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A New Manganese Dinuclear Complex with Phenolate Ligands and a Single Unsupported
Oxo Bridge. Storage of Two Positive Charges within Less than 500 mV. Relevance to
Photosynthesis
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The compound [MH,0L;](ClO4),.2.23CHC}.0.65CHCI, where L is the monoanionitN,N-bis(2-pyridylmethyl)-
N'-salicyliden-1,2-diaminoethane ligand, has been synthesized. The complex dicatiiaQMi?™ contains a

linear Mn(I1)=O—Mn(lll) unit with a Mn—Mn distance of 3.516 A. The pentadentate ligandviraps around

the Mn(lll) ion. Electrochemically, it is possible to prepare the one electron oxidized tricatiofdM}?+ which
crystallizes as [MpOL;](ClOg)2.34PFs)o.631.5CHCN. The complex trication [MyOL,]3" contains a Mn(l11}-
O—Mn(IV) unit with a Mn—Mn distance of 3.524 A and a MrO—Mn angle of 178.7(2) The contraction of

the coordination sphere around the Mn(lV) is clearly observed. The@Ws]?" dication possesses &= 0
electronic ground state with= —216 cnt! (H = —JS;°S,), whereas the [MyOL,]3* trication shows &= /5
ground state witld = —353 cntl. The UV-visible spectrum of [MpOL,]3" exhibits an intense absorption band

(e = 3040 Mt cm™1) centered at 570 nm assigned to a phenotatdIn(IV) charge-transfer transition. The
potentials of the redox couples determined by cyclic voltammetryEar§Mn,OL;]3"/[Mn,OL,]%") = 0.54
V/saturated calomel electrode (SCE) a&d([Mn,OL,]*/[Mn,OL,]3") = 0.99 V/SCE. Upon oxidation at 1.3
VISCE, the band at 570 nm shifts to 710 nen= 2500 M~ cm~1) and a well-defined band appears at 400 nm
which suggests the formation of a phenoxyl radical. The {®]3* complex exhibits a 18-line X-band electron
paramagnetic resonance (EPR) spectrum which has been simulated with rhombic t&psers160 x 1074

cm3 Ayl =130 x 1074 cm ™3 Al =91 x 1074 cem 3 |Agl = 62 x 1074 cm?; |Agy| =59 x 1074 cm™L; |Ayl

=62 x 104 cm ! andg = 2.006;g, = 1.997;9, = 1.982. This EPR spectrum shows that the 16-line paradigm
related to a large antiferromagnetic exchange coupling and a low anisotropy can be overcome by a large rhombic
anisotropy. Molecular orbital calculations relate this rhombicity to the nature of the orbital describing the extra
electron on Mn(lll). This orbital has a majority but not pure ebntribution (with thez axis perpendicular to the
Mn—Mn axis). Low-temperature resonance Raman spectroscopy on an acetonitrile solution@E jMnprepared

at —35 °C indicated the formation of a phenoxyl radical. This suggests that the ligand was oxidized rather than
the Mn(IIHMn(1V) pair to Mn(IV)Mn(IV), which illustrates the difficulty to store a second positive charge in a
short range of potential in a manganese marmxo pair. The relevance of these results to the study of the
photosynthetic oxygen evolving complex is discussed.

Introduction step in which $is a transient state. The State is characterized

Photosystem Il (PS I1) carries out photochemical extraction by @ multiline electron paramagnetic resonance (EPR) signal

of electrons from water, forming molecular oxygen following Which arises from ai$ = %/ ground staté.The ligands of the
the equation Mn cluster have not yet been fully identified even though the

coupling of the Mn to imidazole nitrogens has been obsetved.
2H,0— 0, + 4H" + 4e

(1) For reviews, see: Debus, R.Biochim. Biophys. Actd992 1102
269-352. Rutherford, A. W.; Zimmerman, J.-L.; Boussac, ATlne

The catalytic center for this essential four-electron oxidation Photosystems: Structure, Function and Molecular Biologrber,

reaction is known as the oxygen evolving complex (OEC). It J., Ed.; Elsevier Science Publisher: New York, 1992, Chapter 5, pp
contains a cluster of four Mn ions cycling through five oxidation 179-229. _
states, $to Sy, the index referring to the number of oxidizing () \ngggandra, V. K.; Sauer, K.; Klein, M. Ehem. Re. 1996 96, 2027~
equivalents storedf? Oxygen is released during the ® S 3) Dism'ukes, G. C.; Siderer, Yroc. Natl. Acad. Sci. U.S.A981, 78,
274-278.
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A broad radical EPR signal has also been detected in the S interaction in the Mn(lll)>-O—Mn(IV) unit in manganites

state of Ca-depleted PS8IBoussac et al® have shown that

La;—xCaMn";_,Mn'V,O3 24 is at the origin of the double-

this signal is related to the interaction between the Mn cluster exchange theory by Anderson and Haseg&thge synthesis

in a redox state analogous to that in thesgte and a radical.

of a molecular Mn(llI’>O—Mn(lV) analogue is certainly a

The conclusive assignment of this radical to the tyrosyl radical valuable goal to understand the mixed-valence properties of such

Yz° was provided by ESEEM experimeftsA Mn—Yz°

a unit. Manganites are the object of intense studies by research-

distance from 3.5 to 4.5 A has been proposed in certain ers in solid-state physics and chemistyA complex between
modelst®11This § EPR signal is observed in perturbed systems the linear Mn(l11)-O—Mn(lll) unit and 5-NQsaldien, a Schiff-

in which the electron transfer between the Mn cluster apd Y
would be inhibited. The possibility of a close proximity between

base type of ligand with two phenol groups, has already been
prepared”’ Only a few other examples of dinuclear complexes

Y2z° and the Mn cluster has stimulated the idea of an active in which Mn(lll) atoms are bridged by a single oxo group are

role of Yz in the water oxidation process. Tyrosine Yould
be implied in electrorprotori®1! or hydrogen transfe—14

known28-30 To our knowledge no X-ray structure of a Mn-
(1) —O—Mn(IV) unsupported bridged system has been reported

from a water molecule bound to Mn. This was considered previously. A linear Mn(IV)-O—Mn(IV) has been characterized

feasible from model complexes data by Caudle and Pecétaro.

The finding that Mn-tyrosine interaction may play a central
role in water oxidation led us to focus our efforts on the

structurally in [NsMn'V(TPP)RO 31
We report here the synthesis of the [MiDL,]2" complex
in which L= = N,N-bis(2-pyridylmethyl)N'-salicylidene-ethane-

synthesis of new Mn complexes containing phenolate ligands 1,2-diamine is the monoanionic pentadentate ligand represented
with the aim of studying their redox chemistry. Schiff-base type below:

of ligands containing two phenol groups have given rise to a

rich Mn chemistryt® For instance the ligand salpthas allowed
the preparation of [Mn(IV)}-O),Mn(IV)] complexes exhibiting
interesting protonation chemistry of the oxo bridgeRecently,

mononuclear metal complexes containing the phenoxyl radical

have been reported.23 It is worthwhile to examine the

possibility of the existence of such a species in the presence of

a manganese polynuclear complex.
Electronic properties of Mn(IIl-O—Mn(lll), Mn(lll) —O—
Mn(lV), and Mn(IV)—O—Mn(lV) linear units are also of

interest. In particular, because the discovery of ferromagnetic

(6) Boussac, A.; Zimmerman, J.-L.; Rutherford, A. Biochemistry1989
28, 8984-8989.

(7) Boussac, A.; Zimmerman, J.-L.; Rutherford, A. W.; Lavergne, J.
Nature 199Q 347, 303-306.

(8) Boussac, BBiochim. Biophys. Actd996 1277, 253-265.

(9) Tang, X.-S.; Randall, D. W.; Force, D. A.; Diner, B. A.; Britt, R. D.
J. Am. Chem. S0d.996 118 7638-7639.

(10) Gilchrist, M. L., Jr.; Ball, J. A.; Randall, D. W.; Britt, R. CRroc.
Natl. Acad. Sci. U.S.AL995 92, 9545-9549.

(11) Force, D. A.; Randall, D. W.; Britt, R. DBiochemistry1997, 36,
12062-12070.
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1995 117, 10325-10335.
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3416.

(16) Wieghardt, KAngew. Chem., Int. Ed. Endl989 28, 8, 1153-1172.

