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Mixed-valence trinuclear manganese compounds [Mn3;0(0,CTh)s(L)(H>0),]-n(solvent) (Th = thiophene,
1.CH5CN: L = pyridine (py), x=3, y=0, n=1, solvent = CH3CN; 1.~H,0: L=py, x=3, y=0, n=~1, sol-
vent = H,0; 2: L=py, x=2,y=1, n=0.25, solvent = CH3CN; 3: L=3-Mepy, x=2, y =1, n = 0) containing
a [Mn"Mn,"(43-0)]%* core have been prepared. Homo-valence tetranuclear manganese complexes
(NBu"4)[Mn40,(0,CAr)g(L)] (4 ThCO,H-CH,Cl,: Ar=-Th, L=EtOH; 6: Ar=-Ph, L=H,0; 7: Ar=-Ph-p-
Me, L = H,0; 8-CH,Cl,: -Ph-3,5-Me;, no L) with a [Mn'";(1£3-0),]®* core and [Mn"'Mn""'30,(0,CTh);(bpy),]

f\(/[e:r‘:?af:;e (5) were synthesized, structurally and magnetically characterized. Compounds 1-3 were obtained by
Thiophenecarboxylate comproportionation of Mn"(0,CMe),-4H,0 with (NBu"4)Mn""0, in aprotic pyridine (1) or aprotic/protic
Cluster py/EtOH (2) or Mepy/EtOH (3) solvent mixtures. Clusters 4-8 were synthesized by comproportionation of
Magnetism Mn'"(0,CAr),-xH,0/ArCOOH with (NBu"4)Mn""0,4 in EtOH/CH5CN. X-ray structural characterization of the

2-thiophenecarboxylate (ThCO, ) containing compounds 1-CH3CN, 1-~2H,O0 and 4-ThCO,H-CH,Cl,
revealed a thiophene ring disorder about the (0,)C-C(Th) bond so that the S atom and opposite
(5-)CH group are distributed over two ring positions each. The Mn" atom in the approximately isosceles
triangular [Mn""Mn,"(113-0)]®" cores in 1 could be clearly assigned from bond valence sum calculations
and bond distances. The [Mny4(us-0),]%" core in the anionic complexes in the structures of 4 ThCO,H-CH,
Cl, and 8-CH,Cl; has an all Mn" oxidation level and “butterfly-like” arrangement. The magnetic proper-
ties of 4-8 were investigated by variable temperature magnetic susceptibility and magnetization mea-
surements. Similar magnetic behavior was observed for the [Mn'";(13-0),]%" butterfly-core compounds
4, 6-8, with antiferromagnetic interactions between pairs of manganese ions with amplitude of
~145cm™! and ~4.6cm™! for the Mny---Mn, and Mn,--Mn,, coupling, respectively (b=body,
w = wing). Changing the Ar-ligand size in [Mn40,(0,CAr)o(L)]~ does not have a significant effect on the
magnetic properties of these butterfly clusters.

Mixed-valence
Butterfly core

© 2013 Elsevier B.V. All rights reserved.

1. Introduction high-spin (S) ground states values with a large zero-field splitting

parameter (D) (compared to other 3d transition-metal clusters)

The synthesis of oligonuclear manganese clusters (Mns_g) has
been stimulated by their biological role and magnetochemistry.
Manganese is prominent in the active sites of many metallobio-
molecules [1], and the interest is, for example, to obtain molecules
that can mimic the oxygen-evolving center (OEC) of photosystem II
(PSII) or photosynthetic water oxidation center (WOC) which is
responsible for the photosynthesis process in the green plants
and cyanobacteria [2-4]. Mn clusters possess considerable
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which appears to be a consequence of the presence within the
Mn, aggregate of (i) ferromagnetic exchange interactions between
at least two of the Mn centers [5] and/or (ii) spin frustration effects
(when x > 3 and Mn, alignment in certain direction) [6,7] and (iii)
Jahn-Teller distorted d*-Mn>" ions. Hence, such Mn, clusters func-
tion as nanoscale magnets below their critical temperature [8].
Such Single-Molecule Magnets (SMMs) do not only display magne-
tization hysteresis, but also quantum tunneling of magnetization
(QTM) [9] and quantum phase interference (QPI), [10] and as such
they are promising new materials for data storage and quantum
computing.

Oxido-centered mixed-valence trinuclear systems containing a
[Mn"Mn,"( 13-0)]®* core and homo-valence tetranuclear manganese
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complexes with a [Mn'";(113-0),]%* core receive remarkable atten-
tion. [Mn30(0,CR)sL3]™ (n =0, 1; L = pyridine, H,0) with either a
[Mn"Mn,"(13-0)]%* or a [Mn'5(u3-0)]”* [2-4,11] core are good
starting materials for synthesizing manganese polynuclear com-
plexes [12] and is valued for systematic studies of metal-metal
interactions in clusters. However, these trinuclear systems are anti-
ferromagnetically coupled with small S values, and, therefore, they
are not SMMs [6,11,13]. A [Mny4(u3-0),] core can either have a “but-
terfly” or a planar arrangement of the metal atoms (Fig. 1a) with
three possible oxidation levels for the metal centers: Mn'’,;Mn', as
in [Mn40,(0,CMe)g(bpy)2] [6,13] (bpy = 2,2'-bipyridine), Mn"Mn™;
as in [Mn40,(05CPh);(bpy),] [14], Mn™, as in (NBu"4)[Mn40,
(0,CPh)g(H20)] [14] and [Mn40,(02CR);(L)2]- (L= picolinate,
8-hydroxyquinolinate, 2-(oxymethyl)-pyridine anion and dib-
enzoylmethanate anion) [3,15]. As a result of the spin-state for
Mn-ions (Mn" =d>, S=°/,; Mn" =d*, S=2), the probable ground-
state spin (St) due to spin-frustration phenomena are 7/, °/, and 3,
respectively (Fig. 1b) [16,17].

One important goal in this area of research is not just to con-
struct new examples of high-spin molecules and SMMs, but also
to build up families of related compounds so that structure-mag-
netization relations can be investigated. In this endeavor, two suc-
cessful but opposing strategies have been employed: the first is the
use of rigid bridging ligands that impose the geometry on the
resultant cluster [18], and the second is the use of flexible ligands
that impose little or no geometrical constraints [19]. Another aim
of our research program is to design and build new oligonuclear
Mn clusters with sulfur-containing capping ligands which are pos-
sible surface-binding candidates (due to presence of free sulfur do-
nor sites, not coordinated to Mn atoms) together with an SMM
behavior.

Carboxylate ligands such as 2-thiophenecarboxylate (-OC,Th)
have previously been used in the synthesis of [Mn(OC,Th)
(2,2’-bpy)2](Cl04), [20] but rarely in the synthesis of paramagnetic
oligonuclear Mn clusters such as [Mn;,01,(0C,Th);5(H20)4] [21].
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Fig. 1. (a) Possible Mn arrangements and (b) probable ground-state spin (Sy) of
[Mng4(u3-0)] cores.

A noticeable feature in thiophenecarboxylato-metal chemistry
is that, except for few examples [22], the thiophene ring (Th) is dis-
ordered about the (02)C-C(Th) bond and adopt one of two pre-
ferred orientations such that the S atom and opposite (5-)CH
group are distributed over two ring sites (Fig. 2) [23].

