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Notwithstanding the richness of manganese carboxylate
chemistry,[1] dimanganese tetracarboxylate species with a
copper acetate-like core have been characterized only
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recently.[2] At the time of our report on [Mn(tda)(bipy)]n (1)
(tda = thiodiacetate = S(CH2COO)2

2� ; bipy = 2,2’-bipyri-
dine),[2] the only other known examples either lacked detailed
structural information ([Mn2(C3F7CO2)4(bipy)2]

[3]) or had not
been deposited in the Cambridge Structural Database[4]

([Mn2(Ph2XCCO2)4(quinoline)2];[5] X = H, Me). Another
example, [Mn2(m-OOCtBu)4{OC(tBu)OHNEt3}2], has
appeared recently.[6] In 1, the bimetallic {Mn2(m-carboxyl-
ate)4} units, completed by two terminal bipy ligands and
interconnected by pairs of CH2SCH2 spacers, form linear
chains which further organize into a supramolecular structure
through noncovalent interactions.[7,8] Copper acetate itself
and other metal carboxylate synthons often generate metal-
organic frameworks (MOF) through coordinative bonds,[7]

whereas the overall architecture of 1 stems from the
interactions between the 1D polymeric chains. In fact, the
bipy ligands of adjacent chains, which are all parallel to each
other, are p-stacked in a gearlike arrangement with the
formation of compacted 2D sheets. In order to understand
better the correlations between the geometry of the building
blocks and the given supramolecular structure, we have tried
to combine the Mn–tda unit with other N-donor chelating
ligands.

X-ray studies of complexes obtained with 1,10-phenan-
throline[9] and 4,4’-dimethoxy-2,2’-bipyridine showed that
they are not isostructural with 1, possibly because of the
steric requirements of the different ligands (see the Support-
ing Information). To minimize these, we selected the ligands
4,4’-dimethyl-2,2’-bipyridine (4,4’-Me2bipy) and 5,5’-
dimethyl-2,2’-bipyridine (5,5’-Me2bipy), which contain a pair
of the smallest alkyl substituents, CH3 groups, that are not
adjacent to the N donors. The synthetic procedure was
maintained as close as possible to that of 1: we treated each of
the above ligands with [Mn(tda)(H2O)]n (2), which is
obtainable in good yields by the reaction of aerobic aqueous
solutions of MnCl2 with a 1:1 mixture of Na2CO3 and
thiodiacetic acid.[2] Two new compounds were crystallized
that, like 1, exhibit a 1:1:1 ratio of Mn, tda, and the N-chelate.
From X-ray analyses, both products were shown to be one-
dimensional polymers of formula [{Mn(N-N)}2(m-tda)2(m-
H2O)]n (N-N = 4,4’-Me2bipy, 3 ; 5,5’-Me2bipy, 4), formed by
binuclear units with a core different from that of copper
acetate. Both compounds exhibit antiferromagnetic behavior
(see the Supporting Information for details). The estimated
value of J (5.5� 0.1 cm�1) matches those of other binuclear
MnII species with structures similar to 3 and 4 (i.e., similar
local coordination, Mn–Mn separation, and a unique Mn�O�
Mn bridge).[10–12] The larger J value found for 1 (8.2 cm�1)[2]

indicates that the exchange interaction is more efficient with
four rather than two syn-syn carboxylato and one m-H2O
bridges.[13]

As shown in Figure 1,[14] the structure of 3 (that of 4 is
similar, see the Supporting Information) consists of extended
ribbons formed by binuclear Mn2 units linked through pairs of
CH2SCH2 spacers. In contrast to 1, two of the four carboxylate
groups coordinated to the Mn2 unit adopt monodentate
coordination to each metal atom, thereby affording an
unprecedented bridging mode (m3-k

1(O),k1(O’)-k1(O’’)) for
the tda ligand. In the binuclear core, a bridging water

molecule (O9) forms two strong hydrogen bonds with the
uncoordinated oxygen atoms of the two monodentate car-
boxylate groups (the contacts O2···O9 and O6’···O9 are 2.547
and 2.561 �, respectively). Finally, two terminal Me2bipy
ligands, which are now almost orthogonal to each other
(dihedral angle 728) rather than parallel, complete a pseudo-
octahedral geometry at each metal. With respect to 1, the loss
of the trigonal-prismatic coordination (TP) does not affect the
Mn···Mn separation, which remains nonbonding (3.581(1) �
and 3.502(1) �, in 3 and 1, respectively). The arrangement
[{M(k1-OOCR)L2}2(m-OOCR)2(m-H2O)] (L2 = two monoden-
tate N-donor ligands or a bidentate one) is common for
divalent metal ions,[15] and includes four manganese exam-
ples.[10,11, 16] One of these, which contains the ligand 4,4’-
Me2bipy,[11] has been proposed as a model for the active site of
dimanganese enzymes.[17]

