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Two heptacoordinated Mn(ll) complexes are isolated and X-ray characterized using the well-known tpen ligand
(tpen = N,N,N’,N'-tetrakis(2-pyridylmethyl)-1,2-ethanediamine): [(tpen)Mn(OH,)](ClO4). (1(ClOs),) and [(tpen)Mn-
(1-OAc)Mn(tpen)](ClO4)3:2H,0 (2(ClO4)3+2H,0). Crystallographic data for 1(ClO,), at 110(2) K (respectively at 293-
(2) K): monoclinic, space group C2/c, a = 15.049(3) A (15.096(3) A), b = 9.932(2) A (10.105(2) A), ¢ = 19.246(4)
A (19.443(4) A), B = 94.21(3)° (94.50(3)°), Z = 4. Crystallographic data for 2(ClO4)3+0.5(C,Hs),0 at 123(2) K:
triclinic, space group P1, a = 12.707(3) A, b = 12.824(3) A, ¢ = 19.052(4) A, . = 102.71(3)°, B = 97.83(3)°,
y = 98.15(3)°, Z = 2. Investigation of the variation upon temperature of the molar magnetic susceptibility of
compound 2(ClO4)s+2H,0 reveals a weak antiferromagnetic exchange interaction between the two high-spin Mn(1l)
ions (J = —0.65 + 0.05 cm™%, H = —J5;+S,). EPR spectra are recorded on powder samples and on frozen
acetonitrile solutions, demonstrating the maintenance upon dissolution of the heptacoordination of Mn in complex
1 while complex 2 partially dissociates. Electrochemical responses of complexes 1 and 2 are investigated in
acetonitrile, and bulk electrolyses are performed at oxidative potential in the presence of various amounts of 2,6-
lutidine (0—2.65 equiv per Mn ion). The formation from either 1 or 2 of the mixed-valent complex [(tpen)Mn"(x-
0),Mn"(tpen)]** (3) is established from mass spectrometry and EPR and IR spectroscopy measurements. When
reaction is started from 2, formation of [(tpen)Mn"(u-O),(u-OAc)MnV* (4) is evidenced from cyclic voltammetry,
EPR, and UV-vis data. The Mn vs tpen ratio in the electrogenerated complexes is accurately controlled by the
quantity of additional 2,6-lutidine. The role of tpen as a base is discussed.

Introduction documented. For the SOD, high-resolution X-ray structures
are available and the mechanisms of the dismutation of the
superoxide radical have been proposddigh-resolution
?(-ray structures have been published for thikermus

thermophilusand Lactobacillus plantaruniMn catalasest

Manganese is known to be involved in the active sites of
several redox metalloenzymes such as superoxide dismutas
(SOD)! catalasé; * and the oxygen evolving complex (OEC)
in photosystem Il (PSIIy-8 The first two systems are well
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along with possible mechanisms for the dismutation of

Hureau et al.

evidenced together with the effect of additional acetate ions.

hydrogen peroxide. In particular, it has been demonstratedOnly a few investigations have been performed involving

that manganese swings between #Hléand +I111 oxidation

Mn(ll) complexesi 3% In these published works, the starting

states. On the reverse, the OEC is still a mysterious complexes were mononuclear and the ligands bidentate 2,2

machinery. Resolution of the recently published X-ray
diffraction studie®*'*?is still too low to allow the determi-
nation of the structure of the tetranuclear Moo clustet®4
that is responsible for the oxidation of water into dioxygen.
This reaction requires four oxidizing equivalents, which are
stored one by one under light by the OEXok et al. have

proposed that the OEC goes through five oxidation states,

denoted $to S, dioxygen being released in thg ® &
transition® On the basis of X-ray absorption techniques and
EPR spectroscopy performed on thetates1517 2t is
proposed that the manganese ions are present undetlthe
+I111, and/or +1V oxidation states. Furthermore, mechanistic

bipyridine (bpy), tridentate 2,%,2'-terpyridine (terpy), or
N,N-bis(2-pyridylmethyl)ethylamine (bpea). The dinuclear
Mn'"Mn" complex was also investigated with the bpea
ligand3° It was shown that condensation processes under
oxidative potentials require the presence of an exogenous
ligand such as acetate or a buffered medium using the ligand
itself to stabilize the generated Mioxo species. It is worth
noting that the involved ligands exhibit a univocal coordina-
tion mode, i.e., bi- or tridentate on a single metal ion.

We report here the evolution under bulk electrolysis of
two Mn(ll) complexes synthesized witk,N,N',N'-tetrakis-
(2-pyridylmethyl)-1,2-ethanediamine (tpen). Three high-

proposals for the oxidation of water do not exclude a valent manganese complexes have been previously X-ray

transitory Mn(V) center or a Mn(IVroxyl radical in the
unstable $state?l24

The ability to store four oxidizing equivalents is required
for any artificial system designed for the catalytic oxidation
of water into dioxygen. Consequently, investigation of the
evolution of low-valent Mn complexes under oxidative
conditions is of great interest with respect to artificial
photosynthesi&> 28 For instance, the interconversion among
[MNn"5(u-O)(u-OAC)]?, [IMn""Mn"Y (u-O)(u-OAc)]?H, and
[MNn"V5(u-O)(u-OAC)]*t core complexes has been stud-

characterized, namely, the mixed-valenceMWm'" complex
[(tpen)Mny(u-O)x(u-OAc))?+ %6 and the two Mn(IV)-based
cations [(tpen)Mp(u-O)(u-OAc)*t and [ (tpen)(OH)Mn-
(4-O)a} 2(u-tpen)Ft.3” The room-temperature X-ray structure
of [(tpen)Mn(OH,)]?" (1) has been reinvestigatétiand new
data recorded at 110 K are presented, both showing a
heptacoordinated Mn(ll) ion. X-ray diffraction studies of
[(tpen)Mn-OAc)Mn(tpen)Ft (2) presented here reveal in
addition to heptacoordinated Mn(ll) ions an unusaati—

anti bridging mode for the acetate anion. The versatility of

ied2°:3° Dismutation processes in acidic medium have been the tpen ligand indeed allows access to new complexes such
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as the mixed-valence complex [(tpen)V@-O),Mn'-
(tpen)P* (3). Furthermore, we show here that tpen also acts
as a base and finely tunes the chemical nature of the
dimanganese core units formed upon oxidation. This is
related to the previously reported synthesis of [(tperMn

(1-O)a(u-OAC)F*.
Experimental Section

Materials. Reagents and solvents were purchased commercially
and used as received. Tpen was synthesized according to a
previously reported proceduf@.

Caution: Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small quantities of these
compounds should be prepared and handled behind suitable
protective shields.

