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IMN"™V(1-O),(terpy)2(OH,)2](NOs)s (1, where terpy = 2,2':6'2""-terpyridine) + oxone (2KHSOs*KHS04+K,S0,) provides
a functional model system for the oxygen-evolving complex of photosystem Il that is based on a structurally relevant
Mn—(«-O),—Mn moiety (Limburg, J.; et al. J. Am. Chem. Soc. 2001, 123, 423-430). In this study, electron
paramagnetic resonance, ultraviolet-visible spectroscopy, electrospray ionization mass spectrometry, X-ray absorption
spectroscopy, and gas-phase stable isotope ratio mass spectrometry were utilized to identify the title compounds
in the catalytic solution. We find that (a) O, evolution does not proceed through heterogeneous catalysis by MnO,
or other decomposition products, that (b) O atoms from solvent water are incorporated into the evolved O, to a
significant extent but not into oxone, that (c) the Mn""V, title compound 1 is an active precatalyst in the catalytic
cycle of O, evolution with oxone, while the Mn"V, oxidation state is not, and that (d) the isotope label incorporation
in the evolved O, together with points a—c above, is consistent with a mechanism involving competing reactions
of oxone and water with a “MnV=0" intermediate in the O—-O bond-forming step.

Introduction EXAFS, electron paramagnetic resonance (EPR), and
In green plants and cyanobacteria, the oxygen-evolving magnetic guscgptibility stgdifas on synthetic Mn complexgs
complex (OEC) of photosystem Il (PS Il) catalyzes water have provided important insights about the Mn tetramer in
oxidation to molecular @ Extended X-ray absorption fine  PS Il. Many of those complexes, particularly the ones
structure (EXAFS) studies of PS Il samples at the Mn K-edge containing Mr-(u-O),—Mn moieties, have been considered
reveal at least two 2.7-A MaMn backscattering distances @S Structural models for the OE€C,and yet very few
that are characteristic of Ma(u-O),—Mn moietiest3 The complexes act as functional modét8.Indeed, apart from
recent 3.5-A-resolution X-ray crystal structure of the PS |l Our own systeni?"12only three classes of metal complexes
models the OEC as a CaMd, cubane linked to a fourth ~ are known to catalyze homogeneous water oxidation. These
Mn via au-O bridge?
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Scheme 1. Proposed Mechanism for the Catalytie Bvolutior?12
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aO* atoms originate from water and are partially enriched W0 in
180-enriched water.

involve Ru dimers;13-16 Mn-bound porphyrin dimerg!7’:18
and a carboxylate-bridged Mh, dimer?®

Our group previously reported the Mn complex -
(terpy)Mn" (u-O),Mn" (terpy)(HO)]*" (1), which can cata-
lytically produce Q with >50 turnovers when oxone
(2KHSOs'KHS O, K,SOy)1° or NaOCH was used as the
oxidant. When adsorbed on cl&y1 has been shown to
catalytically oxidize water in presence of a non-oxo-transfer
oxidant, Cé*, as the only primary oxidant. The catalysis
with oxone and NaOCI is first-order in the catalyst and
follows Michaelis-Menten kinetics for the oxidant8Using

intermediate, similar to the one proposed for water oxidation
in the OEC?324The barrier for -0 bond formation in this
reaction was calculated to be a reasonable 23 kcal/mol.

In this report, we focus on the characterization of species
involved in the catalysis using EPR spectroscopy, ultraviolet
visible (UV—vis) spectroscopy, electrospray ionization mass
spectrometry (ESI-MS), X-ray absorption spectroscopy
(XAS), and gas-phase stable isotope ratio mass spectrometry
(SIR-MS). The real-time observation bfand oxone by ESI-
MS during catalysis confirms the absence of O exchange
between oxone and water and, in combination with the
observed incorporation of O label from water into the evolved
0O,, demonstrates the direct involvement of water in the O
evolution pathway. The rate of @volution correlates with
the steady-state concentrationIofproviding support forl
being the active catalyst. Heterogeneous catalysis by MnO
is found to be insignificant.

Experimental Section

Solutions used in the SIR-MS experiments were prepared using
high-performance liquid chromatography grade water, and all other
solutions were prepared using doubly deionized water. Exetainer
vials used for SIR-MS experiments were purchased from Labco
Inc., incubated in a pH 1 HN@solution for 2 days, rinsed, and
dried in an ovenl,! [MnVV,O,(terpyh(SQy),] (2),12 and colloidal
MnO,2° were prepared following literature procedures. Oxone was
purchased from Acros Organics and was standardized using
iodometric titrations. Solutions of 85.5% and 95%OH, were
purchased from Icon Isotopes. A stock buffer solution with25%
180H, was prepared by doping an unlabeled stock buffer solution
([*80H,)/[OH,] = 0.198 50%) with an appropriate amount of the
purchased®OH, solution and was standardized using SIR-MS (see
the Supporting Information). All other concentrations of labeled

180-labeled water and unlabeled oxone, the evolved gas wasbuffer solutions were prepared by mixing the labeled stock solution

collected ove 1 h and analyzed using mass spectrometry.
Because oxone was very slow to exchange with watgr,
the detection of*O, and3®O, products clearly demonstrated
the involvement of water molecules in the catalysis. In
addition, a lower oxone concentration led to m&@-label
incorporation in the evolved © A water-exchangeable

with the unlabeled stock buffer. All other chemicals were purchased
from Aldrich and used without further purification. Note that the
label content ofl0O-enriched solutions was deliberately adjusted
to be only slightly above natural abundance for the SIR-MS
experiments because of the extreme sensitivity of the SIR-MS
instrument in the measurement of isotope ratios. This instrument
is routinely used to measure very small changes in isotope ratios,

MnY=0 species was proposed to undergo a competing yhich requires minimization of changes in the background isotope

reaction with oxone and water to give single- and double-
180-labeled Q (Scheme 1}? Density functional theory
calculations (B3LYP) by Siegbahn and co-workérsug-
gested that this reaction involves a Woxyl radical
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Buchholz, JJ. Am. Chem. So2004 126, 7798-7799.

