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Abstract

The reaction of Mn(O,CCH,),-2H,0 with the ligand N, N-bis(2-pyridylmethyl)ethylamine (bpea) in a 1:1 ratio in methanol
followed by the addition of NaClO, afforded the title compound [Mn,O(O,CCH,).(bpea),](ClO,), (1) in 75% yield. Compound
1 was characterized by wusing several physical methods including single-crystal X-ray diffractometry. Compound 1-0.5H,O
crystallizes in the orthorhombic space group Pbca (No. 61) with a =38.780(2), b =22.058(4), c=19.719(5) A, V=16 868(8) A®
and Z=16. There are two independent equivalents of compound 1 in the crystallographic asymmetric unit and there is a
single unique water molecule in the crystal lattice. Both manganese atoms in each of the independent dinuclear units are in
the +3 oxidation state and they are bridged by one oxo ligand (O*) and two acetate groups. Each manganese atom is also
bound to one facially-coordinating tridentate bpea ligand, with the aliphatic nitrogen donor situated frans to an acetate oxygen
atom. Deviations from idealized octahedral symmetry at each manganese center are consistent with expectations for a d*
electronic configuration. Compound 1 has an average Mn- - -Mn separation of 3.11 A and an average Mn—(u-O)-Mn angle
of 122.7°. The electronic absorption spectrum of 1 in CH,CN is very similar to other compounds that contain the {Mn,(u-
O)(r-O,CCH,),}** core. A cyclic voltammogram of 1 in CH,CN exhibits an oxidation wave (IILIII to IILIV) at +0.66 V
and a reduction wave (IILIII to IILII) at —0.39 V versus the ferrocene/ferrocenium (Fc/Fc*) couple. The IR spectrum of
1 reveals two strong bands at 1566 and 1432 cm™! corresponding to the bridging acetate groups present in the compound.
The X-band electron paramagnetic resonance (EPR) spectrum of 1 in dry CH,;CN at 77 and 4 K is featureless. Compound
1 disproportionates in an H,O/CH,CN solvent mixture to give the (I1I,IV) binuclear species [Mn,0O,(0,CCH;)(bpea),]**, which
displays a characteristic 16-line g=2 EPR signal.
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1. Introduction

Although Photosystem II (PSII) has been studied
intensively for many years, the catalytic site for water

Abbreviations: PSII, photosystem II; WO, water oxidase; EXAFS,
extended X-ray absorption fine structure; EPR, electron paramagnetic
resonance; UV, ultraviolet; IR, infrared; NIR, near-infrared; Vis,
visible; SCE, saturated calomel electrode; OAc, acetate ion; TEAP,
tetracthylammonium perchlorate; bpea, N,N-bis(2-pyridylmethyl)-
ethylamine; bpy, 2,2'-bipyridine; tacn, 1,4,7-triazacyclononane;
Mestacn,  1,4,7-trimethyltriazacyclononane; HB(pz);~, hydro-
tris(pyrazol-1-yl)borate; tmip, tris(N-methylimidazol-2-yl)phosphine;
bbiae, 2-[bis(benzimidazole-2-yimethyl)-aminojethanol; pepmma, (2-
pyridylethyl)(2-pyridylmethyl)methylamine.

* This paper is dedicated to Professor F.A. Cotton on the occasion
of his 65th birthday.
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oxidation therein, a polynuclear manganese complex,
is relatively poorly understood with respect to its struc-
ture and mechanism of action. While the crystal structure
for the membrane bound multisubunit water oxidase
(WO) has not been determined, some insight regarding
the structure of the manganese aggregate has been
gleaned from biochemical and spectroscopic studies on
isolated PSII particles [1]. Elemental analyses [2] in-
dicate that the WO manganese cluster likely contains
four manganese atoms, while manganese extended X-
ray absorption fine structure (EXAFS) data reveal the
presence of at least two 2.7 A Mn- - -Mn vectors [3-5].
A peak in the Mn EXAFS Fourier transform consistent
with a 3.3 A Mn---Mn interaction is also evident
[3,5,6], although it is likely that at least a part of this
feature is due to an Mn- - - Ca interaction [7]. Electron
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paramagnetic resonance (EPR) studies of the PSII Kok
S, state using X-band microwave frequencies reveal
the presence of two characteristic signals associated
with the manganese aggregate; a 19-21 line signal
centered at g=2 [8,9] and a broader signal centered
at g=4.1 [10,11]. Recently, nuclear hyperfine inter-
actions for this latter signal were detected for oriented
PSII samples [12]. These EPR data are consistent with
the notion that the manganese atoms at the WO active
site are assembled as a spin-coupled aggregate.

We and others have been engaged in a biomimetic
synthetic approach to the problem of structural elu-
cidation of the PSII manganese complex [13,14]. In
recent years a large number of oxo-bridged manganese
complexes, including a variety of tetranuclear species
[15], have been characterized. One synthetic approach
to an active site model being explored in our
laboratory is the controlled aggregation of preformed
dinuclear species that contain {Mn,O,}** 2"+
[16], {Mn,O,(O,CR)}**** [17,21], and {Mn,O-
(O,CR),}**-** [18] cores. This is due to the fact that
di-p-oxo dinuclear manganese complexes have
Mn: - -Mn separations of approximately 2.7 A and
species with the {Mn,0(OAc),}** core have ~32 A
Mn- - -Mn distances, consistent with the EXAFS data
for the PSII WO mentioned above.

Prior to this work, structurally characterized dinuclear
manganese complexes containing the {Mn,O(O,CR),}**
core were reported either with rigid tridentate capping
ligands, e.g. tacn, Mestacn, HBpz; ~ and tmip, or with
bidentate bpy as terminal ligand. In the past few years
we have investigated the higher valent manganese oxo
coordination chemistry of several aminopolypyridyl li-
gands including the tridentate ligand bpea (N, N-bis(2-
pyridylmethyl)ethylamine) [19-21]. The ligand bpea has
a potential advantage over the aforementioned triden-
tate ligands due to the fact that it can bind to the
metal both in facial and meridional fashion [20] and
is likely to be less rigidly coordinated, features that we
expect to be useful in mediating controlled aggregation
reactions. In order to develop further the coordination
chemistry of bpea and with the intent of preparing
starting materials for subsequent synthesis we set out
to make the dinuclear complex of the ligand bpea
containing an {Mn,O(OAc),} core. Another general
motivating factor in this work is to gain an understanding
of the factors that dictate polynuclear core assembly
as a function of the terminal ligand, an area that has
received relatively little attention. In this article we
wish to report that the desired dinuclear complex,
[Mn,O(0OACc),(bpea),](ClO,), (1), can be prepared in
good yield and we describe its crystal structure along
with several chemical and physical properties.