We have recently initiated a study of oligo-manganese
magnetic systems with simultaneous pyridine (py) or 3-methyl-
pyridine (3-Mepy), water and 2-thiophenecarboxylate (~0,CTh),
benzoate (T0,CPh), p-methylbenzoate (“O,CPh-p-Me) or 3,5-dim-
ethylbenzoate (~0,CPh-3,5-Me;) bridges. Here we report four
new Mnj clusters with sulfur-capping 2-thiophenecarboxylate li-
gands of general formula [Mns;0(0,CTh)s(L)(H,0),].n(solvent)
(1-CH3CN: L=py, x=3, y=0, n=1, solvent=CH5CN; 1-~H;O:
L=py, x=3, y=0, n=~1, solvent=H,0; 2: L=py, x=2, y=1,
n=0.25, solvent = CH3CN; 3: L=3-Mepy, x=2, y=1, n=0). Also
the syntheses, structure and magnetochemical characterization
of novel butterfly-like complexes (NBu"4)[MnsO,(0,CTh)g(L)]
(4 ThCO,H-CH,Cl,: Ar=-Th, L=EtOH; 6: Ar=-Ph, L=H,0; 7:
Ar = -Ph-p-Me, L=H,0; 8CH,Cl,: -Ph-3,5-Me;, no L), and [Mn4.
0,(02CTh);(bpy)2] (5) are the subject of this paper. The magnetic
susceptibilities of these new tetranuclear complexes (4-8) at vari-
ous temperatures were described in order to establish the mag-
neto-structural relationship.

2. Experimental
2.1. Physical measurements

Elemental analyses (EA) were determined on a Vario EL instru-
ment from Elementaranalysensysteme GmbH. Manganese analy-
ses were carried out by atomic absorption spectrometry on a
Vario-6 AAS from Analytik Jena. FT-IR spectra were recorded on a
Bruker Tensor-37 FT-IR spectrophotometer in the range 400-
4000 cm™! as KBr discs or in the 4000-550 cm™! region with
2 cm™! resolution with an ATR unit (Platinum ATR-QL, Diamond).
UV/Vis spectra were measured at 25 °C in dichloromethane (CH,.
Cl,) (107> M) on a Shimadzu UV-2450 spectrophotometer using
quartz cuvettes (1 cm). The magnetic susceptibility measurements
were carried out for crystalline samples (4-8) using a Quantum De-
sign Squid MPMS-XL magnetometer between 1.8 and 400 K for DC
applied fields ranging from 0 to 7 T. The magnetic data were cor-
rected by the diamagnetic contribution from the sample holder.

2.2. Materials and syntheses

Unless stated otherwise all chemical reagents and solvents
were of analytical grade, purchased commercially, and used as
received. Mn(Il) salts of benzoate (Mn(0,CPh),-2H,0) [14], 3,5-
dimethylbenzoate (Mn(O,CPh-3,5-(Me),)) [24], 2-thiocarboxylate
(Mn(0,CTh),-4H,0) [25], (NBu"4)NMnO,, [11,26] and (NBu",)
[Mn40,(0,CPh)g(H,0)] [14] (6) were synthesized using reported
methods. Mn(II) p-methylbenzoate (Mn(O,CPh-p-Me),-2H,0) was
prepared from manganese(Il) chloride tetrahydrate, p-toluic acid,
and sodium hydroxide in a 1:2:2 M ratio in aqueous media and
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Fig. 2. (a) Typical sulfur atom or thiophene ring disorder in the planar 2-
thiophenecarboxylate ligand and (b) graphical representation where the two
possible orientations of the thiophene ring are superimposed.
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its composition was confirmed by elemental analysis. All manipu-
lations were performed under aerobic conditions.

Caution! Organic permanganates should be handled with ex-
treme caution. Detonations of some organic permanganates have
been reported while drying at high temperatures.

cyclo-p3-Oxido-tris(pyridine-kN)-hexakis(p-2-thiophenecarb-
oxylato-k0:0')-manganese(Il)-dimanganese(Ill), [Mn3;0(0,CTh)g
(py)s] (1) as acetonitrile solvate or hydrate. The freshly synthe-
sized solid (NBu";)MnQO,4 (1.14 g, 3.15 mmol) was added portion-wise
(over 15 min) to a magnetically stirred solution of Mn(O,CMe),-4H,0
(1.00 g, 4.075 mmol) and ThCO,H (3.93 g, 30.8 mmol) in pyridine
(10 mL, 124 mmol) to give a dark brown homogeneous solution. After
complete addition stirring was continued for another 15 min and
then the solvent was removed in vacuo to give a brown oil residue.
This residue was extracted with EtOH (50 mL) to give a reddish-
brown solution and left the undissolved brown solid that was sepa-
rated by filtration. The EtOH filtrate was discarded. The brown solid
residue was extracted into a minimum amount of CH;CN and filtered,
then the filtrate was allowed to concentrate by slow evaporation to
give dark brown crystals of 1-CH3;CN which was collected by filtration
and dried in vacuo. Yield of 1.CH3CN 22% (based on Mn). These crystals
could be further re-crystallized via over-layering of their methylene
chloride solution with n-hexane/Et,O solvent mixture to afford
crystals of 1 with (an) ill-defined solvent molecule(s), most likely
1-~H,0.

Acetonitrile solvate, Anal. Calc. for 1-CH3CN: C45H33Mn3N3043S6.
-CH3CN (1222.98): C, 46.19; H, 2.97; N, 4.58; S, 15.74. Found: C,
45.79; H, 2.91; N, 4.49; S, 15.51%. FT-IR (KBr, cm™'): 3435 (m,
br), 1598 (s, sh), 1526 (s, sh), 1424 (s, sh), 1385 (s, sh), 1343 (m,
sh), 1120 (m, sh), 1045 (m, sh), 858 (s, sh), 770 (m, sh), 691 (m,
sh), 654 (m, sh) and 442 (m, sh).

Hydrate, Anal. Calc. for 1.-~H;0: C4sH33Mn3N301356-H,0
(1198.99): C,45.08; H, 2.94; N, 3.50; S, 16.05; Anal. Calc. for C4sH33.
Mn3N3013S¢-2H,0 (1217.01): C, 44.41; H, 3.06; N, 3.45; S, 15.81.
Found: C, 44.09; H, 2.74; N, 2.88; S, 15.58%. Note that the crystal
structure of a single crystal of this compound suggested formula-
tion as a monohydrate. FT-IR (KBr, cm~!): 3432 (m, br), 1601 (s,
sh), 1525 (s, sh), 1421 (s, sh), 1385 (s, sh), 1338 (m, sh), 1117 (m,
sh), 1043 (m, sh), 858 (s, sh), 770 (m, sh), 690 (m, sh), 658 (m,
sh) and 445 (m, sh).

