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Abstract: A dimer-of-dimers model compound for the oxygen-evolving complex of photosystem I, [{ (H20)-
(terpy)Mn"(u-O).Mn"V(terpy)} 2(u-O)1(ClO4)s (terpy = 2,2':6',2"-terpyridine), has been prepared and char-
acterized by X-ray crystallography and ESI-MS. Low pH was found to promote the disproportionation of
[Mn"V,0,(terpy)2(OH2),]3" to M2t and a Mn'VV,0,(terpy). species; the latter complex slowly dimerizes to
form the title complex. Protonation of a u-oxo bridge is proposed to initiate the disproportionation, based

on analogy with the [Mn""V,0,(bpy)J]*" system.

Introduction

The Mn tetramer of the oxygen-evolving complex (OEC) in
photosystem Il (PSII) is the key catalyst for the oxidation of
H.O to O in plants. The recent 3.8%%and 3.7 & resolution
crystal structures of PSII suggest a semiplanar/planar “Y” type

structure for the Mn tetramer, though its exact nature remains

unknown due to the limited resolution. Earlier XAS studies
provide evidence for at least two dioxo-bridged (2.7 A) Ma-
Mn distance%in the OEC, while a 3.3 A peak in the Fourier

transformed EXAFS data has been assigned as backscatterin

from Mn# Based on EXAFS results, Yachandra et al. proposed
a “dimer-of-dimers” model for the OEC (“Berkeley mode¥§,

in which two diu-oxo dimanganese units, each with a #¥n
Mn separation of 2.7 A, are connected via a singtexo bridge

to give a 3.3 A Mn-Mn separation. The “dimer-of-dimers”

model has been a leading candidate for the structure of the Mn

tetrakis(2-pyridyl-methyl)-2-hydroxylpropane-1,3-diamine) by
Chan et al. is the closest “dimer-of-dimers” model so’f&ve
previously reported a functional system in which €volution

is catalyzed by [MAV ,O,(terpy»(H-0),]3" (2) upon addition

of O-atom-transfer reagents such as oxone or hypochlgrité.
Further studies on this system have led to the isolation of
[Mn"V 4Os(terpyu(H20)2]6" (3) (Figure 1). Here, we report the
synthesis and properties of this complex, the first unconstrained
monowu-oxo-bridged dimer of a pair of ¢i-oxo-bridged Mn
dimers. The di-oxo and mona¢-oxo bridged Mr-Mn dis-

gances i3 are 2.74 and 3.51 A, respectively, which are close

to the Mn—Mn distances of 2.7 and 3.3 A obtained from the
EXAFS studies of the OEC.

Experimental Section

All solutions were prepared using doubly deionized water. Com-
pound 2* and [MAY'V,0, (terpyk(SQy).] (4)*? were synthesized

tetramer in the OEC, although the recent X-ray structural data ojo\ing previous procedures. All other chemicals were purchased from

for PSIIt2 and EPR/ENDOR studié$ have provided support
for a “3 + 1” model with a trinuclear core connected to the
fourth Mn.

Despite much effort, no good synthetic analogue of the

Aldrich and used without further purification. KHS@®olutions were
standardized using iodometric titrations. Elemental analyses were
performed by Atlantic Microlabs Inc., Norcross, GA.

Synthesis of [MnY 4,Os(terpy)4(H20)2](CIO 4)s (3). Terpy (0.147 g,

“dimer-of-dimers” model has yet been reported. Indeed, rather 0.63 mmol) was dissolved in GEN (150 mL), to which MnGF10H,0

few high-valent Mn tetramer complexes of any sort have been
synthesized 1! The [(MnpO,),L]*" complex (, L = N,N,N',N'-

(1) Zouni, A.; Witt, H. T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger, W.;
Orth, P.Nature 2001, 409, 739-743.

(2) Kamiya, N.; Shen, J. Reroc. Natl. Acad. Sci. U.S.£003 100, 98—103.

(3) Kirby, J. A; Robertson, A. S.; Smith, J. P.; Thompson, A. C.; Cooper, S.
R.; Klein, M. P.J. Am. Chem. S0d.981, 103 5529-5537.

(4) George, G. N.; Prince, R. C.; Cramer, SSeiencel989 243 789-791.

