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Isotopic exchange between oxygens of water and x«-O bridges in the di-u-O dimanganese complexes, [(mes—
terpy)aMny"™V(u-0),(H,0)2](NOs)3 (1, mes—terpy = 4'-mesityl-2,2":6' 2"-terpyridine) and [(phen);Mn,""V(1-0),](ClOy)3
(2, phen = 1,10-phenanthroline), has been investigated by a study of the kinetics of exchange. The data provide
evidence for distinct mechanisms of exchange in 1 and 2 and suggest that these differences arise due to the
presence and absence of terminal water-binding sites in 1 and 2, respectively. Exchange of oxygen atoms between
water and «-O bridges must involve the elementary steps of bridge protonation, deprotonation, opening, and closing.
On the basis of the existing literature on these reactions in oxo-bridged metal complexes and our present data, we
propose pathways of exchange in 1 and 2. The mechanism proposed for 1 involves an initial fast protonation of
an oxo-bridge by water coordinated to Mn", followed by a slow opening of the protonated bridge as proposed
earlier for an analogous complex on the basis of DFT calculations. The mechanism proposed for 2 involves initial
dissociation of phen, followed by coordination of water at the vacated sites, as observed for rearrangement of 2
to a trinuclear complex. The subsequent steps are proposed to be analogous to those for 1. Our results are
discussed in the context of data on '80-labeled water isotope exchange in photosystem Il and provide support for
the existence of fully protonated terminal waters bound to Mn in the O,-evolving complex of photosystem II.

Introduction MnzCa(u-O), cluster connected to a fourth Mn viagaO
i 6

Photosystem 1l (PSIl), the membrane protein complex bridge: 4 molecul hani ; idation by th

catalyzing the light-driven oxidation of water into molecular _ ~roPosed molecular mechanisms of water oxidation by the

oxygen, contains manganese as an essential cofector, OEC Nneed to specify the timing and nature of substrate

Extended X-ray absorption fine structure (EXAFS) spec- (Water) binding by the catalytic center. The timing of water
troscopy of PSII has provided general consensus that thePiNding is specified by the S-states(Brough 3) of the

manganese atoms in PSIl form a structure consisting of,OEC at_ \,Nh'Ch substr_ate waters bind. T_he.nature of binding
Mn(u-O), units3 Recent crystallographic studies are con- IS sp'ecmed by the site anq mode of binding; fgr example,
sistent with this notior; ® with Ferreira et al. modeling the terminal aqua or hydroxo ligands bound to a single Mn or

14 ) . .
oxygen-evolving complex (OEC) of PSIlI as a cuboidal Ca atorf™** or u-0x0 oru-hydroxo bndges between m“'“P'e
metal centerd!> 22 Important constraints have been provided
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on the substrate binding by isotope exchange experimentsl,10-phenanthroline, were prepared according to literature proce-
between bulk water and evolved oxygen in PSIl prep- dures??33All reagents were used as received. The ligand phen and
arationg®28 as well as from studies of proton release from tetrabutylammonium nitrate were purchased from Sigma Aldrich.

the OEC during the S-state cy@tHowever, even mecha-
nisms proposed after the availability of the recent PSII crysta

structures disagree on the mode of water binding to the OEC

some authors favor terminal water bindittg}4 and others
invoke conversion of the substrate water intoueO
bridge?®-22 For theu-O bridges in the OEC to act as binding
sites for substrate waters, water must be able to fopyCa

bridge on a time scale faster than or equal to the time scale

Tetrabutylammonium perchlorate was obtained from Acros. Con-

| centrated nitric and perchloric acids were purchased from J. T.

Baker. Acetonitrile (HPLC grade) was purchased from Fisher

'Scientific. H80 (95 atom %'80) and B'80 (95 atom %0, 99

atom % D) were purchased from Icon Stable IsotoSadety note:
While we hae not experienced any problems, perchlorate com-
pounds are potentially explog and should be handled with
appropriate care.

Isotope Exchange Reactionslsotope exchange was initiated

of OEC turnover. Measure of the latter time scale has beenby adding small volumes of #£O (95 atom %) into acetonitrile
provided by the isotope exchange experiments on the OECsolutions of the compoundsor 2. The use of a nonaqueous solvent

referred to abové3 28

To determine the time scale gfoxo exchange, we have
recently reported the rates of isotope exchange betye@n
bridges and!®O-labeled water in a series of diO di-
manganese complexes as structural models for the VEC.
For the dix-O dimers investigated, we observed complete
exchange in~10—100 min, in line with earlier dat&. These
data provide constraints for the possible involvement-6j

bridges as water-binding sites in the water oxidation cycle.
However, to extend insights gained from the model com-

pounds to the OEC, it is important to have a detailed

was necessary to be able to vary the concentration of water
significantly and to attain a higtO:160 ratio in the water present

in the reaction medium (estimated to be up~80 atom % in our
experiments) so that large shifts in the ESI-MS isotope patterns
could be obtained. After the mixing of the solutions with'#D,

the solutions were loaded into a syringe feeding into the mass
spectrometer by means of a syringe pump. The time of mixing of
H,180 with the solution ofl or 2 was set as the zero time of
exchange. For this reasony’®®D was always the last reagent to be
added. For example, in experiments to investigate the effect of free
chelating ligand (vide infra), solutions of free meerpy or phen
were added to solutions df or 2, respectively, and H80 was

understanding of the mechanism of exchange in order to added as the last step before Ioading the Samples into the mass
better judge how the protein environment of the OEC may SPectrometer.

affect exchange rates. Here, we report an investigation of

the mechanism of oxo exchange between water and-the
bridges in diu-O di-Mn compounds with and without water-
binding sites.

Experimental Section

Materials. The ligand mesterpy (4-mesityl-2,2:6',2"-ter-
pyridine) and the complexes [(meterpy)Mn,""V (4-0),(H20),]-
(NO3); (1) and [(phenyMn "V (4-0),](ClO4)3 (2), where phern=

(14) Isobe, H.; Shoji, M.; Koizumi, K.; Kitagawa, Y.; Yamanaka, S.;
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Acta 2001, 1503 138-146.
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4, 1035-1043.
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Experiments to probe the temperature dependence of exchange
in 1 were carried out at 20 (ambient temperature), 0, aa °C.