2. Experimental
2.1. Materials and methods

All manipulations were carried out under ambient
conditions unless otherwise stated. Solvents used in
this work were of analytical grade. Chemicals were
obtained from the following sources: Mn(O,C-
CH,);-2H,0 and 2-picolyl chloride hydrochloride, Ald-
rich Chemical Company; ethyl amine, Eastman Kodak
Company. The ligand bpea was prepared as described
previously [21]. Acetonitrile used for electrochemical
experiments was distilled from CaH, and stored over
3 A molecular sieves prior to use. The supporting
electrolyte tetraethylammonium perchlorate (TEAP)
was prepared by following a literature procedure [22].

2.2. Physical measurements

The IR spectrum of compound 1 as a KBr pellet
was recorded in the range 4000400 cm ™! with use of
a Nicolet DX FTIR spectrometer. The electronic ab-
sorption spectrum in the region 900-300 nm was re-
corded for a CH;CN solution of 1 in quartz cells with
a Cary 2400 or a Perkin-Elmer Lamda 3B UV-Vis-NIR
spectrophotometer. The EPR spectra were recorded
at liquid nitrogen temperature using an immersion
‘finger’ dewar and at liquid helium temperature using
an Oxford cryostat and transfer line with a Bruker
ECS 106 spectrometer. Cyclic voltammetric measure-
ments were carried out with an EG&G PAR model
273 potentiostat/galvanostat equipped with a PAR
model RE 0091 X-Y recorder. A typical three-electrode
cell employing a platinum disk as working electrode,
platinum wire as auxiliary electrode and a saturated
calomel electrode as reference electrode [22] under a
dry and purified dinitrogen atmosphere was used for
the cyclic voltammetry study. No attempts were made
to correct tha potentials reported here for junction
contributions. Under the conditions described above
the ferrocene/ferrocenium couple had a reversible
(AE,=70 mV and i,/i.=1) wave at +0.36 versus SCE.
Elemental analyses were performed by Robertson Mi-
crolit Laboratories, Inc., Madison, NIJ.

2.3. Preparation of [Mn,O(OAc),(bpea),](CIO,), (1)

A portion of solid Mn(OAc);-2H,0 (536 mg, 2.00
mmol) was added to a methanolic solution (30 ml) of
the bpea ligand (454 mg, 2.00 mmol). After stirring
for 30 min, the mixture was filtered and then solid
NaClO,-H,O (280 mg, 2.00 mmol) was added to the
filtrate. Stirring was continued for another 1 h and
then the solvent was removed under vacuum. The
residue was redissolved in dry dichloromethane and
filtered to remove a white solid and the dichloromethane
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solution was allowed to evaporate in an open container
overnight. The beautiful red-brown rectangular crystals
that formed were collected by filtration, providing a
yield of 670 mg (75%). Anal. Calc. for C;H,, 5-
Nes0,,CLMn,: C, 42.81; H 4.46; N, 9.36. Found: C,
43.65; H, 4.51; N, 9.40%. IR bands (KBr pellet) (cm™'):
3113(w), 3081(w), 2978(w), 2947(w), 1608(s), 1576(sh),
1566(s), 1483(w), 1432(s), 1352(w) 1308(w), 1292(m),
1269(w), 1248(w), 1226(w), 1161(m), 1120(sh), 1093(vs),
1032(m), 1018(m), 930(w), 768(m), 730(w), 722(w),
660(w), 623(s). Electronic spectral data (in CH,CN)
(A (nm) (e M~ ecm™1)): 728(112), 569(sh), 545(sh),
521(372), 487(517), 377(sh) (vs, very strong; s, strong;
m, medium; w, weak; sh, shoulder).

Compound 1 is soluble in methanol, dichloromethane
and acetonitrile giving red-brown colored solutions.
Dark brown single crystals of compound 1, suitable for
X-ray diffraction studies, were obtained when a small
portion was dissolved in methanol and the resulting
solution was allowed to evaporate very slowly.

Caution! Although we have not experienced any
problems in working with the title compound, per-
chlorate salts of compounds containing organic ligands
are potentially explosive [23].

2.4. X-ray crystallography

Crystals of compound 1 were very sensitive to solvent
loss and therefore single crystals for this study were
immersed under oil (a mixture of mineral and Paratone-
N oil in a 1:1 ratio) after transferring them from the
mother liquor in a small evaporating dish. A single
crystal of suitable size (0.4 X 0.1 X 0.05 mm) was mounted
on the tip of a thin glass fiber using a small amount
of grease and then transferred to the cold stream of
dinitrogen of the low temperature device attached to
an automated four-circle Rigaku AFC5R diffractometer
equipped with monochromated Cu Kea radiation. A
zigzag search of reciprocal space in the range 6 <20 <55°
gave 25 reflections which were indexed to give the
orthorhombic crystal system. The 26-w scan technique
(rate: 8°/min) was used to collect data points over an
octant of reciprocal space. The three reflections mon-
itored periodically during the data collection showed
no significant change in intensity during 131 h of X-
ray exposure. Lorentz and polarization corrections were
applied to the data as well as an empirical absorption
correction based on -scans of several reflections with
x near 90° [24]. The orthorhombic space group Pbca
(No. 61) was uniquely determined by systematic absences
and this choice was confirmed by successful refinement
of the structure. The unit cell volume suggested the
presence of two independent dinuclear complexes. Po-
sitions for all atoms heavier than carbon were obtained
from a SHELXS-86 direct method solution [25]. The
remaining non-hydrogen atoms were located and refined

Table 1
Crystallographic data for [Mn,O(OAc),(bpea),](ClO,),-0.5H,O

Formula C;,Hy CIbMn, NGOy 5
Formula weight 906.5

Space group Pbca (No. 61)

a (A) 38.780(2)

b (A) 22.058(4)

c Q) 19.719(5)

a (%) 90.00

B () $0.00

v (®) 90.00

v (A% 16868(8)

V4 16

Dy (g cm™?) 1.462

# (Cu Ke) (cm™?) 68.229
Radiation used, A (A) Cu Ka, 1.540598
Temperature (°C) - 50
Transmission factors, max., min. (%) 100.00, 23.12
R® 0.086

R.° 0.094

*R =E”F0| - |FC|V2|F01
° R.= [2W(|F0| - |Fc|)/2w|Fo|]ln; w= I/U{IFcl}

by alternating difference Fourier maps and full-matrix
least-squares refinement cycles, based on F derivatives,
employing the TEXSAN software package [26]. A single
unique water of crystallization per two dinuclear units
was located in the lattice. For the two independent
dinuclear units, two ethyl carbon atoms in two of the
four bpea ligands and one methyl carbon atom in one
of the four acetate groups were disordered over two
positions with a total occupancy of 1.0. Three oxygen
atoms in two of the four perchlorate ions were also
disordered and modelied accordingly. Due to the limited
number of data, only the core atoms of the dinuclear
units (Mn,OsNy) and the ordered ClO,~ units were
refined with anisotropic thermal parameters. Isotropic
thermal parameters were assigned to all other atoms.
The disorder problems noted above are assumed to
account for the relatively high R values obtained. Several
efforts to grow crystals of higher quality failed. Although
the hydrogen atoms were not located on the difference
maps, they were included (except those of the solvent
molecule) at idealized positions (C-H=0.95 A) during
the final refinement cycles. The final difference Fourier
map was relatively featureless with no peak greater
than 1 ¢ A~> The crystal parameters and basic in-
formation related to data collection and structure re-
finement are summarized in Table 1. The final positional
and thermal parameters for this structure are listed in
Table 2.