(17) Yamamoto, K.; Nakazawa, S.; ImaokaMol. Cryst. Lig. Cryst2002
379 407-412.

(18) Shimazaki, Y.; Nagano, T.; Takesue, H.; Ye, B. H.; Tani, F.; Naruta,
Y. Angew. Chem., Int. E®004 43, 98—100.

(19) Poulsen, A. K.; Rompel, A.; McKenzie, C.Angew. Chem., Int. Ed.
2005 44, 6916-6920.

(20) Yagi, M.; Narita, K.J. Am. Chem. So004 126, 8084-8085.
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levels. Solutions with isotopic compositions very different from
natural isotopic abundances are, therefore, incompatible with this
setup.

UV—Vis Spectroscopy.UV—vis spectra were recorded on a
Varian Cary-50 U\+visible spectrophotometer at room temperature
using a 1-cm-path-length cuvette unless otherwise noted.

EPR Spectroscopy Perpendicular-mode EPR spectra were
collected on an X-band Varian E-9 spectrometer equipped with a
TE;0, cavity and an Oxford ESR-900 liquid-helium cryostat.
Parallel-mode EPR spectra were collected on a Bruker Biospin/
ELEXSYS E500 spectrometer equipped with agElual-mode
cavity and an Oxford ESR-900 liquid-helium cryostat. All spectra
were collected at 10 K on frozen samples with the following
settings: modulation amplitude 20 G (2 G for parallel-mode EPR
spectra), modulation frequeney 100 kHz, and microwave power
=1 mWw.

(23) Siegbahn, P. E. MCurr. Opin. Chem. Biol2002 6, 227—235.
(24) Siegbahn, P. E. Mnorg. Chem.200Q 39, 2923-2935.
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ESI-MS. ESI-MS spectra were collected on a Waters/Micromass
ZQ 4000 mass spectrometer. Owing to the weak signal at high mass,
multiple scans over a narrow mass range were required to obtain a
good signal/noise ratio. In all experiments involving oxone
(2KHSO;*KHSO4-K2SOy), a KOAC/HOAC buffer was used instead
of a NaOAc/HOACc buffer in order to minimize complications by
ion paring. Isotope distributions were calculated using Masslynx
(V4.0) and the isotope distribution calculator at http://www.siswe-
b.com/mstools.htm.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR). ATR-FTIR spectra were recorded on
a Bruker Equinox FTIR spectrometer equipped with,@)\cooled
mercury-cadmium-telluride detector. Samples were prepared by
mixing a catalytic amount of in water with an equal volume of
oxone in water or K80 (95%180). The reaction was allowed to
proceed for 3 min, and then 10 of the sample was dried under
a stream of N directly onto the surface of a ZnSe single-bounce
internal reflection element. A total of 16 single-beam scans were
collected for the sample spectruf) @nd a blank backgroundrg).

ATR spectra were calculated as

Figure 1. Normalized ESI-MS peaks at'z = 191 (K;HSGs') of (A) 15
mM oxone in a 0.16 mM pH 4.5 KOAc/HOAc buffer, (B) 106L of
solution A plus 50uL of 85.5% 180H, in 180OH,, 2 min after mixing, (C)
the same as B except 30 min after mixing, (D) 1Q0of a catalytic solution
plus 50uL of 85.5% 180H, in 1®0OH,, 10 min after the start of catalysis
([Linitiar = 1.12 mM, [oxone]= 22.5 mM in a 0.16 mM pH 4.5 KOAc/
HOAc buffer; the addition of®OH; occurred within 20 s after catalysis
was initialized by mixing solutions of and oxone). The dotted lines are
simulated spectra of #1SOs*. This shows that oxone does not exchange
ATR = —log(RIR) with water either in the buffer or in the catalytic solution.

High Temperature Conversion/Elemental Analyzer (TC/EA).
Oxone samples were analyzed for béfl® composition using a
Thermo-Finnigan TC/EA, Conflo Il, and DeRg XP mass
spectrometer with a Costech ZeroBlank autosampler. Approximately
200ug samples were weighed into Ag cups, folded, sealed, then
placed into the autosampler, and purged with He. Each sample, in
turn, was dropped into a graphite crucible in the TC/EA furnace, a

XAS. Mn K-edge XAS data were collected at the National
Synchrotron Light Source, beamline X9-B (2.8 GeV ar800
mA). The XAS data were time-resolved by using a continuous-
flow device. The reaction timet)(for a given measurement was
determined by the length of the tubing from the exit end of the
mixing cavity to the observation position and the flow rate of the
continuous-flow apparatus. 1450°C alumina tube with a glassy carbon tube insert filled with