Syntheses. [(tpen)Mn(OH)](CIO4). (1(ClOy4)2). To a 5 mL
methanolic solution of tpen (200 mg, 0.47 mmol) was added a 0.5
mL aqueous solution of Mn(CI-6H,0 (171 mg, 0.47 mmol).
Rapidly, the formation of a pale yellow precipitate was observed.
It was filtered, washed with 1 mL of water, and dried with diethyl
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Controlled Redox Comersion of Mn(ll) Complexes

Table 1. Crystallographic Data fot(ClO.), and for 2(ClO4)3+0.5(GHs)0

empirical formula MHQ6H30C|2N609 MnC2eH30C|2NGOQa Mn2C56H64J\112014,5C|3
fw 696.40 696.40 1353.42
temp (K) 110(2) 293(2) 123(2)
wavelength (A) 0.71073 0.71073 0.71073
cryst syst monoclinic monoclinic triclinic
space group C2lc C2lc P1

a, 15.049(3) 15.096(3) 12.707(3)
b, A 9.932(2) 10.105(2) 12.824(3)
c, A 19.246(4) 19.443(4) 19.052(4)
o, deg 90. 90. 102.71(3)
f, deg 94.21(3) 94.50(3) 97.83(3)
y, deg 90. 90. 98.15(3)
Vv, A3 2869(1) 2957(1) 2952(1)

z 4 4 2

Pealcs 9-.CNT3 1.612 1.564 1.522

u, mmt 0.712 0.690 0.641

R1b 0.0347 0.0434 0.0491
wR2 0.0805 0.0979 0.1612

a|n ref 29, the structural characteristics were the following: crystallographic system monoclinic, spac€graup 15.087(3) Ab = 10.108(2) Ac
= 19.444(3) A,,B = 94.58(1). PR1 = S||Fo| — |Fcl|/3|Fol. CWR2 = { J[W(Fo? — FA?/ 3 [W(Fe2)?]} 2.

ether. A 200 mg sample of [(tpen)Mn(QH(CIO,4), was collected scanned, with 2steps, with the crystal-to-detector distance fixed
(yield 61%). Crystals suitable for X-ray diffraction studies were at 30 mm. The data were corrected for Lorentz polarization effects.
obtained by slow evaporation of a saturated methanolic solution The structures were solved by the heavy atom method and refined
of 1(ClOy),. Anal. Calcd for GeHzoNgOsCloMn: C, 44.8; H, 4.3; by the full-matrix least-squares method &4 with anisotropic
N, 12.1; Cl, 10.2; Mn, 7.9. Found: C, 45.1; H, 4.4; N, 12.2; Cl, thermal parameters for all non-H atoms and solvent atoms. H atoms
10.0; Mn, 7.7. were introduced at calculated positions and constrained to reside
[(tpen)Mn(u-OACc)Mn(tpen)](CIO 4)3:2H,0 (2(ClO4)3:2H,0). on their parent C atom. All calculations were performed on an 02
Tpen (200 mg, 0.47 mmol, 1 equiv) was allowed to react with Mn- Silicon Graphics Station with the SHELXTL packatfe¢! The
(OAC)*4H,0 (140 mg, 0.57 mmol, 1.2 equiv) in 4 mL of methanol crystallographic data are given in Table 1.
in the presence of a slight excess of sodium acetate (77 mg, 0.94 Magnetic Susceptibility MeasurementsMagnetic susceptibility
mmol, 2 equiv). After the reaction mixture was stirred for 30 min, data were recorded on an MPMS5 magnetometer (Quantum Design
NaClO, was added (173 mg, 1.41 mmol, 3 equiv). After 5 days, Inc.). The calibration was made at 298 K using a palladium
the pale yellow precipitate was filtered, washed with methanol, and reference sample furnished by Quantum Design Inc. The data were
dried with diethyl ether. A 257 mg sample of [(tpen)MrDAC)- collected over a temperature range 6f300 K. Above 100 K, a
Mn(tpen)](ClQy)s-2H,0 was collected (yield 40%). Crystals suitable 1 T magnetic field was applied, while below 100 K, the amplitude
for X-ray diffraction studies were obtained by slow diffusion of was 0.05 T. The sample holder was independently measured and
diethyl ether into a saturated acetonitrile solutio2@0,)z-2H,0. its contribution subtracted. The data were further corrected for
Anal. Calcd for G4HgaN12016ClsMny: C, 48.0; H, 4.7; N, 12.4; diamagnetism using Pascal’s constants.
Cl, 7.9; Mn, 8.1. Found: C, 48.0; H, 4.6; N, 12.5; Cl, 7.9; Mn, EPR Spectroscopy.X-band EPR spectra were recorded on a
8.2. Bruker ELEXSYS 500 (X- and Q-band) spectrometer using the
[(tpen)Mn 5(u-O)2(u-OAC)](CIO 4)23H,0. This compound was conventional perpendicular detection mode. For low-temperature
prepared for the purpose of infrared spectroscopy result compari- studies, an Oxford Instrument continuous flow liquid helium
sons. It was synthesized according to the previously published cryostat and a temperature control system were used. All the
procedure’® simulations were performed using the XSophe software (4.0
Infrared Spectroscopy. Spectra were recorded on KBr pellets  version) developed by the Department of Mathematics at the
in the range from 4000 to 200 crhwith a Perkin-Elmer Spectrum  University of Queensland, Brisbane, Australia.
1000 spectrophotometer. Cyclic Voltammetry and Bulk Electrolysis. Cyclic voltammetry
Electrospray lonization Mass Spectrometry. Mass spectra and coulometry measurements were recorded on an EGG PAR
were recorded using the centroid detection mode with a Finnigan potentiostat (M273 model). The counter electrode was a Au wire
Mat Mat95S in a BE configuration at low resolution on millimolar  and the working electrode a glassy carbon disk carefully polished
acetonitrile solutions. before each voltammogram with gn diamond paste, sonicated
Elemental Analysis. Analyses were performed by the Service in an ethanol bath, and then washed carefully with ethanol. It is
de Microanalyse of the CNRS (Gif-sur-Yvette, France) for carbon, worth noting that, in the absence of such a treatment of the working
nitrogen, and hydrogen and by the Service Central d’Analyse of electrode surface, the successive cyclic voltammograms were not
CNRS (Vernaison, France) for manganese and chloride. reproducible. The reference electrode was a 0.01 M Ag/AgCIO
Crystallographic Data Collection and Refinement of the electrode (0.29 V vs SCE and 0.53 V vs NHE), isolated in a fritted
Structures of 1(ClOy), and 2(ClOy)3:0.5(CHs),0. Crystals of bridge. The solvent used was distilled acetonitrile, and tetrabuty-
approximate dimensions of 0.26 0.10 x 0.05 mm for1(ClO,), lammonium perchlorate was added to obtain a 0.1 M supporting
and 0.20 x 0.15 x 0.10 mm for 2(ClOg4)3:0.5(GHs),0O were electrolyte. This electrolyte solution was further dried over a neutral
selected. Diffraction collections were carried out on a Nonius alumina column.
diffractometer equipped with a CCD detector. The lattice parameters - -
were determined from 10 images recorded wiipscans and later ~ (40) gﬁﬁgﬂfg'u?{i%rss'?tyEE?(TGL&EZQgrrfgé%?rfgégf%rgﬂﬂgﬁfnltgsgffryﬁa'

refined on all data. The data were recorded at 123 KX{Q1O,)s- (41) Sheldrick, G. M., University of Gtingen, Germany, 1999, distributed
0.5(GHs),0 and 110 and 293 K fat(ClOy),. A 180° ¢-range was by Bruker AXS, Madison, WI.
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Figure 1. ORTEP view of the cation [(tpen)Mn(G$H]2" in 1(CIOa)2 (top)

and of the cation [(tpen)MptO,CCH)Mn(tpen)P* in 2(ClOy4)3-0.5-
(C2Hs)20 (bottom). Dashed lines in the top structure define the edges of
the trigonal prism.

UV —Vis Spectroscopy.UV—vis spectra were recorded on a
Varian Cary 300 Bio or a Varian Cary 5E spectrophotometer at
20 °C with either 0.1 or 1 cm quartz cuvettes.