(5) Yachandra, V. K.; Sauer, K.; Klein, M. EZhem. Re. 1996 96, 2927
2950.

(6) Yachandra, V. K.; Derose, V. J.; Latimer, M. J.; Mukerji, |.; Sauer, K;
Klein, M. P. Sciencel993 260, 675-679.

(7) Britt, R. D.; Peloquin, J. M.; Campbell, K. Annu. Re. Biophys. Biomol.
Struct.200Q 29, 463—495.

(8) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A,;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. DJ. Am. Chem. So2000
122 10926-10942.

10.1021/ja037389I CCC: $27.50 © 2004 American Chemical Society

(0.217 g, 0.60 mmol) in O (130 mL) was added. After all reactants
were dissolved, the yellow mixture was stirred in an ice bath for 10
min. Oxone (KHS@, 0.323 g, 2.79 mmol/mg, 0.90 mmol) i@ (20

mL) was then added dropwise to the mixture, which turned deep red

(9) Chan, M. K.; Armstrong, W. HJ. Am. Chem. Sod 991, 113 5055
5057.

(10) Philouze, C.; Blondin, G.; Menage, S.; Auger, N.; Girerd, J. J.; Vigner,
D.; Lance, M.; Nierlich, MAngew. Chem., Int. Ed. Endl992 31, 1629~

1631.

(11) Manchanda, R.; Brudvig, G. W.; Crabtree, R.Gtord. Chem. Re 1995
144, 1-38.

(12) Limburg, J.; Vrettos, J. S.; Chen, H.; de Paula, J. C.; Crabtree, R. H.;
Brudvig, G. W.J. Am. Chem. So2001, 123 423-430.

(13) Limburg, J.; Brudvig, G. W.; Crabtree, R. H. Am. Chem. Sod997,
119 2761-2762.

(14) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.; Crabtree,
R. H.; Brudvig, G. W.Sciencel999 283 1524-1527.
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o1 Table 1. X-ray Crystallographic Data for 3-6H,0
())_\’O empirical formula GoHeoCleMNnsN 12037
N2 M formula weight 1973.66

g crystal system monoclinic

—~ ,['\ N3 space group P2;/c (#14)

Q ),O/"" vn1 X 02 a A 12.8890(2)

\_</ N1 b, A 47.3431(6)

o NG c, A 13.7109(2)

3
Mn2 B, deg 113.8334(5)
= A—.-oj v, A3 7653.0(2)
N4 i z 4
79.-C’ T,°C ~90(1)
C/ | N5 LA 0.71069
= deay 9/cM3 1.713
X L&C\ o1 Fooo 4008.00
% N8 no. of reflecns collcd/unique 20865/12775
"(‘—05/"\,_\ no. observationd (> 3.00(()) 6436
3 reflection/parameter ratio 6.03
RE R,P 0.089; 0.097
goodness-of-fit indicator 3.94

N7 Do P I\
0s =)
Mn3 NO
AN N?? M4 08 AR = 3 |IFol — [Fell/SIFol. ® Rw = [SW(|Fo| — |Fc)¥EWF12
C%m» N10 indicated the presence of total uncoordinated waters in the asymmetric
N11 unit of ~6—7. SQUEEZE® corrections for disordered solvent did not
g t) give satisfactory results. Multiple data collections on different crystals
07 failed to yield a high quality data set, although all gave effectively the
Figure 1. An ORTEP diagram o, showing 30% probability thermal ~ Same structure. The mosaicity was good (0.57); however, scattering
ellipsoids. Hydrogen atoms, perchlorate counterions, and waters of crystal-was weak and was not significant beyond® 50 260. Although the
lization are omitted for clarity. metrical data should be viewed with some skepticism, the connectivity
within the tetramer is secure since the uncertainties are in unimportant
in about 15 min. A large excess of solid NaGI(®.31 g) was added  aspects of the structure, i.e., disordered solvent and counterions. The
to the mixture, and the pH of the solution was adjusted to 2 by addition fina| cycle of full-matrix least-squares refinement Brwas based on
of concentrated HN® (CAUTION : Perchlorates and their solutions 6436 observed reflections ¢ 3.005(1)) and 1067 variable parameters
are potentially explosive; even though no accident occurred during 5.4 converged with unweighted and weighted agreement fact®s of
handling, extreme caution should be used.) This mixture was transferred_  ngg andR, = 0.097. Based on an occupancy of six uncoordinated
to a series of small test tubes and allowed to slowly evaporate in the |\ i molecules per asymmetric unit, f& 1973.66 which gives a
dark. Long, needlelike black-red crystals ®6H,O and orange-red calculated density of 1.71 g/ém
crystals of Mt (terpy)(ClO4), formed concomitantly in approximately )
2 weeks. The needles were carefully separated and washed first with =" R SPectroscopyPerpendicular-mode EPR spectra were collected
several drops of pH= 2 ag HNQ and then with copious amounts of on an X-band Varian E-9 spe_ctromgter equipped with o €avity
and an Oxford ESR-900 liquid helium crystat. Parallel-mode EPR