In the latter two cases, vials containing solutiond efere kept in
semifrozen water and brine, respectively. After the mixinglof
with H,!0 in the containers, the solutions bfvere quickly loaded

into syringes for injection into the mass spectrometer. The change
in temperature during transfer causes ambiguity in the absolute
extent of reaction, but the reaction progress between successive
measurements is reliabi@.

ESI-MS. ESI-MS data were collected on a Waters/Micromass
ZQ 4000 mass spectrometer and processed with the Masslynx (V
4.0) software and the isotope distribution calculator program at
http://lwww?2.sisweb.com/mstools/isotope.htm. Details of the design
of the ESI-MS experiments, assignment of peaks, and data analysis
have been described previousdy.

UV —Vis Spectroscopy.UV—vis spectra were recorded on a
Varian Cary 50 U\~vis spectrophotometer at room temperature
using a 1 cmpath length cuvette.

Data Analysis. Monitoring the changes in the isotope patterns
for 1 and2 allowed us to extract the concentrations of unexchanged
(U), singly exchanged (S), and doubly exchanged (D) isotopomers
as functions of timé?% and the traces for U were found to fit well
to a single-exponential decay of the foym= A + Be . Extracting
the parameter8 and k from the fit enabled us to calculate the
initial rates of exchange, given byBk This is true even in the
case ofl, where exchange was too fast to obtain data by our
experimental method for the initial linear phase of exchafJde
initial rate data thus obtained as well as the entire time courses of
concentrations of U, S, and D were modeled with the help of the
DYNAFIT software3* version 3.28.038, available free of charge
for academic users from http://www.biokin.com/dynafit.

(32) Chen, H.; Tagore, R.; Das, S.; Incarvito, C. D.; Faller, J. W.; Crabtree,
R. H.; Brudvig, G. W.Inorg. Chem.2005 44, 7661-7670.

(33) Manchanda, R.; Brudvig, G. W.; Gala, S. d.; Crabtree, RIindrg.
Chem.1994 33, 5157-5160.
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Figure 1. Dependence of initial rates @fO exchange on [#80]. Error bars indicate 1 standard deviation from an average of three or more runs. Left
panel: 300uM 1. Right panel: 60Q«M 2.

2

0.35
15| 028 | I ;
w —_
s 3 . t
3 3 021
2 1 [}
© - -—
< i &
< } T 014 |
i =
05 |
0.07 |
O L | Il L L | | Il L L L |
0 100 200 1féOO 400 500 600 0 100 200 300 400 500 600
[H,"°0] (mM) [H,"°0] (mM)

Figure 2. Dependence of initial rates @O exchange on [K°0]. Error bars indicate 1 standard deviation from an average of three or more rgt@][H
= 260 mM. Left panel: 30«M 1. Right panel: 60Q:M 2.

Results considerably (Figure 3). During the same time period, there

[H2'®0] Dependence The dependence of initial rates of was no evidence _Of decomposition .Of t_h_e complexes_ from
4-O exchange on [B0] is shown in Figure 1. Compound ESI-MS and U\-vis spectrosc_opy. Slgnlflcaptly, the direc-
1 shows a nearly linear dependence in the concentration rang fon of the effect of addeq acid was opposite ﬂog_n d2
examined (left panel), whereas compou@dshows a hereas exchange rates mcreasequmth the g_ddltlon of
nonlinear saturation behavior in the same concentration rangeHNO3 (Ief’F panel), th.ey decrease_d V\."th Fhe addition of HEIO
(right panel). Thus, for both complexes, water participates mto solutions of2 (r!ght panel), |pd|cat|ng that the mecha-
in at least one step that affects the overall rate of exchange.msmS of exchange i and2 are different. The lack of effect

[H'%0] Dependence!f the only role of water in the-O of added {-BusN)(NOs) (tetrabutylammonium nitrate) and

exchange process were to supply the isotope label, thent-BUN)(ClO) (tetrabutylammonium perchiorate) foand

increasing [H0], while keeping [H%0] constant, should > respectively (vide infra), shows that the effects of HNO

either decrease the rate of exchange or leave it unaffected.and HCIQ are due to protons. o

However, the observed dependence turned out to be different 'ONC Strength. The effect of ionic strength om-O

(Figure 2). The rate of exchange fbactually increases with ~ ©Xchange was investigated by comparison of exchange rates

increasing [H60] (left panel), whereas the rate of exchange fqr solgUons ofl and 2 with anpl without tetrabutylammp-

for 2 remains the same within our experimental error (right nium nitrate or tetrabutylammoium pgrchloratez respectively.

panel). The reasons for this behavior are not obvious andF0r Pothl and2, exchange rates with and without added

need to be addressed by any proposed exchange mechanism&ns were found to be_ identical within our experimental error
Acid Dependence Addition of small amounts of acids ~ (SuPporting Information).

(HNOs and HCIQ, for 1 and2, respectively) to the aceto- ~ Dependence on Free LigandWhenu-O exchange ol

nitrile solutions ofl and2 affected the rates 0f-O exchange ~ Was initiated in the presence of free mesrpy ligand, the
exchange rate was found to be same, within experimental

(34) Kuzmic, P.Anal. Biochem1996 237, 260-273. error, of the exchange rate in the absence of free ligand

Inorganic Chemistry, Vol. 46, No. 6, 2007 2195
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Figure 3. The effect of acid oni-O exchange rates. (Left panel) 157 mMY
120 uM HNOs. (Right panel) 520 mM K80 added to a solution of 600M 2,
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Figure 4. The effect of free ligand op-O exchange rates. (Left panel) 520 mM!R added to a solution of 60@M 1, with (@, in blue) and without
(@, in red) 2.4 mM mesterpy. (Right panel) 520 mM 180 added to a solution of 60@M 2, with (a) and without @) 3.6 mM phen.

