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Abstract

The chemistry of manganese has received considerable attention in recent years due to the
fact that manganese is believed to be catalytically active in a variety of metalloenzymes. This
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paper deals with the study of homo- and mixed-valence EPR active trinuclear manganese
complexes potential models for the polymanganese oxo centers. © 1999 Elsevier Science S.A.
All rights reserved.
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1. Introduction

4H,0 + hv—>4H* + O, is considered the most simple written and important
reaction on the planet at this moment. This is because we owe our life to the oxygen
released from this reaction through photosynthesis. However, 2.7 billion years ago
this reaction was the most polluting factor for the environment of that day. The
polluting factor was the oxygen. It was being discarded from the prokaryotes
biological systems in their attempt to consume as much H,O as possible, to use as
an energy source (food). This pollutant (O,) destroyed the atmospheric environment
consisting of CO, and H,. As a result of this change, the next step of evolution
started, with the creation of higher and more complicated biological systems, first
plants, then animals and human beings. It has been written that human beings are
the highest and most perfect biological system on the planet. I know that plants can
survive without our presence, but we cannot survive without the presence of plants,
having a crucial defect, that of not having chloroplasts. Coming to the chemical
factors implicated in the above given reaction we can find a metal, i.e. manganese,
playing a key role. It catalyzes the cleavage of water in oxygen evolving complexes
(OECs). Besides that, manganese is an essential element in many other biological
processes. Concerning manganese, two functional values can be distinguished; Mn"
as a Lewis acid and in higher oxidation states (Mn', Mn'V) as an oxidative catalyst.
In most Mn redox enzymes [1], Mn exists in the oxidation states 2+, 3+ and 4 +:
Mn", in the manganese-containing ribonucleotide reductase [2—5]; a trimanganese
center in inorganic pyrophosphatase [20]; a binuclear Mn'" site in the Mn thiosulfate
oxidase [6]; a single Mn"™ center in the manganese SOD [7] catalyzing the
dismutasion of superoxide radicals to oxygen and hydrogen peroxide; Mn™ heme
center in the manganese peroxidase (MnP) [8,9] capable for the oxidative degradation
of lignin; two Mn'" single centers in the non heme manganese catalase [10—13] and
four Mn"'-Mn'V in the OEC [14-19]. This review deals with homo- and mixed-va-
lence open-structure trinuclear manganese complexes as potential models for the
manganese containing enzymes, while for the analogous close-structure complexes
only the structural characteristics are discussed.

2. Homo-valence Mn"Mn"Mn" complexes

These complexes may be used as models for the following metalloproteins:
concanavalin A, the reduced form of ribonucleotide reductase, the trimanganese
center in inorganic pyrophosphatase and the manganese center of the OEC.
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2.1. Open-structure trinuclear Mn"Mn"Mn" complexes

2.1.1. Structure

The first example of the synthesis and characterization of divalent linear trinu-
clear complexes with the formula Mn"Mn"Mn"(OAc)¢(biphme), appeared in 1990
[21,22]. These are comprised of a linear array of three Mn" ions in which a central
hexacoordinate Mn'" ion that resides on a crystallographic inversion center in the
anti-isomers is flanked by two metal ions that are essentially pentacoordinate. The
metals are bridged by four bidentate and two monodentate p-acetato ligands. The
reaction used to prepare these trinuclear complexes is not restricted to biphme.
Other bidentate, nitrogen-donating ligands may be employed, as evidenced by the
synthesis ~ of  Mn"™Mn"Mn'"(OAc)«(phen),,  Mn"™Mn"Mn"(O,CPh)4(bpy),,
Mn"™™Mn"™n"(OAc)(bpy),, Mn"™n"™n"(OAc),(bpc),(py),(H,0), and
Mn"Mn"Mn"(AcO)4(pybim), [21-24] (Table 1).

All the trinuclear Mn""Mn"Mn" complexes reported thus far obey the ‘carboxy-
late shift’ model described by Lippard at al. [21]. According to this model, there is
a linear correlation between Mn,,---Oy4, D, and Mn,,--O,, B (Fig. 1).

Thus, as D decreases, B lengthens, ultimately leading to a shift in the monoden-
tate bridging carboxylate ligand to a bidentate bridging mode, a behavior also
observed in the Mn(II) ribonucleotide reductase protein R2 and in the reduced R2
[4,5].

More specifically, the complex Mn"™n"™Mn"(AcO)4(pybim), consists of a linear
array of divalent manganese ions (Fig. 2). The central Mn", which is located on a
crystallographic inversion center, is coordinated octahedrally by six acetate oxygen
atoms. The central Mn" and the terminal Mn™ atoms are bridged by four acetate
ligands in bidentate fashion, whereas the other two acetate groups form bridges in
the monodentate mode. The two terminal Mn" ions are five coordinated with the
bypim molecule acting as bidentate capping ligand. The free oxygen atoms of the
monodentate acetates interact weakly with the terminal Mn(II) atoms [O(5)---Mn(2)
2.823 A] and block the sixth coordination site of the terminal metal ion.