diethyl ether. Drying under vacuum overnight gives the trihydrate h
spectra were collected on a Bruker Biospin/ELEXSYS E500 spectrom-

complex (0.027 g, 9% yield based on Mn). Analysis calculated for ' ! X
CooHasClsMNaN1:031°3H,0: C, 37.54%: H, 2.84%: N, 8.76%. Found:  ©ter equipped with a Td, dual mode cavity and an Oxford ESR-900
liquid helium crystat. All spectra were collected at 10 K on frozen

C, 37.62%; H, 2.92%; N, 8.60%. IR (KBr, crf): 3420(s, br), 3076-

(m, br), 1600(m), 1477(m), 1449(m), 1121(s), 1088(s, br), 1026(m), Samples with the following settings: modulation amplitud@0 G (2

857(w), 831(w), 775(m), 695(w), 659(w), 626(m). G for parallel-mode EPR spectra), modulation frequercy00 kHz,
Crystal Structure Determination of 3. A dark red needle crystal ~ @nd microwave powes 1 mW. To estimate the concentrations2f

of 3-6H,0 having approximate dimensions 0.850.12 x 0.19 mn? and Mrf* in a mixture solution, scaled standa2dand Mr?" spectra

was mounted on a fiber and immediately cooled—@0° C for data were subtracted from the spectrum in question so that the residue

collection. Upon drying or under vacuum, water appears to be lost from spectrum had minimum intensity and a flat baseline. {Ninvas

the hexahydrate. All measurements were made on a Nonius KappaCCDestimated by the scaling factor used in the subtraction, wh]levas

diffractometer with graphite monochromated M@ Kadiation. The estimated by comparing the third and fourteenth peak height of a

crystallographic data are summarized in Table 1. standard solution oR with that of the spectrum in question after
The structure was solved by direct methods and expanded usingsubtraction of the M component. In samples containing both#¥n

Fourier techniques. The non-hydrogen atoms not involved in disorders and2, estimation of [Mi*] was less certain, especially at a pH close

were refined anisotropically. Hydrogen atoms could not be located on to 4.5, because the Mhsignal is completely overlapped by the 16-

the aqua ligands or on the lattice water molecules and were ignored inline signal of2, whereas the wings of the 16-line signal fréhare

the refinement. Other hydrogen atoms were included in calculated less affected by the Mn signal.

positions. The lattice contained four well-defined perchlorate anions  jy/—vis SpectroscopylUV —vis spectra were recorded on a Varian

a_nd two disordered perchlprate anions. One shpwed a rotatio_nal Cary-50 UV-visible spectrophotometer at room temperature using a
disorder, and the other was disordered over two positions. Two restraints| path length cuvette unless otherwise noted.

were used to maintain the €0 distance. The thermal parameters of —
. ) Electrospray lonization Mass SpectroscopyESI-MS spectra were
some oxygen atoms suggested partial occupancy but were refined at lected Waters/Mi 70 4000 ¢ ter. Owi
full occupancy. Investigation of voids using Platb(with and without co EC € OE a alers h.lcrzomass QI o mass spectrometer. wing
the disordered perchlorates and larger amplitude water oxygen atoms)t0 the weal 5|gn§ at hig ma§s, multiple s_cans oyer a ngrrow mass
range were required to obtain a good signal/noise ratio. Isotope
distributions were calculated using Masslynx (V4.0) and the isotope
distribution calculator at http://www.sisweb.com/mstools.htm.