(17) Abbrevations used in the text: salpnN,N'-bis(salicylidene)propane-

1,3-diamine dianion; 5-N@aldierf~, N,N'-bis(5-nitrosalicylidene)-

1,7-diamino-3-azapentane dianion; tphptetrakis(2-methylpyridyl)-
2-hydroxypropane-1,3-diamine monoanion; TACN, 1,4,7-triazacyclo-
nonane; bpy, 2“2bipyridine; phthal~, phthalocyanine dianion; py,

pyridine; TPP-, tetraphenylporphyrine dianion; éat catecholate di-

anion,; bispicenN,N'-bis(2-pyridylmethyl)ethane-1,2-diamine; bispicMe

en, N,N'-dimethylN,N'-bis(2-pyridylmethyl)ethane-1,2-diamine.
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This ligand wraps around Mn(lll), and the sixth coordination
site is occupied by the bridging oxo group. We showed that
this complex can be oxidized twice to successively give the
[Mn,OL,]3" and [MneOL]*" complexes. The structural char-
acterization and the study of the electronic properties of the
[Mn",0L,]2F and [MA'"V,OL,]3" complexes are reported.
Furthermore the [MyOL,]*" species was prepared electro-
chemically and was characterized by BVis and resonance
Raman spectroscopies as a phenoxyl-radical containint-{fn
OLL°]** species. These results show that a Mn(lV) ion and a
phenoxyl radical can be close in energy and therefore in redox
competition.

Experimental Section

Synthesis.All chemical syntheses were performed using Aldrich
starting materials as received. The ligaNiN-bis(2-pyridylmethyl)-
amine was prepared by following a reported procedgNMR spectra
were recorded on a Bruker AC200 and AC250 spectrometer.

Caution! Perchlorate salts of compounds containing organic ligands
are potentially explogie. Only small quantities of these compounds
should be prepared and handled behind suitable pratecshields.

For electrochemical experiments, tetraethylammonium perchlorate
(Fluka) used as supporting electrolyte was recrystallized in ethanol 95%

(24) Jonker, G. H.; Van Santen, J. Ahysical95Q 16, 337

(25) Anderson, P. W.; Hasegawa, Phys. Re. 1955 100, 675-681.

(26) Rao, C. N. R.; Cheetham, A. ISciencel997 276, 911-912 and
references therein.

(27) Kipke, C. A.; Scott, M. J.; Gohdes, J. W.; Armstrong, W.Ihbrg.
Chem.199Q 29, 2193-2194.

(28) Ziolo, R. F.; Stanford R. H.; Rossman, G. R.; Gray, H.JBAm.
Chem. Soc1974 96, 7910-7915.

(29) Vogt, L. H.; Zalkin, A.; Templeton, D. Hnorg. Chem1967, 6, 1725~
1730.

(30) Kitajima, N.; Osawa, M.; Tanaka, M.; Moro-oka, ¥. Am. Chem.
Soc.199], 113 8952-8953.

(31) Schardt, B. C.; Hollander, F. J.; Hill, C. 0. Am. Chem. S0d.982
104, 3964-3972.

(32) Gruenwedel, D. Winorg. Chem.1968 7, 495-501.
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and ethyl acetate (2:1). Acetonitrile was distilled over @aHd under
argon before use.

N,N-Bis(2-pyridylmethyl)- N'-(2-hydroxybenzyl)ethane-1,2-di-
amine. This ligand was obtained by the following two-step synthesis:

-

Hy NH  OH

N
E C
O
) | N N
VLo Ao
N NG N
AN N

The details of the synthesis are described below.

Step 1: N,N-Bis(2-pyridylmethyl)ethane-1,2-diamine.A mixture
of 5.14 g (25.8 mmolIN,N-bis(2-pyridylmethyl)-amine, 6.56 g (25.8
mmol) of N-(2-bromoethyl)-phthalimide8 g ofanhydrous KCO;, and
0.43 g (2.58 mmol) of KI in 75 mL of CECN was allowed to reflux
overnight. After cooling and concentrating under vacuum, the remaining
brown oil was chromatographed on basic aluminum oxide (activity I
II) with CH.Cl; as eluant. After removal of the first fraction, which
contained the residudl-(2-bromoethyl)-phthalimide, concentration of
the second fraction led to the precipitation of an orange solid. This
solid was dissolved in 65 mL of absolute ethanol containing 0.78 mL
(25.8 mmol) of NH4+H,0. The mixture was allowed to reflux for 3 h.
After cooling, 21.5 mL of 12 N HCI (258 mmol) was added, and the
mixture was stirred for another hour. The solution was then filtered to
remove the white precipitate, and ethanol was removed under vacuum.
To this aqueous mixture was added an aqueous NaOH solution. The
aqueous phase was extracted three times witbGGHThe combined
CH,CI, extracts were dried over NaOy, filtered, and then concentrated
under vacuum. Brown oil (3.293 g) was obtained (53% yiéld)NMR
(200 MHz,CDC}): 6 8.42—8.40 (m, 2H, GH4N), 7.57-7.00 (m, 6H,
CsHaN), 3.73 (s, 4H, CH), 2.61 (dt, 4HJ = 27.95 Hz,J = 5.60 Hz,
CH.CH;), 1.32 (m, 2H, NH). 13C NMR (62.9 MHz, CDC}):  158.4,
147.8, 135.2,121.8, 120.8, 59.4, 56.1, 38.4. MS CYNH243 (M +
1).

Step 2: N,N-Bis(2-pyridylmethyl)- N'-(2-hydroxybenzyl)ethane-
1,2-diamine.In 18 mL of absolute ethanol, 0.511 g (2.11 mmol) of
N,N-bis(2-pyridylmethyl)ethane-1,2-diamine and 0.22 mL (2.11 mmol)
of salicylaldehyde were dissolved with 0.133 g (2.11 mmol) of NgBH
CN and 0.32 mL (4.22 mmol) of trifluoroacetic acid. The solution was
stirred overnight and an aqueous NaOH (15%) solution was added.
The mixture was then concentrated to evaporate ethanol and extracte
three times with CkCl,. The combined extracts were dried over,Na
SO, filtered, and then concentrated under vacuum. A yellow oil (0.702
g) was obtained (96% yield), characterized\&ls-bis(2-pyridylmethyl)-
N'-(2-hydroxybenzyl)ethane-1,2-diamirtel NMR (200 MHz, CDCH}):

0 8.51-8.49 (m, 2H, GH4N), 7.62-7.01 (m, 6H, GH.N), 6.89-6.58
(m, 4H, GH4OH), 3.74 (s, 4H, CH), 3.66 (s, 2H, CH), 2.64 (br s,
4H, CH,CH,). 3C NMR (62.9 MHz,CDCJ): ¢ 159.3, 158.3, 148.9,

136.1, 128.5, 128.0, 123.7, 122.6, 121.7, 116.7, 116.2, 60.0, 52.9, 51.3,

45.4. MS CI/NH*™: 349 (M + 1).

N,N-Bis(2-pyridylmethyl)- N'-(2-hydroxybenzyl-ds)ethane-1,2-di-
amine. The ligand deuterated on the phenol ring was prepared using
totally deuterated salicylaldehyde which was synthesized figpienol
(99 atom % D, Aldrich) by adapting the phenol formylation process
reported in ref 33. The reaction was carried out gODunder argon,
with use of CDC} instead of CHGJ. The mixture was extracted three
times with CHCl,. The combined extracts were dried over.S@,
filtered, and then concentrated under vacuum. The remaining yellow
oil was chromatographed on basic aluminum oxide (activitylll)
with CH.CI, as eluant. Concentration of the first fraction gave totally
deuterated salicylaldehyde. Deuteration was checkedHownd 2H
NMR.

(33) Furniss, B. S.; Hannaford, A. J.; Rogers, V.; Smith, P. W. G.; Tatchell,
A. R. Vogel's Textbook of Practical Organic Chemisttyongman:
London, 1978.

Horner et al.

[Mn " ,0O(N,N-bis(2-pyridylmethyl)- N'-salicylidene-ethane-1,2-
diamine),](ClO 4)*EtOH. To a solution of 0.528 g (1.52 mmol) of
N,N-bis(2-pyridylmethyl)N'-(2-hydroxybenzyl)ethane-1,2-diamine in
7 mL of absolute ethanol was added 0.407 g (1.52 mmol) of Mn(O
CCHg)3:2H,0. The resulting brown solution was filtered, and to the
filtrate was added a EtOH solution (5 mL) of NaGt&,0 (0.426 g,
3.04 mmol). A brown microcrystalline solid precipitated immediately.
The mixture was stirred for an additional 1/4 h. The solid was collected
by filtration, washed thoroughly with absolute ethanol, and dried under
vacuum. This procedure afforded 200 mg of #€::Mn;NgO3)(ClOy)*
EtOH (25% yield with respect to manganese). Anal. Calcd fasH6-
Mn,NgO3)(ClO4)*EtOH: Mn, 10.37; C, 49.76; H, 4.52; N, 10.56; Cl,
9.87. Found Mn, 10.37; C, 49.76; H, 4.87; N, 10.67; Cl, 9.08.
Significant IR bands (cm): 3440 (br), 1627 (s), 1601 (s), 1478 (s),
1445 (s), 1297 (m), 1270 (s), 1094 (vs), 1016(w), 857 (s), 800 (m),
763 (s), 622 (s). Symbols: br, broad; vs, very strong; s, strong; m,
medium; w, weak; sh, shoulder. Single crystals were grown by slow
diffusion of a mixture of CHCI,/CHCI; (1:1), in a concentrated solution
in CH:CN. X-ray diffraction (see Discussion) showed that the formation
of this complex was accompanied by the spontaneous dehydrogenation
of the (N,N-bis(2-pyridylmethyl)N'-(2-hydroxybenzyl)ethane-1,2-di-
amine) ligand leading to the formation of the Schiff base with the
hydroxybenzyl group. The analysis found by X-ray diffraction was
different from the powder described above and led to the following
formula: (C2H42MnzNgO3)(ClO4)2+2.23CHCE-0.65CHCI,. The powder
and the crystalline samples will be referred to as §¥iny](ClO),*
EtOH and[Mn ;0L 5](CIO4), respectively, in the text.