3. Results and discussion

3.1. Synthesis

Syntheses  of  complexes  containing  the
[Mn,O(OAc),]** core have been carried out under
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Table 2 Table 2 (continued)
Positional and isotropic equivalent thermal parameters for the cations
in [Mn,O(OAc),(bpea);](ClO,),-0.5H,0 * Atom x y z B., (A%
Atom  x y z B., (A) C(33) 0.2384(6) 0.304(1) 0.107(1) 4.4(6)
C(34) 0.2306(6) 0.333(1) 0.176(1) 8.6(8)
Mn(1)  0.44388(8) 0.2365(2) 0.4865(2) 3.6(2)* C(35) 0.2967(6) 0.208(1) ~0.021(1) 5.1(6)
Mn(2)  0.46539(8) 0.3101(2) 0.6161(2) 3.9(2)* C(36) 0.3295(6) 0.173(1) -0.041(1) 6.6(7)
Mn(3)  0.22282(8) 0.2012(2) 0.0113(2) 4.6(2)* c@37) 0.155(1) 0.252(2) 0.053(2) 12(1)
Mn(4)  0.25597(9) 0.3257(2) ~0.0336(2) 43(2)* C(38) 0.156(2) 0.306(4) 0.048(4) 14(3)
o(1) 0.4722(3) 0.2507(7) 0.5567(6) 3.8(7)* Cc(38)  0.116(2) 0.271(3) 0.041(3) 12(2)
0(2) 0.3994(3) 0.2470(8) 0.5366(7) 5(1)* C(39) 0.1531(6) 0.202(1) —0.050(2) 7.4(7)
0o(3) 0.4144(3) 0.2971(7) 0.6343(6) 4.3(8)* C(40) 0.1722(8) 0.164(1) -~0.092(1) 7.0(8)
0O(4) 0.4426(4) 0.3256(8) 0.4493(7) 6(1)* C(41) 0.1571(8) 0.141(2) —0.158(2) 11(1)
o(S) 0.4552(4) 0.3793(7) 0.5457(8) 5(1)* C(42) 0.1810(8) 0.106(1) ~0.190(1) 8.6(9)
0o(s) 0.2244(3) 0.2664(7) —0.0431(7) 4.5(8)* C(43) 0.2122(8) 0.087(1) —0.183(2) 10(1)
o(7) 0.2289(3) 0.2492(8) 0.1013(7) 5(1)* C(44) 0.2254(7) 0.112(2) —0.114(2) 8.3(9)
0O(8) 0.2507(4) 0.3400(8) 0.0661(7) 5(1)* C(45) 0.1559(6) 0.145(1) 0.056(1) 6.8(7)
0(9) 0.2717(4) 0.1743(7) —0.0016(8) 6(1)* C(46) 0.1841(6) 0.114(1) 0.089(1) 4.8(6)
0O(10) 0.2971(3) 0.2634(8) —0.0303(8) 5(1)* C(47) 0.1767(6) 0.068(1) 0.137(1) 5.5(6)
N(1) 0.4454(5) 0.1344(7) 0.501(1) 4(1)* C(48) 0.2015(6) 0.035(1) 0.167(1) 6.3(7)
N(2) 0.4138(4) 0.207(1) 0.4072(8) 3()* C(49) 0.2355(6) 0.048(1) 0.149(1) 5.9(7)
N(3) 0.4892(4) 0.2092(9) 0.4290(8) 4(1)* C(50) 0.2408(6) 0.096(1) 0.101(1) 5.3(6)
N(4) 0.5212(4) 0.315(1) 0.635(1) 5(1)* C(51) 0.2756(6) 0.292(1) -0.178(1) 5.6(6)
N(5) 0.4677(4) 0.3803(8) 0.6844(8) 4(1)* C(52) 0.2762(6) 0.294(1) —0.254(1) 8.2(8)
N(6) 0.4771(5) 0.2377(9) 0.6942(9) 5(1)* C(53) 0.2218(6) 0.351(1) —0.164(1) 5.5(6)
N(7) 0.1657(4) 0.202(1) 0.017(1) 7(1)* C(54) 0.2048(6) 0.395(1) —0.117(1) 4.5(6)
N(8) 0.2044(6) 0.145(1) —0.078(1) 6(1)* C(55) 0.1775(7) 0.433(1) —0.140(1) 7.0(7)
N(9) 0.2159(4) 0.1260(9) 0.0729(9) 5(1)* C(56) 0.1607(7) 0.470(2) —0.094(2) 10(1)
N(10) 0.2585(4) 0.343(1) —0.1424(8) 5(1)* C(57) 0.1739(7) 0.472(1) —0.028(2) 9.1(8)
N(11) 0.2160(4) 0.3957(9) —0.055(1) 5(1)* C(58) 0.2016(7) 0.433(1) —0.010(1) 7.9(8)
N(12)  0.2934(4) 0.3915(8) —0.033(1) 5(1)* C(59) 0.2780(6) 0.400(1) ~0.153(1) 6.2(7)
c(1) 0.3950(6) 0.270(1) 0.593(1) 4.6(6) C(60) 0.2999(6) 0.418(1) —0.094(1) 5.4(6)
C2) 0.3568(5) 0.267(1) 0.620(1) 6.3(6) C(61) 0.3285(7) 0.465(1) —0.096(1) 7.3(7)
C(3) 0.4462(7) 0.373(1) 0.486(2) 5.8(7) C(62) 0.3444(6) 0.479(1) ~0.037(2) 7.4(8)
C4) 0.449(1) 0.438(2) 0.445(2) 5(1) C(63) 0.3380(7) 0.451(1) 0.020(1) 73(7)
C4") 0.427(1) 0.430(2) 0.455(3) 6(1) C(64) 0.3116(6) 0.405(1) 0.020(1) 6.3(7)
C(5) 0.4297(7) 0.120(1) 0.569(2) 7.9(8)
C(6) 0.4366(7) 0.054(1) 0.591(1) 9.3(9) * Only starred atoms were refined anisotropically. Anisotropically
c(7) 0.4271(7) 0.106(1) 0.444(2) 8.3(8) refined atoms are given in the form of the isotropic equivalent ther-
C(8) 0.4100(6) 0.148(1) 0.395(1) 5.0(6) mal parameter defined as: (4/3)[a’By; +b*By; +¢*Bs; + ab{cos y}B2 +
C(9) 0.3911(6) 0.122(1) 0.344(1) 5.1(6) ac{cos B}Bi;+bc{cos a}B,;]. Numbers in parentheses are e.s.d.s in
C(10)  0.3741(5) 0.164(1) 0.304(1) 4.7(6) the least significant digits.
cQ1) 0.3762(6) 0.225(1) 0.312(1) 6.0(6)
ggg 8:332;53; 85‘2‘38; gjg;g; 3;2; a variety of conditions. The most common methods
Cc(14) 0.5018(6) 0.153(1) 0.443(1) 4.8(6) involve either the use of commercially available
C(15) 0.5336(6) 0.132(1) 0.417(1) 5.8(6) ‘Mn(OAc);-2H,0’ along with some additional acetate
gg‘;; gggg;g 8;38 g-gggg; 6-88 source or the oxidation of Mn(II) salts by MnO,~ in
) . . 7.6 : ) .
c(18) 0.5068(6) 0.247(1) 0.389(1) 5.2(6) an approprlate solvent at a particular 'CﬂCCtIVC pH [18].
c(19) 0.5396(8) 0.346(2) 0.578(2) 9.0(9) Thp title compound was prepared in good yield py
C(20) 0.537(1) 0.404(3) 0.567(3) 10(2) using ‘Mn(OAc);-2H,0O’ in methanol. Addition of solid
C(20)  0.578(2) 0.365(4) 0.573(4) 10(2) Mn(OAc);-2H,0 to a stirred methanol solution of the
C1) 052-;2(6) 0.350(1) 0.699(1) 6.0(7) ligand bpea gave a deep brown solution within 30 min
ggg; 8'.‘;31;52 8233‘5‘8 g;gg; ‘5‘322; by which time all of the manganese starting material
C24)  0.4728(6) 0.479(1) 0.773(1) 55(6) was dissolved. To the reaction mixture (after filtration),
C(25) 0.4427(6) 0.467(1) 0.741(1) 6.0(6) NaClO, was added to supply the counter anion and
C(26) 0.4400(6) 0.414(1) 0.699(1) 5.3(6) an excess of it along with NaOAc was separated when
g(%) 8-;3)32(3) 8-22;13(;) 0-64‘9‘(1) 4.9(6) the MeOH was evaporated and the compound was
c229; 0:519027; 0:16522; 8:3238 Z:‘;g; redlssolved.m CH,Cl,. Compound 1 was obtalnefi.ln
C(30)  0.4955(7) 0.131(1) 0.758(1) 7.2(7) pure fo‘rm glmply by removal of CH,Cl, without requiring
C(31) 0.4626(7) 0.152(1) 0.763(1) 73(7) crystallization. We will discuss the structure of this
C(32) 0.4539(6) 0.206(1) 0.731(1) 5.2(6) complex first and follow with a summary of its physical
(continued) properties.
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3.2. Description of the structure