(15) Vandersluis, P.; Spek, A. lActa Crystallogr., Sect. A99Q 46, 194—
201.
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Results and Discussion

Structure and Characterization of [Mn ' 4Os(terpy) 4(H20)2]- a
(ClO4)6. The title compound3 was synthesized from oxone,
MnCl,, and terpy in acetonitritewater as described in the
Experimental Section. The X-ray structurefFigure 1) shows
the dimer-of-dimers connectivity as proposed in the Berkeley
model of the OEC by Yachandra et># A prominent feature
of 3 is that the dimers twist S0with respect to one another.
With six CIO,~ per molecule 08, charge considerations require
the assignment of all Mn as Mn(1V) if O(1) and O(7) are taken d x5
as HO, as is indeed consistent with the M@ distances (Mn-

(1)—0O(1) 2.02 A; Mn(4}-0O(7) 1.99 A). Assignment of O(1) SRS 5.
and O(7) as OH or terminal oxo requires the assignment of Mn-

(\() or higher valentl Mn, Which are expectegl to be unstable '2606 2'300' 30'00 ' 32'00 ' 34'00
within the structure in question. The MiMn distances (2.74

. . Gauss
A) of the MO, cores are similar to those of known ghiexo Figure 2. EPR spectra measured at 10 K of (a) 0.39 rANh 0.16 M

Mn dimers (2.72 A in2'4and 2.77 A in [MAVV ,0; (terpy)- HOAc/NaOAc buffer, pH= 4.49; (b and c) same solution as that in part a,
(SQy)7] (4)19). The higher trans-effect of the momeexo bridge with pH adjusted to 2.50 and 2.04, respectively; (d) same solution as that

versus HO or SQ2 in 2 and4, respectively, causes the Mn- in part a, with pH adjusted to 2.56 and then dill_Jted 5 ti_mes by pH 4.5
(2)-0(2) and Mn(3)-0(6) distances (1.89 A) to be longer than buffer (final pH= 4.37). (e) Powdered crystals 8fin a capillary.

the diu-O—Mn bond lengths o2 and 4 (1.81 and 1.83 A,
respectively). The trans-O2Mn(2)—0(4) and trans-O(4)
Mn(3)—0(6) angles in3 are 174.1 and 174.8, with O(2)—
Mn(2)—0(4)—Mn(3)—0O(6) adopting a nearly linear conforma-
tion. The monge-O-bridged Mn(2)-Mn(3) distance (3.51 A)

is similar to those seen in all available literature examples where
au-oxo bridge serves as the only link between two Mn atoms
(Mn—Mn distances of 3.493.54 A)16-20 with two exceptions
both involving (Pc)Mn(llI-O—Mn(lll)(Pc) (Pc= phthalocya-
nin) systems where the MfMin distances are approximately
3.42 A21.22 plthough significantly shorter than the-Oakoxide
bridged Mn—Mn distance ofl (3.97 A), this distance is longer

T T 1
3600 3800 4000

Absorbance

than the 3.3 A Ma-Mn separation in the OEC, which is 0.0 . . . ; ; ;
therefore likely either to have a bent Mi©®—Mn bridge or to 400 500 600 700
be connected by more than a singl®xo bridge. Wavelength (nm)
The solid-state EPR spectrum of freshly prepa@digure Figure 3. Formation of3. UV—vis spectra taken in a 0.10 cm path length

; Nt ; cuvette. (a-f) Aliquots taken from the preparation 8f(see Experimental
2e) consists of a very weak 16-line signal that closely resembIeSSection for details) at 5, 15, 58, 390, 770, and 1440 min after adjustment

the solution spectrum d (Figure 2a). This is consistent with  of the reaction mixture to pH 2; (g) 0.62 mBlin H,0; (h) 0.62 mM3 in
an isolated mixed-valence impurity in an overall EPR-silent CHsCN; (i) 1.2 mM4 in HzO.

compound. The 16-line signal observed in sdids slightly
wider than that o but has almost the same width as the 16- [Mn"’405(terpy)4(CI04)5]*
line signal in acidified a@ (Figure 2b, 2c) or a CKCN solution
of 3 (spectrum not shown). No parallel-mode EPR signals were
observed for powdered crystals &f

