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Abstract: To examine the real ability of the binuclear di-u-oxo complex [Mn,""VO,(terpy)2(H20),]*" (2) to
act as a catalyst for water oxidation, we have investigated in detail its redox properties and that of its
mononuclear precursor complex [Mn'l(terpy).]>" (1) in aqueous solution. It appears that electrochemical
oxidation of 1 allows the quantitative formation of 2 and, most importantly, that electrochemical oxidation
of 2 quantitatively yields the stable tetranuclear Mn" complex, [Mn,VOs(terpy)a(H20)2]°* (4), having a linear
mono-u-oxo{ Mn,(u-0x0),}» core. Therefore, these results show that the electrochemical oxidation of 2 in
aqueous solution is only a one-electron process leading to 4 via the formation of a mono-u-oxo bridge
between two oxidized [Mn,V'VO,(terpy).(H.0),]** species. 4 is also quantitatively formed by dissolution of
the binuclear complex [Mn,'VVO,(terpy)2(SO4)2] (3) in aqueous solutions. Evidence of this work is that 4 is
stable in agueous solutions, and even if it is a good synthetic analogue of the “dimers-of-dimers” model
compound of the OEC in PSII, this complex is not able to oxidize water. As a consequence, since 4 results
from an one-electron oxidation of 2, 2 cannot act as an efficient homogeneous electrocatalyst for water
oxidation. This work demonstrates that a simple oxidation of 2 cannot produce molecular oxygen without
the help of an oxygen donor.

Introduction Mn oxidation states in the rangedIV for the § to S stated>8
and recent resolutions at 3.8, 3.7, and 3.5 A of the X-ray

The biological generation of dioxygen from water during g ctures of PSR; ! the mechanism of water oxidation remains
photosynthesis (eq 1) occurring through photosystem Il (PSII) elusive as well as the exact structure of thesMuster.
is one of the most important and fundamental chemical processes To mimic this natural active center, many high-valent

in nature!? . .
multinuclearu-oxo bridged manganese complexes have been
N B synthesized:'213 However only few studies relative to their
2HO0— O, +4H" + 4e @) reactivity toward water oxidation have been published, and none
of them described a nonambiguous example of an active catalyst.
In PS II, this four-electron oxidation is catalyzed by the oxygen- On the other hand, some related systems based on ruthenium
evolving center (OEC) containingiaoxo-bridged manganese  complexes have been shown to be capable of oxidizing water
tetramer associated with €aand CI ions. In the proposed  to molecular oxygeA* Among these very few systems is the
catalytic cycle of Kok et al¥,based on the works of Joliot et
al.*the Mn, cluster cycles through five distinct oxidation states  (s) vachandra, V. KPhilos. Trans. R. Soc. London, Ser. B: Biol. 202

. idi i 357, 1347.
(Sstates So t0 &) Th? most oxidized one,s3is unstable a,nd (6) Sauer, K.; Yachandra, V. Kroc. Natl. Acad. Sci. U.S.R002 99, 8631.
relaxes back to Swith the release of @ However, despite (7) Yachandra, V. K.; Sauer, K.; Klein, M. Ehem. Re. 1996 96, 2927.

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

(9) Zouni, A.; Witt, H.-T.; Kern, J.; Fromme, P.; KrAuN.; Saenger, W.; Orth,
P. Nature (London@001, 409, 739.

intensive spectroscopic studies on this enzyme which proposed

T Universite Joseph Fourier. (10) Kamiya, N.; Shen, J.-Reroc. Natl. Acad. Sci. U.S./£2003 100, 98.
* Laboratoire de Biospectroftre. (11) Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; lwataS&ience
(1) Photosynthetic water oxidation: Special Dedicated Issue; Nugent, J., Ed. 2004 303 1831.
Biochim. Biophys. Act2001 1503 1. (12) Yagi, M.; Kaneko, MChem. Re. 2001, 101, 21.
(2) Mukhopadhyay, S.; Mandal, S. K.; Bhaduri, S.; Armstrong, WCHem. (13) Ruettinger, W.; Dismukes, G. Chem. Re. 1997, 97, 1.
Rev. 2004 104, 3981. (14) Deronzier, A.; Moutet, J.-C. I€omprehensgie Coordination Chemistry
(3) Kok, B.; Forbush, B.; McGloin, MPhotochem. Photobioll97Q 11, 457. II; Cleverty, J. A., Meyer, T. J., Eds.; Elsevier Pergamon: Oxford, 2004;
(4) Joliot, P.; Barbieri, G.; Chabaud, Rhotochem. Photobiol 969 10, 309. Vol. 9, Chapter 10, p 471.
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u-0xo blue dimeris,cis-[(bpy)z(H20)RU" ORU" (OHy)(bpy)]**
(bpy = 2,2-bipyridine) and its derivative¥ The mechanism
of water oxidation is highly complex, since it involves the

concentration o2 and oxone. The rate-limiting step for,O
evolution is proposed to be the formation of an@MnVO,-
MnY=0 intermediate that can exchange with water and then

sequential four-electron oxidation in aqueous solutions of the competitively react with either oxone or water/hydroxide to

aquo complex (HO)RU"ORU" (OH,) to the oxo one (&)Ru'-
ORW(=0), followed by water oxidation. This oxidation can
be achieved electrochemically or in the presence of.Ce

produce Q. Nevertheless no evidence of the existence of such
an intermediate was provided in their studies in order to confirm
the proposed mechanism.

However, in the homogeneous phase, the turnover numbers are To exclude the possibility of the participation of the oxidizing

low because of anation induced by &volution. Recently, the
first example of a dinuclear Ru complex, [(terp§).O)RU'-
(bpp)RU (OHy)(terpy)]** (terpy= 2,2:6',2"-terpyridine, Hbpp

= 3,5-di(2-pyridyl)pyrazole)), capable of oxidizing water te O
that does not contain the RUD—Ru motif was reporteéf The
redox properties of this complex are radically different from
those of the blue dimer due mainly to the absence of the Ru

agent in the oxygen atom source, experiments should be
conducted using oxidizing agents that do not contain any oxygen
atoms. Recently it has been reported that the reacti@woth

a Cedv oxidant evolved no @in homogeneous solutich.
However surprisingly, these authors report that wigis
adsorbed into Kaolin clay, the addition of a large excess #f Ce
to the resulting aqueous suspension produces a significant

O—Ru group. Indeed, the active species is the oxo complex amount of Q.

(O=)RUVRUV(=0), obtained by a four-electron stepwise
oxidation of the initial (HO)RU'RuU'(OH,) complex by an
electrochemical way or with ®& The overall performance of
this complex is remarkably superior to that of the blue dimer
due to then,in configuration of the oxo ligands and to a lower
competitive anation side reaction.