Results

The mononuclear complex [(tpen)Mn(QfF* (1) and the
dinuclear complex [(tpen)MpftOAc)Mn(tpen)Ft (2) can be
isolated using the well-known tpen ligand. The coordinating
ability of the anion in the starting Mn(ll) salt controls the
nuclearity of the final species.

X-ray Structures. The X-ray data of1(ClO,), were
collected at two different temperatures due to the differences

Hureau et al.
Table 2. Selected Bond Lengths (A) and Angles (deg)lin

293 K 110K inref 29
Mn1-01 2.269(3) 2.259(2) 2.260(4)
Mn1-N1 2.396(3) 2.402(2) 2.414(9), 2.376(11)
Mn1—-N2 2.471(3) 2.463(2) 2.423(9), 2.512(9)
Mn1-N3 2.296(3) 2.292(2) 2.307(9), 2.266(10)
01-Mn1-N1  142.64(7) 142.82(5) 145.5(5), 139.5(5)
01-Mn1-N2 81.07(7) 80.87(5) 81.7(4), 80.2(4)
01-Mn1-N3 90.94(7) 90.84(5) 92.0(5), 89.8(4)

2No C; rotation axis was observed.

Table 3. Selected Bond Lengths (A) and Angles (degRin

Mn1-01 2.149(3)  Mn202 2.129(3)
Mn1-N1 2.409(3)  Mn2N8 2.388(3)
Mn1—N2 2.404(3)  Mn2N7 2.433(3)
Mn1—N3 2.394(3)  Mn2N10 2.389(3)
Mn1—N6 2.398(3)  Mn2N1l 2.466(3)
Mni—N4 2.287(3)  Mn2N9 2.252(3)
Mn1—N5 2.337(3)  Mn2N12 2.344(3)
O1-Mni—-N1  146.45(10)  O2Mn2—N8 137.49(11)
O1-Mn1—-N2  138.72(11)  O2Mn2-N7 148.55(11)
01-Mn1-N3 80.61(10)  O2Mn2-N10 83.05(11)
01-Mn1-N6 82.05(10)  O2Mn2-Ni1 82.08(11)
01-Mn1-N4 92.49(11)  O2Mn2—N9 90.91(11)
01-Mn1-N5 89.71(11)  O2Mn2-N12 90.30(11)

probably owing to the geometric constraints of the ligand.
There are two short MANpyrigine bONd distances (2.292(2)
Afor N3in 1, 2.287(3), 2.337(3), 2.252(3), and 2.344(3) A
for N4, N5, N9, and N12 ir2, respectively) and two long
ones (2.463(2) A for N2 i, 2.394(3), 2.398(3), 2.389(3),
and 2.466 A for N3, N6, N10, and N11 B respectively).
The distortion around the Mn sites fhis close to the one
observed irl. Such a distortion has been previously observed
in the first published structure df{(ClO,),.3® However, the
average values for the MfNamineand long and short Mn
Npyrigine distances can be readily compared among the three
structures. The longest MNpyrigine bONd lengths reported
here are significantly greater than the commonly measured
ones (2.2122.424 A)*2 On the reverse, the MiNminebond
lengths are significantly shorter here than the ones published
in the literature. The MfA Ogcetate aNd MN—Oyater boONd
distances are similar to the values usually observed in Mn-
(1) complexes.

The O—-Mn—Nyyigine angles are close to the expected value
of 90° when the pyridine nitrogen atom involved is the most
distant from the metallic site. Smaller angle values are indeed
found when the MnANgyidgine distances are shorter. The

in the EPR signatures (see below). The two structures areO_NI N | lin th ; 137.49
the same, and only the one determined at low temperature N~ NamneANGIES are all I the same range, from e

will be commented on, except where otherwise stated. Figure(ll)o t0 148.55(11).

1 reproduces the ORTEP view of catiofisand 2. The
common feature of both complexes is the heptacoordination
of the Mn(ll) ions. Selected bond lengths and angles are listed
in Tables 2 and 3. The Mnwater bond coincides with @,
rotation axis inl. The molecular geometry around the metal
ion is somewhat distorted but is best described as a cappe
trigonal prism in which the oxygen atom caps the rectangular
face defined by four nitrogen atoms, N2N3N2' in 1 (see
dashes at the top of Figure 1) and N3N4N5N6 and
NION1ON11N12 in2. As can be seen from Table 2, the
coordination spheres of the Mn(ll) ions are rather irregular,

4418 Inorganic Chemistry, Vol. 43, No. 14, 2004

Increasing the temperature from 110 to 293 K induced
changes in the MaMn intermolecular distances t{ClO,),.
While at 110 K each manganese ion has four Mn neighbors
lying at 9.016 A, two at 9.679 A, and two at 9.932 A, these
values increase up to 9.083, 9.784, and 10.105 A at room

jemperature, respectively.

If such a distorted capped trigonal prism is usually
observed for heptacoordinated Mn(ll) ions, this is the first
time to our knowledge that it is detected in a dinuclear

(42) Horner, O.; Girerd, J.-J.; Philouze, C.; Tchertanov|riarg. Chim.
Acta 1999 290, 139-144 and references therein.
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system. Furthermore, compleR is the third dinuclear
complex where the two Mn sites are bridged by a single
acetate which presents in addition the atypiaati—anti
coordination mode. In the first two X-ray-characterized [Mn
(u-OAc)MN'"]3+ core complexe&#4the acetate anion pre-
sents asyn—anti bridging mode, leading to shorter Mn

Mn separations (5.67 and 4.82 A) than the one reported here
(6.341(3) A)*5 Indeed, comparable MrMn separations of
6.036%6 6.335%7 and 6.55% A are observed in 3D-structure
systems where two Mn(ll) ions are linked by a carboxylate
group in theanti—anti conformation. When compared to the
Mn---Mn separations (6.486.52 A) observed in linear
polymeric Mn(lll) chains where thanti—anti bridging mode

of the acetate ion is fourf;5 the 6.341(3) A Mr--Mn
distance determined here is slightly shorter. This may be
attributed to the longer MAO,cetaedistance observed in the
Mn(Ill) chains due to the JahfTeller effect. Theanti—anti
bridging mode of the acetate ion can here be attributed to
the steric constriction of the tpen ligand. There is no opening
of the O1-C53-02 angle of the acetate (122.3(B)The
two planes defined by MniN1—-N2—01 (mean deviation
0.037 A) and Mn2N7—N8—02 (mean deviation 0.020 A)
are slightly twisted (dihedral angle 24¢2) both form an

angle of+£30(3)Y with the plane of the acetate bridge.
Figure 2. Experimental (solid line) and calculated (dashed line) powder