180 Labeling/SIR-MS. Gas-Phase SIR-MS InstrumentAnaly- glassy carbon chips and a constant 90-mL/min He flow. The
ses were performed using a Thermo-Finnigan GasBench Il con- pyrolyzed sample released its,Ovhich reacted with the excess C
nected to a Thermo-Finnigan Delta XP stable isotope ratio mass  to give CO, which passed through an integral gas chromatograph
spectrometer operating in a continuous-flow mode. Both the (5-A molecular sieve at 96C) and into the Conflo Il, where-0.5
GasBench and DeRés XP were controlled by Isodat software  mL/min of the gas flow enters into the mass spectrometer for
(version 1.5). Using the GasBench Il, the headspace of a vial wasanalysis. The CO produced from the samples and laboratory
sampled via a double-layered transfer needle, where He (set to 16standards was compared to the amount in the reference CO tank in
psi) flowed into the vial through the upper aperture (close to the each run, and the sample values were then corrected against
septum) in the needle and the resultant mixture flowed back through laboratory standardg:28
the lower aperture of the same needle. The gas mixture was then . .
directed into a Nafion (trademark of DuPont) drying tube and out R€sults and Discussion

through a 10Q¢L sampling loop in a Valco switching valve. Once  characterization of Species Involved in the Catalysis.
the sampling loop was flushed with headspace gas, it was switched(a) Oxone.To assay O exchange between water and oxone
to inject the sample in the loop onto an integral gas chromatographWe monitored the peaks a¥z = 153 and 191 assigned to

with a Varian CP7551 PLOT fused silica 25x10.32 mm column . .
+ + _
(coating: Poraplot Q) at 32C to separate ©from CQ,. The KH-SG;™ and KZHS_Q' ! respect_lvely, in the ES_I MS spectra
gf an oxone solution. Incubation of oxone in a 28%-

separated gases were then carried through a second drying tube t ! ) =G
an open split where a glass capillary would continuously draw in labeled buffer solution for 30 min showed no significant

He and sample gases to the mass spectrometer for analysis. Th€hange in the isotope peak ratioralz = 153 (not shown)
dilution factor of the open split can be adjusted to decrease theand 191 (Figure 1AC), ruling out peroxide O exchange
signal intensity, if necessary. In the mass spectrometer, the samplesvith water at this pH and confirming the data of Koubek et
were ionized (electron ionization) and analyzed in three cups setal?! and Limburg et al?> More importantly, however, we
to O, peaks with masses 32, 33, and 34. The relative nominal now find that no such exchange occurs with water even in
amplifications for the three cups are 1, 100, and 300. the presence of the Mn catalyst. Figure 1D showsnie=
Under the conditions we used, the sample vials were only slightly 191 gxone peak of a 28%80-labeled catalytic solution with
pressurized because the sampling gas mixture from the vial eitherthe Mn catalyst present; again no significant changes in the

was directly vented (with the Valco valve set to “inject” mode) or

was vented after going through the sampling loop (with the Valco
valve set to “load” mode). A similar design has recently been
reported for the study of dissolved, @ water2®

(26) Barth, J. A. C.; Tait, A.; Bolshaw, M.imnol. Oceanogr2004 2,
35—41.
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isotope peak ratios were observed after 10 min. This is the
same time scale as that of our catalytic reactions, where

(27) Kornexl, B. E.; Gehre, M.; Hiing, R.; Werner, R. ARapid Commun.
Mass Spectronl999 13, 1685-1693.

(28) Vennemann, T.; Fricke, H. C.; Blake, R. E.; O'Neil, J. R.; Coleman,
A. Chem. Geol2002 185.
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Figure 2. EPR measurement of the concentration changeafd ag =

4 species over the time course of catalysBHinfa = 0.75 mM, and

[oxonelhitar = 15 mM.

oxone is usually consumed after-105 min. ATR-FTIR data
also confirm this result (see the Supporting Information).
(b) [Mn"V ,O,(terpy)»(OH>),]*". To follow the specia-
tion of Mn during catalysis, we looked in detail at the
catalytic solution. ESI-MS and EPR data confirm that the
Mn,0, core of1 is largely maintained in an acetate buffer
and in the catalytic solution (see the Supporting Information).
Upon the addition of an oxone solution, M ; is quickly

and coordination symmetry (Figure 4). As an alternative
assignment, a M weakly coupled to a strongly antiferro-
magnetically coupled MW,O.,L, dimer would also be
expected to give a similar signal, as seen for [#§0,4(OH)-
(bpea)](ClOy)3 [4; bpea= N,N-bis(2-pyridylmethyl)ethy-
lamine; S = 3, ground state, EPR signal at = 4)3!
Although the EPR signal af is significantly narrower than
that of3, presumably because of the more symmetric ligand
field of the MnV ions in this complex, such a Mhtrimer
cannot be ruled out as tlge= 4 species.

A Mn'YV dimer (Scheme 1), another potential source of
the g = 4 signal, could give an EPR spectrum similar to
that of a MY monomer if the MM d? is low-spin and
electronically isolated. However, this is not supported by the
stability of theg = 4 species in solution (Figure 4), by the
absence of correlation between the= 4 signal intensity
and Q evolution activity, or by the XAS data, which show
that the only significant valence states of Mn in solution are
3+ and 4+ (Figure 5).