To have a better understanding of the real capabilit@ tf
act as a catalyst for water oxidation, we have investigated in
detail the electrochemical behavior @&fand 2 in aqueous
solution. Since the electrode exchanges only electrons, if some
O, evolution occurs, the source of oxygen atoms will be
undoubtedly water. We will see that the electrochemical

Concerning the manganese chemistry, Brudvig, Crabtree, andoxidation of1 allows the quantitative formation @and, most

co-workerst’ reported that @is evolved by the reaction of Mn
and Mrd" mononuclear [Mn(L)]" complexes containing the
planar tridentate ligands terpyridine £ +2, complex {)) or
dipicolinate o = —1) with potassium peroxymonosulfate
(oxone, KHS@) in an acetate buffer solution at a pH lower
than 4. This reaction produces aidioxo MV dimer as a

green intermediate. However, in the case of the dpa complex,

the formation of MnQ~ from the green species occurs
concomitantly with @ evolution causing termination of the

importantly, that electrochemical oxidation @f allows the
guantitative buildup of the stable tetranuclear'¥nomplex,
[Mn 4V Os(terpyu(H20),]¢" (4), having a linear mon@-oxo-
{Mny(u-oxo)}, core. This complex has been very recently
chemically prepared using oxone as the chemical oxidant and
crystallographically characterized as perchlorate®3alt.

In parallel we have examined the behavior of the binuclear
complex [Mn'V'V Oy(terpyk(SQy)7] (3)2°in aqueous media and
demonstrated that this complex undergoes a quite rapid evolution

catalytic process. The terpy complex is far more robust with a into the tetranuclear Mh complex4.
largely higher turnover since, in contrast to the dpa system, there  Finally, we explored the possibilities of inducing the oxidation

is no building up of Mn@~. Subsequently, the green intermedi-
ates corresponding to the [Mh"Y O,(terpyy(H20),]3" complex
(2) was synthesized and structurally characterized by their an
our group'®1® Brudvig and co-worket$ reported also tha?

of 2 photochemically.

d Experimental Section

Materials. Bidistilled water was used for electrochemistry experi-

can catalyze water oxidation when sodium hypochlorite (NaOCI) ments. The ligand 2,5, 2"-terpyridine (terpy, 99.9%, Acros), [Ru

is used as a primary oxidant. This was the first report of a di-

(bpy)](Cl)2, [CA"(NH3)sCI](Cl)2, and Na(S;0sg) (Aldrich) were used

1-0xo complex, a structural model for the manganese complex @S received. The electrolytes Nab®.SQ;, N&SQ; (Prolabo), KCk-

in the OEC, which could carry out catalytic €@ bond
formation. However, the real source of oxygen atoms fer O
evolution remains questionable. KH§&nd NaOCI are highly
oxidizing oxygen-atom transfer reagents andc@uld originate
entirely from the oxidants rather than water. To clearly identify
the source of oxygen atom&0 isotope-labeling experiments
of water with both oxidants (N&OCI and KHS®%0Os) were
carried out® The 180 atom of OCI exchanges rapidly with
180 of water making N®OCI unsuitable for KO labeling

S0s, NaCRSO;, NaClQ, (Fluka), NaCECO;,, NaBF, (Aldrich), and
KPFs (Acros) were used without further purification.

Instrumentation. Electrochemical measurements were carried out
using an EG&G PAR model 173 potentiostat equipped with a 179
digital coulometer and a model 175 programmer with output recorded
on a Sefram TGM 164 X-Y recorder.

In agueous medium, electrochemical experiments were performed
in unbuffered solutions containing 0.1 M of NabEuNNO;, Ko-

SO, NaeSOy, KCFSG;, NaCRSG;, NaCRCO,, or NaBR as support-
ing electrolytes. The pH values of the resulting solutions are comprised

experiments. In the case of oxone, this exchange is slow andbetween 3 and 4. Electrochemical experiments were also performed in

the maximum of®0, obtained is 12%, depending on the relative

(15) Binstead, R. A.; Chronister, C. W.; Ni, J.; Hartshorn, C. M.; Meyer, T. J.
J. Am. Chem. So00Q 122 8464.

(16) Sens, C.; Romero, |.; Rodriguez, M.; Llobet, A.; Parella, T.; Benet-
Buchholz, JJ. Am. Chem. SoQ004 126, 7798.

(17) Limburg, J.; Brudvig, G. W.; Crabtree, R. H. Am. Chem. Sod 997,
119 2761.

(18) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.; Crabtree,
R. H.; Brudvig, G. W.Sciencel999 283 1524.

(19) Collomb, M.-N.; Deronzier, A.; Richardot, A.; Pecaut,New J. Chem.
1999 23, 351.

(20) Limburg, J.; Vrettos, J. S.; Chen, H.; de Paula, J. C.; Crabtree, R. H.;
Brudvig, G. W.J. Am. Chem. So@001, 123 423.

buffered terpy/terpyH (the total concentration [terpyf [terpyH'] was
0.005 M) aqueous solutions containing 0.1 M of,8@&. The most
clearly defined cyclic voltammograms were obtained with Ng&iB;

or NaBF, as an additional supporting electrolyte. The Ag/AgCIl/3 M
KCI was used as the reference electrode. The potential referenced to
that system can be converted to the SCE by adding 20 mV. Working
electrodes for cyclic voltammetry and exhaustive electrolysis were,
respectively, a vitreous carbon disk (3 or 5 mm in diameter) carefully
polished with diamond paste and rinsed with ethanol before each

(21) Yagi, M.; Narita, K.J. Am. Chem. So2004 126, 8084.
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potential run and a carbon felt piece (X010 x 4 mn?®; RCV 2000
from Le Carbone Lorraine). Previous attempts to examine the cyclic
voltammogram with a platinum working electrode in this medium failed
owing to the large background current from the competing oxidation
of water.

X-band electron paramagnetic resonance (EPR, 9.4 GHz) spectra
were recorded with a Brucker ESP 300 E spectrometer between 100

and 170 K, with the following parameters: microwave 1 mwWw,

modulation amplitude 0.197 G, time constant 327.68 ms, scan rate 1342

s, scan width 8 G, modulation frequency 100 kHz. Low-temperature
EPR spectra (from 4 to 77 K) were recorded on an X-band Bruker
EMX spectrometer equipped with an Oxford Instruments ESR-900
continuous-flow helium cryostat and an ER-4116 OM Bruker cavity.

UV —visible spectra were obtained using a Cary 100 absorption

spectrophotometer on 0.1 or 1 cm path length quartz cells. The
electrospray ionization mass spectrometry (ESI-MS) experiments were

performed on a triple quadrupole mass spectrometer Quattro Il
(micromass, Altrincham, UK). The ESI source was heated t6®0
The sampling cone voltage was set to 15 V. Complexes in solution
(2.5 to 3 mM in HO) were injected using a syringe pump at a flow
rate of 10uL min~'. The electrospray probe (capillary) voltage was
optimized to 2.3 kV for positive electrospray. IR spectra were recorded
on a Magna-IR TM 550 Nicolet spectrometer.