[Mn " Mn" O(N,N-bis(2-pyridylmethyl)- N'-salicylidene-ethane-
1,2-diamine})](CIO 4)2.34{PFs)o.s31.5CH;CN. Preparative scale elec-
trolysis of a 102 M solution of [MnOL](ClO4),*EtOH in CHCN
containing 0.1 M tetraethylammonium perchlorate was performed. The
potential was set to 0.84 V/saturated calomel electrode (SCE). The total
number of Coulombs required to complete the electrolysis corresponded
to a one-electron oxidation per mole of the starting complex. After a
few days at-12 °C, 30 mg of a fine powder (53% yield) was collected
from the resulting oxidized solution. Because of the small quantity
obtained, chemical analysis of the powder was not pursued. Significant
IR bands (cm?'): 3422 (br), 1620 (s), 1601 (s), 1541(m), 1482 (m),
1443 (s), 1295 (s), 1257 (m), 1090 (vs), 1034 (w), 1017 (w), 910(w),
857 (s), 805 (m), 763 (s), 623 (s). Single crystals were obtained by
slow diffusion of EtO in a concentrated G)&N solution of the powder
collected from the electrolysis. X-ray diffraction revealed the composi-
tion (C42H42Mn2N803)(CIO4)2_37(PF5)0,53-1.5CH3CN. The Plt_;f was
introduced inadvertently by using a contaminated electrolyte. This
compound will be referred to g#1n ;0L 5](ClO 4)234{PFs)o.s3 in the
ext. These crystals were used for X-ray diffraction and magnetic
susceptibility measurements. The analogue compound with perchlorate
counteranions only was prepared. Crystals of poorer quality were
obtained which led to a similar structure and the following formula:
(C42H42Mn2N303)(CIO4)3-CH3CN-HZO. EPR, Raman, and UWis
experiments were made on electrochemically prepared solutions.

Magnetic Susceptibility Measurements.Magnetic susceptibility
measurements in the 4:300 K temperature range were carried out
with a MPMS5 SQUID susceptometer (Quantum Design Inc.). The
calibration was made at 298 K using a palladium reference sample
furnished by Quantum Design Inc. Ground crystalfMifi ;,OL 5](CIO ),
and [Mn ;0L 5](CIO 4)2.34PFe)o.63 Were used.

Crystallographic Data Collection and Refinement of the Struc-
tures of [anoLz](C|O4)2 and [Mn 20L2](C|O4)2,37(PF6)0,63. The
crystal data ofMn ;0L 2](ClO 4), and[Mn ;0L 5](CIO 4)2 3APFe)o.63 and
the parameters of data collections are summarized in Table 1. A
hexagonal prismatic brownish black crystal[bfn ;,OL ](CIO 4), with
the dimensions 0.8« 0.7 x 0.7 mm and a dark brown crystal of
[Mn 20L 2)(CIO 4)2.34PFe)o.63With @ prismatic shape with the dimensions
0.5 x 0.35x 0.2 mm were chosen for X-ray diffraction experiments.
The unit-cell and intensity data were measured with an Enraf-Nonius
CAD-4 diffractometer with graphite monochromated Ma. Kadiation
(A = 0.71073 A). The cell constants were refined by least-squares
procedures based on th®2alues of 25 reflections measured in the
ranges 20.06< 20 < 21.85 for [Mn ,OL](ClO4), and 23.7< 20 <
32.16 for [Mn2OL](ClO4)2.34PFs)os3 at ambient temperature. All



Mn Dinuclear Complex with Phenolate Ligands

Table 1. Crystallographic Data fofiMin ;0L 7](ClO4), and
[Mn ;0L 2](CIO 4)2.34PFe)o.63

[MI’] ,0OL 2](C|O 4)2 [Mn 2OL2](C|O4)2_37(PF6)0_6

formula [Q2H42Mn2N803] 2[C|O4] [C42H42Mn2N303]

2.23[CHCE] 0.65[CH,Cl;]  {2.38[CIQy] 0.62[PF]}

1.5 [CHCN]

fw 1337.05 1204.88
temp, K 294 294
radiation Mo Ka (0.710 73 A) Mo Ko (0.710 73 A)
space group P1 P21h
a A 12.463(9) 12.067(2)
b, A 12.78(2) 21.241(5)
c, A 21.55(1) 20.357(3)
a, deg 73.20(6) 90
B, deg 86.37(5) 103.87(1)
y, deg 61.02(6) 90
v, A3 2863(5) 5066(2)
z 2 4
Dy, glcn® 1.547 1.583
u, mm? 0.969 0.730
Neotal 9651 9148
Nindep 9379 8888

0.073 0.047
Rw 0.200 0.121
Apmax (e A=3)  0.553 0.584
Apmin (€ A73)  —0.697 —0.417

reflection intensities were collected in the range 20 < 50° within
[-14 < h < 14,-14 < k < 15, 0 < | < 25] for [Mn ;OL](CIO ),
and [—14 <h<13,0<k<250<I|< 24] for [Mn 20L2](C|O4)2,37-
(PFe)oss The total numbers of the collected independent reflections
are 9379 for[MnOL;](ClO4), and 8888 for[Mn OL;](CIO4)237
(PFe)oss Both structures were solved by direct methods with the
program SHELXS8® and refined by using the SHELXL%3program.
The drawings were prepared with ORTEFI.

[Mn 20L 5](CIO 4)2. Two crystallographically independent molecules
A and B in the unit cell were identified. In both, the bridging oxygen
atom is positioned on different centers of symmetry (0, 0, 0 and 0, O,
0.5). Particular disorder is observed in molecule B (the C26 atom
occupies two positions with identical populations). Two perchlorate
anions and all molecules of solvent (trichloro- and dichloromethane
molecules) are disordered.

[Mn 20L 2](ClO 4)2.34PFs)o.63 The structure of this complex consists
of a linear molecular cation, disordered anions, and solvent molecules.
One CIQ ™ is distributed over two sites with nonidentical occupations
(0.85 and 0.15). A second anion is a superposition of ,ClQ3ite
occupation factor of 0.75) and PFout with a smaller occupation factor
(0.25). A third anion site shows also a superposition of LI(ite
occupation factor of 0.62) and PH0.38). In addition, two molecules
of acetonitrile were identified, one of them in a general position and
the second one distributed over two positions at the inversion center.

Both structures were refined by full-matrix least-squares approxima-
tion based on ¥ Refinement was anisotropic for non-H atoms of
cations, isotropic for disordered anions and solvent molecules. Hydrogen

positions were calculated by assuming geometrical positions and were

included in the structural model. Final refinement of this model was
continued until convergence when R410.073 for B > 2¢(F2) and
RW = 0.200 for[Mn ,0L](ClO4), and R1= 0.047 for B > 20(F2)
and RW= 0.121 for[Mn ;OL ;](ClO 4)2.34{PFe)o.63 The final difference
map showed the largest residual peaks of 0.55-afb9 e A3 in
[Mn 20L2](C|O4)2 and 0.58 and-0.41 e A73 in [Mn 20L2](C|O4)2,37-
(PF6)0.63

Atomic coordinates for all atoms, bond distances and angles, and
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Cyclic Voltammetry and Preparative Scale Electrolysis.Cyclic
voltammetry and controlled potential electrolysis were measured using
an EGG PAR potentiostat (M273 model). For cyclic voltammetry, the
working electrode was a platinum disk of 3-mm diameter, carefully
polished with diamond pastes and ultrasonically rinsed in ethanol before
use. Preparative scale electrolyses were carried out using a cylindrical
Pt grid of 20-mm diameter and 50-mm height serving as the working
electrode in a cylindrical cell filled with 20 mL of solution. A Pt wire
was used as the counter electrode and a Ag/Ag€lextrode prepared
in acetonitrile, separated by a fritted disk from the main solution as
the reference electrode (270 mV above the potential of the saturated
calomel electrode). For preparative scale electrolysis experiments, the
counter electrode was separated from the cathodic compartment by a
fritted bridge. The experiments were carried out in carefully degassed
solutions by argon flushing.

UV—Vis Spectroelectrochemistry. The thin-layer cell used for
room-temperature U¥vis experiments was described previoluSlyhe
working electrode was a platinum grid (0.3 mm). Reference and counter
electrodes were the same as used for cyclic voltammetry. Optical path
of the cell was 0.5 mm. The spectra were obtained on a-\ig Varian
Cary 5E spectrophotometer.