Table 1
Open-structure trinuclear Mn""Mn"Mn" complexes®

Formula Mn--Mn (A) Uesr J (cm™1!) S Ref.
anti-Mn"Mn"Mn"(OAc)(biphme), 3.700 985  —18 52 [l
anti-Mn"Mn"Mn''(OAc)¢(biphme), 3.635 9.85 -2.8 5/2 [23]
syn-Mn"Mn"Mn"(OAc)(biphme), 3.560 985  —28 52 [21,23]
Mn""Mn""Mn"(OAc)(phen), 3.387 - - - [23]
Mn'Mn"Mn'(O,CPh)4(bpy), 3.588 - - - [23]
Mn"Mn"Mn"(OAc)y(bpy), 3.614 975  —44 52 122
Mn"Mn"Mn"(OAc),(bpe)(py)a(H,0),  3.289 979  —1.43 52 27b
Mn""Mn""Mn"(AcO)4(pybim), 3.558 9.4 -1.9 5/2 [24]

# bipfme = methoxy-bis(1-methylimidazol-2-yl)phenylmethane; phen =1,10 phenanthroline; bpy =
2,2-bipyridine; H,bpc = 2,2"-bipyridyl-3,3'-dicarboxylic acid; pybim = 2-(2-pyridyl)benzimidazol.
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B A

Fig. 1. A general scheme of Mn'"Mn"Mn'! trinuclear complexes, showing the dangling (O,) and the
bridging (O,) oxygen atoms of the monodentate carboxylates, the central metal, M,,,,, which does not
interact with Og.

The coordination geometry around Mn! is square pyramidal with severe trigo-
nal distortion as indicated by the trigonallity index 7= (164.17 — 131.69)/60 =
0.54. The O(5)-Mn(2) distance of 2.823 A is the longest for a series of
analogous compounds and the Mn(2)-O(6) distance of 2.132(2) A the shortest.
Considering the Mn'--Mn separation, it depends on the coordination mode and
the number of carboxylate bridging ligands (Table 2). The carboxylate ligands
act in unidentate or bidentate bridging modes while the number of the carboxy-
lato groups varies between one and three. The Mn---Mn separations observed for
this type of tricarboxylate-bridged units can accommodate a considerable degree
of flexibility (3.37-3.71 A).

2.1.2. Magnetic properties

All the homo-valence Mn" trinuclear compounds studied until now show a
weak antiferromagnetic coupling with J coupling varying from — 1.8 to —4.4
cm~! (Table 1). For Mn""Mn"Mn'(AcO)4(pybim), the molar magnetic suscepti-
bility and the u./3Mn vs. T are shown in Fig. 3.
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Table 2
Mn'!"-Mn'! separation with various coordination modes of the carboxylato bridges*
Coordination mode Mn'---Mn!! Coordination mode Mn!---Mn!
separation (A) separation (A)
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* Footnotes: *Mn[C¢H,Cl;0CH,COO],(H,0),] [25]; ®Mn(C,HsC00),(H,0), [26]; “Mn;(CH;COO0),
(bpe)a(py)a(H,0), 27b; “Mn;(CH;COO)4(phen), [23]; *Mny(CH,COO)(bpy), [22]; "Mn;(CH;COO)-
(biphme), [23]; eMn(CH;COO), - 4H,O [28]; "Mn{HB(3,5-Pr}pz);} (1-OBz);Mn(3,5-PripzH),, (HB(3,5-
Pripz), = hydrotris(3,5-diisopropyl-1-pyrazolyl)borate,  3,5-PripzH = 3,5-diisopropylpyrazole, Obz =
benzoate) [29]; 'K, {Mn(H,0),[Mn;O(HCOO),],} [30]; J[L,Mn,(n-OH)(u-CH;C0O0),]CIO, (L = N,N',-
N"-trimethyl-1,4,7-triazacyclononane) [31]; ¥[L,Mn,(u-OH)(u-MeCOO),][PF4] (L = N,N',N"-trimethyl-
1,4,7-triazacyclononane) [32]; '[L,Mn(p-CH;COO),][BPh,] (L = N,N',N’-trimethyl-1,4,7-triazacyclo-
nonane) [31]; ™[Mn{(CH;);NCH,COO};], - nMnCl, [33]; "Mn;(CF;COO)4(benz); (benz = benzonitrile)
27a; °[Mn(tpa)(p-MeCOO)],(TCNQ),, (tpa = tris(2-pyridylmethyl)amine, TCNQ = tetracyanoquinodi-
methane) [34]; P[Mn,(bpy),(ta)](ClO,), (ta =terephthalate) [35]; [Mn[C4H;(CH;)CIOCH,COO],-
(H,0),], [36]: T{Mn(bpy),(H,0)},{(CH3);NCH,COO}](CIO,), - 2H,O [37]; *[Mn(C,H,05)(H,0)], -
H,0 [38]; "Mn,(XDK)(NO;)(CH;0H),(H,0) and Mn,(XDK)(bpy),(NO;)(H,0), H,XDK = m-Xylene-
diaminebis (Kemp’s triacid imide) [39]; “Mn,(LO)(n-OAc),(ClO,) (LOH = 2,6-bis(2-(2-pyridyl)ethy-
laminomethylphenol) [40]; Y{Mn,(H,O)(piv),(Mepy),] and Mn,(H,O)(OAc),(tmeda), (piv = pivalate,
Me,bpy = 4,4'-dimethyl-2,2"-bipyridine, tmeda = N,N,N’,N'-tetramethylethyllenediamine) [41]; YMnj;-
(py)s(OAc);(u;-OH)(cat) [42].
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Fig. 2. oRTEP view of Mn""Mn"Mn"(AcO),(pybim), with 50% thermal ellipsoids showing the atom

labeling scheme.