Irradiation. The irradiation experiments have been performed using
a mercury lamp (Oriel 66901) (250 W) whose UV and IR radiation
was cut off with filters. The aqueous solutions (pH 3) were constituted
by a mixture of [RU(bpy)]?" (1 mM), [Mn"V Oy(terpyp(H20)z] 3+
(1 mM), and [Cd'(NH3)sCl]?" or S0¢2~ (15 mM). With SOg?~, the
aqueous solution was buffered with 0.1 M CIAcOH/CIAcO

Synthesis.The complexes [M#""V O,(terpyh(H20):](NOz)3:6H,0
(2‘(N03)3‘6H20), [anlv'lv Oz(terpy)g(SO4)2]-6H20 (3'6H20), and
[Mn 4" Os(terpy(H20)2](ClO4)6:3H,0 (4+(ClO,)6-3H,0) were prepared
according to the litteraturé: 20 22

[Mn'"'(terpy)2](NO3). (1). This complex was obtained according to
a method similar to that described previously for the synthesis of {Mn
(terpy)](BF4)2, except that Mn(NG).:4H,0 was used instead of Mn-
(O,CCH;)*4H,0. A solution of 0.065 g of Mn(Ng)»*4H,O (0.25
mmol) in 2.5 mL of HO was added to 0.117 g of terpy (0.5 mmol) in

Scheme 1. Formation of [MnsVOg(L)e]*" by Electrochemical
Oxidation of [Mny""VO,(L)4]3* (L= bpy or phen) in Aqueous
Buffered Solutions at pH 4.5 (L/LH" 0.05 M) (E = Electrochemical
Step, C = Chemical Step)
~ON
mn
2[(L),Mn o~

E -e‘“+e‘

o
2 [(L)2Mn'V<O>

C +2 Hzoﬂ

L),MnV __
LMY

MnIV(L)Z] 3+

MnIV(L)Z] 4+

/MnIV(L)Z 4+

o\

|_o
Mn'V MnV(L) +4H + 2L

O\
L o
phenanthroline)) complex&s2> containing two bidentate ni-
trogen ligands L per manganese instead of a tridentate one. For
these complexes, aggregation implies the decoordination of one
ligand L per dimer and the interaction with water to produce
the stable tetranuclear complexes [Mi®Dg(L)g]*" (Scheme 1).

As previously reported? 2 is soluble and stable for several
hours in aqueous solutions in the presence of terpyridyl buffer
at pH 4 (for pH> 4, the terpy ligand precipitates in solution)
but also in unbuffered pure water at pH between 3 and 4.5.
The electrochemical properties band2 have been investigated
in unbuffered aqueous solutions at pH 4 containing 0.1 M of
supporting electrolyte such as nitrate (NalN@ E4NNOg),
sulfate (KSO, or N&SQy), trifluoromethanesulfonate (KGF
SO; or NaCRSO0;), trifluoroacetate (NaCJEOy), or tetrafluo-
roborate (NaBE). The presence of these electrolytes does not
affect the stability oR. 1 and2 are not soluble in the presence
of perchlorate (NaClg) or hexafluorophosphate anions (KfPF
Moreover, to stabilize the pH of solutions during exhaustive

2.5 mL of acetone. The resulting yellow solution was stirred for 15 electrolyses, the electrochemical behavior of these complexes
min and filtered to remove any impurities and then concentrated by has been also studied in the presence of 0.005 M terpyridine
rotary evaporation in a vacuum to obtain a yellow precipitate. The buffer at pH 4 containing 0.1 M N&O,. At a vitreous carbon

yellow solid was filtered off, washed with diethyl ether, and then dried e|ectr0de' the none|ectr0activity of the aqueous solutions are

in a vacuum. Yield: 0.174 g (70%).

IR in cm™ (KBr): v = 3444 (m); 3056 (w); 2921 (w); 1598 (s);
1577 (m); 1479 (m); 1454 (s); 1439 (s); 1384 (s); 1338 (vs); 1247
(m); 1190 (w); 1161 (m); 1091 (w); 1012 (s); 828 (w); 772 (vs); 650
(m); 638 (m); 517 (w); 490 (w); 425 (w); 401 (w).

Results and Discussion

I. Electrochemistry. The electrochemical oxidation of
[Mn2"V Oy(terpyk(H20)2]%" (2) (and also [MH(terpy)k]?t (1)
via 2; see further in the text) can a priori lead to two kinds of

species. In the first case the formed species contains Mn with

the +V oxidation state and a terminal oxo group instead of an
aqua one, as suggested by Brudvig and co-workeis29The
electrochemical behavior &in this case should be somewhat
reminiscent to that of the [RU" O(bpyu(H20)z]%" complext®
The other possibility involves the formation of a high nuclearity
oxo manganese complex building from aggregation of the
electrogenerated [MYV Ox(terpyy(H20)z]*" species in a close
fashion to what was observed previously for the electro-
oxidation of the [Mn""VOy(L)43" (L= bpy, phen (1,10-

(22) Chen, H.; Faller, J. W.; Crabtree, R. H.; Brudvig, G. W.Am. Chem.
So0c.2004 126, 7345.
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in the range—0.5 to 1.3 V vs Ag/AgCl/3M KCI.

A. Electrochemical Behavior of [Mn "V Ox(terpy)»(H20)a]-
(NO3)3'6H20 (2). In a preliminary work® we have shown that
the cyclic voltammogram (CV) o2 in H,O containing 0.1 M
NaNQ; exhibits a well-defined irreversible reduction peak at
0.64 V vs Ag/AgCIl/3 M KCI and a poorly defined oxidation
system characterized by a shoulder located at around 1.10 V.
The shape of these later electrochemical signals strongly depends
on the nature of the supporting electrolyte probably because of
some adsorption phenomena at the working electrode surface.
Figures 1 and S1 show the CVs ®in the presence of 0.1 M
KCF3;S0O; and NaBHR, respectively.

Table 1 summarizes the redox potentials2oin aqueous
solutions containing 0.1 M of the different supporting electro-
lytes. In 0.1 M CESQO;™, the irreversible reduction peakEpcY
= 0.64 V (Figure 1A) is well-defined as in 0.1 M NO. A
poor resolution of this peak is observed in the presence of other

(23) Collomb Dunand-Sauthier, M.-N.; Deronzier, A.; Pradon, X.; Menage, S.;
Philouze, CJ. Am. Chem. S0d.997 119, 3173.

(24) Collomb Dunand-Sauthier, M.-N.; Deronzier, A.; Piron, A.; Pradon, X.;
Menage, SJ. Am. Chem. Sod.998 120, 5373.

(25) Collomb Dunand-Sauthier, M.-N.; Deronzier, A.; Piron. JAElectroanal.
Chem.1999 463 119.
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Table 1. Electrochemical Data of 1, 2, and 4 in H,O Containing P,
0.1 M Supporting Electrolytes (Anions BF4~, CF3SO3~, NO3™,
CF3CO,7, or SO427), v=20mV st
Eud, (Eps" EpN EpiN A [
[anIH"VOZ(terpy)z' MI«IZHI,\VO2 = an\l\‘lvo2 = . 7
(Hzo)2]3+ (2) an\v,\\/o2 — MnA\VO5 anHLHIO2 — MnH r P - = - )
BF4~ 1.05 (1.09; 0.99) 0.410.52 0 0.5 EN
CRSGs™ 1.05(1.11; 1.00) 0.64 vs Ag/AgCl
NOs;~ -(1.104 1.02) 0.53-0.64
CRCOy~ 1.04 (1.10; 0.99) 0.64 P,
SO2- - (1.05% 0.95) 0.58 2
EpiIV
Mn"=> Mn!l— anm.l\/oz B I: 2 pA b 7 paS
[Mn' (terpy}]2 (1) 0.87 © R
T T T re
. 0 0.5 /g1 EN
[Mn,"Os(terpy)a(Hz0)a*" (4)" MngY0s — Mn,"VO, P2 °
BF4~ 0.91
CRsSOs~ 0.89
NOs;~ 0.82
CRCO 0.82-0.86
SO2~ 0.82
aShoulder? The HO ligands of4 can be substituted by anions present 5 EN;

in solution.

electrolytes such as BF (Figure S1) and Sg3~ that appears
generally at a less positive potential (from 0.58 to 0.41 V, Table
1). This reduction peak leads to the formation of the mono-
nuclear compled as the final product. The formation &f on

the time scale of the CV, is clearly evidenced in 0.1 V;€6;~
(Figure 1A) by the presence on the positive reverse scan, of a
low intensity irreversible oxidation peak &ps® = 0.87 V,
typical of the oxidation of this complex (see section I.C).