There are two independent molecules of compound
1 in the crystallographic asymmetric unit. The structures
of the two independent cations of 1, which are not
significantly different, are shown in Fig. 1. For each
pair of molecules of compound 1 there is one molecule
of water in the lattice. The cations each possess a
dinuclear oxo-bis(acetato) bridged core structure. The
Mn atoms are in a distorted octahedral environment
of three oxygen atoms and three nitrogen atoms. The
bpea ligand is coordinated to the metal center in a
facial mode as dictated by the orientation of the bridging
ligands. Both cations have pseudo two-fold symmetry
with the bpea aliphatic nitrogen atoms situated cis to
the bridging oxo group. Selected bond distances and
angles for 1 are presented in Table 3. For 1, the
Mn---Mn separation of 3.11 A falls in the range
observed for other species that contain the
{Mn,0(0O,CR),* core (3.08-3.17 A, see Table 4) [18].
The ranges for Mn-O,,, distances (1.74-1.81 A) and
Mn-O-Mn angles (117.9-125.1°) for this class of com-
pounds also encompass the corresponding average pa-
rameters found for 1 (1.77 A, 122.7°, respectively). The
manganese to carboxylate distances for 1 are in the
range 2.00-2.09 A, with no dramatic variation resulting

Fig. 1. ORTEP drawings of the two independent cations in 1. Atoms
are drawn at the 35% probability level; hydrogen atoms are not
included for clarity. Only one orientation for the disordered atoms
is shown.

Table 3
Seclected bond distances (A) and angles (°) for [Mn,O(OAC);
(bpea);}(C10,),-0.5H,0

Bond distances

Mn(1)-O(1) 1.79(1) Mn(3)-0(6) 1.77(2)
Mn(1)}-0O(2) 2.00(2) Mn(3)-O(7) 2.07(2)
Mn(1)-O(4) 2.06(2) Mn(3)-0(9) 2.00(2)
Mn(1)-N(1) 2.22(2) Mn(3)-N(7) 2.22(2)
Mn(1)-N(2) 2.05(2) Mn(3)-N(8) 2.25(2)
Mn(1)-N(3) 2.17(2) Mn(3)-N(9) 2.04(2)
Mn(2)-O(1) 1.75(2) Mn(4)-O(6) 1.78(2)
Mn(2)»-0(3) 2.03(1) Mn(4)-O(8) 2.00(2)
Mn(2)-O(5) 2.07(2) Mn(4)-O(10) 2.09(2)
Mn(2)-N(4) 2.20(2) Mn(4)-N(10) 2.18(2)
Mn(2)-N(5) 2.03(2) Mn(4)-N(11) 2.20(2)
Mn(2)-N(6) 2.24(2) Mn(4)-N(12) 2.03(2)
Bond angles