(Figure 4, left panel). In contrast, the exchange rate2for

was slower in the presence of free phen ligand as compared

with that in the absence of free phen (Figure 4, right panel).
This is another indication of different exchange mech-
anisms forl and 2; the rate or extent of phen ligand
dissociation likely contributes to the rate @fO exchange

in 2, whereas the dissociation of me®rpy ligand, if at all
required foru-O exchange irl, does not contribute to the
exchange rate.

Temperature Dependence of Exchange Rates of An
Eyring plot of exchange rates il as a function of
temperature is shown in Figure 5. To obtain both the enthalpy
and entropy of activation from the Eyring plot, a second-
order rate constant must be extracted from measured¥ates.
In the case ol, the reaction rate was found to be first order
in both [1] (Supporting Information) and [F80] (vide
supra), so that a meaningful second-order rate condtant,
could be obtained by dividing the initial rates by the initial
[1] and [H:'®0]. The second-order rate constant was divided
by the temperature (K), and the natural logarithm of the
quotient was plotted as a function of the inverse of the
temperature (K) to get a linear plot. The slope of the ptot
—AH*R, and the intercept= In(k,T/h) + ASY/R (AH?*
enthalpy of activationAS' = entropy of activationR

(35) Lente, G.; Fhian, |.; Pog A. J. New J. Chem2005 29, 759-760.
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Figure 5. Temperature dependence:eO exchange rate ifh. The linear
fit parameters of the Eyring plot are indicated on the plot. Errors on the
y-axis indicate 1 standard deviation from the average of three measurements.
Errors on thex-axis indicate the range of temperature variation during the
experiments.
universal gas constarif, = temperaturel, = Boltzmann’s
constanth = Planck’s constant). The values for the slope
and intercept, as indicated on the plot, yield the following
activation parametersAH* = 9.2 4 0.6 kcal mof?, ASF =
—36 &+ 2 cal mol* K™%, AG* = 20 + 1 kcal mol? at 300
K (AG* = Gibbs free energy of activation).

H/D lIsotope Effect on 1.H/D isotope effects on-O
exchange were investigated fdr. This was done by
comparing exchange rates in the presence 8f®to those
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in the presence of £20. The rates were found to be identical
within experimental error (Supporting Information).

Effect of Concentrations of 1 and 2 onu-O Exchange
Rates.We find a first-order dependence of the€O exchange
rates inl and2 on the concentrations dfand2, respectively
(Supporting Information). Thus, a double-logarithmic plot
of initial rates as a function of initial dimer concentration
gives a linear plot. Equivalently, plots of the time course of

solution839This suggests alfa of ~9.8+ 1 in acetonitrile?
supported by electrochemical experimefitFhis value is
similar to the values reported for a series of JARO),
complexes in acetonitril&.Chen et al. have assigned a value
of ~2.5 for the K, of the 4-O bridges of3 in aqueous
solution?® which is very close to the value f@&and4. The
similarity of pK, values for2, 3, and4 suggests that theka

of 1 will also be similar. Any given acid would, therefore,

the exchange progress as a percentage of dimer concentratiohe expected to protonate theO bridges ofl and?2 to similar
give traces that are independent of dimer concentration. Thisextents.

allows us to rule out rate-determining bimolecular reactions

between molecules of (or molecules derived frdmgnd?2.

Discussion

Choice of CompoundsCompoundLl is closely analogous
to [(terpypMn,"V (u-0)y(H20)](NO3)s (terpy= 2,2:6',2"'-

The only protic hydrogens available in our isotope
exchange solutions in the absence of added acids are those
from water. Whereas free water has lg,f ~14 and is,
therefore, too weak an acid to protonate th® bridges of
1 or 2, waters coordinated to high-valent manganese centers
have a much lower K..*44% Unpublished results in our

terpyridine) @), which has been proposed to be a structural laboratory suggest that th&pof water bound to M in 3

and functional model of the OE®.The presence of the

has a K, of ~4.46

water-binding sites on manganese was identified to be a key On the basis of the above values ¢ s for 2, 3, and4,

feature in achieving catalytic activity, sin8and analogous
Mna(u-O), dimers with available coordination sites on
manganese were found to be active, whePsasd analogous
coordinatively saturated M@u-O), dimers were found to be
inactive$” Moreover, theu-O exchange rates of complexes
with and without water-binding sites were found to be
significantly different® Bound water, therefore, causes
significant differences in reactivity. While several organic-
soluble Mn(u-O), dimers are known in the literaturé,is
one of two known Ma(u-O), dimers with bound waters that
are soluble in nonaqueous solvefit¥herefore, we chosk
and? to investigate the effect of water coordination sites on
the mechanism of-O exchange.

Steps in theu-Oxo Exchange Procesdsotope exchange
between water and bridging oxygens dfand 2 must
minimally consist of the following steps: (1) Two protona-
tions of the bridging oxygen must occur for it to convert to

we assume Ig,'s of ~2.4 and~4 for the u-O bridge and
terminal water, respectively, if. The relative K, values
are such that the-O form would be the major form in
solution and yet would provide significant concentrations of
theu-OH form that we propose is required f@rO exchange
(vide infra).