On the other hand, as in 0.1 M NQ the shape of the Figure 1. Cyclic voltammograms at a vitreous carbon electrode (3 mm of

oxidation system of remains poorly defined in the presence gjameter) in HO + 0.1 M KCFsSO; at pH 4 of (A) (- - -) electrolytic
of anions such as GEO,~ and SQ?%". In contrast, with 0.1 M solution and €) 2.6 mM [Mny""V O,(terpyk(H20)2]3" (2), sweep ratey

CFRsSO;~ or BF4~ (Figures 1A, B and S1), a partially reversible f250 @V 5’1210(*3)\7 = (20 mvV s, a”df (chsaﬁl‘ﬂf EXhaUStiV_e_QXIidatiIO” 6}‘
_ . 1 — . . U= mV s+ (consumption of 2. electrons per initial molecule

one-electron wave is clegrly observed@xz 1.05 V. This f o

wave has been nonambiguously assigned to a one-electron

p."

exchange process by comparison of the fMH Oy(L)]*" the exhaustive oxidation requires 5 electrons) and a pronounced
oxidation wavés 2 which exhibits a close intensity in the same  color change of the solution from green to red is observed. The
experimental conditions and corresponds to the,'MhO,/ CVs recorded at the end of the electrolyses show the disap-

Mn V'V O, redox couple. This is confirmed by exhaustive pearance of the partially reversible oxidation waveEgs! =
electrolysis experiments (see further in the text). The reversibility 1.05 Vv, and the increase in intensity of the irreversible reduction
of the oxidation wave o increases with the scan rate (Figure peak p2 while the irreversible peak atppersists (Figures 1C
1A, B and S1). In parallel, on the reverse scan, a new cathodicand S1, Table 1). This red oxidized species has been identified
peak, %, appears at a less positive potentigpf = 0.89 V as the tetranuclear comple with a linear MnOs core as
(Figure 1A, B) and 0.91 V (Figure S1)), and its intensity demonstrated below.
decreases as the scan rate increases. A similar behavior is Equation 2a summarizes the overall process of the electro-
observed in HO containing 0.1 M N@~, CRCO,~, and SQ*~ chemical oxidation oP:
although the oxidation wave appears less defined. These
observations indicate that the one-electron oxidized fori®, of 1,1V 3+ .8
M2V Oyterpyp(H20),] 4", is only moderately stable and is 2 [Mn; = Oy(terpyh(H,0)™ 5
chemically transformed into a new species that is reduced at a [Mn4'vO_r,(terpy)zl(HZO)z]6+ +2H" + HO+2e (2)
slightly less positive potential (reduction peak)p

To fully characterize the respective final products issued from It appears that the electro-oxidationiieads to the aggregation
the oxidation and the reduction @ exhaustive electrolyses of two electrogenerated [MY-"Y O,(terpyh(H20),]*" species
have been carried out. Controlled potential electrolyses at 1.20(Scheme 2(b, c)) and not to the formation of a species containing
V of 2 aqueous solutions, whatever the electrolyte is, corroboratea terminal oxo group. The aggregation involves the formation
the instability of the [Ma"V"V O,(terpyp(H.0),]2" species. After of one bridgingu-oxo anion between two [M#Y:"Y Oy(terpy)-
the consumption of about-23 electrons per molecule @f the (H20)2)*" species (eq 2). The oxo bridge results from on®H
current is almost equal to zero (in the presence of 0.1 MTBF  ligand deprotonation. Obviously one or two terminal aqua group

J. AM. CHEM. SOC. = VOL. 127, NO. 39, 2005 13697
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Scheme 2. Interconversion for Mono- (1), Bi- (2, 3), and
Tetranuclear (4) Terpyridine Complexes in Aqueous Solutions (E
= Electrochemical Step, C = Chemical Step)

Absorbance

0 Ll L} T Ll T L
400 500 600 700 800 900
A (nm)
1.6 1
1.21
[0
(&)
C
®
2 0.81
o
+3/2H,0, - H* 8
250, <
0.4 1
0 a
300 400 500 600 700 800
A (nm)

Figure 2. UV —visible absorption spectra changes during electrolysis of a
. . . 2 mM solution of2 in H,O + 0.1 M Na,SOy: (A) (a) initial solution; (b)
of 4 can be substituted by anions coming from the electrolyte. after oxidation of (a) at 1.20 V (0.5 electron consumed per molecu®; of

This phenomenon has been neglected in eq 2 for simplification. (c) 1.3 electrons; (d) 3 electrons= 1 mm; insert: solution (a) and (d)
Electrochemical and spectroscopic characteristics of theseWith | = Il_ICT- 1(5) (@) and (d) diluted solutions (A)(@) and (A)(d),
resulting oxidized solutions are identical to those of an authentic respectivelyl = 1 mm.
sample o#4, prepared as described in ref 22, in the same media.
For example, in KO containing 0.1 M KCESG;, the CV of4
between 0 and 1.3 V shows only two successive irreversible
reduction peaks located &p2 = 0.89 V andEp.t'= 0.64 V,
corresponding, respectively, to the reductiortaiito 2 and to
the reduction of, formed at the time scale of the CV, info
(Figure S2). As indicated in Table 1, the reduction potential of
4 is not exactly the same according to the nature of the anions
(comprised between 0.82 and 0.91 V). However, due to the
strong adsorption phenomena at the working electrode observe
during the CV recording, this shift in potential cannot be
considered as proof of the substitution of thgCHigands of4
by anions present in solution as supporting electrolytes.
The 2 oxidized solutions are stable for several hours. Their
X-band EPR spectra recorded between 4 and 170 K consist of
a very weak 16-line signal corresponding to a small amount of

(MLCT) bands from oxo ligands to Mhion. The band located
at 553 nm corresponds to a-d transition of M#" ion, and
that at 654 nm can be ascribable to an MLCT band of the oxo
to the MrlY ion.1926|dentical spectra are obtained in the presence
of the different supporting electrolytes suggesting that the labile
H,O ligands of 2 are not replaced by anions but remain
coordinated to the manganese ions. During the electrolysis at
1.20V, a new intense visible band appears progressively at 477
OEm (Figure 2A(a-d)). This band, responsible for the red color

f the solution, can be assigned to the contributions of¥Mn
d—d transitions and an MLCT band of oxo ligands to 'Nin
The final absorption spectrum (Figure 2A(d) and 2B(d)) presents
three bands at 275, 324, and 477 nm and two shoulders at 650
and 780 nm. This spectrum is closely superimposable with that
of a chemical sample ef (1 mM) in the same electrolyte, which
NS ; o . . . demonstrates that the transformation is quasi-quantitative. In
2 remaining n solution. Th|232 is consistent with the formation the presence of other electrolytes, the spectra are similar, except
of the EPR. silent compleA. . ) that theAmax value of the visible band slightly varie(ax =