EPR SpectroscopyEPR spectra were recorded on Bruker ESP 300
E spectrometer. For low-temperature studies, an Oxford Instruments
continuous flow helium cryostat and a temperature control system were
used.

EPR Simulation. Simulation of the EPR spectrum was performed
using a FORTRAN program for powder spectra®# Y/, systems,
including calculation of the hyperfine contributions to the second
order3® For each transition, the resonant field was calculated using
perturbation theory up to the second order for the hyperfine coupling
terms and the resulting stick spectrum was then convoluted with
Gaussian functions. This simulation program is coupled to a minimiza-
tion program to find the set of parameters giving the lowest possible
value of the agreement factor defined Rs= (Y@ — Y&9)y;-
(Yiexp)Z_

Resonance Raman SpectroscopiResonance Raman spectra were
recorded using a Jobin-Yvon U1000 double monochromator equipped
with a liquid-nitrogen-cooled, charge-coupled device (CCD) detector.
Light excitation at 413.1 nm was provided by a*Kiaser (Coherent
Innova 90); less than 15 mW of laser power at the sample was used.
The spectra were the result of the average of at least 10 exposures of
250 s each. The samples (cax5L0~* M) in acetonitrile were held in
a cold gas-flow cryostat (TBT, France) at 15 K. Spectra were calibrated
at the 920 cm! band of acetonitrile.

Results

Structure of [Mn 20L ,](CIO4),. The unit cell contains two
independent molecules A and B. Distances and angles pertaining
to the inner coordination of Mn are listed in Table 2. The
structures of these molecules are very similar, and only one
type of dication [MROL;]%" is represented in Figure 1 (1) and
discussed below. It contains a linear M®—Mn unit, the
oxygen atom being on an inversion center. The Mn{iDyxo
distance [1.758(2) A] must be compared with the corresponding
distances in the Mn(lll-O—Mn(lll) core of MnO(5-NO;-
saldien)?” [1.751(4) A, 1.757(4) A], MpOL', [L' stands for
the oxygenation product of HB(3/Brpz)s, 1.77(1) A]3° and
in the tetranuclear manganese comglpMn(tphpn)(QCCHg)-
(H20)],0}4* 30[1.766(1) A]. These distances are slightly shorter
than the corresponding ones observed in the complexes contain-

thermal parameters have been deposited at the Cambridge Crystal—ing the u-oxo-bis(-acetato) core such as [MB(OCCHa)--

lographic Data Centre (CCDC) and can be obtained on request at

CCDC, Union Road, Cambridge C82 IEZ, UK.

(34) Sheldrick, G. M.SHELXS86: Program for the solution of crystal
structures University of Gdtingen: Germany, 1986.

(35) Sheldrick, G. MSHELXL93: Program for the refinement of crystal
structures University of Gadtingen: Germany, 1993.

(36) Johnson, C. KORTEPII Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(37) Frapart, Y.-M.; Boussac, A.; Albach, R.; Anxoldlgee-Mallart, E.;
Delroisse, M.; Verlhac, J. B.; Blondin, G.; Girerd, J.-J.; Guilhem, J.;
Cesario, M.; Rutherford, A. W.; Lexa, DJ. Am. Chem. S0d.996
118 2669-2678.

(38) Bonvaisin, J.; Blondin, G.; Girerd, J.-J.; Zimmermann, JBlaphys.

J. 1992 61, 1076-1086.

(39) Chan, M. K.; Armstrong, W. Hl. Am. Chem. S0d989 111, 9121~

9122.
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Table 2. Selected Bond Lengths [A] and Angles [deg] for
[Mn 20L2](C|O4)2 and [Mn 20L2](C|O4)2,37(PF6)0,63

[Mn 20L2](C|O4)2a [Mn 20L2](C|O4)2_37(PF5)0_53
Mn(1V) Mn(li)
Mn—0 1.758(2) Mr-O 1.727(2)  1.797(2)
Mn—O(1) 1.924(4) Mr-O(1)  1.853(3)  1.887(3)
Mn—N(17)  2.168(5) Mr-N(2)  2.046(3)  2.143(3)
Mn—N(10)  2.226(6) Mr-N(3)  2.007(3)  2.251(4)
Mn—N(24)  2.248(6) Mr-N(4)  2.004(4)  2.236(4)
Mn—N(9) 2.000(5) Mr-N(1)  1.997(3)  1.989(3)

Mn(Iv) Ml
O—-Mn—0(1) 95.40(14) OMn-O(1) 93.07(12) 92.31(12)
O—Mn—N(9) 1749(2) O-Mn—-N(1) 176.15(14) 175.9(2)
O(1)-Mn—-N(@9) 89.3(2)  O(LyFMn—N(1) 89.98(13) 90.32(13)
O-Mn—-N(17)  92.8(2)  O-Mn—N(4) 90.92(13) 90.79(13)
O(1)-Mn—-N(17) 169.9(2)  O(LFMn—N(4) 99.21(14) 105.95(14)
N(©)-Mn—N(17) 82.8(2) N(1}Mn—N(4) 86.3(2)  85.5(2)
O-Mn—N(10) = 91.7(2)  O-Mn—N(3) 89.51(13) 88.21(12)
O(1)-Mn—N(10) 108.4(2)  O(1yMn—N(3) 98.14(13) 101.54(14)
N(9)—Mn—N(10) 84.9(2) N(L}Mn—N(3) 92.4(2)  94.3(2)
N(17)-Mn—N(10) 77.3(2) N(4¥-Mn—N(3) 162.60(14) 152.51(13)
O-Mn—N(24) ~ 89.6(2) OMn—N(2) 93.58(13) 95.01(12)
O(1)-Mn—-N(24) 99.3(2)  O(1)}Mn—N(2) 173.30(12) 172.04(13)
N(9)—Mn—N(24) 91.6(2) N(L}-Mn—N(2) 83.42(14) 82.54(14)
N(17)-Mn—N(24) 74.7(2) N(4¥-Mn—N(2) 81.54(14) 77.12(13)
N(10)-Mn—N(24) 152.0(2)  N(3>Mn—N(2) 81.07(14) 75.61(13)
Mn(#—-0O—Mn 180 MnA-O—MnB 178.7(2)

a[Mn OL)(ClO4), symmetry transformations used to generate
equivalent atoms: #4x, —y, —Z] for molecule A and # {x, -y, —z
+ 1] for molecule B.

(TACN)z]2+ °[1.80(1) A] or [MnO(O,CCH)(bpy)(H20)s] 2+ 4*

41 [1.777(12) A, 1.788(11) A]. In [MSO(CN)l® [1.723(4) "”?f/"u'\'\"’ i
A]28 and MnO(phthal}(py),2°[1.71(1) A], the Mn-0 distances NSy

are shorter than all the previous ones, an effect likely caused N/
by a low-spin state for the Mn(lll) ions. Although in the \ > cw
Mn,O(5-NOysaldien) complex the MR-O—Mn unit is nonlin- )
ear (168.4), we observe for [MgOL]?" a linear Mn(l11)—O—
Mn(ll1) bridge. The distance between the phenoxy oxygen atom
and manganese in [MOL,]2t [Mn—01 = 1.924(4) A] is Figure 1. ORTEP diagram of [MsOL]** (1) and [MnOL,*" (2)
similar to the corresponding one observed in the complex With thermal ellipsoids at 50% probability. For [MBL,]*" only one
Mn,O(5-NOssaldien) [1.917(4) A]. In [Mn,OL]2* the Mn— crystallographically independent molecule is shown.

N17(amine) is 2.168(5) A. The MaN24(py)= 2.248(6) _A and This behavior has already been reported for Co monomeric
Mn—N10(py) = 2.226(6) A distances lying perpendicular to complexes3 In [Mn,OL,]2+, the Mn—N9(imine) is 2.000(5)
the Mn—O—Mn axis are the two longest around each Mn(lll),

which suggests that the Mn(III)_ |ons_e?<h|b|t a Jatreller Structure of [Mn 20L2J(CIO 4)25{PFs)os The structure of
elongation along the N24N10 axis. This is confirmed by the ¢ [Mn,OL,]3*+ cation is shown in Figure 1 (2). As may be
MO calculation (see below) which shows that the fourth pserved, the linear MRO—Mn core is preserved. Selected
unpaired electron on Mn(lll) is in a MO containing a large gistances and angles pertaining to the inner coordination of Mn
percentage of dorbital, thez axis corresponding to the N24  5r¢ jisted in Table 2. The inequivalence between the Mn(IV)
N10 axis. A Mn(lll) monomer with a related hexadentate ligand, (Mna) and the Mn(lll) (Mrs) is observable from the bond
N,N-bis(2-pyridylmethyl)N',N'-bis(2-hydroxybenzyl)-1,2-diami-  gistances. The Mir-Ooxo distance of 1.727(2) A is, as expected,
noethane, has been structurally characterizd@the Jahr-Teller shorter than the Mg-O,y, distance of 1.797(2) A. The Mn-
elongation axis is similarly along the,-Mn—Npy axis [Mn— (IV) —Ogxo distance is shorter than in NIn"V (TPP)LO [1.794-
Npy 2.252(5) A, 2.237(5) AJ. (4) A, 1.743(4) Al Upon oxidation of [MROL,]2*, the Qo
The observation of a short NIC8 distance [1.277(8) A] moves closer to the Mn(lV) atom, the MiMn distance
indicated the dehydrogenation of the ligand during the complex remaining almost constant (3.516 A in [MDL2]?* and 3.524

]

synthesis as follows A'in [Mn,OL]3"). The Mn(lll) coordination sphere is slightly
different from those observed in [MOL]2". The Mrs—Ooxo
distance is longer than those in [MDL,]?". The Mrns—O1,
Mng—N2(amine), and Mg—N1(imine) distances are shorter
e 1 than the corresponding ones in [MDL,]?" because of the
_NH o- /N o-

(42) Neves, A.; Erthal, S. M. D.; Vencato, I.; Ceccato, A. S.; Mascarambas,
Y. P.; Nascimento, O. R.; Hoer, M.; Batista, A. A.Inorg. Chem.