The K, considerations discussed above indicate the
thermodynamic feasibility of protonating-O bridges.
Another important consideration is the rate of the protonation
process. Rates of thermodynamically favorable protonations
of oxygen are often diffusion controlled. However, in the
case ofu-O bridges between metal centers, protonation rates
could be relatively slovi” Reported cases of slow thermo-
dynamically favorable proton transféf48seem fast enough
to not be rate-limiting fop-O exchange fol, 2, and other
oxo-bridged manganese compounds studied previd@sly.
However, proton transfer from a terminal water to an oxo

a free water molecule. (2) Two deprotonations of the labeled bridge in 1 and 2 would be energetically uphill, so the

water molecule must occur for it to convert to the bridging possibility of this step being rate-determining needs to be
oxygen atom. (3) The breaking of two bonds between the considered. The absence of an H/D isotope effect in the
bridging oxygen and the two manganese atoms being bridgedexchange rate fat argues against proton transfer being rate-

must happen. (4) The formation of two bonds between the determining. Since the energetics of the proton transfer are
oxygen of labeled water and the two manganese atoms toexpected to be similar fak and2 on the basis of arguments

be bridged must take place. An examination of these presented above, we do not expect it to be rate-determining
elementary steps is required to construct a mechanism forfor 1 or 2.

bridging-oxo exchange.
Protonation of Oxo Bridges and Deprotonation of

Water. Electrochemical studies suggest that whereas the oxo

bridges of2 and the analogous complex [(bpyn,""V (u-
0).](ClOy)3 (4, bpy = 2,2-bipyridine) remain unprotonated

Opening and Formation of Oxo Bridges.Whereas the
rates and extents of protonation of oxo bridges in manganese

(40) Manchanda, R.; Thorp, H. H.; Brudvig, G. W.; Crabtree, Rirdrg.
Chem.1992 31, 4040-4041.

(41) Kristjansdadtir, S. S.; Norton, J. R. Iflransition Metal Hydrides
Dedieu, A., Ed.; VCH Publishers: New York, 1992; pp 3(859.

(42) Baldwin, M. J.; Gelasco, A.; Pecoraro, V. Rhotosynth. Re€993
38, 303-308.

(43) Chen, H.; Faller, J. W.; Crabtree, R. H.; Brudvig, G.JWVAm. Chem.
S0c.2004 126, 7345-7349.

(44) Macartney, D. H.; Sutin, Nnorg. Chem.1985 24, 3403-34009.

(45) Li, J.; Fisher, C. L.; Chen, J. L.; Bashford, D.; Noodlemanirorg.
Chem.1996 35, 4694-4702.

(46) Cady, C.; Crabtree, R. H.; Brudvig, G. W. Manuscript in preparation.

(47) Kramarz, K. W.; Norton, J. RProg. Inorg. Chem1994 42, 1-65.

(48) Carroll, J. M.; Norton, J. RJ. Am. Chem. Sod 992 114, 8744-
8745.

in both aqueous and acetonitrile soution, they can undergo
reversible protonation®:4° The K's of the u-O bridges
in 2 and 4 have been estimated as2.3 in aqueous

(36) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.;
Crabtree, R. H.; Brudvig, G. WSciencel999 283 1524-1527.

(37) Limburg, J.; Brudvig, G. W.; Crabtree, R. Bl.Am. Chem. S04997,
119 2761-2762.

(38) Cooper, S. R.; Calvin, Ml. Am. Chem. S0d.977, 99, 6623-6630.

(39) Thorp, H. H.; Sarneski, J. E.; Brudvig, G. W.; Crabtree, RIHAmM.
Chem. Soc1989 111, 9249-9250.
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complexes have been measured (vide supra), such data arécheme 1.

not available on the opening and closing of these bridges.
Protonation of the bridges j-O-bridged manganese dimers
is known to initiate bridge opening, leading to the formation
of monomeric, trimeric, and tetrameric manganese com-
pounds’®4349.50 Examples of formation of oxo bridges
between manganese can be found in the synthesis@f
bridged dimers from monomeric precursét$iowever, in

both cases, the rates of the elementary bridge-opening anc

bridge-formation steps are unknown. A molecular mechanism
for u-O exchange in the hypothetical complex {(®).(OH),-

Mn" (u-O),Mn"V (OH),(H,0),] (1) proposed on the basis of
DFT calculationd! provides benchmark values for the rates

of these steps. The activation energies of bridge opening anco”

bridge formation calculated in this theoretical study indicate
that bridge opening is much slower than bridge closing. This

seems reasonable if bridged species are to retain their bridgec
structures and is supported by experiments on the intercon-

version between mone-OH and digx-OH Cr(lll) dimers®?
Previous Studies of Bridging-Oxo Exchange Mecha-

nisms. Data on bridging-oxo exchange rates on5F¥,

Mo,55:56 Cr 5257 Al,%8-63 Rh 8 and R@® centers have been
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Proposed Dissociative Mechanism©fO Exchange i,
Involving Sequential Oxo-Bridge Opening and Labeled Water
Coordination
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investigated. The mechanisms of some of these processes

have been investigated as well.

bridged [Ma¥O3]*" complex®® The authors favor the mech-

Crimp et al. have proposed a mechanism for the exchangeanism whereby the oxo bridge bends to bring the metal

of bridging-OH ligands on Gl (u-OH), dimers®” The

centers closer together, enabling a terminal oxo to become

proposed mechanism involves the rate-determining openingbridging. The resulting doubly bridged dimer then undergoes

of the hydroxo bridge, followed by a 18@otation around
the remaining Cry-OH) bond to switch bridging and

a reverse bridge-opening step, such that the originally
bridging atom dissociates to become a terminal oxo. The

terminal positions. An analogous rotation mechanism has alternate mechanism, which the authors disfavor, involves

been considered fot' by Lundberg et at! in their DFT
calculations.

Thompson et al. have suggested two mechanisms for

exchange between terminal and bridging oxos in a singly

(49) Sarneski, J. E.; Thorp, H. H.; Brudvig, G. W.; Crabtree, R. H.; Schulte,
G. K. J. Am. Chem. S0d.99Q 112 7255-7260.

(50) Manchanda, R.; Brudvig, G. W.; Crabtree, R.N\¢w J. Chem1994
18, 561-568.

(51) Lundberg, M.; Blomberg, M. R. A.; Siegbahn, P. E. Theor. Chem.
Acc.2003 110, 130-143.

(52) Spiccia, L.; Marty, WPolyhedron1991, 10, 619-628.

(53) Wilkins, R. G.; Yelin, R. Elnorg. Chem.1969 8, 1470-1473.

(54) Fleischer, E. B.; Palmer, J. M.; Srivastava, T. S.; Chatterjedl. A.
Am. Chem. Sod 971 93, 3162-3167.
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2003 67, 2725-2733.