Figure 2 illustrates the UVvisible absorption spectra changes 473 nm (BR-), 478 (CRSOy), 478 (NQ-), 475 (CRCOy)
during the electrochemical oxidatiori @ 2 mM solution of2 and 477 (SQ?") for 2 mM initia,l solutions o,f2). This indicatés

glreizr?s%?:ttiirigﬁo(\)/é i\r/l]eNipogc;reTje f(i)nlitriag;np desc'[lz)ucrgtg; t;te 275 either a substitution of some,B ligands of4 by anions or the
. ~"“formation of ion pairs between the hexacationic spediasd
330, 553, and 654 nm (Figure 2A(a) and 2B(a)). The absorptions P P

bet""‘??” 380 and 500_ nm are ascrlbed_to contributions-af d (26) Gamelin, D. R.; Kirk, M. L.; Stemmler, T. L.; Pal, S.; Armstrong, W. H.;
transitions of the MIY ion and metal to ligand charge-transfer Penner-Hahn, J. E.; Solomon, E.Jl. Am. Chem. Sod.994 116, 2392.
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the anions of the electrolyte (see section I1.A). It should be noted one L ligand per binuclear and the formation of two oxo bridges.
that the absorption spectra df are also close to those of Inthe case of (Scheme 2(c)), the aggregation of [MfiY O,-
[Mn4VOg(L)g]*" (L= bpy or phen) that present equally an (terpyk(H.0),]*" to form 4 should be easier and faster since
intense band at 425 nm (Mhd—d transitions) and two  the process does not need a decoordination of a terpy ligand
shoulders at 670 and 780 25 and involves the formation of only one oxo bridge between two

Moreover, a comparison of the initial and fully oxidized binuclear entities. In addition, the formation of this oxo bridge
solutions absorption spectra in the UV region (Figure 2B) is facilitated because the [MM! Ox(terpyp(H20):]** species
indicates that the oxidation &f and the following chemical ~ already contains agua groups in its coordination sphere. In a
reaction does not lead to release of terpy ligand in solution. Similar way, the easier reduction df(Ep:? = 0.82-0.91 V,
Indeed, the UV band at 275 nm is not shifted after oxidation, Table 1) compared to [M# Og(L)e]*" (Epc = 0.40 V (bpy)
whereas that located at 330 nm is slightly shifted to 324 nm. In and 0.48 V (phen)) should be due to, as well as in the case of
addition, the intensity of these two UV absorption bands is their formation, the difference in terms of kinetics of the
similar for the two spectra, in accordance with two compounds chemical reactions coupled to the electron transfer. Indeed, in
structurally related and with the quantitative formatiordof the case of, the electrochemical regenerationzifplies only

It should be recalled that, theoretically, the formation of a & double protonation of the monoexo-bridge, while, for
Mn'Y species by electrochemical oxidation ®finvolves the [Mn4Og(L)e]*", a double protonation of twe-oxo-bridges and
exchange of only one electron per molecule (eq 2a). Experi- & coordination of one L ligand per dimer are required. In
mentally, as previously observed for the electrochemical oxida- @ddition, 4 is quantitatively reduced int@ by an exhaustive
tion of [Mn2""V Ox(L)4]3" in agueous solutions, for instance, reduction at controlled potential, aqd '[h.IS reductlon involves
two to five electrons are required to oxidiza 2 mMsolution only one-electron per molecule of dlmerlc unit formed. In the
of 2. The observed excess of coulometry is due to a slow, case of the bpy and phen complexes, sincefMNO,(L)4]*"
competitive direct oxidation of the electrolyte or water at this @nd [MnVOg(L)e]*" complexes are irreversibly reduced at
potential as it has been established by separate experiment§imilar potentials (about 0.4 V), the_[M'H"V Oy(L)a]%* com-
conducted in the absence @f The excess of coulometry plexes cannot be regenerated selectively by electroreduction of
observed depends also on the initial concentration of the [Mn4'V06(L)6]4+.23*2§ ] ]
complex as well as the nature of the supporting electrolyte. [t ~ Controlled-potential exhaustive reductions at 0.55 V of 2 mM
is larger when B is used compared to GEO;~, SO, and solutions of2 in H,0, containing 0.1 M of either N©, SQ2-,

NO;~ and increases when the concentratior i lower than O CRSO;~ anions, consume one electron per molecul@.of
2 mM. In 0.1 M NO;~ or SO~ the electrochemical and spectroscopic

features of the reduced yellow solutions are identical to those
obtained from a chemical sample bfin the same media (see
section I.C). In the presence of €305, the electrogenerated

At the end of the electrolyses of 2 mM solutions )fthe
pH is about equal to 2.6. The decrease of the pH (initially of 4)
indicates the release of protons in solution. This can be attributed S ) .
to the competitive oxidation of water (a decrease of pH is also complexl_ preclpltateszl_n solutlon._ The (.:VS of _the reduced
observed after electrolyses conducted in the absence of dimer)so!u“o_ns inN@~ or SQ ghow mainly an _|rreverS|bIe (broad)
and, in addition, to the formation of oxo bridges between two oxulj”atlon peak aroundtp,” = 0.87 V. a33|gneq o the Mn.
or several [MaVVOy(terpyp(H20)]4" dimers. As will be Mn"" redox couple ofl. The formation of this complex is

discussed in detail in section Il, a decrease of pH is also observea‘:omt',rmed by the absorpF lon spectrum (.)f the glectroreduced
when3 is dissolved in aqueous solutions. solution that shows the five characteristic bVisible bands

By another way, the reduction af returns back (2, as of 1 at 265, 275, 283, 322, and 334 nm (Figure S3). The amount

. . ) of 1 formed is estimated to 2 mM using tlkevalues of those
attested by the presence on the CV of the irreversible peak p bands determined from a chemical sampleloAn insoluble
of 2 that follows p? (Figures 1C and S1). This assumption has brown side product is also formed in solution during the
been verified by a controlled-potential reduction of the oxidized electrolyses and probably corresponds to an undefined manga-
red solution at 0.85 V. As judged by the electrochemical and nese oxide species, noted (M@,), as observed during the
spectroscopic analysis of the soluti@ns quantitatively restored 0 equction of t,he [MAY O,(L) 43 (L = bpy; dmbpy)
after the consumption of only one electron per initial molecule ’

) and [Mn""V Oy(terpy(CRCO,)2] " complexes in CHCN 27:28
of 2 regardless of the anion used as electrolyte (eq 2b). These results show that the initially formed [MA! Ox(terpy)-

All these results are evidence that the electrochemical (H,0),]2* species is unstable and disproportionates td kind
behavior of2 is basically the similar to that of [M#"!Y O,- Mn'V species (eq 3).

