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extensively as models of the manganese center in the waterFigure 1. Spectrophotometric titration dH(CFRSOs)s with CRSO;H

oxidase active site of photosystem II (PS 1I)Biophysical

(isosbestic point at 825 nm). Inset, left: titration {CFSO;)4 with

studies suggest that the oxygen evolving center (OEC) includesCRSQ;H (isosbestic points at 530 nm and 620 nm). Conditions: 0.423
four manganese ions in higher oxidation states organized as amM in CH:CN under argon at 21C.

tetranuclear, magnetically coupled c8reburing the catalytic
cycle, water molecules must be deprotonated, and it is likely

protonation steps was verified by spectrophotometric back

that a change in the protonation state of the bridged metal clustertitration with EgN. The first i, value for1(CRSO;)4 of 11.2

also occurs. Modulation of the redox properties of manganese
aggregates by protonation/deprotonation or by the extent of
hydrogen bonding may play an important role in effective
catalysis. While synthetic complexes have provided some
insight into the consequences of protonation of a single oxo-
bridge?=% only recently were the effects of two successive
protonation steps at a di-oxo-bridged dimanganese(1V,1V) core
delineated. In this report, we describe the spectroscopic and
magnetic properties of the first stable, multiply protonated,
tetranuclear Mn(1V) complex ([MiD4(OH)z(tacn)](CFsSOs)e,
1H,(CRSGs)s) formed by successive protonation of the ada-
mantane-like{ MnsOg}** core® This is of particular interest
with regard to the PS Il OEC, owing to the parity of core
nuclearity. RemarkablylH,(CF:SGs)s is a nearly equal mixture
of thecis andtransprotonation isomers, each with dramatically
different magnetic characteristics based on their NMR properties.
Previously, we showed that reversible protonation of a single
oxo-bridge of1(CRSQs),° is possible in either acetonitrile or
water® Here, successive protonation dfCFRSQs)4 by CRs-
SO;H in acetonitrile under argon to foriH(CRSOs)s0 was
initially demonstrated spectrophotometrically, as shown in
Figure 1. Quantitative reversibility of the first and second
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in acetonitrilé! determined in this study agrees with reported
values?1213 A pK,value of 3.10 in acetonitrile for the second
protonation to formlH,(CRSOs)s!! reflects a decrease of the
effective basicity of the core afH(CF;SQ;)s by 8 orders of
magnitude. This drop inky, from first to second protonation
is significantly larger than the-35 unit change observed for
successive protonation of [Mn(X-salpn)Q)]. in acetonitrilé
or the 4-5 unit change between first and secor}, palues of
several [CH (u-OH)L],*" complexes in wate

The magnetic and structural consequences of protonation of
1(CRSGs), were investigated usingH NMR. A titration of
1(CRSQs), with triflic acid in CDsCN followed by !H NMR
shows that each protonation state is easily distinguished (Figure
2), and no degradation products are observed. The observation
of distinct'H NMR spectra for each protonated complex is a
consequence of the slow rate of the proton self-exchange of
1(CFzS0y)4, IH(CRSOs)5, and1H(CRSOs)s on the NMR time
scale, consistent with data for other metako complexed?:15.16
The K, values of 11.0 and 2.9 for the first and second
protonations, respectively, determined by fite NMR titra-
tion,'” are in good agreement with the aforementioned values
determined by spectrophotometry.

The magnetic susceptibility characteristics of each protonation
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of uer/Mn for 1(CRSGs)s and IH(CRSGs)s of 4.36 ug and
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Cis resonances of equal area fa{CFSQOs)s and 12 sharper

oM~y ;
* 1 o ( resonances of equal area fbiH(CRSQs)s. Deconvolutioh’
‘ ‘ and integration ofH NMR spectra ofl(CRS0;)4 and1H(CFz-

Mn\o/ ~Mn

1
[ {‘ \ \ o\ SO;)s indeed gives two broad equal area peaks and 12 sharper
o \)\J M\‘ f Trans— 9" 0 equal area peaks, respectively.
bL u Mu‘ A . The second protonation can occur at an oxo-bridge ediser

or trans to the first protonated bridge. On one harihns
protonation is favored since thiens oxo-bridge should be the
h N most basic following a redistribution of electrons from the oxo-
W | I bridges and because of lower Coulombic repulsiortrahs
d J”»J | w \J\.) hydroxo-bridge protons. On the other hani$ protonation is
— |, favored since there are fours oxo-bridges and only ongans
oxo-bridge?® The idealized core symmetries of the doubly
protonated complexes af@y for trans 1H,(CFSOs)s and Cs

|

|
f M | for cis-1H(CRsSGOs)s, and on this basis one would expect 6
3 M\U\N f‘ x A resonances and 24 resonances of equal area farahsand
N \_j\ ) \