O(1)-Mn(1)-0(2) 97.3(6) O(6)-Mn(3)-0(9) 96.9(6)
O(1)-Mn(1)-O(4) 97.4(6) O(6)-Mn(3)-N(7) 93.7(7)
O(1)-Mn(1)-N(1) 93.0(7) O(6)-Mn(3)-N(8) 87.9(7)
O(1)-Mn(1)-N(2) 171.7(7) O(6)-Mn(3)-N(9) 174.5(6)
O(1)-Mn(1)-N(3) 87.3(6) O(7)-Mn(3)~O(9) 98.4(6)
0O(2)-Mn(1)-0(4) 92.8(6) O(7)-Mn(3)-N(7) 93.8(8)
O(2)-Mn(1)-N(1) 94.1(7) O(7)-Mn(3)-N(8) 167.4(7)
O(2)-Mn(1)-N(2) 85.5(6) O(7»Mn(3)-N(9) 84.5(7)
O(2)-Mn(1)-N(3) 170.4(7) O(9)-Mn(3)-N(7) 162.7(9)
O(4)-Mn(1)-N(1) 166.7(7) O(9)-Mn(3)~-N(8) 92.6(7)
O(4)-Mn(1)-N(2) 90.3(7) 0O(9)-Mn(3)-N(9) 88.2(6)
O(4)-Mn(1)-N(3) 94.9(7) N(7)-Mn(3)-N(8) 74.1(9)
N(1)-Mn(1)~-N(2) 79.0(7) N(7)-Mn(3)~N(9) 80.8(8)
N(1)-Mn(1)-N(3) TI2(T) N(8)-Mn(3)-N(9) 89.8(7)
N(2)-Mn(1)-N(3) 88.8(6) O(6)-Mn(4)~0O(8) 98.3(6)
O(1)-Mn(2)-0(3) 99.3(6) O(6)-Mn(4)-O(10) 93.7(6)
O(1)-Mn(2)-0O(5) 96.2(6) O(6)-Mn(4)~N(10) 93.0(7)
O(1)-Mn(2)-N(4) 90.0(6) O(6)-Mn(4)-N(11) 89.4(6)
O(1)-Mn(2)-N(5) 168.8(6) O(6)-Mn(4)-N(12) 173.8(8)
O(1)-Mn(2)-N(6) 85.3(6) O(8)-Mn(4)-0O(10) 98.5(6)
O(3)-Mn(2)-0O(5) 91.9(6) O(8>Mn(4)-N(10) 160.8(7)
O(3)-Mn(2)-N(4) 159.2(6) O(8)-Mn(4)-N(11) 90.6(7)
O(3)-Mn(2)-N(5) 91.7(6) O(8)-Mn(4)-N(12) 87.8(7)
O(3)-Mn(2)-N(6) 88.9(6) O(10-Mn(4)-N(10) 96.3(7)
O(5)-Mn(2)-N(4) 105.6(7) O(10)-Mn(4)-N(11) 169.8(7)
O(5)-Mn(2)-N(5) 85.1(6) 0O(10)-Mn(4)-N(12) 84.5(6)
O(5)-Mn(2)-N(6) 178.2(6) N(10)-Mn(4)-N(11) 73.9(7)
N(4)-Mn(2)-N(5) 79.0(7) N(10)-Mn(4)-N(12) 81.4(9)
N(4)-Mn(2)-N(6) 73.3(7) N(11)-Mn(4)-N(12) 91.4(7)
N(5)-Mn(2)-N(6) 93.2(6) Mn(1)-O(1)-Mn(2) 123.3(7)
O(6)-Mn(3)-0O(7) 96.8(7) Mn(3)-O(6)-Mn(4) 122.1(8)

*E.s.dss in the least significant figure are given in parentheses.

from trans ligation differences, in contrast to what is
seen for the bpy-ligated {Mn,O(O,CR),}** core species
(Table 4). The pyridine rings in each bpea ligand can
be placed into two different groups; the nitrogen atoms
in set I are frans to the bridging oxo group while the
nitrogens in set II are cis to the bridging oxo group
and frans to one of the bridging acetate oxygen atoms.
The average Mn-N distance for set I is 2.04 A while
that for the pyridine rings in set II is 2.21 A. This
marked shortening of Mn—N bonds frans to the bridging
oxo group attached to an Mn(III) center was also noted
for the [Mn,O(OAc),(HBpz;),] complex [18b]. One
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Table 4

Comparison of some structural data * and spin exchange coupling constants ® for the complexes © containing the [Mn,(r-O)(z-OAc),]** core

Compound Mn-Mn Mn—u-O Mn-O,p ZMn-O-Mn J Ref.
&) A) &) ©) (em™")
[Mn,O(OAC),(bpea);](CIO,); (1)° 3.120(5) 1.79(1) 2.00(2) 123.3(7) . this work
3.106(6) 1.75(2) 2.06(2) 122.1(8)
1.77(2) 2.03(1)
1.78(2) 2.07(2)
2.07(2)
2.00(2)
2.00(2)
2.09(2)
[Mn,O(OAC),(bpy).(H;0)(S,:04)]- H,0 (2) 3.145(5) 1.735(10) 1.949(12) 125.1(6) nr. [18d]
1.810(10) 2.147(11)
1.933(11)
2.152(12)
[Mn,O(OAc).(H,0),(bpy).]- 3.132 1.781(5) 2.142(6) 122.9 ~-34 [18¢]
(PFe),- 1.75H,0 (3a) 1.784(5) 1.937(5)
1.939(5)
2.174(6)
[Mn,O(OAC),(H,0)(bpy)](C10.), (3b) 3.152(2) 1.793(4) 2.175(4) 122.72) nr. [18i]
1.800(4) 1.946(4)
1.939(4)
2.164(4)
[Mn,O(OAc),(HB(pz)s)s] - 4CH;CN (4a) 3.159(1) 1.773(2) 2.044(2) 125.1(1) ~0.2 [18b]
1.787(2) 2.083(2)
2.085(3)
2.053(2)
[Mn,O(OACc),(HB(pz)s),] - CH;CN (4b) 3.175(1) 1.790(3) 2.001(6) 125.0(3) ~0.7 [18b]
2.133(6)
[Mn;O(OAc);(tacn),|(CIO.); (5) 3.084(3) 1.80(1) 1.94(1) 117.9(2) nr. [18a]
2.05(1)
[Mn,O(OACc);(Mestacn),)(ClO,), - HO (6a) n.r. 1.810(4) 2.047(4) 120.9(1) +9.0 [18a,e]
[Mn;O(OAc),(Mestacn),](1;)I - HO (6b) 3.096(2) 1.790(6) 2.057(6) 119.9(3) nr [18f]
1.787(6) 2.059(6)
2.072(6)
2.063(6)
[Mn,O(OAc),(tacn)(Mestacn)(ClO,), (7) f +7.0 [18g]
[Mn,O(OACc)(tmip),)(ClO,), 3.164(5) 1.797(11) 2.115(13) 124.4(6) ~0.5 [18h]
-2CH;CN - 0.5(CH;),CO (8a) 1.781(11) 2.155(13)
1.993(13)
1.965(13)
[Mn,O(OAc),(tmip);](PFs) (8b) ~0.2 [18h]
[Mn;O(OAc)y(bbiae);](CIO,),- 2CH;CN (9) —1.72 [18j]
[Mn,0(0,CCsHs)(N3)x(bpy)z] (10) 3.153(4) 1.802(4) 2.131(7) 122.0(5) +88 [18i]
2.043(7)
[Mn,O(OAC),Cly(bpy).]- CH;COOH - H,0 (11) 3.153(4) 1.788(11) 2.214(12) 124.3(7) —41 [18i]
1.777(12) 2.196(13)
1.955(13)
1.934(13)

* Oy =0Xygen atom from bridging carboxylate group.
" Values using # = —2JS;-S, convention: J>0 implies weakly ferromagnetic, /<0 implies weakly antiferromagnetic.