(L)4]®" (L = bpy and phen), the main difference being the
markedly lower stability of the corresponding MV O, species v 34, - & I o
in the case o due to a faster evolution into a tetranuclear [Mn, ™ Oyterpy)(H,0),1™ + e ) [Mn™(terpy),] = +
species. Indeed, at the same scan rate, the redox system (Mn'VOZ)X-i-Z H,O (3)
M"Y O./Mn, V'V O, appears much less reversible for the terpy

com_plex than _those of the bpy and phen ones and at a Iess’The brown precipitate is not redissolved during reoxidation of
positive potentiali,, = 1.05V (terpy), 1.16 V (bpy), and 1.15 the solutions at 0.80 V, and as a consequence, only 48% of

23—-25 i i
V. (phen)). Thesg @fferences can b? explained by the g\ ogiored. The pH of the unbuffered aqueous solutions slightly
kinetics of the dimerization process following the one-electron

oxidation of the Ma"""V species, which is faster in the case of (27) Collomb-Dunand-Sauthier, M.-N.; Deronzier, A. Electroanal. Chem.
v ati 1997, 428, 65.

the terpy complex. Indeed, the . dimerization pFOCFT‘SS of (28) Baffert, C.; Collomb, M.-N.; Deronzier, A.;'Baut, J.; Limburg, J.; Crabtree,

[Mn2V'V Oy(L) 44+ (Scheme 1) requires the decoordination of R. H.; Brudvig, G. W.Inorg. Chem2002 41, 1404.
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changes during these sequential electrolyses. It increases from
3.7 to 5.3 after the exhaustive reduction and returns to 3.6 after
the exhaustive reoxidation.

B. Electrochemical Behavior of 2 in Aqueous terpy/
terpyH ™ Buffered Medium (pH 4). The CVs of 2 in an
aqueous 0.005 M terpy/terpyHouffered solution containing
0.1 M NaSO, appear poorly defined due to the strong
adsorption at the working electrode surface of the uncomplexed A [4 HA
terpy ligand. Controlled potential reduction and oxidatior2of Ps’
in this solvent lead also to the formationlbénd4, respectively.
1is produced quantitatively by an exhaustive reduction at 0.20
V (2.8 electrons consumed per molecule 2)f due to the

presence of free terpy ligands in the solution (eq 4a). T = ® ! EN>
n,Iv 3+ + P’ vs Ag/AgCI
[Mn, ™" O,(terpy),(H,0),]°" + 2 terpy+ 4 H" + o
_ a
3e = 2[Mn'(terpy)]*" + 4 H,0 (4)
The overall chemical process is obviously reversible as dem- [
onstrated by a subsequent oxidation of the reduced solution at B [4 WA

1.00 V (three electrons consumed per initial molecul2)ahat
restores quantitativel$ (eq 4b).4 is also quantitatively obtained
by an exhaustive oxidation @fat 1.20 V. The visible absorption
spectrum of the fully oxidized solution is identical to those T >
. —r
P!

o4

obtained in nonbuffered solutions with an intense visible band EN

located at 477 nm and two shoulders at 650 and 780 nm. The

initial solution pH of 4 decreases to 3.7 after oxidation and ,

increases to 4.3 after reduction. The relative stabilization of the P’

pH of the aqueous solution during electrolyses and the presence\‘;igtelgeug- . ;ﬁg'ﬂggﬁmo%ﬁﬂsegrf anr rr?-lo fMANaisr% prl'&'m:r 4) ata

of an excess of terpy do not prevent the formatiorof (1), (B) after exhaustive ox(idation a 0.85 ‘3/;: (20) mv sl PyXl
C. Electrochemical Behavior of [Mn' (terpy)2]?" (1) in

Agueous Solutions. Ican be formed in situ by simple mixing 1

of 2 equiv of terpy ligand with 1 equiv of Mit cation in HO

at pH 4 containing 0.1 M NaNgor NaSOy (1 is poorly soluble

in the presence of GBG;™). The visible absorption spectrum

[O]
of the yellow pale solution (not shown), as well as its CV, is §
identical to a synthetic sample dfin the same electrolytes. Xe!
Figure 3 shows the CV df that exhibits no reduction peak but § 0.5
a broad oxidation peak arounBips® = 0.87 V (shoulder) <

corresponding to the metal oxidation process''#n'"'. The b
irreversibility of this oxidation process is due to the formation
of 2. This is evidenced, on the CV time scale, by the presence

of the shoulder at 1.10 V, typical of the oxidation®&nd, on 0 . : . i . ,
the reverse scan, by the presence of the two irreversible peaks 400 500 600 700 800 900
at Ep22 = 0.86 andEp’ = 0.57 V corresponding to the A (nm)

reduction of its oxidized product) and to its reduction intd, Figure 4. Visible absorption spectraf@ 1 mM solution of1 in H,O +

respectively. A controlled-potential oxidation of a 1 mM solution 0.1 MN&SQ, (pH = 4): (a) initial solution; (b) after exhaustive oxidation
of 1 at 0.85 V consumes 1.5 electrons per initial moleculé of of (a) at 0.85 V (.5 electrons consumed per molecul&)of

and furnishes a green solution that exhibits the spectroscopicyinil and Mrv species. The M formed probably reacts with
and electrochemical characteristics of a solutior2 ¢Figures another MH' to form the dix-oxo MV species via release

3and 4). The amount dfis estimated to 0.48 mM (yield 96%)  of one terpy ligand, and interaction with water (eq 5, Scheme
using thee value (585 M1 cm™1) of its visible absorption band 2(a)).

at Amax = 653 nm. The reaction mechanism for the formation
of 2 is probably similar to that proposed for the formation of 2 iMn" 2% 4o
[MN"IV Oy(L) 4]3" in CH3CN?® or in H,O%3725 from electro- [Mn” (terpy)] 50 b

chemical oxidations of the corresponding [Mh)s]?>* com- Mn,"V O,(terpy),(H,0),]°*" + 2 terpy+ 4 H" + 3 € (5)

plexes. The process involves the disproportionation of the

unstable one-electron oxidized form bf [Mn"' (terpy)]3* to This oxidation at 0.85 V induces only a weak decrease of the
pH of the solution (4 to 3.78) because the protons release during

(29) Morrison, M. M.; Sawyer, D. Tlnorg. Chem.1978 17, 333. the reduction partially protonate the terpy ligand. The presence
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1.0 478 nm changes of a 1.2 mM solution & in HO containing 0.1 M
N&SO, over 2 h. The entire dissolution &fis achieved after
o 0.8 5 min. The absorption spectrum ®thows then two UV bands
e at 278 and 320 nm, three shoulders at 340, 406, and 548 nm
S 0.6- and one visible band at 651 nm as previously obset&dhfter
§ 5 min, the formation of4 is evidenced by the progressive
£ 044 406nm increase of the visible absorption band at 478 nm to the
detriment of that at 651 nm and the shift of the band at 320 to
0.2 324 nm. The maximum absorption of the band at 478 nm is
548 nm reached after abo@ h under stirring, and almost no change of
0 T T T T 1 intensity is obtained after several hours as for the electrogen-
400 502 (nm6)00 700 800 erated species. The similarity of this final YWisible spectrum
3.0 278 nm to those obtained by an electrochemical oxidatior? afr by
the dissolution of a chemical sampledat 0.6 mM attests the
o 320 nm guantitative formation ofl. .
S o A. I_Effects of the_C_oncentratlor_1 of 3 and of the Pre_sence
g~ of Anions on the Visible Absorption Band of 4.To estimate
§ the effect of the complex concentration and the influence of
2 the nature of the anions present in solution on the shift of the
1.01 visible absorption band located around 478 nM,@& has been
dissolved at concentrations comprised between 1 and 5 mM in
pure water or in the presence of WO SQ;, or CRSO;~ at
0 0.1 M. The formation o# has been followed by U¥visible