Complex3 gives an orange-red solution in both water and
acetonitrile. UV~vis spectra of the two solutions (Figure 3g
and 3h) show a relatively intense absorption at 471 na©{H e ———— s eSS 3
and 481 nm (CBCN). ESI-MS of3 in both solvents gives 8 1726 1728 1730 1732 1734 1736 1738 1740 1742
— ClO4~ — 2 H,0 peak atm/z= 1727 and 88 — 2 ClO;~ — Mass

2 H,O + OH~ peak atm/z = 1645, with their isotopic peaks Figure 4. (Solid line) ESI-MS of3 in CH3CN. (Dotted line) Simulated
' spectrum of3 using Gaussians generated with a line width of 0.21 mass

units and with areas adjusted to the calculated isotope ratios.

(16) Baffert, C.; Collomb, M. N.; Deronzier, A.; Pecaut, J.; Limburg, J.; Crabtree,
R. H.; Brudvig, G. W.Inorg. Chem.2002 41, 1404-1411. . . L .
(17) Horner, O.; Anxolabehere-Mallart, E.; Charlot, M. F.; Tchertanov, L.; closely matching the calculated isotope distribution for {fDs-
Guilhem, J.; Mattioli, T. A.; Boussac, A.; Girerd, J.1dorg. Chem1999 (terpy)4(CIO4)5]+ (Figure 4) and [Mﬁ’405(terpy)4(OH)(CIO4)4]+

38, 1222-1232. .
(18) Kitajima, N.; Osawa, M.; Tanaka, M.; Morooka, ¥. Am. Chem. Soc. (not shown), respectively. The two.8 molecules of3 are

1991, 113 8952-8953. i ; i
(19) Chan, M. K- Armstrong, W. HJ. Am. Chem. Sod989 111, 9121 probably Iost_ during the desolvation proce_ss in the MS. In a
9122, CHsCN solution of3, them/z = 1645 peak is very weak but
(20) Schardt, B, C. Hollander, . J.; Hil, C. I Am. Chem. Sod982 104 increases significantly when a small amount e0H4 vol %)
(21) Geiss, A.; Keller, M.; Vahrenkamp, H. Organomet. Chenl997, 541, is added.
441-443. ; ; ; ;
(22) Vogt, L. H.; Zalkin, A.; Templeto. D. HInorg. Chem.1967, 6, 1725 pH-Dependent Dlsproportlonatlon of 2. PreVIOUS|y’ we
1730. reported the synthesis ef from MnSQ,, terpy, and oxone

J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004 7347
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Figure 5. Biphasic UV-vis spectral change of the pH-dependent dispro-
portionation of 0.39 mM2 in 0.16 M HOAc/NaOAc buffer to givetl: (a)

pH = 4.49; (b) pH= 3.51,; (c) pH= 3.12; (d) pH= 2.50; (e) pH= 2.38;

(f) pH = 2.04; (g) pH= 1.83; (h) pH= 1.50.

(1:1:0.75) at pH= 212 Compound2 was observed to form
initially and then disproportionated to giv& although the
mechanism was not studied. In comparison, the synthess of
involves MnC}, terpy, oxone (1:1.05:1.5), and excess NaglO
in CH3CN/H,O (pH = 2). Slow evaporation of this solution
gives crystals of3. To better understand the solution dispro-
protionation chemistry o2 leading to the formation 03, EPR
and UV-vis studies of2 were carried out in agueous solution
over the pH range from 1.5 to 4.5.