Magnetic Sgs_cgptibility Measurements.The molar mag_ X-band spectra (a, b) af(ClOg4)2 and (c) of2(ClO4)3-2H,O. Recording
netic susceptibility was only measured for the dinuclear conditions: microwave power 0.2 mW; modulation amplitude 0.5 mT;
complex2. Crystals 0f2(ClO4)3-0.5(GHs).O were finely modulation ffrequency glgggkgﬁ =( ?93 ggéaé HZS (lg)(b),dag g;é g')4 ©

icrowave frequency 9. z (a), 9. z (b), and 9. z (c).
F:rus,hed to a powder, and th.e collected fjata are remc’dl“lceﬁsets: zoom on the-6250 and 466-850 mT regions of spectrum c. See
in Figure S1 of the Supporting Information ag@T vs T Table 4 for calculated spectra.
curve, whereyy is the molar magnetic susceptibility afd )
the temperature. The,T product is rather constant between S€ems to be a common feature of mo?aeetato-brldged
300 and 100 K since it varies between 8.41 and 8.39 cm dimanganese(ll) systemst = —0.39 cm* andJ = —0.74
mol~t K. This corresponds well to the 8.75 &mol* K cm* were determined in [(bpy)OH;)Mn(u-O,CCH,N-
expected value for two uncoupled high-spin Mn(ll) ions (CHs)s)Mn(OH;)(bpy)]*" *¢ and in [LMry(u-OAC)]*",* re-
(Suny = 5/2). Below 100 Ky T decreases more rapidly to spectively. However, on the basis of these data, the influence
reach 2.03 cihmolt K at 2 K, indicating a weak antifer-  Of the bridging mode of the acetate aniamii—anti vs syn-
romagnetic exchange interaction between the two paramag-2nti) can hardly be rationalized.
netic centers. These data can be satisfyingly reproduced by EPR Spectroscopy X-band spectra were recorded on a
using the van Vleck formula and the exchange Hamiltonian Powder sample of compourtt{CIO,), between 4 and 300
H = —J5-S. The best fit was obtained with= 1.97 and K. The 25 K and room-temperature spectra are shown in
J = —0.65+ 0.05 cm! (see Figure S1). No zero-field Figure 2 (solid line, parts a and b). The profile is the same
splitting effect on the Mn(ll) ions has been considered nor as the one reported previousijut the positions of the lines
have intermolecular interactions that can contribute to the 8¢ temperature dependent above 100 K, while they are
decrease of theyyT product when the temperature is unchanged when the temperature is decreased below 100 K.
decreased. A weak antiferromagnetic exchange interactionVhen the temperature is decreased from 295 to 100 K, the
lines above and below 330 mT are displaced toward higher
(43) Adams, H.; Bailey, N. A.; Debaeker, N.; Fenton, D. E.; Kanda, W.; and lower magnetic fields, respectively. These EPR signals

Latour, J.-M.; Okawa, H.; Sakiyama, ngew. Chem., Int. Ed. Engl.  can pe well interpreted as originating from @& 5/2 system

1995 34, 2535-2537. . o il .
(44) Chen, X.-M.; Tong, Y.-X.; Xu, Z.-T.; Mak, T. C. WJ. Chem. Soc., that presents a zero-field splitting effect competitive with

0 100 200 300 400 500 600 700 800 900
B (mT)

Dalton Trans.1995 4001-4004. _ _ the Zeeman interaction. The spin Hamiltonian used to
(45) A rigid macrocyclic Schiff base contributes to the shortening of the . . . . .
4.82 A Mn--Mn distance (see ref 43). reproduce the experimental signals is given in eq 1.
(46) Baumeister, U.; Hartung, H.; Kaplonek, Rcta Crystallogr.1999 1
C55, 715-717. ~ A e a2 2 a2 a2
(47) Lis, T.; Matuszewski, JActa Crystallogr.1979 B35, 2212-2214. H = gqugB-S+ D[Sz - 532 ] +ES -1 (1)
(48) Zou, J.-Z.; Xu, Z.; Chen, W.; Lo, K. M.; You, X.-Rolyhedron1999
18, 1507-1512. . . . .
(49) Bonadies, J. A.; Kirk, M. L.; Soo Lah, M.; Kessissoglou, D. P.; The first term stands for the electronic Zeeman interaction,
Hatfield, W. E.; Pecoraro, V. LUnorg. Chem1989 28, 2037-2044. while the second and third terms reproduce the zero-field
(50) %.hﬁ]r(])?"gkéhih).(lkc\t(é’zggfg%’acé:&ééhang’ Y. Wang, Z.; You, X. splitting effect. Since the Mn(ll) ion presents aalectronic
(51) Davies, JJ. Chem. Soc., Dalton Tran&973 2523-2527. configuration, the Zeeman interaction is assumed to be
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Table 4. Parameter Values for Calculation of Powder X-Band Spectr&y©fO,),

T D Wy wy Wz no. of Sophe
(K) Oiso (cm™) E/D (mT) (mT) (mT) points grid

25 2.0 0.118 0.03 30 30 20 2048 8080
293 2.0 0.102 0.03 28 28 20 2048 8080

isotropic with ag = 2 value. The two experimental spectra
can be satisfactorily reproduced with the saBEIB ratio,
the breath of the signal arourgd= 2 upon variation of the =~ However, the common characteristic of the X- and Q-band
temperature being related to differddtvalues. According EPR spectra observed when the temperature is increased is
to the temperatures at which the spectra were recorded, nca gain in intensity in theg = 2 region, while features
temperature effects within th8 = 5/2 manifold can be  observed outside this region vanish (perpendicular detection
detected, and only the absolute value of iheparameter mode). Such behavior is due to the decreasing contributions
can be determined. Parameters for calculated spectra ar@f the S = 1—4 excited spin states and the increasing
listed in Table 4. The zero-field splitting effect is found quasi- participation of theS= 5 excited spin state. These manifolds
axial (E/D = 0.03), which is not unexpected according to are characterized by decreasing zero-field splitting effects
the X-ray structure. ThiD| value increases from 0.102 cin as theS value increases, leading to an overlap of the EPR
at 295 K to 0.118 cm* at 25 K. This is puzzling according  transitions in theg = 2 region. In addition, the higher ti#

to the similarity of the X-ray structures determined at value, the higher the intensity of the temperature-independent
110 K and at room temperature. However, a similar effect EPR S-spin signature. Consequently, the observed X-band
has been reported for the Mn(ll)-doped [Zn(DBEKEIO.,), EPR signal o is characteristic of an antiferromagnetically
(DPA = bis(2-pyridylmethyl)amine) where tHe parameter coupled Mn(Il) pair with a main contribution of thg =
varies from—0.2190 to—0.2365 cm? between 298 and 77  3—5 spin states in the investigated temperature domain. The
K.52 DFT calculations are planned to settle this point. For AMs= +£1 transitions are clustered in tge= 2 region, while

the calculated spectra, the manganese hyperfine interactiorthe AMs = +2 transitions gather around 160 mT. The
was neglected in eq 1 for computational purposes but alsodetection of broad transitions makes intricate a detailed
because no hyperfine structure was resolved on the experisimulation of the EPR signature BfClO,)s-2H,0 that would
mental signals. The hyperfine interaction should split one require at least consideration of the zero-field splitting effect
line into six lines that present the same intensities and thatof both metallic sites, the weak antiferromagnetic exchange
can hardly be reproduced all together by a single line with interaction, the dipolar coupling, and the Zeeman interaction,
a Gaussian or a Lorentzian line shape. However, the Mn all being of the same magnitude. The first attempts show
hyperfine interaction will not strongly influence the positions that the local zero-field splitting tensors and the dipolar
of the transitions that only depend on tige D, and E coupling tensor are probably not collinear. This increases
parameters, except on the low-field edge of the spectrum,the number of unknowns, and we postpone the detailed
where the Zeeman and hyperfine interactions are competitive.calculation of the EPR spectra.

Indeed, as can be seen in Figure 2, the greater discrepancy EPR spectra were recorded on frozen acetonitrile solutions
between the calculated and experimental X-band EPR spectraf 1(ClO,), and 0f2(ClO4)3-2H,0O. Surprisingly, the two EPR

is observed below 150 mT. Computational work is currently signals are very close (see trace a in Figures 4 and 7). The

species present stronger antiferromagnetic exchange interac-
tions than in2 (between—3 and—10 cntt vs —0.65 cn1?).

in progress to improve the EPR simulations.