300 400 1 500 600 700 800 absorption spectroscopy. Figure S4 exhibits the final spectra
(nm) obtained in these different conditions. In all casds,is

Figure 5. Time resolved UV-visible absorption spectra of 1.2 mM ikt ; i iai ;
[Mn2V:V Oy(terpyk(SQy)7] (3) in H20 + 0.1 M N&SO; during the formation quantlt?tlvellytm;:]ed' Th(te_tlntegs(;t_y Oflth(; V.ISIbll(le tt;]and Isdwe”
of 4 (A) initial solution after (a) 5 min; (b) 15 min; (c) 20 min; (d) 25  Proporuonal 1o the quanttly Ob dissolved In all the media

min; (e) 35 min; (j 1 h 10min; (g) 2 h with| = 1 mm. (B)(a) and (g), studied. It can also be noticed that when the concentration of
solutions (A)(a) and (g), respectively= 1mm. the complex increases, the resolution of this visible band is
improved and itdmaxis shifted toward a higher wavelength. In
addition, the nature of the anions present in solution affects the
AmaxVvalue. For instance, at 5 mM concentrations, thg values
obtained are comprised between 474 and 482 nm. Moreover,
addition of anions such as NO or CRSO;~ (0.1 M) to a
solution of4 in pure water (obtained by dissolution of 5 mM
solution of 3) leads to a rapid shift (few seconds) of thgax
located at 474 nm toward 482 and 478 nm, respectively. These
results clearly show that the anions present in solution interfere

amount of 1 after the consumption of three electrons per with 4, by formation of ion pairing and/or by the substitution
molecule of2 (eq 5b) of some anions to the peripheral metalsdof

I1. Dissolution of [Mn 2!V Oy(terpy)2(SOs)2]-3H20 (3) in The formation of4 from 3 is accompanied by the release of
Aqueous Solutions. 3s only poorly soluble in water, and its ~ One proton, and, at least, of one £Oper 2 (eq 6). Experi-
dissolution is improved starting from crystals carefully ground. mentally we observe a pH decrease during the formatioh of
Dark-green solutions o8 in pure water or in the presence of This pH decrease is also well proportional to the initial
0.1 M supporting electrolytes (anions NQ SQ2~, CRSO;™, concentration of3 (ranging from 1 to 9 mM). For each
CFRCO,, or BR;") are only stable a few minutes and then lead concentration, after the quantitative formatiordpthe number
progressively to red solutions showing similar spectroscopic and of protons released is close to unity per oBedimer in
electrochemical characteristics to those obtained by an electro-accordance with the formation of the tetranuclear species. These
chemical oxidation of2. These observations show thatis results are in accordance with the fact that no change of pH is
spontaneously converted intbin agueous solutions (Scheme observed after dissolution of a chemical samplé af different
2(d)). Equation 6 summarizes the global process knowing that concentrations (from 0.25 to 1 mM) in water containing 0.1 M
it is possible that some S& anions remain coordinated to the  supporting electrolyte such as NOor SQ2-.
manganese in terminal positions or that other electrolyte anions  As expected, all solutions exhibit no EPR signal.
substitute the aqua ligands:

of terpy ligand in solution and, in addition, 0.1 M $O anions
as supporting electrolytes are responsible of the poor resolution
of the CV of2 (Figure 3B). Obviously4 can be quantitatively
generated by a further oxidation at 1.25 V of the oxidized
solution of2 or by a direct oxidation of a solution dfat 1.25
V.

The dimerization reaction (eq 5a) is an overall reversible
process. A subsequent controlled potential reduction at 0.45 V
of the electrogenerated solution@festores entirely the initial

B. Electrochemical Properties of [Mnp'V''V Oy(terpy),-
VIV . (SO4)7] (3) in Aqueous Solution.The formation of4 has also
2 [Mn, " Oterpy,(SQy),] + 3 H,O been followed by electrochemistry. The CV of the initial solution
Mn Y Og(terpy),(H,0),]°" + 2 H" + 4 SQ? (6) of 3 in H,O containing 0.1 M KCESQO; shows only one
irreversible reduction peak &p; = 0.66 V showing thaB is
Figure 5 illustrates the U¥visible absorption spectral reduced at a potential close to thatd{Figure 6A).
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Figure 6. Cyclic voltammograms at a vitreous carbon electrode (3 mm of
diameter) in HO + 0.1 M KCRSG; of (A) 1.2 mM of [MnV-V O,(terpy)-
(SOy)7] (3), (B) after 2 h (quantitative formation o) and (C) after
exhaustive reduction of (B) at 0.90 V (quantitative formatior2pfy = 50

mV s

A [2pa

100

Relattive intensity

o

-

o

o
)

Relattive intensity

o

721.0

After 5 min, the appearance and the progressive increase of
a reduction peak dp?= 0.86 V corresponding to the formation
of 4, followed by the reduction peak &p.!= 0.64 V of 2
(issued from the initial reduction @f), is observed. After 2 h,
the transformation intat is total (Figure 6B), and the CV
obtained is similar to that obtained by electrochemical oxidation
of 2 with two irreversible peaks d&p2 = 0.86 V andEp.! =
0.64 V. The reduction o# into 2 is confirmed by a 0.9 V
electrolysis that consumes 0.75 electron and furnisBes
quantitatively (Figure 6C, eq 2b).

C. ESI Mass Spectrometry.Figure 7 shows the ESI-MS
spectra obtained in positive mode immediately after the dis-
solution of3 in pure water and after the entire formationof
Characteristic peaks of both complexes have been obtained.
These two compounds are only detected in water without
addition of electrolyte. The spectrum of the neuBaomplex
shows three main peaks in the 650000 area, at/z = 703.9,
721.0, and 800.9, respectively, assigned to the monocationic
species [Ma'"!V O,(terpyh(SOy)] ", [MNnVIY Ox(terpyp(SOQy)-
(OH)]T, and [Mn!V:V O,(terpyp(SQy)2(H)] T in comparison with
the isotopic profiles calculated for these formulas. The mass
spectrum of4 has been recorded in the same experimental
conditions to that o8 and shows a new peak afz = 712.0
corresponding to a doubly charged ion, assigned to the tetra-
nuclear compound [M#Y Os(terpyu(SQu)2]?+. The peak at 800.9
has disappeared, while the two peaks at 703.9 and 721.0 are
always present. The respective intensities of these two last peaks
are different for3 and4 mass spectra. A possible explanation
is that these two monosulfate species have not the same origin,
and in the case of thé spectrum, they should arise from the
break of the tetranuclear complex in the spectrometer. In
addition, obtaining the peak corresponding to [M®s(terpy)-

721.0 cglc.
722.0

721.0

723.0

Exp.