[Mn30(0,CTh)s(py)2(H20)] (2). Mn(0,CMe),-4H,0 (1.00g,
4.075 mmol) and ThCO,H (3.93 g, 30.8 mmol) were dissolved in a
mixture of pyridine (1.5 mL) and absolute EtOH (10 mL). Then
freshly prepared solid (NBu";)MnO, (0.57 g, 1.575 mmol) was
added in small portions with continuous stirring to give a brown
homogeneous solution. After 24 h, the resulting grey-green precip-
itate was separated by filtration, washed with EtOH, and dried in
vacuo (crude yield >95%). Recrystallization was accomplished
either by slow evaporation of a CH3CN solution to give deep-green
crystals of 2.0.25CH5CN, which were collected by filtration, washed
with EtOH, and dried in vacuo or by overlayering the solution of 2
in CH,Cl, with hexane to give small microcrystals of 2.0.5CH,Cl,
after several days which were filtered off and dried in vacuo. Yield
58% based on Mn. Anal. Calc. for 2.0.25CH5CN, C40.5H30.75Mn3N; 55.
014S6 (1130.14): C, 43.04; H, 2.74; N, 2.79; S, 17.02. Found: C,
43.52; H, 2.74; N, 2.54; S 17.43%. Anal. Calc. for 2.0.5CH;Cl,, C405.
H3,CIMn3N2014S6 (1162.34): C, 41.85; H, 2.69; N, 2.41; S, 16.55.
Found: C, 42.13; H, 2.80; N, 2.75; S, 16.77%. Other analyses were
identical for both solvates. FT-IR (KBr, cm~'): 3392 (m, br), 1597
(s, sh), 1525 (s, sh), 1423 (s, sh), 1385 (s, sh), 1344 (m, sh), 1122
(m, sh), 1045 (m, sh), 859 (s, sh), 769 (m, sh), 694 (m, sh), 655
(m, sh) and 444 (m, sh).

[Mn30(0,CTh)e(3-Mepy)2(H20)] (3). This complex was pre-
pared in the same manner as 2, using 3-methylpyridine instead
of pyridine. The isolated solid was filtered off, washed with cold
ethanol, ether and then dried in vacuo. Crystallization was

achieved by slow diffusion of n-hexane into the solution of the iso-
lated solid in CH,Cl; for several days. Small crystals obtained were
filtered off and dried in vacuo. Yield 69% based on Mn of complex 3.
Anal. Calc. for C4,H34Mn3N,014Ss (1147.93): C, 43.94; H, 2.99; N,
2.44; S, 16.76. Found: C, 44.09; H, 2.69; N, 2.45; S, 16.66%. FT-IR
data (KBr, cm™!): 3422 (m, br), 1600 (s, sh), 1525 (m, sh), 1424
(s, sh), 1387 (s, sh), 1340 (m, sh), 1124 (m, sh), 1034 (m, sh), 899
(m, sh), 858 (s, sh), 770 (m, sh), 698 (m, sh), 656 (m, sh) and 444
(m, sh).

(Tetra-n-butylammonium)-[(ethanol-k0)(ps;-dioxido)hepta-
kis(p-2-thiophenecarboxylato-k0:0')(2-thiophenecarboxylato-
K00')(2-thiophenecarboxylato-kO)tetramanganate(IlI)] (2-thio-
phenecarboxylic acid) dichloromethane solvate, (NBu"4)[Mn,.
02(02CTh)9(Et0H)]ThC02HCH2c12 (4ThC02HCH2Clz). Freshly—
prepared (NBu";)MnO, (0.45 g, 1.25 mmol) was added portion-
wise (over 15 min) to a stirred solution of Mn(O,CTh),-4H,0
(1.54 g, 4.05 mmol) and ThCO,H (3.93 g, 30.7 mmol) in EtOH/CH5_
CN (20:10 mL). The resulting reddish brown solution was evapo-
rated under reduced pressure to dryness and then the residue re-
dissolved in CH,Cl, (15 mL) to give a dark-red solution. This solu-
tion was filtered through Celite, and then layered with a mixture of
Et,0 (25 mL) and hexanes (25 mL). After several days, red-brown
crystals of 4 ThCO,H-0.5 CH,Cl, were formed; they were collected
by filtration, washed with Et,0, and dried in air. The yield based on
total available Mn was 63%. Anal. Calc. for CggH73Mn4NO53S1-CHa.
Cl, (1897.56): C, 43.76; H, 3.98; Mn, 11.58; N, 0.74; S, 16.90; Anal.
Calc. for CesH73MnyNO»3S19 (Without CHzclz) (181273) C, 45.06;
H, 4.06; Mn, 12.12; N, 0.77; S, 17.69. Found: C, 44.02; H, 4.42;
Mn, 12.38; N, 0.84; S, 17.34%. FT-IR data (KBr, cm™!): 3431 (m,
br), 1704 (w, sh), 1586 (s, sh), 1525 (m, sh), 1422 (s, sh), 1385 (s,
sh), 1340 (m, sh), 1126 (m, sh), 1031 (m, sh), 859 (s, sh), 769 (m,
sh), 652 (s, sh), 512 (m, sh) and 444 (m, sh).

[Mn40,(0,CTh),(bpy).] (5). Method A. A red-brown solution of
complex 4 (25 mmol) in THF (20 mL) was overlayered with a solu-
tion of bpy (0.080 g, 0.50 mmol) in CH3CN (20 mL). After 2 days, a
dark red-brown crystalline product was isolated by filtration,
washed with Et,0 and dried in air; yield 68%. Recrystallization
was effective from CH,C1,/n-hexane to give large black plates
which, however, were repeatedly shown to be of poor quality for
single-crystal X-ray diffraction. Anal. Calc. for Cs5H37MngN4016S7
(1454.13) without potential solvent: C, 45.43; H, 2.56; N, 3.85; S,
15.44. Found: C, 45.58; H, 2.62; N, 3.82; S, 15.88%. Selected IR data
(ATR, cm™1): 1698 (m, sh), 1570 (s, sh), 1351 (m, sh), 1265 (w, sh),
1160 (m, sh), 1140 (w, sh), 1088 (m, sh), 1031 (m, sh), 858 (s, sh),
832 (m, sh), 763 (m, sh), 672 (s, sh), 642 (m, sh) and 464 (m, sh).

Method B. To a stirred green-brown solution of 2-0.25CH5CN
(0.569 g, 0.5mmol) in CH3CN (15mL) was added solid bpy
(0.25 g, 1.6 mmol). The resulting brown solution began to precipi-
tate brown microcrystals of 5 within minutes. After 1 h, the solid
was collected by filtration, washed with cold CH3CN and dried;
yield 60-70%. The compound had an identical IR spectrum with
the material prepared by method A.

(NBu"4)[Mn40,(0,CPh)og(H,0)] (6) was synthesized using a re-
ported method [14] and isolated as reddish-black needle crystals,
washed with Et;0 and dried in air; yield 92%. Recrystallization
was effective from CH,Cl, by overlayering with Et,O/n-hexane
mixture (1:1). Anal. Calc. for C;9HgzsMn4NO,; (1602.27) without po-
tential solvent: C, 59.22; H, 6.22; N, 0.87. Found: C, 59.18; H, 5.22;
N, 0.76%. Their IR spectrum is identical with that of authentic com-
plex 4 [14].

(NBu"4)[Mn40,(0,CPh-4-Me)o(H,0)] (7). This complex was
prepared analogous to complex 4 with Mn(O,CPh-p-Me),-2H,0
and p-MePhCO-H being used as a source of Mn"-ions and 4-meth-
ylbenzoate ligation groups. Higher quality X-ray crystals were ob-
tained from the formed solid by re-dissolving it in CH,Cl, (15 mL),
filtering the reddish-brown solution through Celite then layering
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the filtrate with 2:1 Et,0/n-hexane mixture (30 mL). After several
days, red-brown crystals of 7-0.5 CH,Cl, were formed; they were
collected by filtration, washed with Et,0, and dried in air. Yield
83%. Anal. Calc. CggsH01CIMN4NO,; (1770.69): C, 60.02; H, 5.81;
Mn, 12.41; N, 0.79. Found: C, 60.31; H, 6.08; Mn, 12.62; N, 0.81%.
FT-IR data (KBr, cm~"): 3431 (m, br), 1607 (s, sh), 1558 (s, sh),
1404 (s, sh), 1177 (s, sh), 1021 (m, sh), 858 (m, sh), 765 (s, sh),
691 (m, sh), 625 (s, sh), 485 (m, sh) and 445 (m, sh).