(d) Other Mn Species.In previous work, crystals o2
were isolated from an acidified solution & and crystals
of [Mn" 4Os(terpy(OH,)](ClO4)s (5) were isolated from an

oxidized to an EPR-silent species. While oxone was not acidified catalytic solutioi?2 The low-pH (2.0) condition for

significantly depleted in the first 10 min after mixing, the
Mn""V, concentration fell sharply to a small steady-state
concentration of~2% of [1]initiar UNtil 0Xone was depleted,
after which it increased back to75% of the initial value

isolation of2 and5 was used to facilitate the disproportion-
ation of 1, which gives these MW species, but low pH may
not be required for the existence »and5 in the catalytic
solution. The oxidation of MH#', to Mn"V complexes like

(Figure 2). ESI-MS spectra of the catalytic solutions as oxone 2 and 5 is indeed expected upon the addition of oxone
runs out (Figure 3) show an intensity increase of peaks atbecause MY and higher oxidation states are probably too

m/z = 726 and 684 assigned to [N ,O,(terpyp(OAC),] *
and [Mn'"V ,O,(terpy(OAC)(OH)]T, respectively. The faster
regeneration of the MHV , peak as observed by ESI-MS,

in comparison to the regeneration of the 16-line EPR signal,

unstable. During catalysis, the presence of excess oxone
keeps the concentrations of bdtland theg = 4 species at

low steady-state levels (Figure 2). The majority of the species
in solution are EPR-silent until the depletion of oxone. When

is probably due to faster reaction rates under the MS NaOCI was used as the oxidant (pH 8.6), the -UXs

conditions?® The general correlation of the Mf' , peaks

in ESI-MS and the intensity of the 16-line EPR signal
suggests that the same-Q),-bridged Mn dimer is indeed
being followed by the two spectroscopic methods.

(c) [MnV(terpy)L 3] (L = H;0, HO™, or AcO~). Another
EPR signal observed in the catalytic solution is a brgasl
4 signal (baseline crossover poingat 3.0; Figure 4), which
is not present in the initial spectrum din a NaOAc/HOAc
buffer. This signal almost exactly overlaps with the EPR
signal of previously identified [MM(terpy)(N)s]* (3),%°

absorption of the catalytic solution showed absorptions from
2 and from a substance absorbing-a480 nmi! which
coincides with the absorption froB(470 nm in water and
480 nm in acetonitrile§? A 470-nm absorption was not
apparent, however, in the catalytic runs at pH 4.5 using oxone
as the oxidant, which rules o6tas a significant species in
the catalytic solution.

To further elucidate the proposal tHais dominant in the
catalytic solution, we find that the ESI-MS spectrum of the
catalytic solution showed about 50 peaks above the noise
level betweenm/z = 100 and 1000. We found that this
spectrum could be reconstructed satisfactorily from two
comparison spectra: (1) a solution of 15 mM oxone in buffer
and (2) a solution of 0.75 mM in buffer, with 15 mM K-

SO,. EPR data show that a solution ®fin buffer contains

a few percent of MW" ,.22 This mimics the catalytic solution,
where a small percentage of Mn is in the W, form
(Figure 2), and is corroborated by the ESI-MS spectrum of
2, which shows peaks assigned to 'MH, species in the

suggesting that the two species may be close in structurecatalytic solution (Figure 3), as seen in the ESI-MS spectrum

(29) Source temperature= 110 °C; desolvation gas temperature
250°C.

(30) Baffert, C.; Chen, H.; Crabtree, R. H.; Brudvig, G. W.; Collomb, M.
N. J. Electroanal. Chem2001, 506, 99—105.

(31) Pal, S.; Chan, M. K.; Armstrong, W. H. Am. Chem. Soc 992
114, 6398-6406.

(32) Chen, H.; Faller, J. W.; Crabtree, R. H.; Brudvig, G.JWVAm. Chem.
S0c.2004 126, 7345-7349.
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Figure 3. ESI-MS of the catalytic solution showing spectra of two separate runs from 2 to 30 min (arrows represent the increase of time), with 2-min
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intervals. Assigned peaks are (@jz = 153, KH;SGOs+, (b) miz = 191, KHSGsH, (c) miz = 684, [Mn'V ,0,(terpyp(OAC)(OH)IH, and (d)m/z = 726,
[Mn"IV ,0O,(terpyp(OAc),] *. The peak between peaks ¢ and d fits with [[MA,O4(terpyk(SQs)]+ (m'z = 704), an expected species based on the significant
concentration of sulfate in the catalytic solution. The third figure shows the peak heigiig of 153 and 726 over time.

Figure 4. Similarity of the EPR signals, measured for frozen solutions at
10 K, of 3 and of the catalytic solution at 400 s after the start of catalysis.
[1]initiar = 0.75 mM, and [oxon@jiiar = 15 mMM.

of 2 (Figure 6). Thus, the two solutions used to simulate the
spectrum of the catalytic solution give signals due to oxone,
MnVV, and MA"V, in the buffer. The two comparison
spectra account for all but three peaks from the catalytic
solution (Figure 6):m/z= 202, 265, and 287. All three are
monopositive from their isotopic patterns, ruling out ¥n
terpy species, which would have/’z > 288. The strongest
of the three peaks, the oneratz = 202, has ca. 2% of the

Further confirmation that the catalytic solution contains
predominantly MY was obtained from XAS data. The shifts
in the calibrated Mn K-edge energy in the time-resolved
continuous-flow XAS of the catalytic solution show that
essentially all of the Mn is converted to Mnwithin 0.5 s
after mixing oxone and. At earlier times, a mixture of Mh
and MV was detected (Figure 5). In summary, these results
show thatl, 2, and ag = 4 species (most likely a Mh
trimer or monomer) exist in the catalytic solution.

Identification of the Active Catalyst. Previous work has
shown that the uncatalyzed decomposition of oxone is
insignificant and that @evolution is not catalyzed by MnO
or by simple Lewis acid¥’ To see if these conclusions still
hold true under our conditions, we have looked at them again
here.

