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A hexanuclear cyano-bridged {MnII
4NbIV

2} cluster (1) bearing 2,2′-bipyridine (bpy) as the blocking ligand at manganese
is obtained from the reaction of cis-[MnCl2(bpy)2] and K4[Nb(CN)8]. When the blocking ligand is 1,10-phenanthroline
(phen), a nonanuclear cluster {MnII

6NbIV
3} (2) is obtained. The structure of [{Mn(bpy)2}4{Nb(CN)8}2] has been

solved by single-crystal X-ray crystallography, whereas the phen derivative has been confirmed by means of the
structure analysis of the corresponding WIV analogue [{Mn(phen)2}6{W(CN)8}3(H2O)2]. Magnetic measurements
revealed S ) 9 and 27/2 spin ground states for these aggregates as a result of antiferromagnetic Nb−Mn interaction
with JNb-Mn ) −18.1 cm-1 (1) and −13.6 cm-1 (2).

Introduction

The past decade has witnessed immense research interest
in the rational design and synthesis of low-dimensional
supramolecular magnetic architectures possessing large-spin
ground states. Such assemblies are believed to have relevance
in information storage at the molecular level. The importance
of such supramolecular architectures is more prominent when
the spin in the ground state is large and anisotropic (D < 0
and smallE), thereby exhibiting slow relaxation of the
magnetization below a blocking temperature and behaving
as single-molecule magnets (SMMs).1 The approach of
combining molecular modules to obtain chemical architec-
tures of different dimensions, topology, and composition
provides an accessible route to modifying their magnetic
properties. Such a logical bottom-up approach has been used
extensively to prepare bimetallic magnets,2,3 and to date, a
large number of magnetic supramolecular architectures of
various dimensionalities are known. The majority of the

reports on such materials have largely utilized cyanide as
the bridging ligand for exchange of magnetic information.4

Examples of clusters with large-spin ground states include
the{MII

9M′V6} clusters that are derived from molybdenum-
(V) and tungsten(V) octacyanometalate building blocks;5-8

the corresponding{Co9M′6} cluster with aS ) 21/2 spin
ground state exhibits SMM behavior.9,10 The strategy to
obtain low-dimensional architecture is to utilize building units
in which certain sites are blocked by ligands, thereby
directing the process to form such aggregates.11-21
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A major issue for supramolecular magnetic materials
remains the temperature at which the magnetic properties
are expressed. Indeed, the desired magnetic features are
generally obtained at temperatures far below the temperatures
at which the smart material devices are required to operate,
mainly because of weak exchange interactions. In direct
relation with this problem, the use of metal ions of the second
and third transition series to achieve stronger exchange
interactions between the spin carriers is currently investi-
gated. For CrIII , MoV, and WV cyano-bridged compounds,
an increase of the exchange strength with NiII has been
evidenced following the trend 3d< 4d < 5d, with the WV

derivative exhibiting an exchange coupling twice as strong
as its CrIII 3d homologue.13,22 In 3D frameworks, such ions
have permitted obtainment of magnets withTc’s above 100
K.23 As part of this investigation, we consider the NbIV 4d
ion. Very few examples of exchange-coupled compounds
involving this spin carrier have been reported so far.15,24

Herein we describe a series of manganese-niobium clusters
[MnII

2xNbIV
x] formed by the self-assembly of{Nb(CN)8}4-

and {MnII(L)2} (L ) chelating nitrogen ligand) building
units. Their magnetic behaviors are analyzed and discussed.