(Tetra-n-butylammonium)[(ps;-dioxido)heptakis(p-3,5-dim-
ethylbenzoato-k0:0')bis(3,5-dimethylbenzoato-k0,0 )tetraman-
ganate(lll)] dichloromethane solvate, (NBu";)[Mn40,(0,CPh-
3,5-Me;)o]-CH,Cl, (8-CH,Cl;). As for complex 7 by using Mn(O,_
CPh-3,5-Me;), and 3,5-(Me),PhCO,H. The resulting precipitate
was dissolved in CH,Cl, (15 mL), filtered through Celite, and then
layered with hexane (25 mL). Dark brown-red parallelepiped-like
crystals were obtained after 2 days. Yield 58%. Anal. Calc. for Cgy7.
H;17Mn4NO,0-0.5CH,Cl, (1879.18): C, 62.32; H, 6.33 Mn, 11.69;
N, 0.75. Anal. Calc. Co7H117Mn4NO,q (Wlthout CHzclz) (183675)
C, 63.43; H, 6.42; Mn, 11.96; N, 0.76. Found: C, 62.51; H, 6.71;
Mn, 11.36: N, 0.75%. Note that dichloromethane easily evaporates
during sample preparation for elemental analysis. The crystal
structure of a single crystal of this compound suggested formula-
tion with a full dichloromethane solvate molecule. FT-IR data
(KBr, cm™1): 1581 (s, sh), 1394 (s, sh), 1083 (m, sh), 869 (m, sh),
784 (s, sh), 680 (s, sh), 549 (m, sh) and 486 (m, sh).

2.3. X-ray Crystallography

Suitable single crystals were carefully selected under a polariz-
ing microscope. Data collection: Single crystal X-ray data of 1-CHs._
CN, 1.~H,0, 4. ThCO,H-CH,Cl, and 8-CH,Cl, were collected on
Bruker Apex I CCD (1-CH5CN and 8) and a Rigaku R-axis Spider im-
age plate detector (1-~H;0, 4) diffractometer by using graphite-
monochromatic Mo Ko radiation (4=0.071073A) and ® scan
mode. Cell refinement with apex2 [27], data reduction with SAINT
(Bruker) [28] or data collection, cell refinement and data reduction
with CrystalClear (Rigaku) [29]. Structure analysis and refinement:
the structure was solved by direct methods (sHeLxs-97) [30]; refine-

Table 1

ment was done by full-matrix least squares on F?> using the
SHELXL-97 program suite [30]; empirical (multi-scan) absorption
correction with sapass (Bruker) [31] or asscor (Rigaku) [32]. All
non-hydrogen positions were refined with anisotropic tempera-
ture factors. Hydrogen atoms were positioned geometrically and
refined using a riding model (AFIX 43 for aromatic CH, AFIX 13
for aliphatic CH and AFIX 23 for CH;) with Ujso(H) = 1.2 Ueg(CH).
For CH; AFIX 33, 133 or 137 was used with Ujso(H) = 1.5 Ueq(CH).
2-Thiophenecarboxylate containing compounds 1 and 4 suffer
from the thiophene ring disorder, depicted in Fig. 2. This thiophene
disorder could only partially be resolved and, thus, affected the
data set quality. Still, the immediate Mn coordinating bridging
carboxylate groups and terminal ligand atoms, hence, the core
structure {Mn3(0)(0,C)g(N)s} (in 1-CH3CN, 1-~H,0) and {Mny4(0),
(0,C)9(EtOH)} (in 4-ThCO,H-CH,Cl;) could be unequivocally
refined. Additional disorder was present in 1.~H,O in the lattice
water molecule (large thermal ellipsoids, H atoms not found) and
one of its pyridine rings, in 8 in the CH,Cl, solvent molecule
(rotated by 90°) and in two cation butyl groups. However, in all
four structures the {Mns(p-0)} or {Mny(pn-O3)} cores with their
bridging carboxyl, O,C-groups and coordinating pyridine N-atoms
or ethanol O-atom could clearly been refined without any disorder
and with good temperature factors. Hence, in the structure discus-
sion we will limit ourselves to the central core. Crystal data and de-
tails on the structure refinement are given in Table 1. Graphics
were drawn with piamonp [33].

3. Results and discussion
3.1. Synthesis

Complexes 1-3 represents the first examples of a [Mn''Mn,™
(13-0)]%" core with thiophenecarboxylate bridges in addition to
pyridine, water or 3-methylpyridine terminal ligands. The three
new complexes were prepared following the method described
by Vincent et al. for the benzoato analog [11]. Comproportionation
of Mn"(0,CMe),-4H,0 with the strong oxidizing agent (NBu",)
MnV!'0, in the presence of 2-thiophenecarboxylic acid (ThCOOH),

Crystal data and structure refinement for compounds 1-CH3CN, 1-~H,0, 4. ThCO,H-CH,Cl, and 8-CH,Cl,.

Compound 1.CH3CN

1.-~H,0

4-ThCO,H-CH,Cl,

8.CH,Cl,

Empirical formula C47H36Mn3N,4015Sg

M/g mol~! 1221.98

Crystal size (mm) 0.36 x 0.31 x 0.25
Temperature (K) 296(2)

0 range (°) (completeness) 1.63-25.15 (99.1%)
h; k; | range +22, 427, -28, 27
Crystal system orthorhombic
Space group Pbca

a(A) 19.1258(9)

b (A) 23.0759(12)

c(A) 23.5440(12)

BC) 90

V (A3) 10391.0(9)

z 8

Deaic (g/ClTl3) 1.562

u (mm™1) 1.025

F000) 4968
Maximum/minimum transmembrane 0.7836/0.7091
Reflections collected 120394

Independent reflections (Rjn) 9215 (0.2127)

Data/restraints/parameters 9215/0/697
Maximum/minimum Ap (e A—3) 0.514/-0.747
RyJwRy [1> 2()]° 0.0650/0.1385
R1/wWR; (all data)® 0.1662/0.1809
Goodness-of-fit on F* 0.991

C45H33Mn3N3014S6

CooH75C1,MN4NO23510

CogH119C1;MnyNOy

1196.92 1897.56 1921.60
0.28 x 0.24 x 0.19 0.40 x 0.20 x 0.08 0.15 x 0.12 x 0.06
203(2) 203(2) 203(2)

3.00-22.91 (97.8%)
120, -24, 25, £25

3.00-22.59 (97.8%)
+15, £21, -29, 30

1.46-25.50 (97.9%)
+20, -27, 33, £27

orthorhombic monoclinic monoclinic
Pbca P24/c P24/c
18.974(4) 14.723(3) 16.5930(13)
22.931(5) 20.353(4) 27.958(3)
23.640(5) 28.020(6) 22.7744(17)
90 92.77(3) 108.246(4)
10286(4) 8386(3) 10033.9(14)

8 4 4

1.546 1.503 1.272

1.035 0.971 0.610

4856 3896 4032
0.8277/0.7604 0.9263/0.6973 0.9643/0.9157
65041 77460 85556

6914 (0.1306) 10836 (0.0854) 18263 (0.0872)
6914/66/692 10836/0/992 18263/0/1157
1.308/-0.799 0.762/-0.844 0.394/-0.429
0.1016/0.2695 0.0721/0.1976 0.0550/0.1195
0.1718/0.3233 0.1150/0.2280 0.1165/0.1418
1.034 1.042 1.024

@ Largest difference peak and hole.
® Ry = [Z(IIFol — IFINIZIFo|]; wRa = [E[W(Fo® — F2P1/Z[w(F,*)*]]'>.
¢ Goodness-of-fit = [S[w(F,2 — F2)?]/n — p)]'/2.
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as source for carboxylate bridges, and pyridine (py), aprotic sol-
vent, afforded compound 1 with terminal pyridine ligands only.
While in the presence aprotic/protic mixed solvent (Py/EtOH or
Mepy/EtOH), compounds 2 and 3 with a terminal water ligand
were isolated (Scheme 1). Compounds 1 and 2 crystallize with sol-
vent molecules (CH3CN, CH,Cl,).