O, Evolution Due to Oxone Decomposition/Hydrolysis.
The spontaneous decomposition of HS@as found to be
fastest at the I§, (9.4) of the—O—0O—H proton$3-3° where
the decomposition was proposed to involve the nucleophilic
displacement of the terminal peroxidic O of®DOH" by
0;SOG .2t At pH <9.4, the rate of decomposition drops
linearly with the pH; extrapolation of the result of Ball and
Edward$* gives the second-order rate constlnt= 5.4 x
104 (mol/L)™* min~! at pH 4.5, slow enough to be
insignificant under our conditions. SIR-MS assay of the

intensity of the strongest peak in the spectrum. The inclusion headspace gas of a stirred oxone solution showed no O

of an ESI-MS spectrum db under appropriate conditions

evolution over 30 min (Figure 7), so our buffer solution

as another comparison spectrum does not improve the fit tocontains nothing capable of catalyzing oxone decomposition.

the spectrum of the catalytic solution.

These ESI-MS data provide good support2dseing the
dominant Mn species in the catalytic solution. The lack of a
UV —vis peak at~470 nm, together with the ESI-MS data,
suggests that the tetrameis not formed to any significant
extent. Other possible forms of Mn, such as"MNIn"', and
MnQO,~, were not detected (see the Supporting Information).

38 Inorganic Chemistry, Vol. 46, No. 1, 2007

To check for the formation of $D, by the hydrolysis of
oxone, we injected an incubated oxone solution (1 h) into a
solid MnG;, powder or into a solution af. SIR-MS showed

(33) Goodman, J. F.; Robson, .Chem. Socl963 2871-2875.

(34) Ball, D. L.; Edwards, J. Ql. Am. Chem. Sod.956 78, 1125-1129.

(35) Brown, S. B.; Jones, P.; Suggett, Rrog. Inorg. Chem197Q 13,
159-205.
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Figure 5. XAS data of1 plus oxone. Left panel: Shift of the Mn K-edge upon the addition of 7 mol equiv of oxone to ILmWe inset indicates the
time after mixing for each trace. Right panel: The percentage of total Mn in tH¢'¥4rform, as determined from the edge positions in the left panel, as
a function of time after mixing.

150 miz 200 20 250 300 30 miz 400 450 500 500 600 70 Mz g0 900

150 mz 200 250 250 300 30 Mz o4m 450 500 500 600 70 Mz 80 900

L L Ll LLLl .

150 miz 200 50 250 300 35 Mz 40 450 500 500 600 70 Mz g 900
Figure 6. Panel A: ESI-MS spectra of the catalytic solution (0.75 ind 15 mM oxone). Panel B: ESI-MS spectra of a solution containing 15 mM
oxone and 0.75 mM KN@ Panel C: ESI-MS spectra of a solution containing 0.75 8)N3.75 mM KNG, and 15 mM KkSQ,. All solutions are in a 0.1
M KOAc buffer adjusted to pH4.5 with HOAc. The asterisk in panel A marks the highest intensity péak-(202) in the catalytic solution that is not
found in the spectrum a2 or oxone.

no burst of Q formation, which would be expected if,B, carried no'®O label from water if the reaction was carried
were to form by hydrolysis during the incubation (Figure out in *¥OH,-labeled solutions (data not shown). This result
7). The same activity was seen for a freshly prepared is consistent with the observation by Dole et al. that all O
solution, so no other oxidant, such as peracid, is present.released from the oxidation of B, by MnO, or KMnO,
The deliberate addition of excess,® instantaneously  came from HO,.2637 Considering the fact that catalyzed O
reduces a solution df to a colorless state, with no further evolution byl carries the'®O label from water (vide infra)
activity being seen after a burst of,@as given off that and the observation by Dole et al. that both O atoms of O
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80 percentage readings are somewhat scattered because of

the low intensity of the @peaks in the MS measurement.

In the presence of terpy, however, the reaction produced more

significant amounts of @ probably because of catalysis by

1 generated in situ (Figure 7). The atdf® percentage of

headspace £from an oxone solution containing solid terpy

and MnQ stays almost unchanged and even increases

slightly with time, presumably because of the dilution of

background air by heavier £&volved from water because

incorporation of oxone O would drive the isotope ratio down.

The fact that terpy was required fop @volution in this case

and that the evolved Qincorporates thé®O label from

solution support the proposal that a terpy-based active

catalyst is formed in situ.

Previously, we reported a slower gas evolution rate upon

Figure 7. Control experiments showing the atdfo percentage and yield a second addition of oxone tb, compared to the first
thzﬁqStK/O\IXZﬁ(%aé%am/tl gexzcrfg’?n}'e'zféﬁnfg;“v’\i"al"\j‘v(i’tﬂes"r‘rl]‘chfd,v'lrr‘g addition!? A lower activity in the presence of degradation
solid; (o) 60 mM oxone injected into the mixture of 3 mg of Mp@nd 5 products argues against the latter being the true catalyst. This
mg of solid terpy; @) 15 mM oxone+ 0.75 mM1; (*) mixture of 15 mM observation was confirmed using SIR-MS. A catalytic

oxone+ 0.75 mM1 (total 4 mL) incubated for 1 h, then purged with He, ; ; ; ; 0
and injected with 1 mL of 15 mM oxone. The increasing conter€ofin solution was incubated for 1 h, at which time ca. 60% of

the evolved @with time for the catalytic solutions® and * in part A) is [1]iniiar Was regenerated (Figure 2), and then purged with He.
due to the increasing contribution of O atoms from water relative to oxone The second addition of oxone into this solutiot]fta ~

owing to the consumption of oxone during the catalysis and the greater . - SR
180 content of water (0.246%) relative to oxone (see below). Note that 0.36 mM; [oxonetiiar = 12 mM) produced significantly less