Examination of the temperature-dependence of the u./3Mn reveals that at room
temperature (r.t.) its value is 9.4 up and decreases to 5.16 up at 4 K. This decrease
from 5.43 pug/Mn to 3.0 up/Mn is indicative of a small antiferromagnetic interac-
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Fig. 3. Variation of yy; and . with temperature of Mn"Mn""Mn'(AcO)4(pybim),.
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Fig. 4. Spin levels for Mn""MnMn'(AcO)¢(pybim),. The energy (in cm ~!) is given as a function of the
spin value. To the right of the levels, the S,; values are given.

tion. The isotropic Heissenberg Hamiltonian, assuming that the interaction between
the terminal Mn' ions is negligible at 7.116 A, is as follows:

H= — 2J](SIS2 + SZS3) + HZeeman (1)
where S, =S, =S;=5/2 and the Zeeman term is given by Eq. (2):
HZeeman = g/uB(S] + SZ + S3)B (2)

According to the standard vector coupling rules, the energy values are obtained as
follows:

ES,S13) = = Ji[S+(Sr+ 1) = Si5(S15 + 1) — 35/4] (€)

where St assumes values S;5+ S,...S;; — S, and S;; assumes values S; + S;...°S; —
S;3. The obtained parameters are J;= —1.9cm~!, g=2.02and zJ= —0.1 cm ..

The energy scheme of this compound is shown in Fig. 4 and the ground state is
IS, =5/2, S;3=135, S=5/2), having the first excited |S,=5/2, S;3=4, S=3/2) at

5|J| and the second |S,=5/2, S;5=5, S=7/2) at 7|J|.

2.1.3. EPR study

EPR studies have been reported only for the Mn"™™Mn"Mn"(OAc)(bpy), and the
Mn"™Mn"Mn"(AcO)s(pybim), compounds. For both complexes the EPR spectra
exhibit a broad signal centered at g = 2.0 with weak features at g =6.3, 3.0, 2.05,
1.7, 1.04 and g =4.5, 6.5, respectively. The temperature-dependence of the intensity
of the signal at g =2.0 for Mn™n"™n"(AcO)(pybim), is shown in Fig. 5. The
intensity of the signal was calculated by integration of the magnetic field in the
range 2000-5000 G. It decreases continuously from 8 to 60 K, while for the
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temperature range 4-8 K the signal shows a small increase with a maximum
intensity of around 8.0 K. The small decrease at temperatures lower than 8.0 K is
probably due to antiferromagnetic intermolecular interactions. The magnitude of
the antiferromagnetic interaction is further confirmed by the small but steady
increase of the linewidth upon cooling, which is evidence of a small interaction.

2.2. Close-structure trinuclear Mn"Mn"Mn" complexes

While the chemistry of the oxo-centered equilateral triangle of the basic carboxy-
lates with numerous of metal ions has been well established [43], only recently the
crystal structure of a homo-valence Mn(II) complex has been reported [42].

Mn"Mn"™Mn"(AcO);(u;-OH)(cat)(py)s has a pyramidal Mn"Mn"Mn"(u;-OH)
unit with three acetate ligands spanning the edges of a (Mn'); isosceles triangle.
The asymmetry of the pyramidal Mn"Mn"Mn"(u,-OH) unit is apparent in the
unequal Mn---Mn distances (3.150, 3.163, 3.760 A) and Mn-OH-Mn angles (92.0,
92.0, 119.0°). It shows intratrimer antiferromagnetic interaction with J and J;;
values of —2.36 and — 1.92 cm ~ !, respectively (Table 3).

Trinuclear Mn™™Mn™Mn"™ complexes posses the ‘basic carboxylate’ structure
having the Mn;O core. The structure is similar to that observed for the mixed-va-
lence Mn™Mn""Mn'" complexes and is described in more detail below.

20

&
T

&
T

Intensity(a.u.)
ST~

ol

8 T T T I ! 1 T I v t * i

0 10 20 30 40 50 60 70
T/K

Fig. 5. Temperature dependence of the intensity of the signal g = 2 (inset) over the field range 20004500
G for Mn"Mn""Mn'(AcO)4(pybim),.
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Table 3
Close-structure trinuclear Mn"Mn"Mn” complexes®

Formula MnMn (A) Uee J(em™H  J (em™Y) S Ref.