Results and Discussion

Synthesis and Structural Features.The reaction ofcis-
[MnCl2(bpy)2], where bpy stands for 2,2′-bipyridine, with
K4[Nb(CN)8] in acetonitrile-water solutions results in the
formation of the hexanuclear cluster [{Mn(bpy)2}4{Nb-
(CN)8}2]‚15H2O (1). On the other hand, the reaction with
cis-[MnCl2(phen)2], where phen stands for 1,10-phenanthro-
line, in acetonitrile-water solutions results in the formation
of the nonanuclear cluster [{Mn(phen)2}6{Nb(CN)8}3(H2O)2]‚
24H2O (2). Slow interdiffusion of the reagent solutions
yielded for 1 single crystals suitable for X-ray diffraction
studies, but crystals of cluster2 had poor diffraction and
the structure could not be solved. However, considering that
{M(CN)8}4- with either M ) NbIV, MoIV, or WIV leads to
isostructural analogues under identical assembling
conditions,15,24-28 we prepared the cluster [{Mn(phen)2}6-
{W(CN)8}3(H2O)2]‚21H2O (3) from cis-[MnCl2(phen)2] and

K4[W(CN)8]. The IR spectra for compounds2 and 3 are
identical29 (see the Supporting Information), confirming the
analogy between them. The formula analogy is also con-
firmed by the chemical analyses and by the magnetic data
for 2. Powder X-ray diffraction recorded for compound2
revealed that the solid is totally amorphous but the structure
of 3 was established by single-crystal X-ray diffraction. It
can be mentioned that the{Nb(CN)8}4- building unit is prone
to decomposition more than{W(CN)8}4-. When the diffusion
process leading to{Mn4Nb2} and{Mn6Nb3} was maintained
for a longer time, unidentified side products were observed.
To avoid these impurities, it is important to stop the crystal
growth process after a few days (see the Experimental
Section); such a limitation was not observed for the W
derivative.

Compound1 crystallizes in theP2/c space group, and there
are two independent molecules in the asymmetric unit (A
and B). A plot of the molecular structure for1 is shown in
Figure 1, together with a view of the central core. The
molecular structure consists of a hexanuclear cluster made
up of two {Nb(CN)8} units and four{Mn(bpy)2} moieties.
Each{Nb(CN)8} unit is linked to four MnII ions through
four of its cyano ligands, and each Mn center is connected
to two Nb units and to two chelating bpy ligands. The central
core is best described as an octahedron for which the four
Mn ions are located at the corners of the equatorial plane
and the Nb ions at the vertices above and below this plane
(Figure 1). The overall molecular organization is very similar
to the compound formed with{Mo(CN)8}4- and {Mn-
(bpy)2}2+ units, but the latter was found to crystallize in a
different space group.30 The central core is also very
reminiscent of the organization found in the 3D frameworks
developed during assembly of a{M(CN)8}4- building unit
with M2+ metal ions.31 Compound1 nicely underlines the
expected role of the blocking ligands, which is to hinder the
growth of an extended structure without affecting the
assembling scheme of the complementary building units.

The intramolecular Mn‚‚‚Mn distances between adjacent
nonbonded Mn sites vary between 5.656(5) and 8.497(4) Å
for molecule A and between 5.591(4) and 8.392(5) Å for
molecule B. In molecule A, the two Nb atoms are located
3.378 and 3.380 Å above and below the plane. In molecule
B, these values are 3.450 and 3.447 Å. Apart from the two
cis bidendate ligands, each Mn is bonded to two N centers
of the cyanide ligand (one from each Nb center). The Mn-
N(C) distances lie between 2.11 and 2.20 Å. The Mn-N-C
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angles span from 149 to 175°, whereas the Nb-C-N angles
are close to linearity and lie in the range 172.0-179.4°.

Clusters2 and3 are isomorphous. The molecular structure
of cluster3 is shown in Figure 2. Interestingly, changing
the blocking ligand from bpy to phen has resulted in a
different assembling process. The structure can be described
as one in which two Mn2W2 squares are connected together

at the W corner; the central W (W2) is part of both squares.
The two squares formed at W2 are oriented at 69.0°. Both
of the squares are further connected to one pendant Mn-
(phen)2(OH2) unit, which stops the assembling process from
extending further into a polymeric chain network. The
intramolecular nonbonded Mn‚‚‚Mn and Mn‚‚‚W distances
are in the ranges 6.898-10.535 and 5.323-5.549 Å,
respectively. The two W‚‚‚W distances are 8.551 and 8.439
Å. The W-C-N angles lie in the range 169.1-179.9°, and
the Mn-N-C angles are between 157.9 and 176.3°. The
Mn-N(C) distances lie between 2.147 and 2.221 Å.