isotope ratios (top panel) derived from signal intensities (bottom panel) of Oz (~35% less at = 7 min) than the @yield from the first
less thar~1 V/s are not reliable. oxone addition (Figure 7). Oxone was eventually depleted

in both runs, and the balance betweep &olution and
dilution by sampling He gas led to the convergence of the
mass 32 peak areas.
[MNn"V ,0,(bpy)](ClO.)s (6) was previously known to be
unstable in an aqueous solution, and a high concentration of
¢ the bpy buffer was customarily usédto stabilize the
complex from giving a Mn@ precipitate. With excess bpy
stabilizing the complex, the coordinatively saturaGedioes
similarly inactive. not catalyze @evolution from oxoné? When the bpy buffer
MnO-Catalyzed O, Evolution. To eliminate the pos- IS not used, however, some,@volution was observed

sibility that MnQ; is the true catalyst, we carried out detailed (Figure 8). An i'nitial !o;s of bpy is required for t'his reaction;
studies. Solutions df, especially dilute and unbuffered, are e 1ow catalytic activity o6 could be due to either a rate-

prone to decomposition to MnGprecipitate within hours. ~ determining loss of bpy or the faster degradation of the
The precipitate could also be observed in the catalytic complex. On basis of the structural similarity betwdesmd

solution formed from oxone ani after the mixture is left & 1t iS likely that a common degradation pathway exists for
for long periods ¢ 1 h). MnQ; is known to catalyze peroxide the two compounds durl_ng_ cata!y3|s. The less tightly binding
decomposition, and colloidal MnQan catalyze heteroge- PPY should lead to similar, if not larger, amounts of
neous water oxidation in the presence of manganese(lv)degradation products fro If MnO., or any other degrada-
pyrophosphate and Ru(bp§)%® so any MnQ from the tion products_; from the catalysis, were the real catallyst for
decomposition ofL might act as a catalyst for the,O the & evolution,6 should not.catalyze';Iowerzavolutlon
evolution from oxone. than1 under the same reaction conditions.

In studies to test this possibility, injection of preformed ~ Because Mngexists in many solid phases with different
colloidal MnO, into an oxone solution leads to no,0 eactivities, itis difficult to study the reactivity of all forms
evolution monitored by a Clark electrode. Similarly, SIR- With oxone. However, the following observations suggest
MS experiments showed very little;@ormation from the ~ that MnQ; from the degradation of the Mn dimer cannot be
addition of an oxone solution to solid MaQFigure 7). The ~ the G évolution catalyst: (a) an incubated solution (1 h) of
first three data sets taken before the injection of oxone are 1 Nas the same activity as freshly prepateigure 8); (b)
from background air (atorfO % = 0.204 704%); the atom &N incubated catal_y'uc solution has a lower activity than
freshly prepared. (Figure 7); (c)6 has a lower activity than
(36) Dole, M.; Rudd, D. P.; Muchow, G. R.; Comte, &.Chem. Phys. 1. Moreover, in all three of these cases, the very similar level

1952 20, 961-968. f 180-label incorporation from water clearly demonstr
(37) Dole. M. Chem. Re. 1952 51, 263-300. of *80-label incorporation fro ater clearly demonstrates
(38) Shafirovich, V. Y.; Khannanov, N. K.; Shilov, A. B. Inorg. Biochem.

1981 15, 113-129. (39) Cooper, S. R.; Calvin, Ml. Am. Chem. S0d.977, 99, 6623-6630.

evolved from HO, came from the peroxide, we conclude
that a Mn-catalyzed hydrolysis of oxone to,® and
subsequent catalyzed, ®volution from HO, do not occur.
To test for the possibility of @evolution via Lewis acid
catalyzed hydrolysis of oxone, we previously showed tha
solutions of oxone with a number of Lewis acids{NiZzn?*,
and APFY) gave no Q evolution® We now find that Tt" is
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Figure 8. Comparison of the catalytic activities dfand6. The atom!'éO 4 e— . " 10
percentage (A) and yield (B) of the evolved @gainst the reaction time. £ 8 X 16-ine signal peak height at 400 se_c_ e
(a) 1 mM 1 in a buffer was incubated for 6 h, into which 60 mM freshly 2 1 o .---""® 08
prepared oxone solution was injected]{fiia = 0.75 mM; [oxone}itia = < & c LT 0.6
15 mM). (x) [Linta = 0.75 mM, and [oxong}iar = 15 mM, with the g 4 LS. 04
oxone solution incubated f8 h and the solution ol freshly prepared. £, -
(®) [Linitiar = 0.75 mM, and [oxon&]ia = 15 mM, with bothl and oxone w7 ® g =5peak height — 02
solutions freshly prepared. (*Bliniat = 0.75 mM, and [oxongjia = 15 0 . . . . - 10.0
mM, with both solutions freshly prepared. 0.6 -
- : : . D
that similar mechanisms are involved. The slightly lower Toa
incorporation in the case o could be due to a larger E '
background air contribution to the smaller signals. S
. ~0.2
[Mn "V ,0,(terpy)2(OH,),]3"-Catalyzed O, Evolution. <
Because the results in the previous section rule out degrada-
tion products as the active catalyst, the true precatalyst is, 0 o 0'2 0'4 o's 0'8 1
therefore, proposed to be As mentioned above, oxone ' 11 (mM) )
oxidizes the majority ol to 2 at the start of catalysis, leaving ~ 297w [oxone] =15 mM, [1] = 0.75mM
low steady-state concentrationsloind theg = 4 species. g * [oxone] =15 mM, [1] = 0.075 mM "
Within several minutes, both the 16-line M , signal and 5 164
theg = 4 signal increase to reach a steady-state concentra- fé i E .
tion. The depletion of excess oxone during catalysis is 5 7]
: 2
reflected by the drop of the gas evolution r&tes well as = % #
- . . . . Y
by the stabilization of!0 isotope ratio readings of the .§ P -
headspace gas at around 20 min after the start of the reaction g 4{* g = ..
(Figures 9 and 10 vide infra). As oxone is depleted,gke £
4 signal slowly decreases, while the Wi, EPR signal starts 0 . o % "
to reappear and eventually reaches about 75%1hfik Time (min)