Mn""Mn"Mn"(AcO)5(1-OH) 3.150, 3.163, 236 - S M3
(cat)(py)s 3.760

[Mn""Mn""Mn™O(OAc)s(py)s] - 425 —102 - 0 [83]
clo,

Ko {Mn(H,0),[Mn;O(HCOO),],  3.29 13.0 - - — o]

Mn'"VMn'YMn'VO,(OH)(bpea);] - 453  —76 —11 32 [77]
(ClOy);

[{Mn'YMn'VMn'vO,(OH)(tpen)s}, 2.625, 3.192 . - 32 18]
(p-tpen)](Cl0,)s

Mn'YMn"VMn'YO,(phen);(H,0),]  2.675, 3.249 375 - - - [79]
(NO3),

Mn'™VMn!VMn!VO,(bpy),(H,0),]  2.679, 3.246, 460 —182 —98 12 [80]
(C10,), 3.263

Mn'VMn!VMn!VO,(bpy),CL,] 2,681, 3.241, 379 —171 —108 12 [81]
[CdCl,] 3.245

4 H,cat = catechole; bpea = N,N-bis(2-pyridylmethyl)ethylamine; tpen = N,N,N’,N'-tetrakis(2-pyridyl-
methyl)-1,2-ethanediamine).

Mn'"YMn"™VMn'"V complexes have a Mn;0, core (Fig. 6). The three manganese
atoms occupy the vertices of a triangle. One of the manganese atoms is linked to
the other two manganese atoms by means of two individual p-oxo bridges while the
other two are linked to each other by two mutual p-oxo bridges. The distances

Fig. 6. The Mn;0, core of the Mn'YMn'VMn!Y complexes.
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between the single-bridged Mn atoms vary from 3.192 to 3.263 A and are
considerably longer than the doubly-bridged Mn atoms which vary from 2.625 to
2.681 A [77-80].

3. Mixed-valence Mn”’Mn"Mn" complexes

Mixed-valence Mn”Mn"Mn"” complexes may be used as models for the reaction
center of the OEC. The available data strongly suggests that a polynuclear cluster
is responsible for the EPR detectable signals in the ‘active form’ [44,45] of S,
(g=4.8 in parallel polarization) and S, (g =2 multiline and g=4.1 with fine
structure) oxidation states of the OEC [46—-50], while a multiline signal for the So*
state has been reported recently [51]. In addition, EXAFS data [1,16,52—-54]
indicate the presence of at least two ~ 2.7 A Mn--Mn interactions, in addition to
an interaction at ~ 3.3 A. The 2.7 A distances correspond to high-valent Mn,(i-O),
units, which have been shown to have similar Mn—Mn distances. X-ray absorption
near-edge structure (XANES) measurements [52—57] suggest 3.0-3.5 and 3.25-3.75
average oxidation states per manganese in the lower S states. Based on these data
a, number of structural proposals were addressed (dimer of dimers, trimer/
monomer, distorted cubane, butterfly, dimer/monomer).

m

3.1. Open-structure mixed-valence trinuclear Mn"Mn"Mn™ complexes

3.1.1. Structure

The first open-structure Mn™Mn"Mn™ complex reported was -
Mn""™Mn"Mn"(Hsaladhp),(OAc),(CH;OH), [58]. After that, a series of mixed-va-
lence compounds of the general composition Mn™Mn"Mn™(X-Hsala-
dhp),(AcO),(CH;OH), were prepared by adding the Schiff-base ligand to
Mn(AcO), - 4H,O or Mn(AcO); in methanol and air [59,60]. These trimers react
with X-salicylic acid (X = Cl, Br) in methanol, dmf or thf to yield mixed acetato/
salicylato trinuclear complexes which have been isolated as dark brown solids
[24,61] (Table 4).

The reaction can take place in all of those solvents, leading to the formation of
trinuclear compounds in contrast to the preparation of the trinuclear complexes
with only acetates as bridging ligands in which in the presence of dmf, mononuclear
Mn'Y complexes [62,63] and MnO, are formed exclusively. Using MnCl, as starting
material, Mn™Mn"Mn"(5-Cl-Hsaladhp),(Hsal), has been isolated. To obtain the
trinuclear compounds it is absolutely essential not to add an additional strong base,
such as sodium methoxide or sodium hydroxide, which lead to mononuclear Mn'Y
complexes. In the presence of CH;CN, a polymeric compound [61] with the same
trimeric unit but significant deviation from linearity Mn™-Mn"-Mn"" = 137.5°
has been isolated and structurally characterized. Generally, nitrogen-donor solvents
(e.g. CH,CN, py, en) are not bound at the sixth position of Mn'"! ion. The reactions
involve deprotonation of the ligand without using a base as follows:
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Table 4
Open-structure trinuclear Mn™Mn"Mn™ complexes®