At first glance, it is rather surprising that the{Mn(bpy)2}2+

and{Mn(phen)2}2+ modules do not lead to the same supra-
molecular organization during assembly with{M(CN)8}4-.
The structural features, however, reveal that for the hexa-
nuclear aggregate1 the bpy units adopt a slightly twisted
conformation; i.e., the angle between the two pyridine rings
deviates from zero. For phen, such a deformation is not
possible and obviously an organization as for compound1
cannot accommodate this rigid ligand. A different assembling
scheme is favored, leading to compounds2 and3.

The polyhedral shape around the Nb centers does not
correspond to ideal symmetry [i.e., square antiprism (SAP),
dodecahedron (DD), etc.]; therefore, a continuous shape
measures (CShM) analysis32-35 was carried out with SHAPE36

to ascertain the geometry of the{M(CN)8} moieties. Indeed,
the actual shape of the{M(CN)8} polyhedron determines
the strength of the exchange interaction mediated by each
CN bridge.22 Analysis of the coordination polyhedra of the
cyanometalate core in clusters1 and 3 shows that the
geometry around the metal center is a distorted SAP. In
cluster1, the coordination spheres for niobium centers Nb1,
Nb2, and Nb4 are closer to SAP geometry than to DD
geometry, while that of Nb3 has a shape midway between
both of these geometries and lies on the path of intercon-
version between these two limiting geometries. In cluster3,
all of the three octacyanotungstate units adopt a slightly
distorted SAP geometry. The results of the SHAPE analysis
have been tabulated in Table S1 in the Supporting Informa-
tion.

Magnetic Properties of Compounds 1 and 2.The
magnetic behaviors for1 and 2 were investigated on
polycrystalline samples in the temperature domain 2-300
K. The temperature dependence of the molar magnetic
susceptibility,øM, for each compound is given asøMT plots
in Figure 3. For1, the value forøMT at 300 K is 17.23 cm3

mol-1 K, slightly lower than the expected spin-only value
of 18.25 cm3 mol-1 K for four MnII ions (S ) 5/2; g ) 2)
and two NbIV ions (S) 1/2; g ) 2). TheøMT value decreases
gradually until 204 K, reaching 16.94 cm3 mol-1 K. As the
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Figure 1. Molecular structure for1: (top) one of the two molecules
forming the asymmetric unit (Nb in purple and Mn in orange); (bottom)
detail of the central cyano-bridged hexanuclear core.

Figure 2. Molecular structure for3: (top) asymmetric unit (W in purple
and Mn in orange); (bottom) detail of the molecular topology.

[{MnL2}4{Nb(CN)8}2] and [{MnL2}6{Nb(CN)8}3] Clusters
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temperature is further lowered, theøMT value increases,
reaching a maximum value of 42.13 cm3 mol-1 K at 8 K.
The øMT product then decreases with a further lowering of
the temperature and attains a value of 28.97 cm3 mol-1 K at
2 K. The plot oføMT vs T for cluster2 displays a behavior
similar to that for cluster1, with the values at 300, 154, and
3 K being respectively 27.32, 26.52, and 88.80 cm3 mol-1

K. The field dependence of magnetization at 2 K shows that
the magnetization reaches a value of 17.72 and 26.01µB at
50 kOe respectively for the clusters1 and2. These values
are in line with the anticipatedS ) 9 spin ground state for
1 (MS ) 18 µB) andS) 27/2 for 2 (MS ) 27 µB) as a result
of antiferromagnetic Nb-Mn interactions.15,24 This is also
supported by theøMT vsT behavior that exhibits a maximum
value (42.13 cm3 mol-1 K) for compound1 close to the value
of 45 cm3 mol-1 K anticipated for aS) 9 spin state, while
for compound2, theøMT value reaches 88.80 cm3 mol-1 K
versus 97.88 cm3 mol-1 K for a S ) 27/2 spin state.