(63) Rustad, J. R.; Loring, J. S.; Casey, W.Gtochim. Cosmochim. Acta
2004 68, 3011-3017.

(64) Drljaca, A.; Zahl, A.; van Eldik, Rlnorg. Chem.1998 37, 3948—
3953.

(65) Hurst, J. K.; Zhou, J.; Lei, Ylnorg. Chem.1992 31, 1010-1017.

2198 Inorganic Chemistry, Vol. 46, No. 6, 2007

the dissociation of the dimer into monomers, followed by
re-formation of the dimer.

In proposals of mechanisms @i-OH exchange on
aluminum sites, opening of the OH bridge is assigned as
rate-determining®%61In another case, the opening ofa0
adjacent to the exchanging-OH is proposed as rate-
determining?® The rate-determining bridge-opening step has
been proposed as either associ&fiver dissociative®
Protonation of the bridge has been proposed to occur
beforé®6lor afteP863opening. In some cases, intramolecular
proton transfer to the bridge is proposed to occur from a
coordinated watef?6t

In all cases of exchange studies mentioned above, the
identity of ligands trans to the exchanging site is seen to be
very important in determining rates. For example, exchanging
groups trans to hydroxo ligands are found to exchange much
faster than ones trans to water.

Mechanism of Exchange in 1Proposed mechanisms for
u-O exchange il are shown in Schemes 1 and 2, where
the red oxygen atoms stand for the isotope labels and
asterisks indicate isotopomers. We refer to Schemes 1 and
2 as “dissociative” and “associative”, respectively, to indicate
oxo-bridge opening without (Scheme 1) and with (Scheme
2) simultaneous formation of the Mi8O bond. In the
following discussion, Scheme 2 is shown to be consistent
with our experimental results and with literature results
relevant to bridging-oxo exchange pathways. The initial step
in theu-O exchange ot is proposed to be a fast protonation
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Scheme 2. Proposed Associative MechanismofO Exchange irl, Involving Concerted Oxo-Bridge Opening and Labeled Water Coordination
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of a u-O bridge by water coordinated to Mn Bridge al®” and is also favored fat' by Lundberg et at! In contrast,
opening without initial protonation has been proposed for our temperature-dependence experiment yields a large nega-
Cr""(u-OH), dimers” as well as for oxo-bridged aluminum tive entropy of activation, favoring an associative RDS. It
clusters853However, these examples involve opening of a is conceivable that second shell solvent reorganization could
u-OH bridge or the conversion ofia-O into au-O, whereas  account for a negative entropy of activation in a formally
in the case ofl, such a step would produce a strongly basic dissociative RDS. The value ef36 cal mof'* K~ measured
oxide ion on high-valent manganese. In view of th& pf for ASFin our experiment corresponds to a contribution of
theu-O of 1, estimated to be-2.5/3 protonation preceding  +10.8 kcal mot! to AG* at 300 K. To overcome the
bridge opening would seem to be energetically more favor- inherently positive entropy contribution from bond dissocia-
able. Similar proposals have been made for oxo-exchangetion and create a ne&tS* of such magnitude would seem to
in aluminum-oxo cluster$2%! Moreover, protonation  require an unusually large ordering of H bonds around the
is known to initiate bridge opening in manganese TS as compared with the reactant. Moreover, the rather small
dimers?8:39.43.495Protonation from the water coordinated to  value of 9.2 kcal mai* measured foAH* is consistent with
the MniV site is expected, since it is more acidic than bulk an associative mechanism. Nevertheless, we consider both
water or the water coordinated to the Maite. The energetic  dissociative and associative mechanisms in the simulation
feasibility of such a protonation has been discussed above of the u-O exchange reaction (see below). Whether or not
The protonation step is proposed to be fast on the time scalepridge opening is accompanied by water coordination, we
of exchange, as justified by measured rates of protonationassign it to be a slow step. The remaining steps after bridge
of oxo bridges in manganese diméfs?and the observed  opening and label coordination are the reverse of the
absence of H/D isotope effects in our experiments. preceding steps, so that the mechanism is symmetric with
Protonation of the bridge is expected to be intramolecular, respect to the identity of the label. To make the dissociative
based on the first-order dependence of the rate of exchangegnechanism symmetric, we require the interconversion be-
on [1]. Such an intramolecular reaction is advantageous, tween speciedc and 1*c, which involves intramolecular
being inherently entropy-favored over an intermolecular proton transfer. Both proton (vide supra) and electron

reaction. Intramolecular oxo-bridge protonation from coor- transfef®56are expected to be fast on the oxo-exchange time
dinated water has been proposed for alumimaxo clus- scale.

ters®et S The activation parameters obtained from the observed
Protonation of the oxo-bridge is followed by a slow temperature dependence of exchange rates, the lack of a H/D
detachment of the protonated bridge and coordination of kinetic isotope effect, and the lack of effect of added mes
water at the vac_ated site. Since the mtervalepce charge—terpy ligand are qualitatively consistent with the proposed
transfer process is expected to be fast on the time scale Ofexchange mechanisms. The effect of added acid is rational-
the slow bridge-opening proce¥s;® a distinction between  j o by an increase in the protonated form of the dimer,
Mn'! and MriY centers may not be relevant at this stage. |eading to increased exchange rates, whereas the lack of

Opening of the bridge could precede water coordinaltion eftect of added mesterpy is reasonable due to the lack of
(dissociative opening) or could happen concurrently (as- ;v olvement of mesterpy ligand in the oxo-exchange
sociative opening). Dissociative opening has been SqueSte%athway.