(40) Wieghardt, K.; Bossek, V.; Ventur, D. J.; Weiss,JJ.Chem. Soc., 1992 31, 4749-4755.
Chem. Commurl985 347—349. (43) Bdatcher, A.; Elias, H.; Jger, E. G.; Langfelderova, H.; Mazur, M.;
(41) Ménage, S.; Girerd, J.-J.; Gleizes, A.Chem. Soc., Chem. Commun. Miiller, L.; Paulus, H.; Pelikan, P.; Rudolph, M.; Valko, Nhorg.

1988 431-432. Chem.1993 32, 4131-4138.
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Figure 2. Product of the magnetic susceptibility per mole by temper-
ature for[Mn 0L 2](C|O 4)2 (O) and [Mn 0L 2](C|O 4)2,37(PF5)0,53 (D)

ded™

300

Solid lines were generated by the best-fit parameter given in the text.

decrease of electron density on Mn(lll), which itself is a conse-
guence of the slight off-shift of the oxo group. The pArN3-
(py) and Mrs—N4(py) distances are similar to those in
[Mn,OL;]2*: 2.251(4) and 2.236(4) A. Around the Mn(1V) ion,
the Mn—O(phenoxy) is shorter than for the Mn(lll) by 0.04 A.
The Mm—N2(amine) is 2.046(3) A and the Ma-N3(py) and
Mna—N4(py) are 2.007(3) A and 2.004(4) A, respectively; these
three distances are shorter than the corresponding Ma(ill)
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constant) and = —216 cnT®. The magnitude and sign of the
J value are comparable with those found by Kipke et’dbr
a similar linear Mn(ll1)-O—Mn(Ill) core (J = —240 cn1?).

The yuT value for [Mn ;OL 3](CIO 4),.34PFe)o.63 decreases
from 0.59 cni mol~1 K at 300 K to a plateau at 0.35 émol!
K beginning around 115 K. This is characteristic of an
antiferromagnetic coupling between the electronic spins of the
high-spin Mn(IV) S = 3/5) and Mn(lll) (S = 2) ions which

bond lengths. The most dramatic change upon oxidation is the produces a spis = ¥/, ground state. The experimental results

shortening of~0.24 A of the Mn—N(pyridine) bonds. This is

were simulated using the same expression as the one used for

in agreement with the proposal that the Mn-py axis defines the compound[Mn ;0L 5](CIO4),. The best fit was obtained by

Jahn-Teller elongation for the Mn(lll). The Ma—N21(imine)
bondtransto the oxo group is 1.997(3) A; it tends to be slightly
larger than the analogous MaN1(imine)= 1.989(3) A. This
could be related to the increase tofins effect when the oxo
group is brought close to the Mratom. To our knowledge,
this is the first structurally characterized complex with a linear
Mn(11l) —=O—Mn(IV) unit. Such a species has been proposed
from EPR data with TPP as a ligand but has not been
isolated!*45

Magnetic Susceptibility. For both compoundgMn ,OL 5]-
(Cl04)2 and[Mn ;0L 5](ClO 4)2.34PFe)o.63 the molar magnetic
susceptibilityyy was measured on ground crystals as a function
of the temperaturd. The results forfMn ,OL3](ClO4), are
shown in Figure 2 in the form of theu T versusT plot, together
with the results obtained fgMn ;OL 5](CIO 4)2.34{PFg)o.63*¢ The
xmT value for [Mn,OL](ClOy), decreases from 0.812 ém
mol~1 K at 300 K to 0 cnd mol~1 K for T < 50 K. This behavior

settingg = 2 for J = —353 cntl.

In summary these measurements are in full agreement with
the oxidation states deduced from the structural study. The-[Mn
OL,]?" complex contains a pair of Mn(lll) ions antiferromag-
netically coupled to give an electronic spin singlet ground state
and the [MnOL;]®" complex contains a Mn(ll)Mn(IV) pair
in which antiferromagnetic coupling leads to an electronic spin
doublet ground state.

Redox Properties of [Mm,OL 5]?". Cyclic voltammetry of
[MnOL;]%" in acetonitrile (Figure 3) shows two reversible
anodic waves at;2 = 0.54 V/SCE (wave 1), anB,2= 0.99
V/SCE (wave 2). In reduction one irreversible cathodic wave
observed aE, = —0.69 V/SCE indicates that the Mn(lIl)Mn-
(I1) mixed-valent species is unstable under these conditions. In
oxidation, controlled potential electrolysis &t0.84 V/SCE
established a one-electron (for two Mn) oxidation process
leading to the formation of the mixed-valence Mn(II)Mn(1V)

is characteristic of a strong antiferromagnetic coupling between compound. Preparative scale electrolysis was performed at

the twoS = 2 spins of high-spin Mn(lll) ions. ThguT value
was calculated according to

1T = (NFPG/3K) (2SS + 1)(2S+ 1)) x
expA(S(S+ 1)/KT)/=(2S+ 1) expd(S(S+ 1)/T))

+0.84 VISCE on a concentrated solution of [Mi,]2" (5
mM), and a dark fine powder was obtained, from which crystals
were grown leading to the identification of the complex as the
[Mn,OL,]3" form. The presence of the second reversible anodic
wave indicates that a species with higher oxidation level is
accessible (see below). As expected from the electron donor

wherelJ is the exchange constant in the Heisenberg Hamiltonian properties of the phenolic ligand, these potentials are lower than

H = —JS;-S,. The best fit was obtained with = 2 (kept

(44) Camenzind, M. J.; Schardt, B. C.; Hill, C. Inorg. Chem1984 23,
1984-1986.

(45) Dismukes, G. C.; Sheats, J. E.; Smegal, J.Am. Chem. S0d987,
109 7202-7203.

(46) The data shown in Figure 2 ffivin 0L 5](CIO 4)» have been corrected
for 0.41% of a S= 5, Mn(ll) impurity and those forfMn ,OL -
(ClO4)2.3dPF6).62 for 0.8% of a S= %, Mn(ll) impurity.

those reported in Mn(lIp-oxo-bisf-acetato)Mn(lll) complexes
with the same total charge. For example in acetonitBfé& is
reported at+-0.89 V/SCE for the Mn(lll)Mn(IV)/Mn(lll)Mn-
(1) couple of [MnO(O;CCHg)2(N,N',N"-trimethyl-TACN),|2+.47

(47) Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.;
Corbella, M.; Vitols, S. E.; Girerd, J.-J. Am. Chem. So4988 110,
7398-7411.
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Figure 4. Spectroelectrochemistry of [MBL,]?" in acetonitrile with
0.1 M TBACIO, as supporting electrolyte. Spectrum of [ML;]?"
(—); [Mn20OL,]3" generated by oxidation at0.84 V vs SCE{ - —);
[Mn,OL;]*" generated by oxidation at1.3 V vs SCE £ — —). The
visible part is represented in the insert for better accuracy.

In liquid SO, at —40 °C, the same compound is reported to
exhibit two reversible one-electron processes-at89 V and
+1.51 V/SCE, attributed to the formation of the Mn(lll)Mn-
(IV) and Mn(IV)Mn(lV) species, respectively.

UV —Vis Spectroscopy.The electronic spectrum of [Mn
OL;)%" in acetonitrile (Figure 4) exhibits a broad band around
500 nm € = 1000 M~* cm™1) and a shoulder at 400 nma &
4800 Mt cm1). One intense band is also observed at 300 nm
(e =21 000 Mt cm™1). Because no other spectra of Mn(lll)-
O—Mn(lll) have been reported, comparison can only be made
with compounds containing the dimangan@sexo-bisf-
acetato) core. Above 450 nm, in [MBL,]%" only one band is
detected, whereas thg-oxo-bisf-acetato) complexes as
[Mn,0(0,CCHg)2(TACN),]%" present at least four transitions
at 495 nm é = 324 M~* cm™1), 520 nm (250), 665 nm (95),
and 910 nm (40} This simplification of the visible spectrum
when the M(lII-O—M(lll) angle opens has already been
observed with M= Fe*84°This establishes a striking analogy
between spectra of complexes containing the unit M{0)-
M(llI) for M = Mn and FeX°

UV —vis spectroelectrochemistry of a solution 0.5 mM [Mn
OL,]?" is shown in Figure 4. Upon oxidation at 0.84 V/SCE

the absorption spectrum changes drastically. A broad absorption

band € = 3040 Mt cm™) centered at 570 nm appears. This
band is likely to be attributed to the phenolateMn(IV) charge-
transfer band (LMCT) as reported for the [M(L,4,7-tris(5-

(48) Holz, R. C.; Elgren, T. E.; Pearce, L. L.; Zhang, J. H.; O’'Connor, C.
J.; Que, L., Jrinorg. Chem.1993 32, 5844-8850.