We have shown recently that an accurate analysis of the
magnetic behavior of compounds involving paramagnetic
{M(CN)8}3- units necessitates taking into consideration the
local geometry of the unit. Depending on its shape, the CN
ligands may not be equivalent as far as the transfer of the
magnetic information is concerned and, consequently, one
or more exchange pathways should be considered during
analysis of the magnetic behavior.22 The CShM analysis
performed for compounds1 and3 (see above) has established
that the polyhedron defining the octacyanometalates is best
described by a distorted SAP. In this geometry, symmetry
considerations reveal that all of the cyanides of the{M(CN)8}
unit are equivalent; hence, the exchange interaction mediated
by them should be the same. Therefore, we have analyzed
the behavior of compounds1 and2 by considering a single
mean NbIV-MnII exchange parameter,JNbMn. To account for
the decrease oføMT at low temperatures, both intermolecular
interactions (zJ′) and the zero-field-splitting effect (D) have
been considered.

The spin Hamiltonian employed to model the spins in the
Mn6Nb3 system2 is given byH ) -J(SNb1‚SMn1 + SNb1‚
SMn2 + SNb1‚SMn3 + SNb2‚SMn2 + SNb2‚SMn3 + SNb2‚SMn4 +

SNb2‚SMn5 + SNb3‚SMn4 + SNb3‚SMn5 + SNb3‚SMn6) - zJ′-
〈Sz

tot〉∑iSi
z + gµBH∑iSi

z + DSz
2, whereJ is the intramolecular

exchange constant between the Mn and Nb ions,J′ is the
intermolecular interaction parameter,z is the number of
nearest neighbors of a molecule in the crystal, andS’s are
the spin operators acting on the Nb or Mn site (Figure 4).
Our notation corresponds toJ (or J′) negative, antiferro-
magnetic, andJ (or J′) positive, ferromagnetic. The first term
in the Hamiltonian refers to the exchange interaction between
the Mn and Nb sites, while the second term corresponds to
the intermolecular interaction in the mean-field approxima-
tion. The last two terms are the Zeeman and anisotropy terms,
respectively. We have neglected theE term in the anisotropy
interaction because it is usually much smaller thanD and is
off-diagonal, leading to energy correlations in higher order.
In the{Mn6Nb3} system, the spin on each Nb ion is1/2 and
that on each Mn is5/2. The exchange interaction is between
nearest-neighbor Nb and Mn ions. The anisotropic interaction
terms as well as the magnetic field and intermolecular
interaction terms are very weak compared to the intramo-
lecular exchange interactions. Therefore, we treat all of the
terms except the exchange interaction as a perturbation over
the exchange Hamiltonian. The spin system has a very large
number of possible orientations; for example, in the case of
{Mn6Nb3}, this is 6623 and obtaining all of the eigenvalues
is computationally prohibitive. This can be judged by the
fact that the totalMS ) 1/2 Hilbert space dimensionality is
33 786 and solving for all of the eigenvalues in this sector
is computationally very intense. However, the dimensionality
of the totalS ) 1/2 space is much smaller (1642). Indeed,
the largest subspace encountered is for the case of total spin
S ) 9/2 and has a dimensionality of 4650. Thus, if we can
set up the Hamiltonian matrix in the total spin basis, it is
possible to obtain all of the eigenstates and consequently
compute accurate thermodynamic properties. However, using
a method such as the valence-bond (VB) method, in which
the total spin states are explicitly constructed by exploiting
Rumer-Pauling rules, for this purpose is fraught with
difficulties. The exchange operator operating on a VB state
gives rise to states that cannot be easily decomposed into
basis states, as discussed elsewhere.37 In order to avoid these
difficulties, we have followed the method of finding the
transformation between VB diagrams that obeys Rumer-
Pauling rules and the states in the constantMS basis. With
this transformation, we block diagonalize the Hamiltonian
in the MS ) 1/2 sector into blocks in different spin spaces.