The tetranuclear manganese complexes (4, 6-8), containing a
[Mn'",(3-0),18* core with a “butterfly” deposition of four Mn-
atoms, were obtained in a quantitative yield and high purity via
the comproportionation reaction of Mn'(0,CAr),-xH,0/ArCOOH,
as a source of Mn'-ions and carboxylates ligation ligands, and
(NBu",)Mn""0, in EtOH/CH5CN (2:1 v/v) solvent mixture under
ambient conditions (Scheme 2). Single crystal of 4 and 8 were iso-
lated via over-layering of the CH,Cl, solution with n-CgH;4/Et;0
(1:1 v/v). By charge balance arguments, the four Mn-ions in com-
plex 7 were concluded to be homo-valent (Mn'',).

Complex 4 is a starting material to a new mixed-valence
Mn"Mn'; cluster, containing both 2,2-bipyridine (bpy) and thio-
carboxylate (T0,CTh) bridging groups, through a peripheral-ligand
substitution. Treatment of complex 4 with 2 equivalents of
2,2-bipyridine (bpy) in THF/CH5CN (1:1 v/v) afforded [Mn4O,
(0,CTh);(bpy)] (5) with a [Mn"Mn"30,]”* core, analogous to [Mn,4.
0,(0,CPh),(bpy),] [14], rather than the expected [Mn4O,
(0,CTh),(bpy)2](0,CTh) with [Mn",0,]8*. This reduction of one
Mn-center could be attributed to solvent, solvent impurities or
excess ligand, and facilitated by the oxidizing tendency of Mn'".
Another pathway to get tetranuclear 5 is from the trinuclear com-
plex, [Mn30(0,CTh)s(py)2(H20)] 2 by means of bpy, followed by
carboxylate substitution. This reaction was studied by Vincent
et al. using the analogous compounds [Mn30(0,CR)s(py)2(H20)]
(R =Ph, Ph-3-Me) (Eq. (1)) [11].

4/3 [Mnso(OzCRze(PY)z(HzO)] +2bpy —

[Mn;02(0,CR), (bpy),] +RCO,H + 2/3H,0 + 8/3py (1)
5

3.2. Vibration spectra and carboxylate binding modes

The study of the IR spectral data was quite informative in char-
acterizing the coordination mode of the carboxylate ligands to the
Mn ions. The diagnostic IR spectral bands with their assignments of
the complexes are shown in the Supporting information, Table S1.
The carboxylate group can display a wide variety of coordination
modes toward metal ions (Fig. S1 in Supporting information),
which lead to diverse types of molecular geometries [34]. The IR
spectral method has proven to be a suitable technique to give
information about the metal-carboxylate binding modes.

IR spectra of complexes 1-3 display characteristic absorption
bands for the coordinated ligands in the 1620-1340 cm™! region
(Supporting information, Fig. S2) due to different modes of carbox-
ylate binding. Three such carboxylate stretches observed for 1-3 at
~1598, ~1525 and ~1424-1385cm~! are assigned to the
asymmetric and symmetric carboxylate vibrations, respectively.
The frequency gaps (Av) between these bands have an average
AV =v,(CO07) - v(CO0™) of ~157 cm~! which is less than that

Mn(OACc),-4H,0 + ThCOOH + (NBu";)MnOy4
py, RT
— 3 [Mn30(0CTh)g(py)sl 1

py/EtOH, RT
[Mn30(02CTh)e(py)2(H20)] 2

Mepy/EtOH, RT
—» [Mng0(0,CTh)s(Mepy),(H20)] 3

Scheme 1. Synthesis of trinuclear complexes 1-3 with a mixed-valence [Mn"Mn,-
M 113-0)]%" core.

ArCOOH + Mn(O5CAf)yxH0 + (NBU"4)MnO,
a-d i-iv
MeCN/EtOH, .
—————» (NBU"§)[Mn402(02CAr)g(L)]
stirat RT

4, 6-8
Entry1_ Entry2 Product
aAr=Th iAr=Th, x=4 4 Ar=Th, L= EtOH
b Ar= Ph ii Ar=Ph, x=2 6 Ar= Ph, L= H,0
c Ar= Ph-4-Me iii Ar= Ph-4-Me, x= 2 7 Ar= Ph-4-Me, L= H,0

d Ar= Ph-3,5-(Me), v Ar= Ph-3,5-(Me),, x=0 8 Ar= Ph-3,5-(Me),, L= --

Scheme 2. Synthesis of tetranuclear complexes 4, 6-8 with homo-valence
[Mn'"4(3-0),]%" cores.

for the corresponding NaO,CTh salts (Supporting information,
Table S2). This Av value reveals that (i) the carboxylate ligation
is in the bidentate bridging mode (u;3- or n':n':uy-) [35,36]
and (ii) these trinuclear exhibit two types of carboxylate bridges,
one which connects two mixed-valence manganese centers (Mn"
and Mn"") while the other connects two isovalent manganese(III)
centers and all in a n':n': uo-syn,syn modes (cf. Fig. 3).

The band at ca. 1340 cm™! is attributed to the v(CSC/thiophene)
stretch [22]. Bands between 440 and 800 cm™! are assigned to the
asymmetric in-plane vibration of the Mn3O core. The reduction in
site symmetry from Dsy, for (Mn'");0 trinuclear complexes to Cy, in
(Mn",;Mn"O compounds, 1-3 lifts the degeneracy of the asym-
metric in-plane stretches of the MnsO core to give two bands
[37]. Shoulders around 1525 and 1199 cm™! are attributed to the
py and Mepy vibrations. Additionally, two moderate intense bands
at 859 and 800 cm~! are assigned to py ligands [38].

Sections of the IR spectra for the tetranuclear compounds 6-8
are presented in the Supporting information (Fig. S3). The separa-
tion between v,(CO0~) and vs(COO~) for these compounds is sig-
nificantly less than for the carboxylate anion in NaO,CAr-xH,0
(cf. Table S2) which is as expected for the bidentate bridging mode
in 4-8. However, the frequency difference between the asymmet-
ric and symmetric carboxylate vibrations of 153 cm™! for the tetra-
nuclear complexes 4 and 5 (with the [Mn",(u3-0),]%" core) is
slightly lower than for the trinuclear complexes 1-3 (with the
[Mn"Mn'",( 113-0)]%* core). This suggests that, the energy difference
between v,(COO~) and vs(COO~) decreases upon oxidation of Mn"
to Mn'"". Additionally, complex 4 showed another asymmetric/sym-
metric vibrational shift difference of Av =246 cm~!, which is con-
sistent with a monodentate coordination mode (') of carboxylate
ligation [22], hence compound 4 contains mixed-(monodentate/
bidentate) carboxylate bridges (cf. Fig. 4a). The Av value of
187 cm ™! for complex 8 is consistent with the bidentate and che-
lating modes (cf. Fig. 4b).