Upon acidification, the EPR spectrum Bf(Figure 2a) was
replaced with a 16-line signal that is slightly broader and a 6-line
signal characteristic of M (Figure 2b, 2c). Parallel UVvis
spectroscopy showed a biphasic spectral change. Frors pH

T T T

2.8

3.0 3.2 34 3.6

pH

Figure 6. Correlation between the absorbance at 450 nm from Mn(IV)
and 660 nm fron®, during the pH titration of 0.39 m\in 0.16 M HOAc/
NaOAc buffer by concentrated HNOShading represents the pH range
where nonisosbestic spectral changes were observed; solid and open symbols
represent two independent sets of data. (A) EPR determination ¢fJMn

and P] as percentage of total Mn versus pH; (B) corrected absorbance at
450 nm and 660 nm versus pH: AB¥Morected = (Abs*0Mm) —
(Ab5450nmpH4.48) * [2] X/[Z]pHA.AB and Ab§60nmcorrected = (AbSSGOImB() -
(AbsEE0NM, 11 59 * (IMN] ot — 2 * [2]X)/(IMN]totar — 2 * [2]pH1s9); (C) Y =

24

2 log[Mn'""] + 3 log (Abs S22 ) - 410g [2]

4.49 to 2.50 (Figure 5a to 5d), the 450 nm absorption increasesy jogMnilx + 3 log(Ab<50m, . ...d — 4 log[2]x plot against pH. (Solid
and the 660 nm absorption decreases with an isosbestic pointine) Linear regression fit of the data between gH3.6 and 2.4.
at 565 nm. Further decrease of the pH caused the disappearance

of 2 (550 and 660 nm) and a decrease in absorbance at 400
420 nm (Figure 5e to 5h). Both the EPR and BWs spectra
changes were found to be partially reversible; dilution of the
acidified solution by buffer (pH= 2.56 to 4.37) regenerated a
clean 16-line EPR signal with no apparent Mrcomponent
(Figure 2d). Although no precipitate was observed in this
solution, the EPR signal intensity, after correction for the dilution
factor, only accounts for 6870% of total2. Back-titration of

an acidified solution o2 (pH = 2.5-4.5) with a concentrated
NaOAc solution regenerated the original BVis spectra,

ization (vide infra) could contribute to the incomplete revers-
ibility in the pH titrations of2.

Figure 6A shows the conversion @ to Mn?" upon pH
titration as indicated by EPR spectroscopy. Given the observed
stoichiometry of the disproportionation-0.5 Mré+ per dimer),
balancing of the redox states requires formation of a Mn(IV)
complex, in addition to Mfi", as the major product. Since no
EPR signal was observed@t= 4, as expected for monomeric
Mn(IV) complexes such as [M¥(terpy)(Ns)s] *,2° the Mn(1V)
complex must, therefore, be an EPR-silent oligomer 4ilae 3

although with smaller absorbances at 550 and 660 nm. In both (€4 1 or 2). The change in concentration of the Mn(IV) species

cases, incubation after the addition of acid or after the
subsequent dilution/addition of NaOAc up 2 h did not
improve the yield of the regeneratgdHowever, a brown solid,
probably MnQ, precipitated from the solution upon standing
after NaOAc addition. Similar to what was found in the
[Mn""V ,0,(bpy)]3* (bpy = 2,2-bipyridine) systen?324insta-
bility of 2 or high-valent intermediates at low pH or oligomer-

(23) Sarneski, J. E.; Thorp, H. H.; Brudvig, G. W.; Crabtree, R. H.; Schulte, G.
K. J. Am. Chem. S0d.99Q 112 7255-7260.
(24) Cooper, S. R.; Calvin, Ml. Am. Chem. S0d.977, 99, 6623-6630.

7348 J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004

with pH can be estimated from the absorbance change at 450
nm (after correction for the contribution &fat this wavelength),

and the change in concentration2with pH can be estimated
from the absorbance change at 660 nm (after correction for the
contribution of the Mn(IV) species at this wavelength). The
absorbance change at the two wavelengths (Figure 6B) correlates
well with the EPR signal change. Both plots give a roughly
equimolar crossing point at pkk 2.5.

(25) Baffert, C.; Chen, H.; Crabtree, R. H.; Brudvig, G. W.; Collomb, M.JN.
Electroanal. Chem2001, 506, 99—105.
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To test whether the disproportionation reaction could be
fit to eq 1 or 2, the relative concentrations &f Mn2*, and
the Mn(lV) complex were related to each other as a function
of pH. Shown in Figure 6C is a plot of 2 log[Mh + 3
log(Abs*™0 "M ected — 4 log[Mn'"V 5] versus pH within the