(37) Pati, S. K.; Ramasesha, S.; Sen, D. InMagnetism: Molecules to
Materials; Miller, J. S., Drillon, M., Eds.; Wiley-VCH: New York,
2002; Vol. 4.

Figure 3. Experimental (O for 1; 0 for 2) and calculated (s) øMT vs T
behavior for1 and2. Inset: field dependence of the magnetization at 2 K
(lines are only eye guides).

Figure 4. Exchange scheme for the{Mn6Nb3} system.J’s represent the
intramolecular interaction constants between the Mn and Nb ions.
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We diagonalize each block fully to obtain all of the
eigenstates in the spin sector to which the block belongs.
The magnetic susceptibility is given by38

whereµB is the Bohr magneton,kB is the Boltzmann constant,
NA is Avogadro’s number, andg is the gyromagnetic ratio,
taken to be 2.0. The functionF(J,T) is given by

where E0 is the energy eigenvalue of the unperturbed
Hamiltonian.

The Hamiltonian for the Mn4Nb2 system1 is similarly
given byH ) -J(SNb1‚SMn1 + SNb1‚SMn2 + SNb1‚SMn3 + SNb1‚
SMn4 + SNb2‚SMn1 + SNb2‚SMn2 + SNb2‚SMn3 + SNb2‚SMn4) -
zJ′〈Sz

tot〉∑iSi
z + gµBH∑iSi

z + DSz
2. In this system (1), all of

the Mn ions are in a planar arrangement, with the Nb1 ion
above the plane and the Nb2 ion below the plane. We assume
exchange interactions only between the Mn and Nb ions.
The susceptibility is again computed as before. The best fit
to the experimental data (Figure 3) yielded, for1, JNbMn )
-18.2 cm-1, zJ′ ) -0.005 cm-1, andD ) 0.008 cm-1, and
for 2, the best fit was obtained forJNbMn ) -13.6 cm-1, zJ′
) -0.01 cm-1, andD ) 0.020 cm-1 with g ) 2 (fixed).

The magnetic behaviors of{Mn4Nb2}, 1, and{Mn6Nb3},
2, are qualitatively and quantitatively in agreement with the
anticipated behavior. The antiferromagnetic{NbIVCN f
MnII} interaction relies on the overlap between singly
occupied 3d orbitals of the MnII ions and aπ orbital of the
N atom of the bridging cyanide ligands. For paramagnetic
{M(CN)8} in SAP geometry, the CN ligands have been
shown to carry significant positive spin density transferred
from the central metal ion.22 The strengths of the exchange
interactions deduced from these clusters are the first quan-
titative data available for Nb in CN-bridged assemblies, and
they are in the range of those found for related{MoV-MnII}
derivatives.39 Moreover, the values found for1 and2 agree
well with the exchange coupling anticipated for a 4d1 {M-
(CN)8} unit in the SAP shape. An investigation of the
incidence of the geometry of the{M(CN)8} unit on the spin
distribution has shown that the spin population on the cyanide
N atoms for SAP geometry is higher than that for the CN
located on the A sites of a DD but smaller than the population
found on the B-site CN of the DD. The exchange interaction
strengths are anticipated to follow the same trend, i.e.,JDD-A

< JSAP < JDD-B.22 For cyanide-bridged{MoV-MnII} as-
semblies with DD-shaped{Mo(CN)8} units, Ruiz and co-
workers39 have reported exchange interactions ofJDD-A )

-15 cm-1 andJDD-B) -20 cm-1. The exchange interactions
found for compounds1, JNbMn ) -18.2 cm-1, and2, JNbMn

) -13.6 cm-1, thus agree well with the anticipated trend.