The X-band spectra df(ClO,)3:2H,O were recorded on
a powder sample between 8 and 295 KeThK spectrum,
shown in Figure 2 (trace c), exhibits an intense line rgear

profile of the EPR spectrum of the acetonitrile solution of
1(ClQy); is pretty similar to the one recorded on the solid
state, with the exception of the disappearance of the 65 mT
line, the increase of the 160 mT transition, and the shift

= 2 with less intense features on both the low-field (50, 150, toward higher magnetic fields of the lines above 400 mT.
and 255 mT) and high-field (535 and 630 mT) edges (see The latter point can be attributed to a slight increase of the
insets in Figure 2). When the temperature is increased, the|D| value. The changes observed on the low-field edge may
profile remains almost unchanged and a general loss inoriginate from aD-strain effect due to a distribution of
intensity is observed (data not shown). At room temperature, closely related complexes in solution. A distribution of the
the spectrum reduces to the linegat= 2 and a weaker one  Mn hyperfine parameters may also contribute to the modi-
at 160 mT. The relative intensities of the spectra recorded fications of the signal ofl.. According to the similarity of
below 295 K compared to the one at 295 K are lower than the EPR signatures df in the solid state and in solution,
what is excepted if the observed signal follows a Curie-law we propose thal remains heptacoordinated in acetonitrile.
dependence. These X-band traces differ strongly from thoseThe generation of [(tpen)Mn(NCGH}>" where the solvent
observed for the mo.nonqdear comp[E(k?_IO4)2, I.ndlcatlr.]g (563) Blanchard, S.; Blondin, G.; Rivie, E.; Nierlich, M.; Girerd, J.-dnorg.
that the two Mn(ll) ions in2 are magnetically interacting. Chem.2003 4568-4578.
Recently, detailed analyses of the EPR signatures of dinuclear54) Blanchard, S.; Blain, G.; Rilie, E.; Nierlich, M.; Blondin, GChem-—
Mn(it) systems have been publish&d The investigated  (ss) pierce, 5. 5.: Elgren. T. £.: Hendrich, M. Am. Chem. 502003

125, 8748-8759.

(52) Glerup, J.; Goodson, P. A.; Hodgson, D. J.; Michelsen, K.; Nielsen, (56) Golombek, A. P.; Hendrich, M. B. Magn. Reson2003 165, 33—
K. M.; Weihe, H.Inorg. Chem.1992 31, 4611-4616. 48.
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replaces the coordinated water molecule in the starting
complex [(tpen)Mn(OK)]?" cannot be excluded on the basis
of EPR analysis alone. It has to be noted that the 100 K
X-band spectrum reported for a frozen acetonitrile solution
of [{ (tpen)Mny(u-O)4(OH)} 2(u-tpen)F %7 is identical to that

of 1 depicted here, with an additional contribution centered
atg = 2 due to a slight amount of a mixed-valence 'Mn
Mn" complex. However, the generation upon dissolution
of 1(ClOy), in acetonitrile of a Mn(IV)-based polynuclear
complex is denied by the lack of absorption bands in the
visible region (see part a of Figure S2).

The X-band EPR signature @fstrongly differs in the solid
state and in frozen acetonitrile. As shown on trace a of Figure
7, the previously describegl= 2 signal is detected together
with the signature ofl. Consequently, we propose that the
mono-acetato bridge & partially breaks upon dissolution,
leading to the generation of heptacoordinated Mn(ll) com-
plexes where tpen acts as a hexadentate chelating ligand,
the seventh position being occupied by either a water or a
solvent molecule or even the acetate anion. The three systems
would be indistinguishable by EPR according to the similar-
ity of the manganese coordination spheres. From the
comparison between the intensities of the 180 and 645 mT
lines detected on frozen solutions of complexesd2 when Figure 3. Cyclovoltammograms recorded for 2 mM acetonitrile solutions
the EPR spectra are recorded using the same set of acquisief 1(Cl0,), (a) and2(Cl04)3-2H,0 (b—d) with 0.1 M tetrabutylammonium
tion parameters, it appears that 75% of the Mn(ll) ions Perchlorate T = 20 °C, v = 100 mV*s™): (a) 1 with (dashed line) or

E vs SCE

initially introduced are incorporated into mononuclear EPR- without (solid line) 2 equiv of 2,6-lutidine per manganese ion, Zyith
active [(tpen)Mn(X)}2t (X = AcO~, H,O, CHCN)
systems.

Cyclovoltammetry. The cyclovoltammograms of com-
plexesl(ClO,), and2(ClOy)s-2H,0 were recorded in aceto-
nitrile (1 mM) with 0.1 M tetrabutylammonium perchlorate

2 (short dashed line), 1 (long dashed line) or 0 (solid line) equiv of 2,6-
lutidine per manganese ion, (c) after bulk electrolysig af 1.1 V vs SCE

in the presence of 1.3 equiv of 2,6-lutidine per Mn, (d) after bulk electrolysis
of 2at 1.1 V vs SCE in the presence of 2.65 equiv of 2,6-lutidine per Mn.

attributed to the presence of the mononuclear complex
[(tpen)MN(X)P" (X = H,O or CH,CN) formed, as suggested

as a supporting electrolyte. The results are reported in Figureby EPR, by the breaking of the acetato bridge2ofipon
3. One irreversible oxidation wave is detected on the dissolution. The first oxidation wave can be attributed to the

cyclovoltammogram ofl with EP = 1.5 V vs SCE (solid
line in part a of Figure 3). It may be attributed to the one-
electron oxidation of [(tpen)Mn(Xj (X = H,O or CH;-
CN). The addition of 2 equiv of 2,6-lutidine (also called 2,6-
dimethylpyridine) per molecule df leads to the increase in
intensity of the first oxidation wave with a slight shift to
lower potentials (dashed line in part a of Figure 3). This

one-electron oxidation of either the mononuclear complex
[(tpen)Mn(OAC)I" or the dinuclear species [(tpen)MaA(
OAc)Mn(tpen)f* (2). On the basis of the charge of these
species, the mononuclear monocationic complex is favored.
The addition of 2,6-lutidine up to 4 equiv per molecule2of
modifies drastically the cyclic voltammogram. The first
irreversible oxidation wave aE? = 0.95 V vs SCE is

shift suggests that the added base reacts with the oxidized!nchanged, and a new irreversible and broad oxidation wave

species following an EC mechani$findeed, a new intense

at EP = 1.35 V vs SCE is detected as well as the intense

oxidation wave is detected at 1.75 V vs SCE upon the and narrow wave at 1.75 V vs SCE previously mentioned

addition of 2,6-lutidine. The latter is attributed to the

(short and long dashed lines in part b of Figure 3). As in the

oxidation of a hydroxo-manganese(”D SDECiES, issued from case ofl, the addition of 2,6-lutidine to the medium leads

the deprotonation of [(tpen)Mn(QH3t by 2,6-lutidine. In

to a modification of the oxidation wave of [(tpen)Mn(X}]

addition, the second oxidation wave contributes to the as observed by the increase in intensity at 1.35 V vs SCE.
increase of the intensity of the first one. On the reverse scan,We cannot exclude that oxidation of free acetate ions may
two small cathodic waves are observed at 0.6 and 0.25 V. contribute to this increas&f = 1.2 V vs SCE). Indeed, the

One shall notice that these two waves are not observed wherPresence of base and condensation processes (see below) may

the potential is reversed at 1.65 V.

