complexes (2.85 A) (Scheme  to rearrangement of the cluster with, to date, unidentified
1, left) }” both of which contain exclusively triply-bridgings- reaction products and no multiline EPR signal as would be
oxos. The distorted cubane core in M1X also contains expected for an intact cluster. Mn EXAFS biindicates that
exclusivelyus-oxo bridges. Here the MaMn separations are it is not a close structural model of thg-SS; oxidation states
either slightly shorter (2.8 A) across the faces of Jan of the WOC? We are also examining EPR of transiently
rhombohedra that are bridged by carboxylate or much longer producedL or 1~ as additional comparisons. The six bridging
(8.3 A) across unbridged faces of MICI rhombohedr&-c phosphinate ligands are critical for stabilizing the [}@g]%*
From this comparison, we propose that the core expansion bycore. Removal of the phosphinate ligands leads to new
0.2-0.3 A observed upon fusion of two Mgu,-O), rhombo- chemistry which is being explored, including tests for water
hedra to form the Mi{(us-O)s cubanel is promoted by binding and oxygen evolution.

coordination of the six-bridging phosphinates, while carboxy-

lates do not stabilize this expansion. (The Ogdstance in Acknowledgment. We thank Drs. P. Harrsch for mass spectral
diphenylphosphinic acid is 2.58 A, whereas the Oj@tance analysis and V. Yachandra for Mn X-ray absorption measurements.
in acetic acid is only 2.22 A. These distance change only Research supported by the National Institutes of Health Grant GM39932.

slightly (<1%) upon coordination ip-bridging phosphinate or

acetate complext'é§'.) . . . structure solution and refinement, tables giving atomic coordinates, bond
_Clompl_elxl exhibits several electronic transitions at (nen; lengths and angles, and (nonhydrogenic) anisotropic displacement

M~ cm™) 498 (1.4 x 10°, and 697 (1.4x 107 and parameters, and figures showing a MALDI-TOF mass spectruf of

overlapping bands between 800 and 1100 (£.20%). The variable-temperaturéH-NMR spectra and analysis, and Mn XANES

latter bands bleach upon partial reduction by two H atoms using and EXAFS spectra of (32 pages). See any current masthead page

phenothiazine, suggesting assignment as Mn intervalance elecfor ordering and Internet access instructions.

tronic transitiond#2 However, contributions from oxo-to-Mn JA9639022

charge transfer reactions are possible as il is EPR silent

in CHxCI, solution between 10 K and room temperature, (19) The Fc/Ft couple Ey, = 0.68-0.74 V vs NHE in various

Supporting Information Available: Describing of the method of

indicating magnetic coupling within the tetramer. solvents: Electrochemistry for Chemistgnd ed.; Sawyer, D. T., Sobkowiak,
. L o A., Roberts, J. L., Jr., Eds.; J. Wiley & Sons: New York, 1995; p 203.
The cyclic voltammogram of in dichloromethane exhibits (20) A broad, uninterpretable 10 K EPR spectrum was seen after

a quasi-reversible oxidation &, = +680 mV vs ferrocene controlled potential electrolysis at room temperature. The only interpretable

(Fc) estimated-1.38 V vs NHE)!® The ratio of peak currents ~ part of the spectrum consisted of monomeric Mn(1l) which is assumed to
for Fc'/Fc and1*/1 equals 1.2+ 0.05 at scan rates between 5 ¢ 3 decomposition product f . R
: : ’ . (21) The Mn XANES and EXAFS spectra df are given in the
and 50 mV/s. The peak-to-peak separations are slightly |al’gel’5upporting Information (courtesy of Dr. V. Yachandra).
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Information. Prince, R. C.; Cramer, S. Bciencel 989 243 789-791. (c) Penner-Hahn,
(16) For a review, see for example: Manchandra, R.; Brudvig, G. W.; J. E.; Fronko, R. H.; Pecoraro, V. L.; Yocum, C. F.; Betts, S. D.; Bowlby,
Crabtree, RCoord. Chem. Re 1995 144,1-38. N. R.J. Am. Chem. S0d99Q 112, 2549-2557.
(17) Vincent, J. B.; Chang, H.-R.; Folting, K.; Huffman, J. C.; Christou, (23) (a) Zheng, M.; Dismukes, G. @norg. Chem.1996 35, 3307
G.; Hendrickson, D. NJ. Am. Chem. S0d.987, 109, 5703. 3319. (b) Zheng, M.; Dismukes, G. C. IResearch in Photosynthesis

(18) Distances are averages from searches in the Cambridge StructuraMurata, N., Ed.; Kluwer Academic Publ.: Dordrecht, The Netherlands,
Database. 1992; Vol. II, pp 305-308.