Concluding Remarks

The two hexa- and nonanuclear cyano-bridged{Mn-Nb}
compounds1 and2 are further providing evidence for the
enhanced exchange coupling that can be obtained when using
second- or third-row transition metals as spin carriers. An
idea of the gain is given by comparing the exchange
parameter found for compounds1 and 2 with that of
compounds based on{FeIIICN} linkages, where the 3d ion
has a low spin withS ) 1/2 ground state and has antiferro-
magnetic interaction with MnII. Several data found in the
literature indicate that the{Fe-CN f MnII} interaction spans
from -0.9 to -8 cm-1, at best twice smaller than the
exchange parameters obtained with Nb.40-42

The different assembling scheme obtained with the ligands
bpy and phen was not anticipated. This opens interesting
perspectives for the preparation of compounds with different
topologies without affecting the crystal-field effect of the
{M′(N∼N)} moieties.

Finally, among the known{M(CN)8}n- compounds, the
paramagnetic NbIV derivative is very seldom considered;
however, as demonstrated here, it is certainly a valuable
building unit to form supramolecular magnetic architectures
such as high-spin aggregates.

Experimental Section

The compounds K4[Nb(CN)8],43 K4[W(CN)8],44 cis-[MnCl2-
(bpy)2], and cis-[MnCl2(phen)2]45 were prepared by reported
procedures. The solvents used in the reactions were degassed or
distilled under a N2 atmosphere. IR spectra were recorded as KBr
pellets in the range 4000-400 cm-1 by using a Perkin-Elmer
spectrum GX 2000 FTIR spectrometer. Elemental analyses were
performed using a Perkin-Elmer 2400 series II instrument. Magnetic
measurements down to 2 K were carried out with a Quantum Design
MPMS-5S SQUID susceptometer. All magnetic investigations were
performed on polycrystalline samples. The molar susceptibility was
corrected for the sample holder and for the diamagnetic contribution
of all of the atoms by using Pascal’s tables.38,46

Synthesis of [{(bpy)2Mn}4{Nb(CN)8}2]‚15H2O (1). A solution
of K4[Nb(CN)8] (0.025 g, 0.05 mmol) in water (5 mL) was layered
with a solution ofcis-[MnCl2(bp)2] (0.052 g, 0.1 mmol) in 1:1
MeCN-H2O (5 mL each). Prism-shaped yellow crystals suitable
for single-crystal X-ray diffraction study were obtained after 5 days.
The crystals were isolated and washed with water and ether.
Yield: 11 mg (9%).Continuing the crystallization for a longer
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R.; Larionova, J.; Decurtins, S.Angew. Chem., Int. Ed.2005, 44,
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F.; Julve, M.Inorg. Chem.2004, 43, 2234-2236.

(42) Ni, Z.-H.; Kou, H.-Z.; Zhang, L.-F.; Ni, W.-W.; Jiang, Y.-B.; Cui,
A.-L.; Ribas, J.; Sato, O.Inorg. Chem.2005, 44, 9631-9633.
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time resulted in the formation of byproducts. Hence, the yield of
the isolated compound is low.Anal. Calcd for C96H94N32Mn4-
Nb2O15: C, 49.24; H, 4.05; N, 19.14. Found: C, 49.29; H, 3.53;
N, 19.00. IR (KBr pellet,νCtN): 2142(m), 2117(m) cm-1.

Synthesis of [{Mn(phen)2}6{Nb(CN)8}3(H2O)2]‚24H2O (2). A
solution of K4[Nb(CN)8] (0.016 g, 0.03 mmol) in water (3 mL)
was layered with a solution ofcis-[MnCl2(phen)2] (0.032 g, 0.06
mmol) in 1:1 MeCN-H2O (3 mL each). The product formed after
4 days was isolated and washed with water and ether. Yield: 14
mg (33%).Continuing the crystallization for a longer time resulted
in the formation of byproducts. Hence, the yield of the isolated
compound is low.Anal. Calcd for C168H148N48Mn6Nb3O26: C,
52.23; H, 3.86; N, 17.40. Found: C, 52.61; H, 2.71; N, 16.87.47 IR
(KBr pellet, νCtN): 2142(m), 2120(m) cm-1.