The cyclic voltammogram of compleR presents two
irreversible oxidation waves & = 0.95 VandeP =15V
vs SCE (see part b of Figure 3, solid line). The latter is

(57) We favor the action of 2,6-lutidine at the Mn(lll) rather than the Mn-
(I1) level.

induce the release of acetate ions at the Mn(lll) level.
Bulk Electrolysis of 1. Electrolysis da 2 mM acetonitrile
solution of 1(ClO,), was performed aE = 1.59 V vs SCE.
When no additional base is added to the medium, a
passivation of the working electrode is observed quickly after
the oxidative potential is turned on. On the other hand, the
bulk electrolysis can be completed when 2 equiv of 2,6-
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Figure 4. Series of X-band EPR spectra recorded on AQOaliquots
taken during the course of the electrolysis of a 2 mM acetonitrile solution

of 1(ClOg), with 2.0 equiv of 2,6-lutidine per molecule &f The numbers
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Figure 5. Infrared spectra in the 168500 cnt! region of the tpen
ligand (dotted line), [(tpen)Mm-O),(u-OAc)Mn](ClOa), (dashed line), and
[(tpen)Mn(-O),Mn(tpen)](CIQys (3(ClO4)3) (solid line).

ion of 446, 202, and 200 M cm™%, respectively’® The molar
extinction coefficient value at 660 nm indicates that conver-
sion of the starting mononuclear Mn(Il) complex iréds

not complete, in agreement with the EPR investigations.
Furthermore, on the basis of the same absorption at 660 nm,
the € value at 445 nm is slightly larger than the expected
one, suggesting that a small amount of the [\jmO),-
Mn'V]4* core complex is jointly formeéf Indeed, the major
change in the UV+vis spectrum when a [Mh(u-O),Mn'V]3*
core complex is oxidized to the corresponding [¥{n-O),-
Mn'V]4+ occurs below 500 nr#f This may contribute to the

of exchanged electrons per manganese ion are (a) 0, (b) 1.03, (c) 2.06, andligh value of the charge transferred measured during the

(d) 2.58. Recording conditions: 9.39 GHz microwave frequency, 2 mW
microwave power, 0.5 mT modulation amplitude, 100 kHz modulation
frequency,T = 100 K.

electrolysis. Moreover, an electrolysis was run on a 10 mM
solution of 1, and a fine powder precipitated and was
collected. We will show below that this powder indeed

lutidine per manganese ion is added to the starting solution. c0"reésponds to the mixed-valence [M-O),Mn"]*" core

Aliquots of 100uL of the solution were regularly taken and

complex3 for which in addition a precise chemical formula-

the corresponding EPR spectra recorded (see Figure 4). Thdion is given. The EPR spectrum recorded when the isolated

starting signature of the heptacoordinated complexes [(tpen
Mn(X)]2" (X OH, or NCCH;) decreases with the
concomitant increase of a 16-line signal centered &t 2.

The spectral width measured as the first peak to last trough
separation equals 125 mT, indicating the formation of a

[Mn"(4-O),MnV]3* core complex that will be designatéd

in the following section. However, after 2.6 electrons per
molecule ofl are transferred, 10% of the starting signal
remains. Aliquots were also regularly taken and the-UV

vis spectra recorded. The starting spectrum presents one ban{

at 260 nm é = 19150 M* cm™!) with a shoulder at 270
nm (e = 12340 Mt cm™Y) that both originate frorr — 7*
transitions within the ligand. No band in the visible region
is detected, as expected for a Mn(ll) complex. Upon

oxidation, four new bands at 300, 445, 555, and 660 nm are
detected that increase during the course of the electrolysis.

The molar extinction coefficients calculated per Mn ion when
2.7 electrons per molecule dfwere exchanged are 4750,
525, 200, and 149 M cm™%, respectively (see Figure S2).

These values are reminiscent of the ones usually observe

for mixed-valence [MH (4-O),Mn'V]®* core complexes. For
instance, the main features in the visible region for [{Me
bispicen)Mnf-O),Mn(Mebispicen)f (where Mebispicen
is theN,N'-dimethylN,N'-bis(2-pyridylmethyl)-1,2-ethanedi-
amine) are at 445, 555, and 661 nm wétlvalues per Mn

4422 Inorganic Chemistry, Vol. 43, No. 14, 2004

)_powder was dissolved in acetonitrile corresponds to the 16-

line signal with a 125 mT spectral width (data not shown).
A close inspection of the infrared spectrum reveals the
presence between 1500 and 1650 &mwrf vibration modes

of coordinated pyridine rings together with those of free
pyridine groups (see Figure 5). From the comparison with
the infrared signatures of the free tpen and of the ancillary
bridging tpen in [(tpen)Mn{-O).(u-OAc)Mn](ClO,),-3H,0,

the vibration mode at 1608 crh is attributed to Mn-
oordinated pyridine rings and the one at 1592 tro
uncoordinated ones. This suggests the presengefimore
than one tpen ligand, since one can expect all the pyridine
rings to be ligated if there is only one single ligand per
dinuclear manganese core, as is observed in [(tpem)Mn(
O)(u-OAC)MnJ?t. Electrospray mass spectrometry measure-
ments performed on a freshly prepared acetonitrile solution
reveal onen/z-peak at 1188.3 with an isotopic pattern
corresponding to a monocationic species. Such a high value
can only be explained by the presence of two tpen ligands.

db‘ theoretical calculation of the isotopic profile of the

monocatior{ [(tpen)Mn{-O),Mn(tpen)](CIQy)2} * perfectly

(58) Goodson, P. A.; Glerup, J.; Hodgson, D. J.; Michelsen, K.; Weihe,
H. Inorg. Chem.1991 30, 4909-4914.

(59) Horner, O.; Charlot, M.-F.; Boussac, A.; Anxol&lge-Mallart, E.;
Tchertanov, L.; Guilhem, J.; Girerd, J.Bur. J. Inorg. Chem1998
721-727.
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100 @) the same mixed-valence [Mifu-O),Mn"V]3* core complex
3. The cyclovoltammogram was recorded at the end of the
electrolysis and is reproduced in Figure 3 (see trace d). The
starting stable potential is 0.68 V vs SCE. When scanning
is done toward higher potentials, one reversible oxidative
wave is detected with the associated reductive process on
the reverse scan &"? = 1.08 V vs SCE AEP = 0.08 V).
One irreversible reduction wave is also detected at
EP = 0.07 V vs SCE. The reversible process can be

| associated with the exchange of one electron between the

%
1

1188.3 1189.3 1190.2 1191.3 1192.3 11932 1194.2 111V and IV—IV oxidation states of the generated diman-
m/z ganese-di-u-oxo complex. However, it is surprising that the
1009 (b) redox process between the [Mf-O),Mn'V]3+ and the one-

electron-reduced form [Mh(u-O),Mn"']2* is not reversible.
This will be addressed at a later point in the Discussion.
When the electrolysis was performed on a more concentrated
solution of the dinuclear compleX(3.2 mM) in the presence
of more than 4 equiv of 2,6-lutidine, a fine powder formed
and was collected. The complete set of characterizations
(infrared, UV—vis, EPR, and electrospray) were performed
on the isolated powder, demonstrating that the mixed-valence
| . complex [(tpen)Mng-O),Mn(tpen)F* shown in Chart 1 is
11882 1189.2 1190.2 1191.2 11922 1193.2 1194.2 formed upon oxidation and isolated as the perchlorate salt