(49) Nivorozhkin, A. L.; Anxolabbere-Mallart, E.; Mialane, P.; Davydov,
R.; Guilhem, J.; Csario, M.; Audiee, J.-P.; Girerd, J.-J.; Styring, S.;
Schiissler, L.; Seis, J.-L.Inorg. Chem.1997 36, 846—-853.

(50) Que, L., Jr; True, A. EProg. Inorg. Chem199Q 38, 97—-184.

Horner et al.

tert-2-hydroxybenzyl)-1,4,7-TACN)] cation?®! in which the
intense band observed at 640 nm= 7070 M1 cm™) is
attributed to a charge transfer (CT) between the phenolate
residue and the Mn(lV). A comparison with Mdy(salpn}!®

for which the LMCT band is observed at 500 nm with=
7000 Mt cm™! is better, because M®,(salpn} contains a
salicylidene-amino group identical with that found in [Mn
OL2]3". In [Mn2OL,]3", two other bands appear in the UV
region at 408 nme(= 6970 M1 cm™1) and 344 nmd = 12 400

M~1 cm™1). These bands are similar to those obtained in [Mn-
(INMN(IV)O »(bispicen)]®*.52 Their relatively high intensity
suggests that they are likely to be attributed to exdvin(1V)

CT transition. Besides, in the bispicen complex, this attribution
is supported by the observation of an increase of the intensity
of these bands when changing from the Mn(Il)Mn(1V) to the
Mn(IV)Mn(IV) oxidation level 32

Upon oxidation at 1.3 V/SCE, the broad band at 570 am (
= 3040 M1 cm™Y) shifts at 710 nmd = 2500 Mt cm™?).
Another well-defined band appears at 400 rere=(10 698 M1
cm™Y). This type of intense absorption band has been reported
as the fingerprint of the formation of a phenoxyl radical rather
than a metal-centered oxidatidnn an Fe(lll) monomer with
ligand of the 1,4,7-trist-hydroxybenzyl)-1,4,7-TACN type.

Resonance RamanAs said above, we observed by spec-
troelectrochemistry at room temperature that upon oxidation at
1.3 V/ISCE, a band appeared at 400 nm. It disappeared within
10 min, and we then suspected the formation of an unstable
phenoxyl radical in place of a metal-centered oxidation. To be
studied spectroscopically, the oxidized speciesfMp]*" was
prepared by controlled potential electrolysis at 1.2 V/SCE of
[Mn20L,]3*" at —35 °C in acetonitrile. Following the advance-
ment of electrolysis by coulometry, it was checked that the
whole [MnOL,]3t complex was oxidized without any degrada-
tion. A color change from dark blue to deep green was observed.
UV —vis spectroscopy of the final solution gave again the optical
absorption feature at 400 nm, which is likely the signature of
the phenoxyl radical.

Further evidence supporting the existence of a phenoxyl
radical was obtained from resonance Raman spectroscopy (RR).
Figure 5 shows the low-temperature RR spectra of the complex,
excited using 413.1 nm light at various steps of the electrolysis.
Bands are observed at 1540 ¢cinl572 cnt?, 1605 cnil, 1630
cm1in RR spectra (Figure 5a and b) of the [MDL,]?" and
[Mn2OL,]3" complexes, respectively. The bands at 1572%tm
and 1605 cm® are attributed to the pyridine groups of the
ligancP® and the band at 1630 crhto the Schiff base ligand
vibrationvcn.>* The most dramatic changes in the RR spectrum
occurred for the [MpOL]** complex (Figure 5c¢) as shown by
the appearance of new bands at 1500 and 1628 anaddition
to those mentioned above which are slightly shifted. The new
bands are associated with the same species giving rise to the
400 nm absorption band in Figure 4 and are resonance enhanced
at the 413.1 nm Raman excitation used here. These bands are
characteristic vibrational signatures of phenoxyl radicafs,57
They are assigned, respectively, to the@ stetching {73 and

(51) Auerbach, U.; Weyheritier, T.; Wieghardt, K.; Nuber, B.; Bill E.;
Butzlaff, C.; Trautwein A. X.Inorg. Chem.1993 32, 508-519.

(52) Goodson, P. A.; Aderemi R. O.; Glerup, J.; Hodgson, O.JAm.
Chem. Soc199Q 112, 6248-6254.

(53) Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. The
Handbook of Infrared and Raman Characteristic Frequencies of
Organic MoleculesAcademic Press: New York, 1991; p 297.

(54) Carrano, C. J.; Carrano, M. W.; Sharma, K.; Backes, G.; Sanders-
Loehr, J.Inorg. Chem.199Q 29, 1865-1870.

(55) Tripathi, G. N. R.; Schuler, R. Hl. Phys. Chem1988 92, 5129-
5133.
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Figure 5. RR spectra of (a) [MgOL,]?" in acetonitrile, with 0.1 M
TBACIO,, taken at 15 K fexc = 413.1 nm); (b) [MROL]®* in
acetonitrile, with 0.1 M TBACIQ, same conditions, obtained by
oxidation at+0.84 V/SCE at—35 °C; (c) [Mn,OL,]*" in acetonitrile,
with 0.1 M TBACIO,, same conditions, obtained by oxidationst.3
VISCE at—35 °C.

1480 1520

C—C stetching ¥g,) vibrations of the phenoxyl radica?.>>-58
The difference #sa — v79 is about 120 cm!, and the RR
intensities ratio of the modess, and vz, appears to be 1,
which suggests the phenoxyl coordination to the nrétslle
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Figure 6. X-band EPR spectrum of [M®L,]*" obtained electro-
chemically in acetonitrile. Spectrometer setting: modulation amplitude,
9.65 G;T= 10 K; v = 9.434101 GHz. (a) experimental spectrum; (b)
simulated spectrumAy| = 160 x 104 cm%; |A| = 130 x 1074
cm ™y |Al =91 x 1074 cm ™y |Ax| = 62 x 1074 cmY; |Ay| = 59 x

104 cmy; |Ayl = 62 x 1074 cml; g« = 2.006;9, = 1.997; 0,
1.982.

isotropy. The large anisotropy is typical for a Mn(lll) ion and
the isotropy corresponds to a Mn(lV) ion. Tigeanisotropy is
large @x — g, = 0.024) as is the rhombicity ¢t — g,)/(gy —

g2 = 0.6]. For the spin-doublet ground state of a strongly
antiferromagnetic Mn(lll)Mn(1V) pair, one hag[= 2 [¢"'] —

have also obtained RR spectra of the complex containing [g'"V].8 Mn(IV) is close to isotropy so that the anisotropy of
deuterated phenolate groups. However this complex was[g] mainly reflects that of"']. The rhombicity of f] can thus

fluorescent under the 413.1 nm exciting conditions and resulted be related to the symmetry around Mn(lll) being far from
in RR spectra with a reduced signal-to-noise ratio. Despite this axiality. In terms of wave function, this rhombicity around Mn-
interference we were able to clearly observe the most intense(lll) corresponds to the fact that the MO containing the fourth

RR bands shifted toward lower frequencies at 1486 and 1591 unpaired electron on Mn(lll) is a mixture ofzdand dz-2

cmt for the complex oxidized at 1.3 V/SCE. Similar shifts
upon deuteration have been observed byRRand IR

EPR SpectroscopyThe [Mn,OL;]3" species can be obtained
in solution either by electrochemical preparation or by addition
of a drop of HO, directly into a solution of [MpOL;]?*. EPR
spectra of [MROL,]3" were recorded in both cases at 10 K in

orbitals, thex, y, andz axes being directed toward the ligands.
Abragam and Bleané¥ expressed this orbital as cé$(dz +
sin(®) dw—y2 and computed theg'] tensor as a function of the
mixing angled and the ratiol/A of the spin-orbit coupling
constant to the crystal field splitting of the d orbitals in
octahedral symmetry. Assuming'{] is isotropic, it is possible

acetonitrile, and in both cases a very similar 18-line spectrum to extract the parameteg®’, ¢, andi/A from the [g] tensor of
was observed. Figure 6 shows the spectrum recorded with athe pair®® Using this method, we found for the MO the

solution of [Mn,OL]3* obtained electrochemically. This spec-
trum was simulated with rhombic tensors, with their principal
axes taken parallel. We founay = 160 x 10~4 cm%; Ayl
=130 x 104 cm L A =91 x 1074 cm L |Axy = 62 x
104em%; |Ay =59 x 1074 cm L Ayl =62 x 104 cmy;

Ox = 2.006; g, = 1.997;09, = 1.982 (isc = 1.995)%! The
agreement factor wak = 4%. It is evident that the Mn center

composition 0.984 g+ 0.179 dz—y2 (See below for comparison
with MO calculation)®* Although this mixing seems weak, the
g anisotropy is very sensitive to it. For instance, the maximum
rhombicity would correspond to 0.9562a+ 0.259 de—y2 (0 =
15°) and an axial symmetry compressed alongo 0.866 ¢

+ 0.5 de_y2 (6 = 30°).

with the largest hyperfine values is the most anisotropic and (62) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of

that the center with the smallest hyperfine values is close to (63)

(56) Johnson, C. R.; Ludwig, M.; Asher, S. A. Am. Chem. Sod.986
108, 905.