Additionally, the presence of the coordinated H,O molecules in
all complexes is manifested by a medium intense broad IR band of
at ~3430 cm™! with a stretch at ca. 859 cm™!, which are assigned
to vOH and p,OH vibrations [35]. Moreover, the moderate intense
band at ca. 680 and several weaker bands observed in the 510-
425 cm~! range are characteristic for v(Mn-0) of the Mn,O, core
[39].

3.3. Electronic absorption spectra

The electronic spectra (ES) of the trinuclear complexes 1-3 ex-
hibit similar features, where all display a shoulder and two intense
absorption peaks at ca. 206, 220 and 245 nm which are assigned to
the intra- and inter-thiophenecarboxylate charge transfer (w — 7*,
LLCT), respectively [23]. Another features of these spectra are a
maximum at ~264 nm and a broad shoulder at ca. 280 nm. The
maximum is assignable to a difference in enhancement of pyridine
T — 1* transitions [40]. The origin of the broad shoulder was
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Fig. 3. Wire-frame and ellipsoid-core model (50% probability) of complex 1 in (a) 1-CH3CN and (b) 1-~H,0. Note the resolved thiophene and pyridine disorder. H atoms are
not shown for clarity. In (b) the oxygen atom of the water molecule is not shown. Both complexes employ the same atom numbering scheme for direct comparison of their

bond lengths (cf. Table 2). The Mn(II) atom is labeled as Mn3 and points upwards.

deduced via studying the effect of ligand substitution in the UV/Vis
spectra of the trinuclear complexes 1-3. Their spectra display only
a slight shift in the energy of pyridine-based m — =* transitions
which suggests that this shoulder may arise from a high-energy
pyridine-to-Mn(III) charge transfer band which is relatively insen-
sitive to methylation of the pyridine in the 3-position, consistent
with the previously revealed electronic spectral features accompa-
nying the pyridine ligands substitution with imidazole (ImH) (i.e.
[Mn30(0,CMe)s(py)3]Cl04 and [Mn30(0,CMe)s(ImH)3](02CCHs)
[2,11]. Additionally, the lower energy spectral bands at ~315 and
~490 nm are attributed to ligand-to-Mn(III) charge transfer transi-
tions (MLCT/LMCT) involving the oxido and carboxylate ligands.

One can clearly observe the effect of the oxidation of Mn" (in a
trinuclear complex, e.g. 1) to Mn'" (in a tetranuclear complex, e.g.
4) upon the UV absorption. The intensity of the two higher energy
bands (206 and 220 nm) increased considerably as a result of addi-
tional peripheral thiocarboxylate around the Mn-centers in com-
plex 4 which enhanced the inter- and intra-ligand charge
transfers. Also, the oxidation on Mn(II) — Mn(III) shifts the lower
energy bands (315 and 490 nm) gradually to longer wavelengths
to be observed at 346 and 502 nm. This effect is indicative of ligand
m-dn interactions between the thiophenecarboxylate system and
the metal ion, which destabilize the ligand 7 molecular orbitals
and decrease the -7 energy gap, thus producing a bathochromic
shift. Complex 4 shows additional absorption bands at 660 and
760 nm, assignable d — d transitions into Mn(III) ions.

The tetranuclear complexes 4-8 show sharp absorption bands
at ca. 208, 224, 342 nm (UV region) attributed to 7 — 7* transitions
and carboxylate charge transfer (LLCT). Additionally, two broad

absorption bands in the lower energy region centered at ca. 465
and 478 nm (visible region), which are responsible for the d-d
transition (dy, — d2_y2; byg = b™1g), LMCT and MLCT [41], and
749 nm due to the d-d transition (d,. — d,>_y2) [41]. A characteris-
tic signal at 320 nm for 5 could be ascribed to the © — 7* transition
of the 2,2’-bipyridine ligand [20]. The replacement of thiophene-
carboxylate with benzoates give rise to a slight change in the ultra-
violet region bands and a derivative-type signal in the visible
region, the visible feature may result from a low energy O,CAr to
metal charge transfer band, but did not affect the d — d transitions
bands to a great extent which consistent with the Wells et al. work
[40]. This suggests insensitivity of the intra-metal (d — d) transi-
tions to carboxylate substitutions.

3.4. X-ray crystallography

[Mn30(0,CTh)g(py)s] (1). Plots of the molecular unit of com-
plexes 1 from 1-CH5CN and 1-~H,0 are shown in Fig. 3. Selected
interatomic distances and angles are listed in Table 2. The crystal
structures of 1 consist of a neutral [Mn30(0,CTh)g(py)s] complex
and lattice CH3CN or water solvent molecules. The complex unit
consists of three Mn-atoms, deposited in a triangular arrangement
and bridged by a central ps-oxido atom O(1) in the plane of the
Mn-centers. The bridging ThCO, ™ ligands are placed above and be-
low the plane defined by the three Mn atoms in a pseudo-octahe-
dral arrangement as a result of the local symmetry. The pyridine
bound to the three Mn-ions at the periphery of the structure. Pyr-
idine planes form torsion angles between 66-89° with the Mnjs
plane. Edges of the Mn; triangle are connected by a n':p':
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(b)

C10

Fig. 4. Wire-frame and ellipsoid-core model (50% probability) of the anion of (a) compound 4 ThCO,H-CH,Cl, and (b) compound 8-CH,Cl,. H-bonds in 4 ThCO,H-CH,Cl, are
shown as orange dashed lines (from EtOH: H---0 =1.88 A, O---0 = 2.696(9) A and O-H- - -0 = 169°; from ThCO,H: H---0 = 1.69 A, O---0 = 2.476(10) A and O-H- - -0 = 158°). The
counter-ion (NBu",)*, CH,Cl, solvent, thiophene disorder and H-atoms on thiophene or dimethylphenyl ligands are omitted for clarity. Both anions employ the same atom

numbering scheme for direct comparison of their bond lengths (cf. Table 4).

U>-ThCO, ™ ions (in syn-syn modes) and each Mn atom occupies the
center of a distorted octahedron, consisting of u3-0, four carboxyl-
ate oxygen and a terminal pyridine nitrogen atom to complete the
coordination. The Mn.--Mn separations are slightly different
(Table 2) and the triangle type is approximately isosceles due to
the two different Mn oxidation states. The larger Mn'' atom yields
longer Mn-ligand bonds and thus Mn. - -Mn distances (cf. Table 2).
The oxidation states of the three Mn-atoms were established as
Mn",Mn" by bond valence sum calculations [42,43] (Table 3)
and inspection of Mn-0O and Mn-N bond distances (cf. Table 2),
so that Mn1 and Mn2 in Fig. 3 were clearly assigned as Mn(III),
while Mn3 is Mn" (Table 3). The Mn" atoms are high-spin d* ions
and, thus, exhibit a geometrical Jahn-Teller (JT) distortion with ax-
ial elongation, typically of ~0.1-0.2 A for bonds along JT axes.
(NBu"4)[Mn40,(0,CTh)oe(EtOH)]- ThCO,H -CH,Cl, (4 ThCO,.
H-CH,Cl,). X-ray structural analyses of compound 4 reveals crystal-
lization of the cation-anion pair with a 2-thiophenecarboxylic acid
and a CH,Cl, solvent molecule in the asymmetric unit. Fig. 4a rep-
resents the molecular structure of the anion, and selected bond
lengths and angles for 4 are given in Table 4. The anion contains
the [Mny(p3-0),]8* core with an all Mn™ oxidation level and “but-
terfly-like” arrangement. The peripheral ligation provided by nine
carboxylate groups and an ethanol ligand results in six-coordi-
nated Mn" centers with distorted octahedral geometry. The
ThCO, ™~ ligands are of two types: either bridging in the usual u,-
manner (bidentate) between Mn ions within the butterfly unit, or
in p;-fashion (monodentate) with one O-atom tied up as an H-
bond acceptor of the EtOH group. The anion structure of 4 is very
similar to that of (NBu"4)[Mn40,(0,CPh)g(H,0)] (6). [14] The main
structural features of similarity and difference of the anion of com-
plex 4 to that of 6 are summarized as follows: (i) The anion in 4