- i i We,,- i i
for the u-OH bridges in G4 (u-OH), dimers by Crimp et Simulation of Proposed Mechanism for 1We simulated

(66) Cooper, S. R.; Dismukes, G. C.; Klein, M. P.; Calvin, MAm. Chem. the Obser\_/ed dependences of exchange ratesﬁ?ﬂ]—hnd
S0c.1978 100, 7248-7252. [H2'%0] with the help of the DYNAFIT program for the
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Figure 6. Simulation of exchange data f@raccording to the dissociative pathway indicated in Scheme 1. (Left panel) Initial exchange rates as a function
of [H2180]. Experimental data are the same as in the left panel of Figure 1. The dotted line represents the simgf@¢dépendence. (Middle panel)
Experimental (data points) and simulated (lines) time courses of unexchanged (U), singly exchanged (S), and doubly exchanged (00) ffurpsOof
exchange withf] = 300uM, [H2'80] = 520 mM. (Right panel) Initial exchange rates as a function of§8l], for [H2180] = 260 mM. Experimental data

are the same as in the left panel of Figure 2. The dotted line represents the simuldf&y] ftépendence.
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Figure 7. Simulation of exchange data fdaraccording to the associative pathway indicated in Scheme 2. (Left panel) Initial exchange rates as a function
of [H,'80]. Experimental data are the same as in the left panel of Figure 1. The line represents the simgiid@ddifigendence. (Middle panel) Experimental
(data points) and simulated (lines) time courses of unexchanged (U), singly exchanged (S), and doubly exchanged (D) forms&xchange with]]
= 300uM, [H2'80] = 520 mM. (Right panel) Initial exchange rates as a function ef4@], for [H2!%0] = 260 mM. Experimental data are the same as
in the left panel of Figure 2. The line represents the simulated®@®] dependence.
analysis of reaction kinetics and equilibffaAlthough we tion of [H,1%0] dependence of initial exchange rates, although
favor an associative mechanism, we simulated concentrationsomewhat better than the simulation for the dissociative
dependences for both the dissociative and associative mechscheme, is again poor (right panel).
anisms. The details of the simulation are given as Supporting To rationalize enhancement of exchange rates by unlabeled
Information. water, we need to invoke participation of water in a capacity
Simulation according to the dissociative mechanism other than the carrier of the oxygen label. If the only role of
(Scheme 1) reproduces the observegtiB] dependence and  water in the exchange process is to supply the isotope label,
the time courses of the isotopomerslofiuring exchange  then unlabeled water must necessarily inhibit the exchange
(Figure 6, left and middle panels). The water coordination or have no effect on it. The absence of any effect can be
step in this mechanism occurs after the slow bridge-openingrationalized, for example, by a mechanism in which the only
step, and as such it may be expected that water concentratiofiRDS involves an intramolecular rearrangement of the dimer
would not have an effect on the rate. However, the bridge- before it interacts with water. However, in such cases, neither
opened intermediate in the dissociative mechanism can eithedabeled nor unlabeled water will have any effect on the
undergo bridge closing to go back to the reactant or undergoexchange rate. The present case, showing a linear dependence
water coordination to proceed toward exchange. If the bridge- of exchange rate on 0], is clearly different. The
closing reaction were much faster than water coordination, observed increase of exchange rates due to unlabeled water
water coordination, though much faster than the bridge- must, therefore, be due to a facilitatory role of water that is
opening step, would become rate-limiting. An attempt to independent of the identity of its oxygen isotope.
simulate the observed P$0] dependence with the same The protic hydrogens of water could facilitate the exchange
dissociative scheme and rate constants as those used foprocess by forming H bonds in a manner that lowers the
simulations of [H'20] dependence and time courses gives energy of the exchange pathway. Alternatively, varying the
a poor fit (Figure 6, right panel). amount of unlabeled water could change the dielectric
We then used the associative pathway indicated in Schemeconstant of the medium and account for the changes in
2 for simulating the experimental exchange data. The resultsexchange rates. The lack of effect of ionic strength (see
are shown in Figure 7. The dependence of initial exchange Supporting Information) seems to suggest that the dielectric
rates on [H'#0] and the time course of isotopomers are again does not have a big effect on exchange rate. However, the
successfully simulated (left and middle panels). The simula- change in dielectric constant due to changes in water
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20 ~ 27 AT N explain the opposite effect of added acid on the exchange
e 1 \ﬁ;\ ,}f .,‘1 I."r \i ,}*’ \ rates forl and2. The absence of effect of added mésrpy
_E 15 ’-'ff / \*\ {r\\ \11 rf f"\\\ l \\ "_l‘\ on the exchange rate fdrand the considerable slowing of
g 1 J," ‘ﬁb \ 111 _,'f.f ! \-ﬁ*b\ W\ —— DFT exchange rate foR in the presence of free phen further
g 10 I Vi )/ \\‘115 — dissociatie support the notion that the exchange mechanisms are
8 ,’L,’ \\\\ﬁ / u! considerably different betweehand?2. On the basis of the
2 5 ] \\\_r‘,’ \ ”1 dependence on added acid and free phen ligand, we propose
£ ,f,f Té; ‘-,a the requirement of dissociation of a phen ligand, which is
0 1y g1 followed by water coordination, as shown in Scheme 3, prior
Reaction coordinate to exchange of the-O bridge.
Figure 8. Energy profiles fop-O exchange i, simulated according to The pyridine rings of the phen ligand are linked rigidly

the associative (red) and dissociative (green) pathways shown in Scheme: AL— .
1 and 2, superimposed on the energy profile fe® exchange inl’ by a—CH=CH— backbone and cannot undergo sequential