Synthesis of [{Mn(phen)2}6{W(CN)8}3(H2O)2]‚21H2O (3). A
solution of K4[W(CN)8] (0.029 g, 0.05 mmol) in water (10 mL)
was layered with a solution ofcis-[MnCl2(phen)2] (0.049 g, 0.1
mmol) in 1:1 MeCN-H2O (5 mL each). Yellow crystals formed
after 1 week. The crystals were isolated and washed with water
and ether. Yield: 0.031 g (45%). Anal. Calcd for C168H142N48O23-
Mn6W3: C, 49.42; H, 3.50; N, 16.46. Found: C, 49.16; H, 3.03;
N, 16.19. IR (KBr pellet,νCtN): 2128, 2107 cm-1.

X-ray Crystallography. A crystal suitable for diffraction was
coated with paratone and mounted onto the goniometer, and
intensity data were obtained from an XCALIBUR Oxford CCD
diffractometer using Mo KR radiation (0.71073 Å) at 180 K. The
unit cell parameters were obtained by means of a least-squares
refinement performed on a set of 9479 (1) or 6989 (3) well-
measured reflections. The structures have been solved by direct
methods usingSIR9248 and refined by means of least-squares
procedures onF using the PC version of the programCRYSTALS.49

The atomic scattering factors were taken fromInternational Tables
for X-Ray Crystallography.50 Absorption correction was performed
using the multiscan procedure. For compound1, there are two
independent molecules in the asymmetric unit. Because of the large
number of atoms in the asymmetric unit, anisotropic refinement
was performed only on the heavy atoms (Mn and Nb). Several
bipyridyl were treated as rigid groups in order to minimize the

number of parameters. They were refined using an overall refinable
isotropic thermal parameter for each group. H atoms were intro-
duced at calculated positions in the last refinement and refined by
using a riding model. For compound3, atoms of the “W3Mn6”
molecule were refined anisotropically. Solvent molecules were
refined isotropically. phen ligands were treated as rigid groups in
order to minimize the number of parameters. Eight restraints were
applied on distances. H atoms were introduced at calculated
positions in the last refinement and refined by using a riding model.
The list of selected bond distances and angles are given in the
Supporting Information (Tables S2-S5).

Crystallographic details for1: C96H87.25N32O11.62Mn4Nb2, Mr )
2280.73, crystal size 0.07× 0.15× 0.27, monoclinic, space group
P2/c, a ) 23.923(5) Å,b ) 19.690(5) Å,c ) 47.387(5) Å,â )
97.776(5)°, V ) 22116(8) Å3, Z ) 8, Fcalcd ) 1.37 g cm-3, F(000)
) 9112,µ(Mo KR) ) 0.71 mm-1. A total of 59 125 reflections
were measured in the range 4.00° e 2θ e 58.16°, of which 11 242
were unique (Rint ) 0.15). FinalR indices: R1) 0.094 [I < 2σ-
(I)], wR2 ) 0.095 (all data) for 1097 parameters; max/min residual
electron density 1.48/-1.11 e Å-3. Crystallographic details for3:
C168H140.5N48O22.25Mn6W3, Mr ) 4069.00, crystal size 0.08× 0.10
× 0.30, monoclinic, space groupC2/c, a ) 33.759(7) Å,b )
41.862(8) Å,c ) 28.543(6) Å,â ) 125.59(3)°, V ) 32803(17)
Å3, Z ) 8, Fcalcd ) 1.65 g cm-3, F(000) ) 15 920,µ(Mo KR) )
2.62 mm-1. A total of 43 665 reflections were measured in the range
4.00° e 2θ e 58.18°, of which 17 838 were unique (Rint ) 0.09).
Final R indices: R1) 0.045 [I < 2σ(I)], wR2 ) 0.051 (all data)
for 1780 parameters; max/min residual electron density 2.25/-1.52
e Å-3.
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