possesses a “butterfly-like” [Mn40,]®" core with a rhombic body
skeleton (Mn,0,) which is analogous to 6. (ii) The distance of the
body Mn atoms Mny.- - -Mn,, (cf. Fig. 1a) in 4 is much larger than
in 6 (2.8251(16) versus 2.2155(3) A) while the torsion angle within
the rhombic backbone plane is smaller (8.84(2)° versus 11.0(5)°).
(iii) Wings of the butterfly core for 4 are more extended than those
of 6 (Mny, - -Mn,, = 5.685(3) versus 5.498(4) A). (iv) The dihedral
angle between the body plane (O1-Mn1-02-Mn2) and wing plane
(Mn3-01-02-Mn4) for 4 and 6 is very similar (89.2(1)° versus
(89.81(1)°).

(NBu"4)[Mn40,(0,CPh-3,5-Me;)s]-CH,Cl, (8). The molecular
structure of the anion of complex 8 is given in Fig. 4b; selected
bond distances and angles are listed in Table 4. Complex 8 crys-
tallizes as a cation-anion pair and a CH,Cl, solvate molecule.
The cation and ion lattice arrangement will not be discussed fur-
ther. The anion exhibits idealized C, symmetry and contains the
familiar [Mn4(u3-0),]1%" core with an all Mn™ oxidation level and
“butterfly-like” arrangement. The peripheral ligation provided by
nine carboxylate groups giving six-coordination at each Mn'"
center with distorted octahedral geometry. Seven carboxylate li-
gands bind the Mn'"-centers in the bridging fashion while the
reaming two are chelating to a wing-Mn atoms. The “butterfly-
like” arrangement is similar to that in previously reported tetra-
nuclear manganese complexes [2-4,14]. However, the anion 8
shows two marked differences from the reported Mng com-
plexes: (i) The terminal H,O or EtOH ligand at one wingtip posi-
tion of the [Mn4O,]®" butterfly unit has been replaced by a
chelating carboxylate moiety. (ii) The two Mn,, atoms are sur-
rounded by mixed four- and six-membered chelate rings from
bidentate chelating and Mn-Mn bridging carboxylate groups,
respectively (Fig. 4b).
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Table 2
Selected bond distances (A) and angles (°) in 1.CH3CN and 1-~H,0.

1.CH5CN 1.~H,0
Mn1-01 2.212(4) 2.193(8)
Mn1-03 1.969(5) 1.965(9)
Mn1-010 1.972(4) 1.949(9)
Mn1-012 2.126(4) 2.109(8)
Mn1-013 1.831(4) 1.832(7)
Mn1-N1 2.076(5) 2.083(10)
Mn2-02 2.030(5) 2.042(8)
Mn2-04 2.106(5) 2.099(9)
Mn2-05 2.068(5) 2.040(9)
Mn2-07 2.032(4) 2.042(8)
Mn2-013 1.819(4) 1.827(7)
Mn2-N2 2.103(6) 2.113(10)
Mn3-06 2.134(5) 2.155(8)
Mn3-08 2.156(4) 2.180(9)
Mn3-09 2.177(5) 2.166(9)
Mn3-011 2.134(5) 2.162(9)
Mn3-013 2.136(4) 2.149(7)
Mn3-N3 2.270(6) 2.285(10)
Mn1-Mn2 3.2234(13) 3.225(2)
Mn1-Mn3 3.4198(13) 3.431(2)
Mn2-Mn3 3.3767(13) 3.403(2)
013-Mn1-03 95.44(17) 96.0(3)
013-Mn1-010 95.41(17) 95.3(3)
03-Mn1-010 168.58(18) 168.4(4)
013-Mn1-N1 178.4(2) 179.7(4)
03-Mn1-N1 84.89(19) 83.8(3)
010-Mn1-N1 84.4(2) 84.9(4)
013-Mn1-012 95.83(16) 96.4(3)
03-Mn1-012 91.96(19) 91.3(4)
010-Mn1-012 90.48(18) 90.0(4)
N1-Mn1-012 82.56(19) 83.8(3)
013-Mn1-01 96.55(17) 96.5(3)
03-Mn1-01 87.23(19) 87.1(4)
010-Mn1-01 88.00(18) 89.1(4)
N1-Mn1-01 85.06(19) 83.3(4)
012-Mn1-01 167.61(17) 167.1(3)
013-Mn2-02 95.45(18) 95.9(3)
013-Mn2-07 96.24(17) 96.6(3)
02-Mn2-07 167.57(19) 166.9(3)
013-Mn2-05 96.42(18) 96.4(3)
02-Mn2-05 87.7(2) 88.0(4)
07-Mn2-05 95.12(18) 94.5(4)
013-Mn2-N2 179.1(2) 179.5(4)
02-Mn2-N2 84.4(2) 83.8(4)
07-Mn2-N2 84.0(2) 83.7(4)
05-Mn2-N2 82.7(2) 83.3(4)
013-Mn2-04 94.23(17) 94.8(3)
02-Mn2-04 89.2(2) 89.8(4)
07-Mn2-04 85.75(18) 85.2(4)
05-Mn2-04 169.15(18) 168.8(3)
N2-Mn2-04 86.6(2) 85.6(4)
06-Mn3-011 172.68(19) 173.3(3)
06-Mn3-013 93.01(16) 92.2(3)
011-Mn3-013 93.93(17) 93.7(3)
06-Mn3-08 97.82(18) 97.4(3)
011-Mn3-08 84.22(19) 85.6(4)
013-Mn3-08 92.33(16) 91.7(3)
06-Mn3-09 88.91(19) 89.2(4)
011-Mn3-09 88.6(2) 87.4(4)
013-Mn3-09 91.54(16) 91.5(3)
08-Mn3-09 172.05(18) 172.5(4)
06-Mn3-N3 85.41(19) 85.7(3)
011-Mn3-N3 87.6(2) 88.5(3)
013-Mn3-N3 178.2(2) 177.6(3)
08-Mn3-N3 88.7(2) 87.7(4)
09-Mn3-N3 87.7(2) 89.3(4)
Mn2-013-Mn1 124.1(2) 123.6(4)
Mn2-013-Mn3 117.02(19) 117.5(4)
Mn1-013-Mn3 118.89(19) 118.9(3)

In the anions of both 4 and 8 the butterfly disposition of the Mny
core leads to three, distinctly different, types of Mn-Mn separa-
tions (cf. Table 4). The chelating carboxylate coordination towards

Table 3
Bond valence sums s for Mn atoms in 1.%
s in 1.CH3CN sin 1.~H,0
Assumed oxidation state Assumed oxidation state
+2 +3 +2 +3
Mn1 3.41 3.19 Not calculated 3.25
Mn2 3.39 3.16 Not calculated 3.14
Mn3 2.24 2.09 2.15 Not calculated

2 Bond valences (s) calculated from the bond lengths (R) according to s = exp(Ro-
R)/B and Ry=1.790 for Mn?*-0?-, 1.760 for Mn>*-0%", 1.862 for Mn?***-N°,
B =0.37. Program vatence (Version 2.00, February 1993) [42].