650

703.9
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Figure 7. ESI mass spectra of (A) a 2.4 mM solution ®fin H>O, (B) a 3 mMsolution of 3 in H,O after its entire transformation intd The peak
expansions atvz= 703.9, 721.0, 800.9, and 721.1 have been compared to the calculated isotopic profilesfal atterpyp(SQy)] ™ (704.0), [MV-V O
(terpyR(SQu)(OH)]* (721.0), [Mn'V Ox(terpyk(SQu)o(H)] * (801.0), and [Ma" Os(terpyy(SQu)z]** (712.0).
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(SOy)7)2" is not a proof of sulfate anion coordination sincgH This reaction is irreversible since the cobalt(ll) ion is rapidly
ligands are usually too labile to remain coordinated to manga- hydrated. Nevertheless, the [((@NH3)sCl] T complex is capable

nese in electrospray ionization conditiois. of interaction by energy transfer with the excited state of the
Ill. Attempts to Photoinduce the Oxidation of 2 in the ruthenium complex because of its intense color. Moreover, its
Presence of [RU (bpy)3]?" in Aqueous Solution.A photoin- reduction releases five NHmolecules (eq 8) and leads to a

duced oxidation o2 in the presence of the photosensitizer[Ru  strong increase of the basicity of the medium. That is the reason
(bpy)]?* in aqueous solution needs the use of a sacrificial continuous irradiation of a solution containing a mixture of [Ru-
oxidant that is irreversibly reduced allowing the net conversion (bpy)]?*, [Co"(NH3)sCI]?*, and2 yields a rapid degradation

of [Ru'(bpy)]?" into [RU" (bpy)]®*. The [RU" (bpy)]®™ com- of the manganese complex in insoluble manganese oxide
plex can then act as an oxidant towatby an intermolecular ~ (Mn'VO,),, since2 is stable only at a pH below 4.5 and no
electron transfer since the potential of the' Ru'" redox couple significant amount of @is observed.

in aqueous solutiong, = 1.1 V vs Ag/AgCI/KCI 3 M) is These preliminary photochemical results show that the
higher than that of Mg"V /Mn,V''V (Ey .t = 1.05 V). Recently, optimum experimental conditions for a photochemical study of
we have demonstrated that such photoinduced processes occuhese systems in aqueous solutions are difficult to determine

at the quantitative scale with a mixture of [MhY Oy(L)4]3" and that a good candidate for the function of irreversible electron
(L = bpy and dmbpy) and [Rigbpy)]?* in the presence of an  acceptor mimicking the PSI part remains to be found. No
excess of the 4-bromophenyl diazonium salt, ArNplaying definitive conclusion can be drawn about the capabilitp td

the role of the irreversible electron acceptor in Ol catalyze the oxidation of water photochemically.

medium?3! In aqueous solutio_n.d.iazonium salts are not stable Concluding Remarks
enough to be used as a sacrificial electron aceptor. Two other ) - . .
irreversible electron acceptors have been then tested, commonly T0 examine the real ability of the binucleartiexo M"Y
used in the literature to photogenerate [Ropy)]3* in aqueous complex2 to act as a catalyst for water oxidation, we have
medium: the peroxodisulfate,G?~, and the pentaamine cobalt investigated the redox properties of the mononuclear! Mn
complex, [Co(NH)sCIJ2*. In the eighties, these both compounds complex1 and of2 in agueous solutions. The electrochemical
have been largely used associated with the compleX-[Ru oxidation of 1 is irreversible and leads to the quantitative
(bpy)]2+ for the catalytic oxidation of water in dioxygen in formation of 2 (Scheme 2(a)). A further oxidation o2
the presence of heterogeneous catalysts such ag ROQ and quantitatively yields the tetranuclear Mrcomplex4 (Scheme
Ti0,.32-35 5,042~ reacts with the excited state of the ruthenium 2(D, €)).4 is also formed by simple dissolution of the gexo
complex, [RUl(bpy)]2*, to form the [RU' (bpy)]3* species (eq MnyV'V dimer 3, in aqueous solution (Scheme 2(d)).The
2

7)3 formation of these high valent polynuclear oxomanganese
complexes is due to the significant tendency of'Wspecies
2 [Ru(bpy)g]”* + 82082_ -9 [Ru(bpy)ﬂ” +2 SO42_ to aggregate by formation of oxo bridge®.and 4 can be

7 generated selectively because the two oxidation steps are clearly

separated (about 180 mV). These two transformations are
Moreover, since $)¢2~ does not present any visible band, no chemical reversible by reduction processesan be regenerated
interference with the photophysical properties of the ruthenium guantitatively by reduction o# since the reduction potentials

complex is expected. of these two complexes are clearly separatga( = 0.64 V
We have found that the continuous irradiation of an aqueous for 2 @ndEpc? = 0.91 V for 4). These data are evidence that
solution containing a mixture of [Ru(bpg¥*, S0s2~, and2 the electrochemical behavior of these manganese terpy com-

in buffered aqueous medium (CIAcOH/CIAcDIeads to a fast plexes is basically the similar to that of the bpy and phen parent
0, evolution. However, a similar Devolution has been also  ON€s previously reported. Therefore, it appears that the elec-
observed with a lower rate constant in the absenc2 dmhis trochemical oxidation oR in aqueous solution is only a one-
indicates that the presence of manganese complex is not needel€ctron process and leads to the stable tetranuclear corplex
to observe @evolving. Moreover, under UV irradiation, it has ~ formed by a mon@e-oxo bridge formation between two oxidized
been recently shown that:Ge?~ reacts with water to form  [Mn2"" Oa(terpyp(Hz0);]*". 4 cannot be further oxidized to

dioxygen3® So, this electron acceptor is not adapted since the "€ach @ higher oxidation state since the CV of this complex
O, source remains ambiguous. shows no oxidation wave in the potential range of the solvent.

Concerning [CH (NH2)sCIJ2*, this irreversible electron ac- These results confirm that the r(_adox pr_operties of these kind of
ceptor is known to react with [Ru(bpg** following eq 837-% manganese cc_>mp|exes are radically different co_mpared to that
of the ruthenium analogous ones because, in the case of

manganese complexes, the formation of oxo bridges prevent

244 1T 2+ 3+
[Ru(bpy)]™™ + [Co™ (NH3)sCl] [Ru(bpy)]™ + that of terminal oxo ligands.

Co" +5 NH; + CI™ (8) Another evidence of this work is thdtis stable in aqueous
solutions (several hours), and even if is a good synthetic
(30) Anderson, U. N.; McKenzie, C. T.; Bojesen, [@org. Chem.1995 34, analogue of the “dimers-of-dimers” model compound of the
(31) %:?%rt’ C.. Dumas, S.. Chawvin, J; Lepee J.-C.; Collomb, MmN,  OEC in PSII this complex is not able to oxidize water. Since

Deronzier, A.Phys. Chem. Chem. Phy2005 7, 202. 4 results from an one-electron oxidation &f2 cannot act as
(32) rzuzr_nphw'Baker’ R.; Lilie, J.; Graetzel, M. Am. Chem. S0d982 104 an efficient homogeneous electrocatalyst for water oxidation.
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