¢ For abbreviations of the ligands see p. 1.
Y There are two independent molecules in the asymmetric unit.

© Will be reported elsewhere.
fNot structurally characterized.
n.r.=not reported.
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Table 5
Comparison of spectroscopic *® and electrochemical © data for the complexes® containing the [Mny(u-O)(n-OAc),)** core

Compound UV-Vis IR Electrochemical data Ref.
A (nm) W pu-OAc)
(eM™'em™1) (em™) E\p™ E
[Mn,O(OACc),(bpea).J(ClO,), (1) 728(112) © 1566 +0.66° —0.391 this work
569, sh 1432
545, sh
521(372)
487(517)
377, sh
[Mn,O(OAC),(H;0)2(bpy),)(PF,), 640(108) © 1600 [18c]
-1.75H,0 (3a) 490(146) 1420
385(300)
295(5670)
240(5800)
[Mn,O(OACc),(HB(pz)3).] (4) 760(58) & 1580 +0.51¢ —1.20} [18b]
582, sh(95) 1410 +1.22%

540, sh(165)
524, sh(175)
503, sh(190)
486(210)
458, sh(165)
385, sh(405)
283(6000)

[Mn,O(OACc),(tacn),](ClO,), (5) 910(40) © 1570 +0.281 -1.0! [18a,e]

665(95) 1450

570, sh 1415

560, sh

545, sh

520(250)

495(324)

280(3800)

232(3400)

[Mn,O(OAc),(Mestacn),)(CIO,),- H,O (6a) 1000(63) © 1570 +0.585 —0.501 [18a,e]
720(104) 1450
521(638) 1415
486(667)
300(14000)
250, sh

[Mn,O(OACc),(tacn)(Mestacn)](ClO,), (7) 680, sh(200) © n.r. nr. [18g]
521(740)
481(770)
304(12000)
246(11000)

[Mn,O(OAC),(tmip),}(ClO.), 736(106) © nr. +0.591 —0.701 [18h]
-2CH,CN-0.5(CH,),CO (8a) 568, sh(216)
521, sh(349)
497(383)
484(405)
464(330)
376(844)
255(23900)

[Mn,O(OAc),(tmip),](PF,), (8b) 757(130) © nr. nr. [18h]

568, sh(240)

521, sh(400)

502(430)

485(460)

464, sh(360)

372, sh(840)

249(24900)

(continued)
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Table 5 (continued)

Compound UV-Vis IR Electrochemical data Ref.
A (nm) v(u-OAc)
(E (M—l cm") (cm‘ I) Elfzm Elflred
[Mn,O(CsH5CO,)2(N3),(bpy).] (10) 416, sh(492) n.r. +0.18° n.c. [18i]
280(17000) +0.511
[Mn,O(0OAC),Cl,(bpy),] - CH;,COOH 556(246) * n.r. +0.381 n.c. [18i]
-HO (11) 492(361) +0.951
[Mn,O(0,CC;Hj5),Cl:(bpy),] 468, sh(275)* n.r. +0.401 n.c. [181]
-3C;H;COOH-H,0 (12) 283(7000)
[Mn,O(O,CCeHs),Clz(bpy).] - 2H,O (13) 502, sh(135) nr. +0.411 n.c. [18i]
340, sh(740) +0.957
280(15000)
[Mn,O(OAc),(pepmma),}(ClO,),-H,O (14) n.a. n.a. +0.84" —0.361 [18k]}

* All electronic spectra were recorded in solution.

® All IR spectra were recorded in the solid state.

¢ All potentials reported vs. Fc*/Fc couple.

9 For abbreviations of the ligands see p. 1.

¢ CH;CN as solvent.

DMF as solvent.

8 CH,Cl, as solvent,

P Originally reported as vs. SCE (—0.36 correction factor).
' Quasi-reversible.

i Irreversible.

n.r.=not reported; n.a.=not available from the paper; n.c.=not conclusive as indicated in the reference.

interpretation for this phenomenon, as set out previ-
ously, is-that the N atom trans to the oxo group lies
along an empty d_, orbital while the cis N atom lone
pair is directed toward a half-filled d,, orbital. Thus,
with less antibonding electron density in the trans Mn—-N
region, one can rationalize the shorter bond observed.

3.3. Physical properties

As for other complexes containing the {Mn,O-
(O,CCH,;),}** core [18], the IR spectrum of compound
1 displays prominent v,, (1566 cm~') and v, (1432
cm ') vibrations of the O—-C-O portion of the u-acetate
group. Data for related species are supplied in Table
5, inspection of which reveals that the ranges for O-C-O
v,, and v, frequencies for carboxylates in the
{Mn,O(0,CCHs;),}** core are 1410-1450 and 1566-1600
cm™ ', respectively.

The electronic absorption spectrum of [Mn,O-
(OAc),(bpea),]** in acetonitrile (not shown) from
300-900 nm shows maxima at 728 (e=112 M~' cm™%),
521 (e=372 M~ cm™ '), and 487 (e=517 M~ ' cm™)
nm. In addition to these peaks three shoulders at 569,
545 and 377 nm are also observed. The spectrum of
1 has features in common with other species possessing
the same bridged core (Table 5), indicating that these
bands are characteristic for this structural type. For
example, a peak is observed in the range 481-492 nm
for many of the species in Table 5, including
{Mn,O(0O,CR),L;} where L=bpea, tacn, Mestacn,

HBpz,~, tmip, and the mixed ligand sets (bpy, H,O)
and (bpy, Cl). Several of the above species display a
neighboring maximum in the vicinity of 520 nm, and
then there is usually a series of shoulders. Visible
spectra of the Mestacn, HBpz; ™ and tmip compounds
have bands which appear to correlate with the 728 nm
band for 1 at 720, 760 and 736 nm, respectively. Definitive
assignment of the above features awaits an examination
of the magnetic circular dichroism spectra, a task that
was recently carried out for compounds with the
{Mn,0,(0,CCH,)}** core [27]. It is likely that the
broad, structured maximum at 487 nm in 1 is principally
oxo-to-Mn charge transfer in origin.

Cyclic voltammetric studies (E,,, anodic peak po-
tential; £, cathodic peak potential; E,, = (E,,+E_..)/
2; AE,=E,,—E_) of 1 in acetonitrile at 298 K indicate
one quasi-reversible oxidation wave at E,,= +0.66 V
(AE,=80 mV) versus external Fc/Fc*, and an irre-
versible reduction at E, = —0.39 V versus external Fc/
Fc* with no corresponding oxidation peak. Both pro-
cesses are assumed to be metal-centered. The values
for 1 are close to those reported for the related pepmma
complex (Table 5); an expected result as the ligands
differ by only one methylene unit. A more basic ligand
such as tacn stabilizes the higher oxidation state as is
evident from the 0.38 V shift in its oxdation potential
relative to 1. It is interesting to note that the oxidation
potential can be tuned over a range of +0.18 to +0.84
V by variation of terminal and R group of the bridging
carboxylate ligands. The first reduction potentials in
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Table 5 are spread over a similarly wide range with
the bpea and pepmma complexes being the easiest to
reduce.