calculated from DFT (black) in ref 51. decoordination. Instead, the coordinating nitrogens of both
pyridine rings decoordinate together. The vacated coordina-
concentrations may be much larger than that due to changesion sites thus created would be filled up by water ligands.
in fonic strength, and at present we cannot rule out changesThis results in the formation d?a(u-O),(H20), from 2, as
in dielectric constant as the source of the effect of unlabeled shown in eq 1 of Scheme 3. On the basis of previous studies
water. H bonding to second shell waters and changes inof ligand decoordination i and4, the conversion o2 to
dielectric could exhibit ambiguous nonstoichiometric con- 2a(u-O),(H20), is proposed to occur on a time scale of about
centration dependencies, even for elementary steps. We have 55067 Considering the ligand set on Mnin 2a(u-O)-
not attempted to account for such interactions, since that(H,0),, we suggest a deprotonation of the water trans to the
would greatly increase the complexity of the mechanistic oxo bridge to form the stronger hydroxo ligand. The Jahn
scheme. However, as a working hypothesis, we attribute theTeller distortion causes the bond to the water trans to the
anomalous dependence of exchange rates eFQfito H oxo bridge to be shorter than that for the water cis to oxo
bonding interactions of second-shell waters. bridge. The trans water is, therefore, more acidic. The proton
We note that %0 and H*O will be identical with  could be transferred intramolecularly to an oxo bridge (eq
respect to H bonding effects or any other effect not involving 2) or to a free phen or water molecule (egs 3 and 4,
the identity of the oxygen isotope. Our simulation, despite yegpectively). In the instance where the proton is transferred
leaving out an isotope-independent effect of water, predicts g the oxo bridge, the speci€a(u-0)(u-OH)(OH)(H,0),
the correct dependence of exchange rates (il In other containing au-OH bridge trans to a hydroxo ligand, is
words, the simulation overemphasizes the effect of label {ormed. This species, having a labilized protonated bridge,
content in order to arrive at the correct observedt@] is analogous tdla in Scheme 2 and could undergeO
dependence. The overemphasis on label content would theréxchange by the same pathway. In other words)
lead to the prediction of a more negative dependence ONexchange ir2 involves the formation 02a(u-O),(H;0), from
[H2'°0] as compared with the actual dependence. This is 5 a5 shown in Scheme 3, followed by the conversiogaf

indeed what is observed. _to 2a* in the same way as the conversion bfto 1* in
The energy profile diagrams constructed on the basis of gcheme 2.

simulations of the dissociative and associative pathways
indicated in Schemes 1 and 2 are shown in Figure 8. The
energy profile calculated by Lundberg et al. on the basis of
their DFT calculations on [(#D)(OH)Mn" (1-O),Mn" (OH),-
(H20),] (1')%* is shown for comparison. The close match of
the energy proflle of our dIS.SOC'at'Ye sch_eme with th(_e DFT the position of the equilibrium of eq 1, which lies predomi-
energy profile may be fortuitous, sindé differs from1 in .

L X . nantly to the left and thus affords a relatively small
the manganese oxidation states and in the ligand set ON. ncentration of the exchanaeable s eGia-O)(H,0)
manganese. The higher oxidation statel'ols expected to g P 2T

lead to slower exchang@whereas the presence of hydrox- Once formed2a(u-O);(H:0), prefers to undergo the reverse

ides is expected to lower the positive charge on manganesereactlon to re-form2 instead of proceeding towarg-O

- i X . exchange. Addition of phen ligand further shifts the equi-
and labilize the:-O groups, leading to faster exchange. It is librium to the left, thus slowing exchange (Figure 4, right

{ahoes?::re]zetZa);rcraer?geeorpaggzlmnrgnzﬁfcts balance out to prOducepanel). To explain the effect of added acids, we note that

Mechanism of Exchange in 2Upon a comparison of the freshly made aqueous solutionsdire acidic. This suggests

kinetic data obtained fqr-O exchange of and2, it is clear thrat theref 'S z;vn?ti riI?;[se ﬂ? f protons mggo’x}ﬁi; ': the
that they follow different mechanisms of exchange. Whereas PrOc€ss of conversion @ito the aqua spec on
somewhat different dependences on labeled and unIabeIeoOf stoichiometric quantities of protons would, therefore, shift
water could come about due to different relative magnitudes - -

(67) Manchanda, RInorganic Models with Relance to the Oxygen-

of rate .cons'ta_nts for a sequence of steps In a given Evolving Center of Photosystem; I¥ale University: New Haven,
mechanism, it is not clear how the same mechanism can CT, 1994.

The requirement for loss of phen farO exchange ir2
provides explanations for (1) the slow rateue© exchange
as compared ta, (2) inhibition of exchange by added phen
ligand, and (3) inhibition of exchange by stoichiometric
amounts of acid. The slow rate of exchange is explained by

Inorganic Chemistry, Vol. 46, No. 6, 2007 2201
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Scheme 3. Ligand Dissociation and Water Coordination2d’roposed as Requirements 6O Exchange

N N OH,
/Mn"\ / n +2H,0 /‘Mn"\ / n + phen @
N 'L (6) | N N rlq (0) l OH,
\/ 2 \/
2a(p-0)(H0),
2a(p-0),(H,0), 2a(u-0)(u-OH)(OH)(H,0) @
2a(u-0),(H,0), + phen 2a(u-0),(OH)(H,0) + phenH* 3
2a(p-0),(H,0), + Hy0 ————  2a(u-O),(OH)(H,0) + H;0* @

the equilibrium toward2, inhibiting the u-O exchange  with the slow exchanging substrate in the Sate being
process (Figure 3, right panel). bound as a bridging oxo.

We have not simulated the kinetic data ®rsince there From the perspective of metal oxidation states, the direct
would be a greater number of steps and rate constants agomparison of.-O exchange rates betweérand the OEC
compared with the kinetic schemes fbr We feel that a is reasonable. However, differences in other factors need to
simulation with such a large number of parameters will not be considered to make a rigorous comparison between the

be meaningful given the present data. u-O exchange rates in the OEC ahdWe have identified
Isotope Exchange in the OECA primary objective of some of these factors in the course of our investigation of
this work was to investigate in detail the mechanism-@ the mechanism ofi-O exchange il and2, as discussed

exchange in di+-O di-Mn model complexes to assess the below. In addition to the factors discussed below, there are