J cis doubly protonated complexes, respectively.
Following deconvolution of the théH NMR spectrum of

| I the doubly protonated complexes into 30 separate resonances
WU\ bof (see Supporting Information), peak assignments forcthand

b j‘L_J‘ NUW\ A trans isomers of IHy(CRSQs)s were made on the basis of

relative peak areas and variable temperature NMR. Integration

indicates thatlH,(CFSOs)s consists of approximately 50%

a J k transisomer and 50%isisomer, implying that (cis) ~ pKx
‘ (trans).
80 40 20 0 20 40 -60 -80 100 120 _140ppm Measurements of the susceptibility difference betwegsn@

S, states of @-evolving PS Il core complexé&sshows thatis?
— us?? is 9—17 ug? This increase in magnetic moment
accompanying the ;S— S, transition has been interpretg,[(:73 as
andtrans 1H,(CH:SONs. Inset: 1H(CF:SOy)s core showingcis and arising from .reduced exchange coupling within the cluster.
transpositions(;. Cond)itions: 8.00 IT(IM in Q[)IN at 22°C undg; argon; EXAF_S studies at_ Sand S, on the other hand, showed that_
299.95 MHz frequency. An * denotes 650:H: T denotes CEHCN. there is no appreciable structural rearrangement accompanying
removal of one electron from the aggreg&telhe results above
coupling from ferromagnetic to moderately antiferromagrgtic ~demonstrate that a change in the protonation state of the
and are in good agreement with the corresponding solid state@damantane-likgMn,Og} * core has a significant effect on the
values® The doubly protonated complexes show on average €xchange coupling within the cluster, while causing modest
even stronger overall antiferromagnetic coupling for an observed Structural change. For instanceAu? for the deprotonation of
terMn of 2.58ug. Although thisuer for 1H(CFSO)gis a  1Ha(CRsSOy)s to give IH(CFsSOy)s is 12.7us? comparable to
composite of two complexesifle infra), the spectral range of ~ the observed increase accompanying the-S5, transition. The
resonances for each complex (211 ppis) 51 ppmtrans see observed increase in magnetic moment following deprotonation
Supporting Information) suggests that tiedoubly protonated ~ Of our tetranuclear manganese complex suggests that changes
complex experiences much weaker antiferromagnetic couplingin the protonation state of water-derived bridging ligands
than thetrans doubly protonated complex. The trend from net @ccompanying S state changes could play an important role in
ferromagnetic to increasingly overall antiferromagnetic coupling determining changes in the electronic structure of the manganese
with successive protonation of the tetranuclear comp(©&s- aggregate in the water oxidase active site.
SO;)4 is opposite to the trend reported for successive protonation
of the oxo-bridges of [Mn(X-salpniO)]..” The net ferro-

Figure 2. H NMR titration of 1(CRSGs)4 with CRSOsH: (a) 1(CRs-
SG;)4, (b) +0.5 equiv of H, (c) +1.0 equiv of H (spectrum oflH(CF:-
SG)s), (d) +2.9 equiv of H, (e) +6.5 equiv of H (spectrum ofis-
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magnetism ofl(CRSQ;)4 has previously been ascriédo GM38275.
“spin frustration”?! however, intrinsic pairwise ferromagnetism
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The 'H NMR spectra ofl(CFRS(s)4 and 1IH(CRSO;)s can cal shifts, peak widths (FWHM) and peak intensitiesdisr andtrans-
be understood in terms of the core symmetry displayed in their 1H2(CFSO;)s and electrospray ionization mass spectrum of the
solid state structures and the difference between their magnetictetranuclear manganese complex in the doubly protonated form (3
properties. Lack of a symmetry operation relating the two pages). See any current masthead for ordering and Internet access
protons of any given methylene group results in their magnetic 'structions.
inequivalenceé? Solution structural symmetry analogous to that
of the solid state structuteand a change in overall coupling
from ferromagnetic to antiferromagnetic thus predicts two broad
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(23) For thecis configuration, a second proton has four ways to go on
(19) The terms overall or net antiferromagnetic or ferromagnetic are used and two ways to come ofK = ki/k; = 2. For thetrans configuration, a

to indicate a negative or positive deviation from the uncoupled spin-only second proton has one way to go on and two ways to comé<off;0.5.

magnetic moment on a per Mn ion basis. In this case, the Mn ions are A cis doubly protonated configuration is entropically favored by a factor

considered to b& = 3/, therefore the predicted moment per Mn without  of 4 or ApK; = 0.6 units.
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