Based on these previous results for the Mn-bpy system, the
crossing points of Figure 6 give &pof ~2.5 for (terpy)Mnl' —
(u-O),—Mn'V(terpy), a value that is close to th&pof the Mn-
bpy dimer. Protonation of the-oxo at low pH could destabilize
2 and favor disproportionation. The lower electron density on

pH range where isosbestic spectral changes were observed. Théheu-oxo in the resulting higher-valent Mh+(u-O),—Mn' is

plot gives a straight line with a slope equal+a@l.05+ 0.13,
consistent with the number of protons involved in eq 1.
contrast, a plot of 2 log[MH + (3/2)log(Abs*®0 "M, ected — 4
log[Mn""V 5] versus pH gives a slope equal +63.33+ 0.09,
which does not agree with eq 2.

In

A 3
4 [Mn " 10, (terpy), (H,0), " +4 H
2

3 M"Y ;05 (terpy)1(H;0),]1*" +2 [Mn(terpy)]** +4 H,0
4

(1)

/v 3
4 [Mn " 10, (terpy)o(H,0) ] + HY
2

3/2 [Mn'" 4 Os(terpy)4 (H0),]™* +2 [Mnterpy)] ™" + 112 H;0  (2)
3

o} — 3" pH2.5
bpylMn¥< Mn'llbpy); ———
o PHG6.5

5
4+
Mqt’ (bpy),
O/ o]

o
Mn?*+ (E,0)(bpy) Mn'V<O>Mn'V(bpy)(0Hz) (3)

6

expected to shift the Ky to a lower value. This may help
stabilize the di-Mn(lV) complex at low pH. Although the
meridional character of terpy prevents formation of a structure
like 6, the formation of3 is analogous to that @ in the sense
that extrau-oxo bridges are formed to stabilize the high valent
Mn'V cluster.

Formation of 3. Compound3 was prepared using excess
oxone as oxidant, where the initially forme observed by
EPR, can be regenerated from the catalyzgdwlution!? Low
pH probably helps to minimize the amount of mixed-valence
impurity by promoting the disproportionation of eq 1. Dimer-
ization of [MnV,O,(terpyp]*, which is now the majority
species in the solution, giv&under the condition used (eq 4).
Indeed, U\~-vis spectroscopy of the synthetic solution following
the pH adjustment to 2 (Figure 38&f) shows a decrease in
absorption at 400420 nm from4 and a new absorption growing
in at 470 nm from3.

2 M"Y ,0,(terpy),(H,0),]*" —
Mn" ,O4(terpy),(H,0),]°" + H,O + 2 H" (4)
Conclusion

We have provided evidence for the existence of the title
complex 3 both in solution and in the solid state. It has the
same connectivity of thei-oxo-bridged Mn ions as in the
Berkeley model proposed for the OEE€.It also has similar
Mn—Mn distances as observed in the OEC. Further EXAFS
and EPR studies & in progress may shed light on the much-

It is reasonable to conclude, therefore, that the dispropor- debated structure of the OEC.

tionation reaction (2.5< pH < 4.5) follows eq 1, since it is
consistent with all of the following restrictions: (a) 0.5 fmn

Low pH was found to promote the disproportionation of
[Mn"V ,0,(terpyp(H20)]3" (2) to Mn2™ and a Mn(1V)-terpy

per dimer is generated in the disproportionation; (b) the number dimer, which dimerizes to forn8. Protonation of theu-oxo

of protons generated in the disproportionation is 1.0 per dimer;

(c) no obvious 470 nm absorption peak fr@was observed
during the pH titration; and (d) no EPR signal other than the
16-line mixed-valence dimer signal and the 6-line3Vsignal
was observed in the reaction mixture.

This disproportionation of2 is analogous to that of
[Mn"V ,05(bpy)u]®* (5) at low pH, where the protonation of
either au-oxo bridgé* or a Mn-bound bp$f was proposed to
trigger disproportionation to MiT and6 (eq 3)23 The (K, of

bridges may destabiliz and trigger the disproportionation.
Although3 has similar HO binding sites ag, previously shown
to be a functional model for the OE€;* and it was isolated
under conditions close to those under which &olution is
seent? no evidence has yet suggested tiatplays any
substantive role in the mechanism of @volution. Further
studies on the mechanism of the €volution catalyzed by
are proceeding.
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