m/z
Figure 6. Experimental (a) and theoretical (b) isotopic profiles detected 3(CIO)s
igure 6. Experimental (a) and theoretical (b) isotopic profiles detecte
at mz = 1188.3 by electrospray mass spectrometry on an acetonitrile ~ BUIK electrolyses 0R(ClO4)s2H,0 were also performed

solution freshly prepared from the powder isolated at the end of the bulk with decreasing amounts of 2,6-lutidine. A typical series of
electrolysis of1(ClO,), in the presence of 2 equiv of 2,6-lutidine per  gjlected X-band EPR spectra are reproduced in Figure 7.
molecule ofL A scrupulous examination of the recorded series indicates
Chart 1. Schematic View of3 that the increase of the 16-line signature of the mixed-valence
complex3 occurs first with the concomitant decrease of the
g = 2 line (see traces b and c of Figure 7) and second with
the decrease of the EPR signature of mononuclear heptaco-
ordinated Mn(ll) species. The main difference with the
previously described experiment for which 2.65 equiv of 2,6-
lutidine has been introduced is the decrease of the 16-line
signal before the completion of the electrolysis. When the
electrolysis is completed, the final EPR spectrum presents
almost no signal in theg = 2 region and a significant
proportion of the starting signal is detected. The latter
originates from heptacoordinated Mn(ll) complexes that
account for 25-40% of the initially introduced metallic ions,
with the exception of the experiment performed without
matches the experimental detected one (see Figure 6). Inadditional base where the value reaches 65%. We may
conclusion, the bulk electrolysis @{CIO,), in the presence  conclude from these data that the mixed-valence dinuclear
of 2 equiv of 2,6-lutidine per manganese ion leads to the di-u-oxo complex3 is indeed formed upon oxidation but
formation of the mixed-valence MMn"Y complex [(tpen)- further evolves into an EPR-silent species, All the
Mn(u-O),Mn(tpen)F* (3). In 3, the tpen ligand would act electrolyses performed were pursued until-2212 electrons

as a tetradentate ligand with two uncoordinated pyridylmethyl per manganese ion were exchanged, with the exception of

%

arms per ligand. A schematic view is given in Chart 1. the experiments performed without additional base for which
Bulk Electrolysis of 2. Electrolyses of a 1.8 mM aceto- the current faded after the exchange of 0.9 electron per Mn.
nitrile solution of 2(ClO4)3:2H,O were performed aE = This low value is at the origin of the more intense EPR

1.1 V vs SCE with different amounts of additional 2,6- signature of mononuclear Mn(ll) species detected at the end
lutidine, ranging between 0 and 2.65 per Mn ion. When 2.65 of the electrolysis. The maximum in intensity of the 16-line
equiv is added to the starting solution, the EPR spectra signal detected during the course of the electrolysis decreases
recorded on 10QL aliquots that were periodically taken as the amount of extra base in the starting solution decreases.
indicate the continual decrease of the starting signal with The amount of3 may be reproduced by the number of
the concomitant increase of the same 16-line signal describedexchanged electrons per Mn. The variation of the exchange
above (data not shown). We thus suspect the formation of electrons per Mn ion at the maximum in intensity of the 16-
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summarizing the oxidation of the starting mono- or dinuclear
Mn(ll) complex1 or 2 into the mixed-valence speci8shat
requires 1.5 electrons per manganese ion, the generation of

(a) 2 protons per manganese ion is clearly evidenced (see eq
2). Thus, the theoretical ratio of the abstracted electrons per
(b) external base added to neutralize the generated protons is

0.75. Consequently, the 0.67 determined value is in perfect
agreement with the proposed redox process.

2 [(tpen)Mn'(OH )2+

© 1 Y\S o

[(tpemMn'll(u-0)sMnV(tpen)]®+ + 4 HY (2)

2 H0 3
3e”
OAc™

[(tpen)Mn'(u-OAc)Mn'(tpen)®*
(@) 2

On the other hand, the generated EPR-silent speties
forms all the earlier during the electrolysis than when the

(e external base is introduced in small quantity. This means
that specied is indeed the most favored oxidized form of
® the system, addition of 2,6-lutidine preventing its formation.

The UV—vis spectra reveal absorption bands in the visible
region with an important increase around 450 nm and around
600 nm with the concomitant decrease between 700 and 750
nm, suggesting the formation of a Mroxo system (see
e -+ Series of X-band EPR . ded 0aliouot Figure S2). From EPR and UWis spectra, the formation
talgg:ledu.ring ?rﬂaeiozrse 0??he electrzrl);sﬁsr%frgi(.)g éM%Zg;onit:ﬁgzcjution of a dinuclear Mn(IV) speciesd, may be proposed. The .
of 2(Cl04)s*2H,0 with 1.3 equiv of 2,6-lutidine per manganese ion. The ~Cyclovoltammogram recorded at the end of the electrolysis
numbers of transferred electrons per manganese ion are (a) 0, (b) 0.35, (cjperformed with 1.3 equiv of base per Mn ion is shown in
015, L7, (0180, and 0 219, Recerdg condions: 838 G2 Figure 3 (see trace ). Upon scaing toward negative
amplitude, 100 kHz modulation frequency= 100 K. potentials, it presents a reversible reduction wave with the
associated oxidation processEit? = 0.86 V vs SCE AEP
. = 0.09 V). Thise¥? value is lower than the one at 1.08 V
_ vs SCE associated with the [(tpen)M-O).Mn" (tpen)Ft/
[(tpen)MAY (u-O),Mn" (tpen)F* redox couple but is close
to the one previously reported for the [(tpen)Mp-O),(u-
] OAC)MNV]2/[(tpen)MrY (u-O)a(u-OAC)MnV]3t process Y2
= 0.89 V vs SCE}"8% According to the intensity of this
redox wave, a concentration of 1 mM may be estimated for
] the dinuclear species [(tpen)Mu-O)x(u-OAc)Mn'V]3t,
which corresponds to a 55% vyield. This is indeed in
agreement with the EPR studies: the ultimate recorded signal
i (trace f in Figure 7) originates from mononuclear Mn(ll)
complexes that account for 40% of the initially introduced
Mn(ll) ions. An irreversible oxidation wave is also detected
. . . atEP = 1.5V vs SCE when scanning is done toward higher
0 0.5 I 1.5 2 2.5 potentials (not shown) which may correspond to the oxidation
Added equivalents of 2,6-lutidine per Mn(II) of the residual heptacoordinated Mn(Il) complexes [(tpen)-
Figure 8. Number of exchanged electrons per introduced Mn(ll) ion  Mn'(X)]?* (X = H,O, CHCN). Consequently, we propose
coresponing i e M f e delcted A6ne X band sgnil o2 hat the EPR-silent specigbformed is the dimanganese-
when an acetonitrile solution &ClO4)s-2H,0 is electrolyzed at 1.1 Vvs (V) complex [(tpen)Mnf-O)(u-OAc)Mn]**. The mecha-

SCE. The solid line is a linear fit of the experimental data points (see the nism of formation of3 and4 will be discussed below.
text).