(Figure 2). This correlation of and oxone concentrations Figure 9. Correlation of the observed steady-stafePR signal and overall
was clearly demonstrated by ESI-MS experiments (Figure O, yield att = 400 s. (A) SIR-MS peak intensity vs reaction time;
3c), although the reaction rates are probably faster under thg*0n€liial = 15 mM, and Linias = 0.032, 0.048, 0.059, 0.11, 0.32, 0.51,
i . . . 0.75, and 0.91 mM. The solid line marks the peaks at 400 s. (B) Peak
MS conditions. These observations are consistent with intensity at 400 s of panel A plotted againglfiia. (C) EPR peak heights
mechanism wher is the active catalyst, and the depletion of the catalytic solution at 400 s plotted agairfinfiar and [0xone}isar =
of oxone leads to its regeneration. 15 mM; theg = 4 EPR signal intensity was measured by the amplitude of
. L. . . the peak ag = 5. (D) 400-nm absorbance at 400 s plotted agaitisfi.
With lower initial 1 concentrations, the catalytic 2O () [1]in the catalytic solution, as determined by its EPR peak height with

evolution rate does not decrease linearly (parts A and B of [1liiia = 0.75 and 0.075 mM. Lines in panels-® are guides to the eye.
Figure 9). In Figure 9B, the SIR-MS mass 32 peak areas at

400 s were used to estimate the relative rates,ag\@lution . . . . ) )

from O to 400 s. Because the sampling He flow is constantly concentratlor_1 ofl is not_ conS|sten_t witl2 being the active
diluting the headspace gas at a constant rate, thioS catalyst. While oxone is always in excess after 400 s, the
from the dilution at any given moment is always proportional EPR-silen2 is the majority species in the catalytic solution
to its concentration in the headspace. The mass 32 peak arefsee above) and its concentration should be proportional to
at 400 s, therefore, serves as a relative measure of the averagél]initiari- This is shown in Figure 9D, where the absorbance
turnover rate from 0 to 400 s. The observed saturation of at 400 nm is taken as a measure 2ffip solution (see the
the rate of Q evolution with an increase in the initial Supporting Information) and increases linearly withifar.
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Figure 10. Dependence ofl®O-label incorporation on [oXonglial. _ Ime after injection of oxone (min)
Showing the atomi®0 percentage (A) and yield (B) of the evolveg O  Figure 11. Dependence of the atoHO percentage of the headspace gas
against the reaction time. on the'®0OH, concentration of the reaction mixture. The upper figure shows

the atom!€0 percentage of the headspace gas vs time. The lower figure
shows the mass: 32 SIR-MS peak area vs time. The first three points of

If 2 were the active CataIySt’ thez@leld at 400 s should each data set represent the level of residual background air. [axane]

have been proportional td]nital- 1.5 mM, and Linitar = 0.75 mM.
Both the steady-state concentrationslaind theg = 4
species show saturation behavior with increasitjgif.. As 70 s by SIR-MS. This is a significant improvement over our

shown in Figure 9C, for a 5-fold drop offjiia (from 0.75 previous setup? Figure 10 shows the yield and atol¥O
to 0.15 mM), the 16-line dimer signal decreases only by percentage of the headspace f@m the catalysis in€O-
2-fold and theg = 4 signal decreases by 3-fold. The generally enriched solutions. In the case when [oxaqg]= 15 mM,
good correlation between parts B and C of Figure 9 would the first sampling (70 s) after mixing revealed a 10-fold
support a mechanism in which either of the two species is increase of the mass 32 peak over the background level but
the active catalyst. Between the two candidates gthe 4 a decrease of the atotfO percentage reading. Presumably,
species is less likely to be the active catalyst because itssignificant incorporation of unlabeled oxone O (atéf®
concentration does not correlate well with the change of the percentage estimated to be 0.2004%; see the Supporting
oxone concentration (Figures 2 and 3). A Mmonomer Information) in the evolved ©diluted the heavier back-
with a structure like3 is even less likely to be the active ground air (atont®O % = 0.204 704%) when the concentra-
catalyst because a Mnoxidation state is unlikely and thus tion of oxone is high. As oxone is depleted during the
makes the M monomer incapable of undergoing a two- catalysis, the evolved {arries an increasingly higher level
electron reaction with oxone. A8 = 3/, Mn"V trimer as of the 180 label; it mixes with the existing headspace O
discussed above, while unlikely to be the catalyst, cannot and drives the overall atoA¥O percentage up. Within any
be completely ruled out. single run, the slope of the ato®O percentage change
On the other hand, the MY , concentration correlates between any two peaks should be determined by two
with the rate of Q evolution, and its two-electron oxidation factors: (a) the involvement of water O in the evolved O
by oxone to form a reactive Mfl¥, intermediate is plausible.  during this period and (b) the dilution of this freshly evolved
Because the oxidation dfby oxone is fast and oxone isin O by the existing headspace. he latter factor explains
excess under steady-state conditions, the relativé"trand the fast initial increase of the ato®O percentage in the
MnVV, concentrations at steady state could reflect the headspace but cannot account for the leveling off of the
turnover rate of the catalysis. Ad][.iial iNCreases, most of  percentage because even by the second peak the background
Mn""V, would be turned into the catalytically inacti O, constitutes less than 2% of total headspagel@ere have
the g = 4 species, or other EPR-silent species that do not to be variations in the label incorporation from oxone and
effectively contribute to the Qevolution rate. Both parts B water during the catalysis. Consistent with this conclusion,
and C of Figure 9 show almost zero-order dependence ondecreasing the initial oxone concentration led to significantly
[1initiar When [Liniiar > 0.3 mM, strongly supporting being more 80-label incorporation into the evolved,@Figure
the catalyst. At I]inia < 0.1 mM, the Q yield of Figure 10A).