Formula MnMn (A) J(@em~ ') g Ref.
a-Mn'""Mn""Mn!"(Hsaladhp),(OAc),(CH;OH), 3.551 -7.1 2.01 [58]
oa-Mn""Mn"Mn"" (5-Cl-Hsaladhp),(OAc),(CH;OH), 3.511 - - [24]
B-Mn"Mn"Mn"" (Hsaladhp),(OAc),(CHsOH), 3.502 6.7 201 [59]
oa-Mn""Mn"Mn"" (Hsaladhp),(OAc),(H,0), 3.419 -7.1 2.08 [60]
a-Mn'""Mn""Mn!"! (Hsaladhp),(OAc),(pyOH), 3.484 -53 2.10  [60]
oa-Mn""Mn"Mn"" (Hsalathm),(OAc),(CH;OH), 3.515 -59 2.03  [60]
a-Mn""Mn"Mn"" (Hsaladhp),(OAc),(5-Cl-Hsal)y(thf),  3.507 —56 195 [24]
oa-Mn""Mn"Mn"" (Hsaladhp),(OAc),(Hsal),(dmf), 3.510 - [64]
[B-Mn'""Mn'Mn'"! (Hsaladhp),(OAc),(5-Cl-Hsal),], 3.417 -55 1.95 [61]
Mn""Mn"Mn""!(5-Cl-Hsaladhp),(Hsal), 3.495 -57 2.02  [63]
Mn"Mn"Mn"}(L!),(mcba)(OCHj;), 3.172 [66]
Mn""Mn"Mn'(L2),(mcba)(OCH,), 3172 1.9 206 [66]
Mn™Mn"Mn"(L'),(bf)(OCH;), 3.154, 3.137 [66]
Mn""Mn"Mn'(L2),(ba)(OCH.,), - 1.9 200  [66]
Mn""Mn"Mn"(L'),(ba)(OCHs), - 1.05 198 [66]
Mn""Mn"Mn"(3,5-t-Bu,CcH,0,)4(py).] 3.136, 3.162 - - [67]
[Mn™"Mn"Mn!"! (malonate),(H,O)g], 5.215 - - [68]
[Mn""Mn""Mn"(sal),(Hsal),(H,0),(4-Me-py)s] * 5.016 —0.53 [69]
[Mn"Mn""Mn"" (L-rha),(H,0)]NO, 3.845 - o]
[Mn""Mn""Mn"" (D-man),(H,0)]Cl 3.911 Antiferr - [70]
[Mn"'Mn"Mn"'(NBu),(i-NBu’),] * 24632490 - N

4 H,L! = N-(2-hydroxybenzyl)-N-(2-hydroxybenzyl)-N’,N"-dimethylethylenediamine; H,L? = N-(3,5-
di-z-butyl-2-hydroxybenzyl)-N-(2-hydroxybenzyl)-N',N"-dimethylethylenediamine; Hmcba = m-chloro-
benzoic acid; Hbf = benzoylformic acid; Hba = benzoic acid; H;saladhp = 1,3-dihydroxy-2-methyl-(sali-
cylideneamino)propane; 5-Cl-Hjsaladhp = 1,3-dihydroxy-2-methyl-(5-Cl-salicylidene-amino)propane;
HOACc = acetic acid; Hjsal =salicylic acid; 5-Cl-H,sal = 5-chloro-salicylic acid; dmf = dimethylfor-
mamide; thf = tetrahydrofuran; Hsalathm = tris(hydroxymethyl)(salicylideneamino)methane; D-man =
tris[(V-D-mannose)aminoethyl]lamine; L-rha = tris[(N-6-deoxy-L-mannose)aminoethyljamine.

MeOH

(1) XC4H,(OH)CHO + H,NC(R)(CH,OH),"">""XC,H,(0)CH-NC(R)
(CH,OH),

(2) XCH4(O)CH-NC(R)(CH,0H), + Mn(AcO), - 4H,0"'<>"'Mn!"Mn'!
Mn"(XC,H,(O)CH=NC(R)(CH,0)(CH,0H),(AcO),(MeOH),

(3) Mo""Mn"'Mn"'(XC¢H,(0)CH=NC(R)(CH,0)(CH,0H),(AcO),(MeOH),
+X-H,Sal ~ 3" " Mn"™Mn"Mn"(XCH,(O)CH=NC(R)(CH,O)(CH,OH),(Ac-
0),(X~Hsal),(L),

The following description of the complex Mn™Mn"Mn™(Hsaladhp),(AcO),(5-ClI-
Hsal),(thf), shown in Fig. 7 could be considered as a representative structural
description of the series of the linear mixed-valence Mn"™Mn"™n™ trinuclear
compounds characterized as a-isomers, in contrast to the bent arrangement of the
manganese atoms which have been characterized as B-isomers (Table 4).
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The complex includes a central, octahedral Mn" ion Mn(1) that is located on a
crystallographic inversion center. It is flanked by two tetragonally-distorted Mn™!
ions Mn(2). The coordination octahedral environment of central Mn' is composed
of two syn-bridging acetates and salicylates and two p-alkoxo oxygen atoms of the
Schiff base ligand. Each Mn' is six coordinate using an acetate, a salicylate, a
tridentate Schiff base ligand and a neutral axial oxygen-donor ligand. The neutral
unidentate ligand occupies the Jahn—Teller distorted axes along with the salicylato
oxygen [O(9) and O(6)]. The elongation is shown by a comparison of Mn(2)-N(1) =
1.991(3) A and Mn(2)-0(4) =1.951(3) A, the longest distances on the meridional
plane and the axial distances Mn(2)-O(6) = 2.174(3) A and Mn(2)-0(9) = 2.405(3)
A. The H,saladhp ligand acts as a tridentate chelating agent by using an imine
nitrogen, and phenolate and alkoxide oxygen atoms to coordinate to Mn"". The
central Mn(1) and the terminal Mn(2) ions are bridged by the alkoxide oxygen from
the Hysaladhp ligand, an acetato, and a carboxylato oxygen from the 5-Cl-salicylato
ligand resulting in a 3.507(1) A Mn(1)-Mn(2) separation with a 120.95(10)°
Mn(1)-O(alkoxide)-Mn(2) angle. The acetato oxygen lies on the meridional plane
with a distance of Mn(2)-0(4) = 1.951(3) A, while the salicylato oxygen occupies the
axial position of the octahedron with a distance of Mn(2)-0O(6) = 2.174(3) A. The
cluster is valence trapped, as evidenced by the long central Mn" to heteroatom bond
lengths and by Jahn—Teller distortion of the terminal high spin Mn'™ ions.