possibility of the involvement gf-O bridges in the OEC as IiI_<er to_be other sul_)tl_e factqrs ope_rating in a protein active
substrate-binding sites. Toward this end, we have previously Site; which may be difficult to investigate by a study of model
measured the rates @fO exchange in a series of diO complexes. As an example, we note that the exchange rate
di-Mn complexes® The comparison of exchange rates Of ~8 x 107 s™* attributed tou-O exchange in the Fe
between different model complexes showed that (1) metal (#-O)—Fe center of ribonucleotide reductéiSe ~10* times
centers that remain in a Mhoxidation state exchange much ~ Smaller than the rates ofO exchange measured in inorganic
slower than those which can switch between'f\vand Mri' Fe—(u-O)—Fe complexes{1-40 s7).** The possibility
states and (2) the availability of terminal water-binding sites Of @ Similar disparity in the comparison @fand the OEC

on manganese enhancesO exchange rates. These two should be kept in mind, considering the restricted and rigidly
factors need to be accounted for in a comparisop-a structured nature of the OEC active site, which could inhibit

exchange rates. exchange. o | .
We also compared the absolute rates measured in the Terminal Water-Binding Sites. We have previously
model complext to the fast and slow isotope exchange rates shown that the absence of terminal water-binding sites on

measured in PSIl sampl&23 The S and $ oxidation states ~ 'andanese inhibita-O exchangé® In the present study,
of the OEC are widely accepted to be MMn,V and we show that dissociation of chelating ligands is required

Mn'"Mn3"V, respectively. The exchange rate in the mixed- for u-O exchange when terminal water-binding sites are not
valent MV complex1 was, therefore, considered to be ava_ulable_. Since dissociation of protein reS|due_s may be
a reasonable model for the exchange rates in fhenf S unlikely in t_he OEC -0 exchange may not readll_y oceur
states of the OEC. The fast exchange rates in theng S unless te_rmlnally bounq waters are present. Thus,. if the slow
states are-10° times greater than the-O exchange rate in ehxchanglnlg substrate (|jn the OE.C IS bo_un|d as@ligand,

1. The rate of fast exchange in the OEC is smallest in the S ]tc € OEC; also may nee tk? contain tﬁrmma waters to sccouhnt
state but is stil~10° times greater than that ih Thus, it is or exchange rates in the OEC that are greater than the

very unlikely that the fast isotope exchange rates measuredg 33232?: croaljled 'St ’ :iﬁﬁﬁ;[;exétéﬁeorsf V;r;)((gf}?r;%lggm
in the OEC areu-O exchange rates. Y gand.

_ ) either case, the presence of terminally bound water ligands
The slow isotope exchange rates measured in th&S

q 8004000 i han thosel on the OEC is implicated.
an _S.states are- tlme§ greater than t oseln pH. We find a considerable effect of proton concentration
and it is, therefore, also very unlikely that the slow isotope

. on u-O exchange rates il and 2. The oxygen isotope
erEcgange g;\tes hmeasure? n #}e Sl’ and ghstates Oft the th exchange rates in the OEC referred to above were measured
argu-L exchange rates. 1he siow exchange rate in the ., pH 6, which would correspond to micromolar concentra-
S, state of the OEC, however, approachesitt@ exchange

rate forl, being~8 times greater. The activation energy for tions of protons in the medium. This is not unlike the proton
’ - o ) concentration range used in our acid-dependent experiments,
the slow exchange measured in thes@te is~83 kJ mot?,28 ¢ P b

o o where the acid concentrations varied frerd to 120uM.
which is close to the activation energy farO exchange

CE?ICUIated for1’s* (NSO kJ morl) and to that observe_d in (68) Sjoberg, B.-M.; Loehr, T. M.; Sanders-Loehr Bilochemistry1982
this work for1 (~84 kJ mot?). Thus, our data are consistent 21, 96-102.

2202 Inorganic Chemistry, Vol. 46, No. 6, 2007



Di-u-O Dimanganese Complexes and Photosystem I

At these concentrations, the exchange rates were affecteds™ for the slow exchange rate in thg State) but much

by factors of~2—7. Thus, any differences j-O exchange  smaller than the fast exchange rates in all states and the slow
rates due to pH between the OEC dndre not expected to  exchange rates in the,SS,, and S states.

be very large.

Dielectric Environment. The local dielectric constant in
the interior of the OEC is expected to be considerably lower  We have investigated the mechanisnue® exchange in
than that of water. Our exchange measurements are done iMn,"V (4-0), dimers with and without terminal water-
acetonitrile, which also provides a relatively low dielectric binding sites. Our results are consistent with the requirement
environment compared to water. Additionally, we see that of bridge protonation prior to the rate-determining opening
ionic strength of the medium does not affect exchange rates,of the 1-O bridge and concerted coordination of water at
suggesting that small variations in the dielectric constant of the vacated site. For a gi-O Mn dimer without terminal
the medium do not affeqt-O exchange rates. water-binding sites, ligand dissociation and water coordina-

Hydrogen Bonding. Our data suggest that the presence tion at the vacated site(s) are necessary:f@ exchange to
of hydrogen bonds facilitatgsO exchange. Well-structured  occur. The data are suggestive of a facilitatory role of
hydrogen-bonding networks are likely to be present in the hydrogen bonding in tha-O exchange process.
OEC and could enhangeO exchange. The observation of On the basis of the mechanistic insight gained in this work,
an H/D isotope effect has been taken as evidence of influencewe reexamine our previous conclusions regarding the binding
of H bonding on the exchange rates in the OEChe fast mode of substrate waters in the OEXONe reinforce our
exchange was seen to have an inverse isotope effect, whereasonclusion that the fast exchanging substrate in the OEC and
the slow exchange was seen to remain unaffected. On thethe slow exchanging substrate in thg S,, and S states
basis of the small magnitude of the isotope effect, it was are terminally bound. Au-O binding mode remains a
attributed to secondary hydrogen-bonding effects. Similarly, possibility for the slow exchanging substrate in thestte,
we see small effects attributed to hydrogen bonding to with the constraint that the exchange of this substrate
second-shell waters, so the presence of more extensivéeinvolves facilitation by a fully protonated water terminally
hydrogen bonding in the OEC is unlikely to enhanc® bound to the OEC.
exchange to any great extent as comparetl. to

Label Concentration. We find a first-order or lower

Summary and Conclusions
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