The fact that the structure of 1 differs from those of 3 and
4 seems attributable to the methyl substituents on the
bipyridine ligand in 3 and 4. As highlighted before,[2] the
threading of the ribbons in 1 stems from a head-to-tail
interpenetration of the parallel bipy ligands and the forma-
tion of extended 2D sheets. The degree of p-stacking is
definitely more compact here than that described for similar
systems.[18] In this respect, the interaction mode between the
bipy ligands in 3 and 4 is evidently different from that in 1 (see
the Supporting Information). First, the nonparallel disposi-
tion of the two bipy ligands in each binuclear unit determines
the presence of an extended 3D packing rather than 2D
sheets. Moreover, the presence of methyl substituents does
not allow the same degree of interpenetration between the
parallel bipy ligands of adjacent chains. The loss of compact-
ness with respect to 1 is confirmed by the lower crystal
densities of 3 and 4, in spite of their 10% larger molecular
weights (1.520, 1.540, and 1.705 gcm�3 for 3, 4, and 1,
respectively). The different situation can be qualitatively
appreciated by looking at the projections of two facing bipy
ligands down their normal vectors (Figure 2).

Figure 1. ORTEP drawing of polymer 3 propagated along the y axis.
The H atoms have been omitted for clarity. Selected bond lengths [�]
and angles [8]: Mn1�O1 2.203(4), Mn1�O8 2.113(4), Mn1�O4’
2.166(3), Mn1�O9 2.218(3), Mn2�O3 2.140(3), Mn2�O5 2.182(4),
Mn2’�O7 2.136(4), Mn2’�O9 2.234(4), Mn1···Mn2’ 3.581(1); Mn1-O9-
Mn2’ 107.1(2). The symbol ’ corresponds to the transformation
�x + 1=2, y + 1=2, �z + 1=2.
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In 1, five C�C bonds of two stacked bipy ligands are
mutually eclipsed, as are seven C�H bonds. Conversely, a
slippage of the two projected ligands in 3 elongates the
separation between the symmetry-related Mn atoms by about
0.4 � with respect to 1. This avoids a shortened contact
between one CH3 group and the coordination sphere of the
facing metal atom (e.g., the atom Mn and the group at C7’* in
3). If, in the lattice of 1, the H4’* atom was replaced by a CH3

group, the latter would clash with the coordination sphere of
the facing Mn atom (contacts < 2 �). Another aspect of the
bipy geometry in 1 is the 108 twisting of the two six-membered
rings around the connecting C2�C2’ bond. As a consequence,
the contacts between the eclipsing atoms N1/H4’* and N1’/
H3’* (and their symmetry equivalents) are significantly
shorter (3.15 and 3.45 �) than the separation of the bipy
mean squares planes (4.01 �). Although not exceptionally
short, the latter N···H distances suggest that an important
contribution to the overall stacking originates from the four
p–s interactions between the H atoms and the pp-orbitals of
the N atoms for any pair of bipy ligands.[18] Finally, another
possible contribution to the compactness of the interpene-
trating ribbons in 1 may be due to a residual interaction
between the thioether sulfur atom and a bipy C�H bond
(3.32 �). Conversely, the slippage in 3 minimizes such a
hydrogen bonding (if any), since the S···H�C separation
increases to 3.71 �.

Comparative DFT calculations were performed for the
discrete binuclear units of 1 and 3, with no methyl substituents
in either case. The optimized geometry of [Mn2(OOCH)2-
(bipy)2(m-OOCH)2(m-H2O)] (3a) satisfactorily reproduces
that of the building block in 3, including the two quasi-
orthogonal bipy ligands (848). The [Mn2(m-OOCH)4(bipy)2]

unit was first optimized by imposing D2h symmetry (model
1a). The computed parameters are sufficiently similar to
those of the actual compound 1 (see the Supporting Informa-
tion), but the number of imaginary frequencies suggested that
1a is not a minimum. A new optimization without symmetry
constraints provided an actual minimum, 1b, with a different
coordination geometry. In particular, the local coordination at
the Mn atoms is no longer TP but almost octahedral (one of
the O�Mn�O angles opens to 1668), and the terminal bipy
ligands are far from being coplanar (dihedral angle of about
668). Energetically, 1b is more stable than 1 a by only
1.2 kcalmol�1, a result which is consistent with the zero
crystal-field stabilization energy for d5 high-spin metal
systems and their facile and subtle adaptation to alternative
coordination environments.[19] In contrast, the comparison of
the energies associated with 3a and 1 a is very significant as
the former species is more stable with respect to the system 1a
+ H2O by as much as 20.4 kcalmol�1. While the entropic
factor should favor separated components, complex 3a must
receive a considerable amount of stabilization from the
intramolecular hydrogen bonding between water and free
carboxylate oxygen atoms. Since the structure of 3 is not
experimentally observed in the presence of the bipy ligand,
the formation of complex 1 can only be caused by more-
energetic noncovalent interactions between the coordination
polymers.