Fig. 7. orRTEP view of Mn'"Mn"Mn"(Hsaladhp),(AcO),(5-Cl-Hsal),(thf), with 50% thermal ellipsoids
showing the atom labeling scheme.
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Recently, some very interesting mixed-valence trinuclear complexes with oxida-
tion states II/ITII/IT and VI/V/VI have been reported [70,71].

Mn'™"™n"Mn™" (L-rha),(H,O)]NO; has a linear-ordered trimanganese core
bridged by two carbohydrates residues with a Mn---Mn separation of 3.845 A. The
terminal Mn'' atoms are seven-coordinate with a distorted mono-faced capped
octahedral geometry and the central Mn" atom five-coordinate ligated by four
oxygen atoms of carbohydrate residues and one water molecule resulting in a
square pyramidal geometry [70]. The [Mn"Mn™Mn"(sal),(Hsal),(H,0),(4-Me-
pY)s] T cation is also composed of a linear trinuclear Mn"Mn'™Mn!! unit with the
terminal Mn" and the central Mn'! atoms in an octahedral environment [69].

The VI/V/VI compounds are essentially linear trimers comprising three edge-
shared tetrahedra. The central Mn" atom lies on a 2-fold axis of symmetry while
the terminal imide ligangs give Mn—N distances in the range 1.554-1.674 A, the
imido bridges are strongly unsymmetrical with Mn—N distances to the outer
manganese averaging 1.87 and to the inner 1.77 A and the Mn—Mn distances lie in
the range 2.463-2.490 A [71].

3.1.2. Magnetic properties

The majority of the mixed-valence Mn"™Mn""Mn"" trinuclear compounds studied
until now show a weak antiferromagnetic coupling with S = 3/2 ground states, J,,
coupling varying from —3 to —7 ecm ™!, J;;, =0, g,=2.04 and g, fixed at 2.
Recently, three compounds showing a ferromagnetic behavior have been reported
[66] (Table 3).

The susceptibility data for the a-Mn"™Mn"Mn""(saladhp),(OAc),(CH;OH), can
be fitted to a model with a terminal Mn™" ion antiferromagnetically coupled to an
Mn"™ spin system. The J coupling constant is — 7.1 ¢m ! indicating that the
manganese atoms are weakly antiferromagnetically coupled in this complex. The
water exchanged complex o-Mn""Mn"Mn"'(Hsaladhp),(OAc),(H,O), shows an
identical r.t. solid-state moment (u.= 8.1 BM) and variable temperature suscepti-
bility curve. Therefore, even though there are significant changes in the Mn—Mn
distance, the magnitude of the exchange coupling and the electronic ground state
are unaltered. As a result of the obvious angular change, o and B forms of
Mn""™Mn"Mn"(Hsaladhp),(OAc),(CH;OH), exhibit different terminal manganese
separations (6.5 and 7.1 A, respectively) but it appears to have little consequence
for the magnetic properties (a-isomer: J = — 7.1; B-isomer: J= — 6.7 cm 1),

A  more detailed analysis of the magnetic data is given for
Mn'"Mn"Mn'"(Hsaladhp),(OAc),(5-Cl-Hsal),(thf),. The value of u. decreases
from 7.94 gy at 300 K to 3.4 uy at 4 K. The u./3Mn at r.t. indicates the presence
of a small antiferromagnetic interaction between the manganese atoms (spin-only
value of 2Mn™ and Mn' is 9.1 uy).

By virtue of crystallographic criteria the isotropic Heissenberg Hamiltonian for
this complex is given by the following:

H = —2J,(S,S, + S,S;) — 2J5(S,Ss) where S, =S, =2 and S, =5/2
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Fig. 8. Spin levels for Mn""Mn""Mn'"!(Hsaladhp),(OAc),(5-Cl-Hsal),(thf),. The energy (in cm~!) is
given as a function of the spin value.