Compound 1 is very moisture sensitive and similar
behavior has been observed for other complexes
[13c,18b]. It is stable in dry acetonitrile for at least a
week, however in a 1:1 mixture of acetonitrile and
water the color of the solution changed from red-brown
to deep green in several minutes. Addition of excess
NaClO, to the green solution gives a green precipitate.
This green precipitate has been shown to be
[Mn,0,(OAc)(bpea),](ClO,), by UV-Vis and EPR
spectroscopy. While the title compound does not show
any EPR signal under very dry conditions, this latter
complex displays a 16-line g=2 EPR signal. This mixed-
valent (IILLIV) complex has been structurally charac-
terized and reported recently from our laboratory [20].

4. Conclusions

A novel binuclear manganese(IIl) species has been
prepared, purified and characterized using single crystal
X-ray diffraction techniques. The solid state structural,
IR and solutions properties are in accord with other
species possessing the {Mn,O(0,CCHj;),}** core. Com-
plex 1 is prone to disproportionation in the presence
of water. We plan to use it as starting material for
further controlled aggregation chemistry with goal of
mimicking the PSII active site aggregate.

5. Supplementary material

Full tables of crystallographic parameters and struc-
ture refinement, positional and isotropic thermal pa-
rameters, bond distances, bond angles and components
of the anisotropic thermal parameters for 1 (27 pages),
and observed and calculated structure factors (25 pages)
for 1 are available from author W.H.A.

Acknowledgement

Funding for this work was provided by Grant No.
GM38275 from the National Institute of General Med-
ical Sciences.

References

[1] R.J. Debus, Biochim. Biophys. Acta (Rev. Bioenerg.), 1102 (1992)
269-352.

[2] N. Murata, M. Miyao, T. Omata, H. Matsunami and T. Ku-
wabara, Biochim. Biophys. Acta, 765 (1984) 363-369.

(3]

[4]
(5]

(6]
"
(8]
91
{10
(11}
[12]

(13]

(14

[15]

J.E. Penner-Hahn, RM. Fronko, V.L. Pecoraro, C.F. Yocum,
S.D. Betts and N.R. Bowly, J. Am. Chem. Soc., 112 (1990)
2549-2557.

J.A. Kirby, A.S. Robertson, J.P. Smith, A.C. Thompson, S.R.
Cooper and M.P. Klien,J. Am. Chem. Soc., 103 (1981) 5529-5537.
K. Sauer, V.K. Yachandra, D. Britt and M.P. Klien, in V.L.
Pecoraro (ed.), Manganese Redox Enzymes, VCH, New York,
1992, Ch. 8, pp. 141-175.

G.N. George, R.C. Prince and S.P. Cramer, Science, 243 (1989)
789-791.

M.P. Klien, V.K. Yachandra, V.J. DeRose, I. Mukerji, M.J.
Latimer and K. Sauer, 5th Int. Conf. Bioinorganic Chemistry,
Oxford, UK, Aug. 4-10, 1991.

G.C. Dismukes and Y. Siderer, FEBS Lett, 121 (1980) 78-80.
G.C. Dismukes and Y. Siderer, Proc. Natl. Acad. Sci. U.S.A.,
78 (1981) 274-278.

J.L. Casey and K. Sauer, Biochim. Biophys. Acta, 767 (1984)
21-28.

J.-L. Zimmermann and A.W. Rutherford, Biochim. Biophys.
Acta, 765 (1984) 160-167.

D.H. Kim, R.D. Britt, M.P. Klien and K. Sauer, J. Am. Chem.
Soc., 112 (1990) 9389-9391.

(a) W.H. Armstrong, in V.L. Pecoraro (ed.), Manganese Redox
Enzymes, VCH, New York, 1992, Ch. 12, pp. 261-286; (b) V.L.
Pecoraro, Manganese Redox Enzymes, VCH, New York, 1992,
Ch. 10, pp. 197-231; (c) K. Wieghardt, Angew. Chem., Int. Ed.
Engl., 28 (1989) 1153-1172; (d) G.W. Brudvig and R.H. Crabtree,
Prog. Inorg. Chem., 37 (1989) 99-142; (e) L. Que and A.E.
True, Prog. Inorg. Chem., 38 (1990) 97-200; (f) G. Christou,
Acc. Chem. Res., 22 (1989) 328-335; (g) G.C. Dismukes, in J.
Reedijk (ed.), Bioinorganic Catalysis, Marcel Dekker, New York,
1993, Ch. 10, pp. 317-346; (h) K. Wieghardt, Angew. Chem.,
Int. Ed. Engl., 33 (1994) 725-728.

W.H. Armstrong, in L. Que, Jr. (ed.), Metal Clusters in Proteins,
ACS Symposium Series 372, American Chemical Society, Wash-
ington, DC, 1988, Ch. 1, pp. 1-27.

(a) K. Weighardt, U. Bossek and W. Gebert, Angew. Chem.,
Int. Ed. Engl, 22 (1983) 328-329; (b) J.S. Bashkin, H.R. Chang,
W.E. Streib, J.C. Huffman, G. Christou and D.N. Hendrickson,
J. Am. Chem. Soc., 109 (1987) 6502-6504; (c¢) R.J. Kulawiec,
R.H. Crabtree, G.W. Brudvig and G.K. Schulte, Inorg. Chem.,
27 (1988) 1309-1311; (d) Q. Li, J.B. Vincent, H.-R. Chang,
J.C. Huffman, P.D.W. Boyd, G. Christou and D.N. Hendrickson,
Angew. Chem., Int. Ed. Engl, 27 (1988) 1731-1733; (e) K.S.
Hagen, T.D. Westmoreland, M.J. Scott and W.H. Armstrong,
J. Am. Chem. Soc., 111 (1989) 1907-1909; (f) J.B. Vincent, C.
Christmas, H.-R. Chang, Q. Li, P.D.W. Boyd, J.C. Huffman,
D.N. Hendrickson and G. Christou, J. Am. Chem. Soc., 111
(1989) 2086-2097; (g) M.K. Chan and W.H. Armstrong, J. Am.
Chem. Soc., 111 (1989) 9121-9122; (h) M. Suzuki, T. Sugisawa,
H. Senda, H. Oshio and A. Uechara, Chem. Lett, (1989)
1091-1094; (i) M.K. Chan and W.H. Armstrong, J. Am. Chem.
Soc., 112 (1990) 4985-4986; (j) M. Suzuki, H. Senda, M. Suenaga,
T. Sugisawa and T. Uehara, Chem. Lett., (1990) 923-926; (k)
R.T. Stibrany and S.M. Gorun, Angew. Chem., Int. Ed. Engl.,
29 (1990) 1156-1158; (I) M.K. Chan and W.H. Armstrong, J.
Am. Chem. Soc., 113 (1991) 5055-5057; (m) S.K. Chandra and
A. Chakravorty, Inorg. Chem., 30 (1991) 3795-3796; (n) M.
Suzuki, Y. Hayashi, K. Munezawa, M. Suenaga, H. Senda and
A. Uehara, Chem. Lett., (1991) 1929-1932; (o) E. Bouwman,
M.A. Bolcar, E. Libby, J.C. Huffman, K. Folting and G. Christou,
Inorg. Chem., 31 (1992) 5185-5192; (p) M. Mikuriya, Y. Yamato
and T. Tokki, Bull. Chem. Soc. Jpn., 65 (1992) 2624-2637; (q)
S. Ménage, N. Auger, J.-J. Girerd, D. Vigner, M. Lance and
M. Nierlich, Angew. Chem., Int. Ed. Engl., 31 (1992) 1629-1631.