9B shows a nearly first-order dependence dfinifal, The involvement of water in the catalysis is clearly

consistent with the previously reported first-order kinetics demonstrated in Figure 11, in which all conditions were kept
in [1iniar Under the Clark electrode conditionsl]ifiia = the same except tH€O abundance of the solvent water. The

2—14 uMm).1? use of 0:4, 1:3, 2:2, 3:1, and 4:0 mixtures of labelé#(H,]/

180-Label Incorporation from Water . To study the [OH,] = 0.246 31%) and unlabeled buffer§DH,])/[OH]
involvement of water, we were able to accurately determine = 0.198 50%) as the solvent led to a smooth increase in the
the isotope ratio of the evolved,@om the catalysis within atom?*80 percentage of the headspacg @corporation of
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the 180 label in the headspace gas was observed even in theand 15 mM, respectively. A nonzero water exchange rate of
first set of data collected at 70 s after the catalysis was started MnY=0 means less involvement of the water pathway in
Because of the complex mechanism involved, #@/*¢0 all three cases.

isotope effects of the involved reactions cannot be fully

interpreted. Theoretically, a kinetic isotope effect of 0.96
would produce significantly*®O-enriched @ (*|*0 % =
0.208%) from its source’fO % of 0.200%; in our case, the

O, sources are water and oxone). Inverse isotope effects of

Conclusion

In this study, ESI-MS, UV-vis, XAS, and EPR spectros-

tion of H,0,%¢37and, if occurring in our system, would need
to be accounted for in the interpretation of the SIR-MS
results. However, with unlabeled oxone and buffé®(%

of both are close to 0.200%), the final headspageddtains
0.1997%'%0 (Figure 11). The fact that little or no fraction-
ation of O isotopes occurred suggests that eithetdBE£°0

of oxone andLl in the catalytic G-evolving solution ofl +
oxone. The major species in the catalytic solution are EPR-
silent MV species as shown by XAS, mostly M, (2).

A minor species exhibiting g = 4 EPR signal was also
observed in the catalytic solution and was assigned to be
either [MnV(terpy)Ls]* (L = H,O, OH, or OAc), based on

isotope effects of the catalytic reactions are insignificant or the spectral analogy with the previously identifigdor a 2
that the isotope effects of different pathways cancel out each+ 1 MnV trimer. A small amount of the mixed-valent

other. In any case, th&#0/*®0 isotope effect should not
contribute significantly to the observeO abundance
change in Figures 10 and 11.

The results of thes&O-labeling experiments cannot be

explained by a water-exchangeable intermediate solely o

Mn'"V , speciesl was present in the catalytic solution %%

of total Mn) and its concentration correlated with the rate of
O, evolution, suggesting a direct role in the catalysis of O
evolution. Gas-phase SIR-MS helps to precisely determine
180 isotope ratio of the evolvedJOincorporation of the

responsible for the label incorporation and its subsequentlgo label in G from solution was observed, and the extent

reaction with oxone to produce ,00n this model, the
dependence offO-label incorporation on the initial oxone

concentration requires that this intermediate exchanges

slower with water than it does with oxone. A lower oxone

concentration could lead to an increase in the average life . . . .
o presented in this work provide support for the following

of this short-lived species and allow longer time for it t

exchange with water (Figure 10). The initial higher concen-

tration of oxone also limits th&0-label incorporation, and
its depletion could then allow heavier,@ be evolved.

of label incorporation was found to be dependent on the
oxone concentration, supporting the previously proposed
competing pathway model that involves the attack of a
“MnV=0" intermediate by either oxone or water. The data

conclusions about the mechanism of &volution in the
present system: (@) &volution does not proceed through
heterogeneous catalysis by MunOr other decomposition

However, this mechanism would lead to only single-labeled Products; (b) @evolution does not solely occur via catalyzed

and unlabeled ©and, therefore, is not supported by the
significant yield of*%0, in our previous experiment.Even
if the postulated MK=O intermediate had fully exchanged
with 180H, before reacting with oxone, the evolved@ould
have contained 99.8%'0, and only ca. 0.29%%0,. In
contrast, 16+ 8% 350, was observed wher]ita = 0.75
mM and [oxon&}iar = 15 MM 12

We prefer an alternative explanation in terms of a two-
pathway mechanism (Scheme'i)yvhere the oxidation of
steady-staté by oxone was proposed to generate a *¥n

decomposition of oxone; (c) the M ,0, compoundl is

an active precatalyst in the catalytic cycle of €volution

with oxone, while the MV, oxidation state is not, and
(d) the isotope label incorporation in the evolveg) t0gether
with points a-c above, is consistent with the mechanistic
proposal in Scheme 1. Further mechanistic studies on the
catalytic Q-evolving system are being carried out.
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