(57) Tripathi, G. N. R.; Schuler, R. H. Chem. Physl984 81, 113-121.

(58) Zurita, D.; Gautier-Luneau, |.; Menage, S.; Pierre, J.-L.; Saint-Aman,
E. J. Biol. Inorg. Chem1997, 2, 46—55.

(59) Beck, S. M.; Brus, L. EJ. Chem. Physl982 76, 4700-4704.

(60) Hienerwaedel, R.; Boussac, A.; Breton, J.; Diner, B. A.; Berthomieu,
C. Biochemistryl997, 36, 14712-14723.

(61) Thex,y, andz axes are a priori different from those mentionned later
in the section on molecular orbital calculation.

Transition lons Oxford University Press: New York, 1970.
Horner, O.; Charlot, M.-F.; Boussac, A.; Anxolaigse-Mallart, E.;
Tchertanov, L.; Guilhem, J.; Girerd, J.Bur. J. Inorg. Chem1998
721-727.
(64) The valuegV = 1.991 andi/A = 0.0018 were found. Thg"V value
is acceptable and th&A one is likely related to a sizable covalency
effect. See the previous reference for discussion of these points.
(65) C. Mathoniee, Ph.D. Thesis, Universitearis-Sud, 1993.
(66) Perfe-Fauvet, M.; Gaudemer, A.; Bonvoisin, J.; Girerd, J.-J.; Boucly-
Goester, C.; Boucly, Anorg. Chem.1989 28, 3533-3538.
(67) Blondin, G.; Girerd, J.-IChem. Re. 199Q 90, 1359-1376.
(68) Zheng, M.; Khangulov, S. V.; Dismukes, G. C.; Barynin, V.INorg.
Chem.1994 33, 382-387.
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Figure 7. (a) Molecular orbital diagram for the model complex [(§HHOH)MnOMn(OH)(NH)4]?". The MOs are constructed from the highest
energy single occupied orbitals of the monomeric fragment NBH)MnO], the so-called magnetic orbitals which are labeled by the majority
d component. (b) Molecular orbital diagram for the model complex NE@H)MnOMn(OH)(NH)4]*". The MOs are constructed from the orbitals

of the fragments [(NR)4(OH)MnQ] and [OMn(OH)(NH)4]?".

The isotropic averages of the hyperfine tensors|Aigy =
127 x 104 cm 1 and|Agisd = 61 x 1074 cm™L. These values
are different from those observed in the case of the Mn(lll)-
O,Mn(1V) units. For instance the EPR spectrum of [Ma-
(tren)]3" was simulated withAq,y| = 150 x 1074 cm™%; |Ay|
=128 x 10*cm%; |Ax] = 69 x 104 cm™%; gg = 1.961; g
= 1.953% This corresponds tfAisd = 143 x 104 cm~1. We
have no clear explanation for the variations in isotropic coupling
on Mn(lll) from the typical value of 143« 10~* cm1 to 127
x 1074 cmtin [Mn,OL,]3*. This can be either a local effect,
because more spin density is transferred to the ligand in{Mn
OL;)®" than in [MnO,(tren)]®", or because the valence Ill is

respectively. Calculations were also performed on corresponding
mononuclear fragments [(Nd(OH)MnO° or *. Molecular
orbital energies for [(NB)4(OH)MNOMN(OH)(NHs)4]%2" and of

its constitutive fragments [(Ngs(OH)MnOJ° are represented

in Figure 7a. In the assembly of two such fragments to give the
dimer, a G~ group is eliminated, which leads to the-Zharge.
Inspection of the orbitals of a mononuclear Mn(lll) fragment
shows very clearly the large gap induced by the Jareller
effect in the “g” type orbitals. The elongation along the,N-
Mn—Npy axis noticed in the structure analysis leads to the
stabilization of an orbital pointing toward those,Natoms
because its metal d orbital composition is mainky dlthough

delocalized on both centers, which tends to average the isotropicnot purely. The molecular orbitals of the dinuclear assembly

couplings®® This last hypothesis is not favored for several

show perfectly that the MOs with the greatest splitting are those

reasons. Delocalization tends to reduce antiferromagnetism byof the dy, and d. type, x being the MrR-Mn axis. This is in

double-exchange effeéfsand [MnOL,]3" was found to be

strongly antiferromagnetic (AF). Structurally, as noticed above,

both Mn ions in [MnROL,]®" are vastly different. Finally, the

complete agreement with the Dunit©rgel diagram for a
M—O—M unit.”® This corresponds to a-type interaction
mediated by por p, orbitals of the bridging oxygen atom. The

differences in hyperfine anisotropy around both Mn centers also other MOs have very weak splitting. Consequently, as expected,
favors strongly localized valencies. It thus seems more likely the AF coupling through the linear oxo bridge in [ML,]%"

that some spin density is transferred to the phenoxy ligand.
The EPR spectrum of [Mi®L;]®" shows that the 16-line

arises from thexy andxz interactions’!
Molecular orbital energies for [(Ngs(OH)MNOMn(OH)-

paradigm, which is related to large AF exchange coupling and (NH3)4]*" are represented in Figure 7b as those of corresponding
low anisotropy, can be overcome by a large rhombic anisotropy. moieties. The contraction of the coordination sphere around the

A different case of deviation from the 16-line pattern for the
EPR spectrum of Mn(ll)Mn(IV) pair, related to a weak
exchange coupling, has been identified by Zheng &% al.

The deep-green solution of [MOL,]*" obtained by elec-
trolysis at—35 °C in acetonitrile gives no EPR spectrum at 10
K. This could be due to a strong coupling between$he Y/,
spin of the Mn(Ill)Mn(IV) core and that of the phenoxyl radical.

Simple Theoretical Considerations on the Electronic
Structure of [Mn ,0L ]2" and [Mn,0OL 3]3". Extended Huakel
calculations of the molecular orbitals of structural models
[(NH3)4(OH)MNOMN(OH)(NH)4]%" or 3+ of [Mn,0OL,]?" and
[Mn,OL;]3" were performed using the CACAO coffeThe

geometry deduced from X-ray crystallography was used but was

idealized toCy, and Cs for [Mn,OL]?" and [MnOL]3",

(69) Meali, C.; Proserpio, D. MJ. Chem. Educ199Q 67, 399-402.

Mn(1V) ion increases spectacularly the energy of thg tgpe
orbitals around Mn(lV): the energy of thgzdich MO is now
close to—8 eV and that of the,d 2 type MO close to-7 eV.
Again the most efficient interactions are thkeandxy. This is

at the origin of the large AF coupling in [MOL,]3". As
reported earlief! the exchange coupling constant can be written
as

J= (1/nAnB)z i J

whereJ; is the interaction between orbitals i on metal A and |
on metal B,nag) being the number of unpaired electrons on A

(70) Dunitz, J. D.; Orgel, L. EJ. Chem. Socl1953 2594-2596.

(71) Hotzelmann, R.; Wieghardt, K.; Fle, U.; Haupt, H.-J., Weatherburn,
D. C.; Bonvoisin, J.; Blondin, G.; Girerd, J.-I.Am. Chem. So4992
114, 1681-1697.
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Figure 8. Highest energy molecular orbital containing one unpaired
electron in [(NH)4(OH)MnOMn(OH)(NH)4]3". It is located around
Mn''. Atoms are indicated on the Nthside only, for clarity.

or B. Considering that thezandxy pathways are the only ones
implied, it can be written

J= (1/nAnB)(JXy’Xy + Jioxd

From the experimental value dfit can be deduced thajyy
4+ Jaxe = 4*4*(—216) = —3456 cmil for [Mn,OL]?".
Assuming that taking one electron away from [ ,]2"
induces no geometry variation important for the interactions
between centers, we calculated for the coupling in {®l] 3+,
J= — 288 cn1l. Experimentally we found-353 cnT?, which
indeed indicates a stronger AF coupling in [ML,]3" than in
[Mn,0L,]%", but the experimental value is 22% larger in
absolute value than the simple previous guess. The trend is
correct, but the geometrical rearrangements induced by the
oxidation clearly cannot be ignored.