Table 4
Selected bond distances (A) in the anions of 4 ThCO,H-CHCl, and 8-CH,Cl,.?
4-ThCO,H-CH,Cl, 8.CH,Cl,
Mn1-01 1.887(5) 1.849(3)
Mn1-02 1.895(4) 1.913(2)
Mn1-03 2.175(6) 2.177(2)
Mn1-05 2.231(6) 2.207(2)
Mn1-09 1.959(5) 1.906(3)
Mn1-018 1.939(5) 1.962(2)
Mn2-01 1.891(5) 1.850(2)
Mn2-02 1.901(5) 1.906(2)
Mn2-04 2.252(5) 2.208(3)
Mn2-07 2.149(6) 2.201(3)
Mn2-014 1.971(5) 1.915(2)
Mn2-015 1.927(5) 1.945(3)
Mn3-01 1.863(5) 1.826(2)
Mn3-06 1.916(6) 1.937(2)
Mn3-016 2.186(5) 1.955(2)
Mn3-017 2.173(6) 2.110(3)
Mn3-019 1.964(5)° 1.902(2)¢
Mn3-020 1.988(6)° 2.631(4)¢
Mn4-02 1.845(5) 1.823(2)
Mn4-08 2.075(5) 1.989(3)
Mn4-010 1.981(5) 2.026(3)
Mn4-011 1.957(5) 1.931(2)
Mn4-012 2.371(5) 2.363(3)
Mn4-013 1.987(5) 2.031(2)
Mn1-Mn2 2.8251(16) 2.8090(8)
Mn1-Mn3 3.3323(17) 3.2916(8)
Mn1-Mn4 3.3952(18) 3.3792(8)
Mn2-Mn3 3.3923(18) 3.3712(8)
Mn2-Mn4 3.3175(18) 3.2920(7)
Mn3-Mn4 5.6853(24) 5.8133(9)

2 Selected angles are given in Supplementary material in Table S3.
b Mn3-019(EtOH) in 4.

¢ Mn3-020 to monodentate carboxylate group in 4.

4 Terminal bidentate carboxylate in 8.

one or both wing-Mn atoms results in a very distorted octahedral
coordination environment for Mn4 in 4 and Mn3 and Mn4 in 8.
Directions of the Jahn-Teller distortion for the high-spin d*-Mn""
ions can clearly be assigned by the trans-axial elongation of the
Mn-O bond lengths by ~0.1-0.2 A (cf. Table 4).

4. Magnetic susceptibility studies

DC magnetic susceptibility data for compounds 4-8 were col-
lected in the 1.8-300 K temperature range under a field of 0.1 T
(Fig. 5). The % T products of all compounds reach ~8.5 cm? K/mol
at room temperature, which is less than the expected value of
12.0 cm® K/mol for four Mn" cations in compounds 4, 6-8 and
13.375 cm® K/mol for three Mn" and one Mn'" ion in compound
5, respectively. All T products show continuous decrease upon
cooling in the full temperature range. From this type of thermal
variation of the xT products, it is safe to conclude that this
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Fig. 5. Plots of T vs. T at the applied field of 0.1 T for 4-8. Inset: the solid lines
represent the best fits based on the tetranuclear model for a butterfly-like core.
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Scheme 3. Schematic representation of magnetic coupling within the butterfly core
[Mny(p3-0),] with all Mn"" ions in compounds 4, 6-8 and three Mn"' and one Mn"
ion in compound 5.

behavior is associated with dominating antiferromagnetic interac-
tions within the cluster.

To quantify the magnetic interactions between Mn""" ions, a
tetramer model [2,14] incorporating only two kinds of exchange
pathways was considered as shown in Scheme 3. This approxima-
tion allows us to use the Kambe’s vector coupling method to solve
the following Hamiltonian.

1/

H = (57— Si5 = S5,) — Jy(ST5 — ST = S3)

where S13=S1+83, S4=5,+54 and St=S13+ S04, where .IW and Jb
identify the magnetic exchange coupling constant between the
pairs of Mn"™ in the body and the wing position, respectively (cf.
Fig. 1). The corresponding eigenvalues are expressed as E(St)=
—JwlSt(St+1) =513(S13+ 1) —S24(S24+ 1)] — Ju[S13(S13+ 1)]. The
resulting Van Vleck equation was then used to least-squares-fit
the experimental data. As shown in Fig. 5 inset, the T products
can be well fitted only in the temperature range above 50 K. The fit-
ting parameters are summarized in Table 5. These results show a
common large negative J, and relatively smaller J,, which are con-
sistent with the fitting parameters published for many well-known
butterfly-like Mn'"4 cores [2,14]. The negative J,, and J, values indi-

Table 5
Fitting parameters for compounds 4-8 based on a tetranuclear metallic core.

4.ThCO,H-CH,Cl, 5% 6 7-0.5CH,Cl, 8-CH,Cl,

Jw (cm™1) —4.60 (8) -299 486 -4.76(7) -4.89
(8) (9) (10)

Jp (cm™) —14.22 (47) -1296 1450 -14.24 -15.53
(69) (46) (38) (52)

g 1.99 (0) 2.0 2.0 2.0 (fixed) 2.0
(fixed) (fixed) (fixed)

Ny (x1073) -1.1(2) -24(3) -1933) -2.7(0) -1.6 (3)

(cm?/mol)

2 Similar set of parameters were obtained wherever the Mn(Il) ion is located in
the body or the wingtip.

cate dominant antiferromagnetic interactions exist between the
Mn""" jons. It is worthwhile pointing out that any attempt to model
the magnetic susceptibility data at low temperatures failed even if
we used the mean-field approach to incorporate intermolecular
interactions (zJ). The possible reason for that might be that the local
single-ion anisotropy of Mn(IIl) ions, originated from the Jahn-Tell-
er distortion, cannot be excluded from the exchange Hamiltonian.

5. Conclusions

We have synthesized and characterized three mixed-valence
trinuclear clusters [Mn3O(0,CTh)s(L)(H20),] (1-3) containing a
[Mn"Mn,"(13-0)]%" core, four single-valence tetranuclear anionic
clusters in (NBu"4)[Mn40,(0,CAr)y(L)] (4, 6-8) and one mixed-va-
lence tetranuclear complex [Mn40,(0,CTh);(bpy),] (5). The tetra-
nuclear complexes 4-8 possess a butterfly-like [Mny(us-0);]
core. Complexes 1-5 appear to be the first tri- and tetranuclear
Mn complexes employing a thiophencarboxylato ligand. A similar
magnetic behavior has been observed for all tetranuclear com-
pounds 4-8, in which antiferromagnetic interactions are present
between pairs of manganese ions with amplitude of ~14.5 cm™!
and ~4.6 cm™! for the body and wing, respectively. The present
work demonstrated that a modification on the bridging carboxyl-
ate ligand size from Ar = -thiophene (4, 5) -Ph (6), -Ph-p-Me (7)
to —Ph-3,5-Me, (8) does neither influence the structural features
nor the associated magnetic properties. Nevertheless, this ligand
modification strategy presented here may provide an avenue to
fine tune the magnetic properties of the magnetic clusters. The thi-
ophene-carboxylate compounds [Mn3;0(0,CTh)g(L)«(H20),] and
(NBu"4)[Mn40,(0,CTh)g(L)] are possible gold-surface binding can-
didates for the preparation of monolayer SMM.
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