100 200 300 400 500 600
B (mT)

Exchange electrons per Mn(II)

Discussion
line spectrum is reproduced in Figure 8 as a function of the  The bulk electrolysis of an acetonitrile solution1§€lO4),
additional base. The points indeed form a straight line, and cannot be performed in the absence of 2,6-lutidine. When 2

a linear fit leads j[o_ a slope Of 0.67 electron per ad_ded (60) The literature value is reported vs SSCE. Conversion to that vs SCE
molecule of 2,6-lutidine. By looking at the overall equation is obtained by subtracting 5 mV.
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equiv of base per manganese ion is added to the startingcollected data. The simplest one is a direct one-electron
solution, the mixed-valence [(tpen)M(u-O),Mn" (tpen)F* oxidation of the dimanganese(Htji-u-oxo complex [(tpen)-
complex @) is formed with one tpen ligand remaining Mn"'(u-O),Mn" (tpen)f" as reported in the literature for a
coordinated per manganese center. The same complex is alssimilar compound® The second process relies on the well-
generated when starting fro®, even in the absence of known dismutation reaction between one 'Mn-O)Mn'"
additional base. Indeed, the acetate anion is a strong base imotif and the protonated form Mi{u-OH)Mn'" .63 Whatever
acetonitrile (), = 22) 8 As for 1, 3is the resulting product  the mechanism, the dinuclear Mn(lll) species result from the
of the bulk electrolysis on the condition that more than 2 condensation of the mononuclear Mn(lll) species formed
equiv of 2,6-lutidine per manganese ion is introduced. When upon oxidation at 1.1 or 1.5 V vs SCE.

a smaller amount of base is added to a solutior2,0én Acetate anions are responsible for the lowering of the
EPR-silent speciedl, is ultimately formed. EPR and UV applied potential to perform bulk electrolyses. The disap-
vis spectroscopy together with cyclovoltammetry lead to the pearance of the EPR line gt= 2 at the beginning of the
same conclusion that is the diu-oxou-acetato-dimanga-  bulk electrolyses of solutions @ can be interpreted by an
nese(IV) complex [(tpen)Mm-O).(u-OAc)Mn]**. The key  increased fragility of the dinuclear complex [(tpen)hum-
feature is the lower tpen/Mn ratio 4 compared to thatin  OAc)Mn"(tpen)P* under oxidative conditions possibly due
3orin the starting speciesor 1. 1/2 vs 1/1. In other words,  to a direct oxidation.

the formation of the highest oxidized speciekeads to the As previously mentioned, the reduction wave detected on
release of the tpen ligand, which may act as a base towardthe cyclovoltammogram is not reversible (see trace d in
the protons released upon the formation of the oxo bridgesrigyre 3). This may be attributed to the presence in solution
originating from residual water molecules. The resulting of the protonated 2,6-lutidine that is acidic enough to
complex is stabilized by the coordination of the acetate anion protonate the die-oxo bridge of the [(tpen)MHh(u-O),Mn" -
initially introduced with2. Consequently, the driving force  (tpen)p* complex. The K. value of the protonated 2,6-
of the electrolysis is the neutralization of these protons. When |ytidine is near 1265 in acetonitrile, and a value of 14.6
no additional base is added to the medium, the oxidation has been previously evaluated for the [(phbh)" (u-O)-
leads to the formation ofl. The reaction generates four (,-OH)Mn" (phen)]®* complexé We may thus expect a
protons when four electrons are abstracted (see eq 3).  yalue close to 14 for [(tpen)MHu-0)(u-OH)Mn" (tpen)F+.

The generation at the electrode of the [Mn-O)(u-OH)-
Mn'"]3* core complex would be at the origin of the
[(toen)Mn'(u-OAc)Mn'(tpen)]3+ %» irreversible reduction wave @&.

2 The thorough investigation of the behavior of the dinuclear
complex [(tpen)MA(u-OAc)Mn!' (tpen)F* (2) under oxida-
(tper)Mn(u-O)2(u-OAIMN > + 4 H*  (7) tive potential reveals the versatility of the coordination of

* the tpen ligand together with its role as a base. Indeed we
shall note that Armstrong et al. quoted the role of the excess
ligand tpen as a base in the formation of the [(tpeny(n

)2(u-OAC)]>" complex3® In the presence of acetate ions,
e chemical nature of the dimanganese cor&)(u-OAc),
vs (u-O)(u-OAc), and thus the oxidation state of the
manganese ions, is finely controlled by the acidobasicity of
the reaction mediurt?

2 H0

tpen 4e”

The four protons are partially neutralized by the tpen
ligand being either free or coordinated to a manganese ion.
In the last case, tpen acts as a tetra- or pentadentate ligan
with at least one protonated dangling pyridine arm. The
protonation of tpen in the [(tpen)Mn(&]?" complexes
prevents the Mhto Mn'" oxidation process and the further
chemical reactions from occurring, in agreement with the
final recordgd EPR signals. When an extgrnal bgse is addedConcluding Remarks
to the medium, the release of the tpen ligand is no longer
required and a dinuclear complex presenting a 1/1 tpen/Mn In this paper we have reinvestigated the coordination
ratio can be generated. The choice of the 2,6-lutidine was chemistry of the tpen ligand with Mn ions. Two heptaco-
guided by the high value of its oxidation potential and its ordinated Mn(ll) complexes have been crystallographically
low capability to coordinate to a metal ion. We have recently characterized, namely, [(tpen)Mn(Qff* (1) and [(tpen)-
shown its utility toward the electrochemical formation of new Mn(u-OAc)Mn(tpen)ft (2). We have shown that bulk
Mn—oxo complexe&? In other words, when 2,6-lutidine is  electrolysis of2 in the presence of 2,6-lutidine leads to the
added such as to neutralize all the protons released by theformation of two high-valent dimanganese complexes that
formation of the dix-oxo bridge, complex3 is the final
product. Two mechanisms for the formation ®fcan be (63) Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.;
considered, none of them being favored on the basis of the ~ Sorbella, M.; Vitols, S. E.; Girerd, J.-J. Am. Chem. Sod98§ 110

7398-7411.
(64) Augustin-Nowacka, D.; ChmurZgki, L. Anal. Chim. Actal999 381,
(61) lzutsu, K.Acid—Base Dissociation Constants in Dipolar Aprotic 215-220.
Sobents Blackwell Scientific Publications: Brookline Village, MA, (65) Kaljurand, I.; Rodima, T.; Leito, I.; Koppel, I. A.; Schwesinger,JR.
1990; Vol. 35. Org. Chem.200Q 65, 6202-6208.
(62) Hureau, C.; Sabater, L.; Anxoldiie-Mallart, E.; Nierlich, M.; (66) Larsen, A. S.; Wang, K.; Lockwood, M. A.; Rice, G. L.; Won, T.-J.;
Charlot, M.-F.; Gonnet, F.; Rivie, E.; Blondin, G.Chem—Eur. J. Lovell, S.; Sadilek, M.; Turecek, F.; Mayer, J. Nl. Am. Chem. Soc.
2004 10, 1998-2010. 2002 124, 10112-10123.
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According to the redox behavior of complék we may  Structure of [(tpen)Mn(OB](ClO.), (1(ClO4),) at 110 and 293 K

expect the partial release in solution of the tpen ligand @"d for [(tpen)Mni-OAc)Mn(tpen)](CIQ)s2H0 (2(CIO):

concomitantly with the formation of the gi-oxo-dimanga- 2H,0). Variation of the molar magnetig susceptibiligy wit.h
nese core unit. This should lead to a [(tpen}rO),]™ temperature plotted asyaT vsTcurye (Flg‘ure.81) and U.sz
complex with one labile position on each metallic site. Such SPectra recorded upon electrochemical oxidatiohafid2 (Figure
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