Because of the large distance between the terminal Mn™ ions (7.014 A) we can
exclude this interaction and, therefore, the major exchange interaction is expected
between the terminal Mn™ and the central Mn''. The exchange energies may be
calculated by Kambe’s method, and are given by the following:

E(S’SIS) = - JI[ST(ST + 1) - Sls(sls + 1) - Sz(sz + 1)]

Assuming isotropic g-values, the Zeeman term was added to the preceding
Hamiltonian,

HZceman = g:uB(Sl + SZ + S3)B

Because of the extended hydrogen network, a mean field correction was added and
the final expression of the susceptibility is given by the following:

J4Y
= /M 4
XMFC | 220 s 4)
Nupg?
where

|:Zisi(si + D(2S;+ 1) exp(— Ei/KT):|
4)

I = (Ng* /36 T)
|:z,(2$,- + 1) exp(— E,-/KT)}
—1

The magnetic parameters obtained from the fitting procedure are J;, = — 5.6 cm ',
g=195and zJ= —0.25 cm~'. Energy levels are represented in Fig. 8 with the
addition of an S,; label. The ground state is found to be |[S, =5/2, S;; =4, S =3/2).
This clearly shows that the lowest lying state is the S =3/2 with reasonable
population of a state, or states, of lower spin. For the
[Mn"Mn™Mn"(sal),(Hsal),(H,0),(4-Me-py)s] * cation, the magnetic data show an
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antiferromagnetic behavior with /= —0.53 cm ~! and D= — 3.50 cm ~ !, assuming
g =2, while the rhombic splitting parameter £ can be neglected [69].

3.1.3. EPR study

All mixed-valence Mn™Mn"Mn™ complexes are EPR active, while the
Mn"™Mn"Mn" and MnY'"Mn¥Mn"! [71] compounds are EPR silent (as expected
due to an even total electron number).

EPR spectra of trinuclear Mn™Mn"™™n™ complexes with only acetates bridges,
in CH,Cl,, show a broad, low-field component which arises from the ground state
spin quartet. A classic six-line spectrum from uncomplexed Mn" is seen in MeOH
due to dissociation to form monomeric units of Mn" and [Mn"(saladhp)]*. In
dmf, a broad, low-field component for the trinuclear complex, the sharp six-line of
the uncomplexed Mn' and a multiline component centered at g =2 with approxi-
mately 19 lines spread over 1900 G appear.

The powder EPR spectra of Mn™Mn"Mn!"(Hsaladhp),(OAc),(5-Cl-Hsal),(thf),
at 4 K exhibits a broad low-field signal at g = 4.8 indicating an S = 3/2 ground state
(Fig. 9). It also exhibits a shoulder at g = 6.7 which is an indication of an admixture
with the excited state S = 5/2 and a signal at g = 2.0 with poor intensity. The signal
at the low-field region increases steadily until 7= 30 K.

At r.t. a new signal at g =9.7 appears with a weak feature at g=4.3 and g =2.0.
Because all the states are populated at r.t. it is quite difficult to indicate the origin

RT

T=4.0K

. 1 A 1 L 5 1 i
O 1000 2000 W00 4000 S000
B/Gauss

L

Fig. 9. X-band powder EPR spectra of Mn'"Mn"'Mn'"!(Hsaladhp),(OAc),(5-Cl-Hsal),(thf), at r.t. and
at 4 K.
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Fig. 10. EPR spectra of Mn"Mn""Mn'"!(5-Cl-Hsaladhp),(Sal), in CHCl;. Dot-line: the recorded EPR
spectrum; solid-line: the simulated EPR spectrum.

of this new signal. Temperature-dependent population interconversion has been
suggested as the origin of the two S, state EPR spectral signatures.

In CH,CI, glass a very broad signal centered at g =4.3 appears which strongly
indicates an S =3/2 state, while a signal at g=2.0 with more than six lines is
observed. The temperature dependence of the EPR spectrum reveals that both
signals come from the same compound as the intensity of the signals at g =4.3 and
g =2 decrease when the temperature is decreased. In addition, hyperfine structure
is observed in the g =4.3 signal.

The EPR spectrum for Mn™Mn"Mn"™!(5-Cl-Hsaladhp),(Sal), was obtained at 4
K in CHCI, glass (Fig. 10). The low-field EPR region shows a superposition of two
signals, one centered around g=3.6 and the other, with hyperfine structure,
centered around g =4.1 (indicating an S = 3/2 state); a 19-line signal at g=2.0 is
also observed. The hyperfine structure in the g=4.1 signal is consistent with
previous reports [60,61]. The observed EPR spectrum is assigned to the trinuclear
compound, as there is no dissociation of this complex in CHCI;. The simulation of
the multiline signal at g~ 2 was carried out in the strong exchange approximation,
considering only AM =1, AM, =0 transitions [65]. The simulation parameters are:
g= 197, g, = 2.02, AMn"=110x10"* cm~', 4 Mn" =88 x 10~* cm ',
AMn" =51 x10"* em~', 4, Mn""'=91x10"* ecm~', ¢=22 G. Zeeman g
factors refer to the molecule and hyperfine 4 factors refer to the interaction
between the total electronic spin and the individual nuclear spins. A Lorentzian line
shape was used with the same linewidth for all transitions. The g=2 multiline
signal of the S, oxidation state of the water—oxidation manganese center has
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provided the basis for much speculation as to the nuclearity and oxidation states of
the manganese ions in the OEC.