270

[16]

(17]

(18]

S.K. Mandal, W.H. Armstrong | Inorganica Chimica Acta 229 (1995) 261-270

(a) P.A. Goodson, A.R. Oki, J. Glerup and D.J. Hodgson, J.
Am. Chem. Soc., 112 (1990) 6248-6254; (b) K.J. Brewer, M.
Calvin, R.S. Lumpkin, J.W. Otvos and L.O. Spreer, Inorg.
Chem., 28 (1989) 4446-4451; (¢) K.S. Hagen, W.H. Armstrong
and H. Hope, Inorg. Chem., 27 (1988) 967-969; (d) P.A. Goodson,
D.J. Hodgson, J. Glerup, K. Michelsen and H. Weihe, Inorg.
Chim. Acta, 197 (1992) 141-147; (e) P.A. Goodson, J. Glerup,
D.J. Hodgson, K. Michelsen and H. Weihe, Inorg. Chem., 30
(1991) 4909-4914; (f) E. Larson, M.S. Lah, X. Li, J.A. Bonadies
and V.L. Pecoraro, Inorg. Chem., 31 (1992) 373-378; (g) J.W.
Gohdes and W.H. Armstrong, Inorg. Chem., 31 (1992) 368-373;
(h) E. Libby, R.J. Webb, W.E. Streib, K. Folting, J.C. Huffman,
D.N. Hendrickson and G. Christou, Inorg. Chem., 28 (1989)
4037-4040.

(a) 1.S. Bashkin, A.R. Schake, J.B. Vincent, H.-R. Chang, Q.
Li, J.C. Huffman, G. Christou and D.N. Hendrickson, J. Chem.
Soc., Chem. Commun., (1988) 700-702; (b) S. Pal and W.H.
Armstrong, Inorg. Chem., 31 (1992) 5417-5423; (c) U. Bossek,
M. Saher, T. Weyhemmiiller and K. Wieghardt, J. Chem. Soc.,
Chem. Commun., (1992) 1780-1782; (d) B.C. Dave, R.S. Czer-
nuszewicz, M.R. Bond and C.J. Carrano, Inorg. Chem., 32 (1993)
3593-3594; (e) K.R. Reddy, M.V. Rajasekharan, S. Padhye, F.
Dahan and J.-P. Tuchagues, Inorg. Chem., 33 (1994) 428-433.
(a) K. Wieghardt, U. Bossek, D. Ventur and J. Wiess, J. Chem.
Soc., Chem. Commun., (1985) 347-349; (b) J.E. Sheats, R.S.
Czernuszewicz, G.C. Dismukes, A.L. Rheingold, V. Petrouleas,
J. Stubbe, W.H. Armstrong, R.H. Beer and S.J. Lippard, J.
Am. Chem. Soc., 109 (1985) 1435-1444; (c) S. Menage, J.-J.
Girerd and A. Gleizes, J. Chem. Soc., Chem. Commun., (1988)
431-432; (d) A.G. Blackman, J.C. Huffman, E.B. Lobkovsky
and G. Christou,J. Chem. Soc., Chem. Commun., (1991) 989-991;
(e) K. Wieghardt, U. Bossek, B. Nuber, J. Wiess, J. Bonvoisin,

[19]
[20]
[21]
[22]

[23]
{24]

[25]
[26]

(27]

M. Corbella, S.E. Vitols and J.-J. Girerd, J. Am. Chem. Soc.,
110 (1988) 7398-7411; (f) U. Bossek, K. Wieghardt, B. Nuber
and J. Wiess, Inorg. Chim. Acta, 165 (1989) 123-129; (g) R.
Hotzelmann, K. Wieghardt, U. Florke, H.-J. Haupt, D.C. Weath-
erburn, J. Bonvoisin, G. Blondin and J.-J. Girerd, J. Am. Chem.
Soc., 114 (1992) 1681-1696; (h) F.-J. Wu, D.M. Kurtz, Jr., K.S.
Hagen, P.D. Nyman, P.G. Debrunner and V.A. Vanakai, Inorg.
Chem., 29 (1990) 5174-5183; (i) J.B. Vincent, H.-L. Tsai, A.G.
Blackmann, S. Wang, P.D.W. Boyd, K. Folting, J.C. Huffman,
E.B. Lobkovsky, D.N. Hendrickson and G. Christou, J. Am.
Chem. Soc., 115 (1993) 12353-12361; (j) Y. Nishida, N. Oshino
and T. Tokii, Z. Naturforsch. Teil B, 43 (1988) 637-638; (k) S.
Mahapatra, T.K. Lal and R. Mukherjee, Inorg. Chem., 33 (1994)
1579-1580.

S. Pal, J.W. Gohdes, W.C.A. Wilisch and W.H. Armstrong,
Inorg. Chem., 31 (1992) 713-716.

S. Pal, M.M. Olmstead and W.H. Armstrong, Inorg. Chem., 33
(1994) in press.

S. Pal, MK. Chan and W.H. Armstrong, J. Am. Chem. Soc.,
114 (1992) 6398-6406.

D.T. Sawyer and J.L. Roberts, Experimental Electrochemistry for
Chemists, Wiley, New York, 1974, p. 212.

W.C. Wolsey, J. Chem. Educ., 50 (1973) A335-A337.

A.C.T. North, D.C. Philips and F.S. Mathews, Acta Crystallogr.,
Sect. A, 24 (1968) 351-359.

G.M. Sheldrick, SHELXS-86, a program for X-ray structure
determination, University of Goéttingen, Germany, 1986.
TEXSAN, Texray structure analysis package, Molecular Struc-
ture Corporation, The Woodlands, TX, USA, 1985.

D.R. Gamelin, M.L. Kirk, T.L. Stemmler, S. Pal, W.H. Arm-
strong, J.E. Penner-Hahn and E.I. Solomon, J. Am. Chem. Soc.,
116 (1994) 2392-2399.