The highest energy molecular orbital containing one unpaired
electron in [(NH)4(OH)MnOMN(OH)(NHs)4]3" is represented
in Figure 8. Its metal composition contains a majog d
contribution but also a,ely2 one. It is centered on the Mn(lll)
ion. Two features of the electronic structure of the Mn(ll1)Mn-
(IV) complex can be understood from the nature of this
orbital: (i) the localization of the valencies; (ii) the nonaxial
anisotropy. For the first characteristic, we notice that this orbital
has its main component perpendicular to the-Nifn axis so
that its overlap with its corresponding partner on the other Mn
center is very poor. The transfer integfabetween these two
orbitals is thus very small; this is precisely the origin of the
electron localization. This weak delocalization energy cannot
overcome the trapping energy because of the rearrangement o
the coordination sphere related to electron trarfSf&or the
second feature, the rhombicity, the orbital of Figure 8 can be
compared with that containing the fourth unpaired electron on
Mn(lll), the composition of which was deduced from EPR. If
one takes into account normalization, the composition is 0.988
dz + 0.154 g2-y2 in good agreement with what has been found
by EPR. Moreover, this suggests that the principal axes of the
spin Hamiltonian tensors are close to the axes used in the MO
calculation.

Discussion

In this work we have prepared a Mn dinuclear species with
a ligand containing a phenolate group. We showed that this
species could be prepared in three oxidation states,{Mn
OLy)?3"4* The 2+ species was identified as Mn(lIl)Mn(lll)
and the 3 as Mn(lll)Mn(1V). Surprisingly, oxidation to the
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4+ species was found to implicate not a Mn ion but a phenolate
group, to give a [MH#""V ,OLL°]*" species.

Is the radical bound to the Mn(lll) or the Mn(IV) ion? It is
difficult to answer this question experimentally, although it
seems likely that the oxidized phenolate is that linked to Mn-
(). Magnetization experiments could contribute to solving this
problem because the electronic spin value for the ground state
must depend on the topology of the spin system.

Why in this complex does the second oxidation take place
on one phenolate and not on a Mn ion? We have previously
stressed the important gap in potential between the two redox
processes Mn(IV)Mn(IV)/Mn(IV)Mn(l11) and Mn(IV)Mn(lIl)/
Mn(IIHMn(II) in Mn 20, systems, this gap being approximately
1V in acetonitrile’? We have proposed that this value mainly
reflects an electronelectron repulsion term in the Mn(l11)Mn-
(1) state (Mn—Mn distance, 2.7 A) which disappears in the
higher oxidation state®. Electron-electron repulsion energy
is inversely proportional to the metametal distance so that
the difference in redox potentials for the linear unit Ma—

Mn unit (Mn—Mn distance, 2.7 A) can be estimated to be 1*2.7/
3.5=0.77 V. The oxidation of the [Mh"V ,OL,]3* complex

to the Mn(IV)Mn(lV) state would then need a potential of
approximately 0.54+ 0.77 = 1.31 V/SCE, a calculation
neglecting the changes in solvation energy which must be small
because of the bulkiness of the complex. It thus simply turns
out that this redox potential is higher than that of a phenolato
group.

This study confirms the difficulty of storing two positive
charges on the two metal ions of adiexo or monox-0xo
unit in a narrow potential range. One way to circumvent this
difficulty is to use one metal ion and a redox-active ligand as
here. Another possibility is to couple the first oxidation to a
deprotonation step which can bring the two successive oxidation
steps close together as previously shown with @A
(bpy)]**.78

The very fact that the separation in potential of the two
successive steps Mn(IIHMn(I1H> Mn(lIHMn(1V) and Mn(lIl)-
Mn(IV) — Mn(IV)Mn(IV) is about 1 V in di-u-0xo units and
likely not much less in mon@-oxo units poses a problem for
understanding the function of the OEC. Considering that the
OEC is likely constituted by two such units, let us gayn"'-
Mn'"} A{ Mn"Mn'V} g, the first oxidation must be that of pair
A with the potential E°%. This would lead to an Sstate
represented byMn"MnV} s/ {Mn"Mn'V}g. In the OEC the
potential of the ¥ transition is the lowest, as proven by
oxidation of $ by Tyrp°.”# The second step in such a scheme

ould likely consist in the oxidation of B and lead {tn'"!-

nV}a{MnVMn'V}g (state Q). If the third step implicates the
pair A, from what we said above, it must occur at approximately
E% + 1 V. However this potential must be lower than the
potential of ¥z° (=1 V/NHE), which means thaE% cannot
have a value larger than 0 V/NHE which would be in
contradiction with experimerit. One of the two solutions
mentioned above for artificial systems could operate in nature.
A redox active ligand could be oxidized in the S S; step.
Indeed, this has been proposed from XANES measurerients.
An alternative could be a deprotonation of a ligand in the-S
S, step. This would give a potential equaliéy + 0.06 K",
which could be not too different from tHe’s + 1 V potential

(72) Anxolabééee-Mallart, E.; Girerd, J.-JSpectroscopic Methods in
Bioinorganic ChemistryACS Series, in press.

(73) Thorp, H. H.; Sarneski, J. E.; Brudvig, G. W.; Crabtree, RIHAm.
Chem. Soc1989 111, 9249-9250.

(74) Vass, |.; Styring, SBiochemistry1991, 30, 830—-839.
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in the step § — Ss. This deprotonation could implicate a lines and has been analyzed with a hyperfine tensor deviating
hydroxo bridge as shown with model complexes by Baldwin from axiality on Mn(lll), an almost isotropic one on Mn(1V)
and Pecorar® Indeed, it does not seem possible to store several and a rhombicd] tensor. This rhombicity has been related to
positive charges on the metal ions of a metal polynuclear clusterthe low-symmetry Mn(lll) site. Exchange coupling in [&n

without involving auxiliary chemical changes. OL2]3" has been found more strongly AF than in [Mi,]2*.
. Molecular orbital calculations show that the excess unpaired
Conclusion electron is localized on one center in an orbital with a dominant

For the first time a Mr-O—Mn-containing complex has been 92 component pointing perpendicularly to the MNIn axis.

fully characterized in three oxidation states. The ligand used This leads to a poor _overlap With_ its partner on the other Mn
was the pentadentatéN-bis(2-pyridylmethyl)N'-salicyliden- atom and thus e>_<p|a|.ns the Iocallzeql valenme.s. The presence
1,2-diaminoethane ligand. The compotith ,OL 5](CIO 4), has of a phenoxyl radical in the most oxidized species j@h;]*"

been crystallized and its structure resolved. The structure of the'V&S eviden_ced by RR spectroscopy. .
[Mn,OL,]2+ complex reveals a Jaheller elongation along The relatively small separation in redc_)x pot(_antlals (Q.45 V)
the N,,—Mn—N,, axis. The visible absorption spectrum is observed here between the two successive oxidations is related

considerably simpler than that pfoxo-bisg-acetato) Mn(lll)- to the fact that the first oxidation concerns one Mn ion whereas
Mn(lll) complexes. This confirms that several of the corre- e second oxidation occurs at one of the phenolate groups. This
sponding transitions imply an oxo-metal charge-transfer sensitive confirms the difficulty to store two positive charges on Mn in

to the Mn-O—Mn angle. This has already been studied by Que & Narrow range of potential in Mn clusters. ,
and True for Fe(llll-O—Fe(lll) entities® The magnetic The redox potentials for the two oxidations of this complex

coupling in [MnOL,J2* has been found strongly AF, as &€ well adapted to oxidation by Ru(bp}) to test the

expected from previous theoretical wdk. possibility of coupling between an artificial charge-separation
[Mn,OL,]2* can be oxidized electrochemically to [MBL]>* system using light on one hand and a Mn artificial charge storage

at B2 = 0.54 V/ISCE and to [MsOL,]*" at E,2 = 0.99 device on the other with a phenol group as a relay. Experiments

VISCE. Crystals offMn ;0L ](ClO)»3{PFe)oss have been  are being conducted in this respect.
grown and the structure has been resolved. It offers an
opportunity to compare the same complex in two different
oxidation states. The structure shows a 0.2-A contraction of the
Npy—Mn bonds as a consequence to the oxidation of the metal.
The Mn—Mn distance is slightly changed, and the oxo atom is
displaced by only 0.03 A from the center position. The one-
_electron OX|(_jat|0n of [MEOLZ]2+ induces a spectac_ular change Supporting Information Available: Atomic coordinates, equivalent

in the_ UV—vis absorption spectrum. A t_’road and intense band isotropic displacement parameters, anisotropic displacement parameters
peaking at 570 nm appears corresponding to a phenoldten- and bond lengths and angles fiin ;0L 2](CIO 4), and [Mn ;0L 2]-

(IV) transition. The EPR spectrum of [MOL;]*" shows 18 (Cl04)25{PFe)oss This material is available free of charge via the
Internet at http://pubs.acs.org.
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