Mixed-valence dimers, such as Mn"™™n" or Mn™Mn'"V, and tetranuclear
Mn""™Mn""™™Mn""Mn'Y compounds exhibit multiline features. A recent theoretical
approach [72] concludes that a tetranuclear cluster is responsible for the EPR signal
and that the hyperfine couplings must be anisotropic [73]. This study [72] also
suggests that the Mn™ ion(s) may be five-coordinate, having distorted trigonal
bipyramidal geometry with an (e’)?(e”’)? configuration. A possible explanation given
as to why there could be five-coordinate Mn™ ions in the S, state of the OEC is
that one or both of the substrate water molecules may not be bound (yet) to
manganese cluster. Therefore, the presence of five-coordinate Mn atoms in
Mn""™Mn"Mn"(5-Cl-Hsaladhp),(Sal), could provide an interesting case for study-
ing the effects the coordination of water on the spectroscopic and structural
features of such clusters.

In summary, among the known Mn clusters, the compound reported here
exhibits the unique feature of possessing a 19-line EPR signal similar to that of the
OEC in the S, or S* states. While EPR spectroscopy cannot be used as a structural
tool to resolve complicated problems of this type, it is nevertheless interesting that
the multiline signal of OEC has not been reproduced by any Mn complex so far.
Unfortunately, a [Mn,] model satisfying the number of lines, the line shapes and
widths and anisotropic hyperfine coupling and five-coordinate Mn'" ion has not yet
appeared in the literature. It is remarkable that the structure presented in this
report, while not a tetranuclear complex, satisfies all the of above characteristics,
and thus could be considered relevant to the trimer/monomer model, which is one
of those proposed for the OEC [1,74,75] (Fig. 11).

3.2. Close-structure mixed-valence trinuclear Mn" Mn"Mn" complexes
Trinuclear Mn"™Mn"™n™ complexes possess the ‘basic carboxylate’ structure

having a Mn;0 core (Fig. 12) with the Mn; occupying an equilateral or an isosceles
triangle depending on the valence situation.

Fig. 11. Solid-line: EPR spectrum of Mn""Mn""Mn'""!(5-Cl-Hsaladhp),(Sal), in CHCl;; dot-line: the EPR
spectrum of S, state of OEC.
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Fig. 12. The crystal structure of Mn""Mn""Mn"™O(OAc)(py); showing the Mn;O core.

Valence-trapped complexes with Mn'~O distances distinguish longer than the
Mn'"-O distances lead to isosceles rather than equilateral Mn; triangle. In the
latter case the Mn™--Mn™ distances (3.214—3.285 A) are significantly shorter than
the Mn"™~-Mn™ distances (3.350-3.418 A). The average Mn'Mn separation (3.330
A), however, is quite similar to that seen in the electronically delocalized complexes
(3.353-3.363 A) (Table 5). All the mixed-valence Mn""Mn"Mn"" trinuclear com-
pounds studied until now show a weak antiferromagnetic coupling with S = 3/2 or
1/2 ground states, J coupling characterizing the Mn™---Mn™ interaction and J* the
Mn™---Mn™ interaction, varying from —35.2 to —6.5 cm~! and from —2.7 to
—4.5 cm ~ !, respectively.

The EPR spectra of [Mn'"™Mn"Mn™O(OAc)«(py);l(py) at 2 K show a strong
signal in the g =4 region revealing that the spin ground state is 3/2. The intensity
of this signal decreases with increasing temperature, indicating a depopulation of
this state as the temperature is increased. The temperature dependence is consistent
with the lowest energy state being the + 1/2 Kramers doublet from the S =3/2
state which should give rise to two EPR transitions with gy ~2 and g, ~4 [81].



Table 5
Close-structure trinuclear Mn'"Mn'Mn'"! complexes

Formula Mn-Mn separation (A) J (cm™h) J*(m™Y) g S Ref.
[Mn""Mn"Mn"™O(OAC)y(py)s](py) 3.363 —52 27 205 32 [82-84]
Mn""Mn"Mn"'O(OAc)(3-CICsH,N), - Antiferromagnetic - - - [85]
Mn""Mn"Mn'"O(O,CPh)(py),(H,0) - 0.5CH,CN 3.218, 3.418, 3.396 —6.5 —45 199 12 [82.83]
[Mn""Mn"Mn'™O(0,CPh)y(py)s] - 2CH:CN 3.284, 3.285, 3.403 - - - - 87]

858—L£8 (6661) 981 —S8I SMa1a2Yy Luisuudy) uouvuip100) / nojsossissay “d*d

668
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The EPR spectra for a polycrystalline sample of
Mn""™Mn"Mn"™O(O,CPh)(py)»(H,O) - 0.5CH;CN complex clearly show that the
broad signal at g ~ 1.78 with a weak signal at g ~4 comes from =+ 1/2 Kramers
doublet of S=1/2 ground state [81,85]
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