In conclusion, this study provides evidence that the
noncovalent interactions between coordination polymers in
a supramolecular system can ultimately affect the primary
structure of the metallic building blocks. In general, metallic
building blocks are used in supramolecular chemistry to
generate specific directional patterns, while the present case
reverses such a paradigm. In fact, the geometry of the building
block adapts to support the most-stabilized supramolecular
architecture.

Experimental Section
3 : A solution of 2[2] (0.113 g, 0.5 mmol) in 20 mL of water was treated
with a solution of 4,4’-Me2bipy (0.092 g, 0.5 mmol) in 20 mL of
ethanol. The mixture was heated at 90 8C for 2 h and then it was
concentrated to a volume of 15 mL. The resultant solution was
filtered and yellow crystals of 3 suitable for single-crystal X-ray
structure analysis were obtained after slow evaporation of the solvent
at ambient temperature for several days. Yield: 0.12 g (60%). IR
(Nujol mull on NaCl plates): ñ = 3588–3249 (br), 1970 (br, m), 1619
(s), 1553 (s), 1528 (s), 1486 (m), 1454 (s), 1397 (s), 1306 (m), 1289 (w),
1236 (m), 1209 (s), 1166 (w), 1130 (w), 1096 (w), 1037 (w), 1012 (s),
936 (m), 919 (m), 887 (m), 843 (w), 830 (s), 792 (m), 767 (w), 718 (w),
686 (s), 675 (s), 665 (m) cm�1. Elemental analysis (%) calcd for
C16H17MnN2O4.5S: C 48.49, H 4.32, N 7.07; found C 47.90, H 4.26, N
6.80.

Complex 4 was obtained by a similar synthetic procedure as
yellow crystals (0.17 g, 82% yield). IR (Nujol mull on NaCl plates):
ñ = 3029 (br, s), 1970 (br, m), 1615 (s), 1569 (s), 1526 (s), 1499 (s), 1484
(s), 1446 (s), 1387 (s), 1319 (m), 1245 (m), 1234 (m), 1212 (s), 1181 (m),
1164 (m), 1153 (m), 1089 (m), 1043 (s), 990 (w), 953 (w), 938 (m), 892
(m), 843 (m), 832 (m), 810 (w), 793 (m), 771 (m), 734 (m), 670 (s), 648
(m) cm�1. Elemental analysis (%) calcd for C16H17MnN2O4.5S: C
48.49, H 4.32, N 7.07, S 8.09; found C 48.38, H 4.18, N 7.15, S 8.13.

The geometries of the complexes [Mn2(m-OOCH)4(bipy)2] (1a
and 1b) and [Mn2(OOCH)2(bipy)2(m-OOCH)2(m-H2O)] (3a) were

Figure 2. Comparative projections of the facing {Mn(bipy)} and
{Mn(4,4’-Me2bipy)} fragments in 1 (a) and 3 (b) down axes perpendic-
ular to the bipy ligands. The atom of the bipy skeleton are indicated by
standard labeling (the applied symmetry operations (*) are: �x, 1�y,
1�z and �x + 1=2, �y + 1=2, �z for compounds 1 and 3, respectively).
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computed by density functional calculations at the unrestricted
BP86[20] level of theory using the 6-31G* basis set. The multiplicity
was imposed to S = 5, in agreement with the experimental data
recorded at room temperature. Vibrational frequency calculations by
diagonalization of the analytically computed Hessian were carried out
for all models. Structures 1b and 3a (both optimized without
symmetry constraints) correspond to real minima in the potential-
energy surface. Conversely, 1a (imposed D2h symmetry) is charac-
terized by six imaginary frequencies that involve displacement of
some atoms in order to break the imposed symmetry (all of them
smaller than 60 cm�1). For the energy differences, single-point
calculation on the previously optimized structures were carried out
with the 6-311 + G** basis set. All calculations were performed with
the Gaussian 98 package of programs.[21]
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