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The octahedral edge-bridged niobium cyano-chloride cluster [NbgClio(CN)gl4~ and the [Mn-
(salen)]” metal complex have been used as building units to prepare solid-state materials
with extended frameworks at room temperature through self-assembly processes. Three
materials with different dimensionalities were prepared and characterized: (Mes4IN)4[Nbe-
CLi2(CN)gl-2MeOH (1) (0D), (MesN)2[Mn(salen)]l2[NbeCli2(CN)gl (2) (2D), and (EtsN)o[Mn-
(salen)(MeOH)]2[NbgCli2(CN)sl:2MeOH (3) (1D). 1 was used as cluster precursor for the
preparation of 2 and 3. The framework dimensionality seems to be affected by the size of
the template-counterion used. Single-crystal X-ray analysis revealed that 1 is based on
discrete [NbeCli2(CN)el*~ separated by (MesN)* and MeOH molecules. 2 has a two-
dimensional framework, in which each layer is formed by [NbgCl;2(CN)g]*~ clusters connected
through four cyanide ligands to four different [Mn(salen)]™. Each manganese complex
connects two clusters through Nb—CN—Mn—NC—Nb bridges, leading to the formation of
anionic layers interleaved by (Me,N)™. In 3, every cluster unit [NbgCl;2(CN)g]*~ is linked to
two [Mn(salen)(MeOH)]* units through two apical trans cyanide ligands, leading to the
formation of trimeric units { Mn—(INC)[NbgCl12(CN)4J(CN)—Mn}. Every trimeric unit connects
to two neighboring units through hydrogen bonding between Opeom from coordinated
methanol ligand and Ny from two neighboring clusters, resulting in the formation of anionic
chains along the crystallographic a axis { [Mn(salen)MeOH)]2[(NbsCli12)(CN)l}2~. The chains
are separated by (Et4N)* and MeOH. Magnetic properties and thermal behavior of these

new hybrid inorganic—organic compounds are presented.

Introduction

The field of crystal engineering has expanded beyond
its original application to organic-based materials, and
became interdisciplinary in nature combining coordina-
tion chemistry, supramolecular chemistry, coordination
polymers, and hybrid inorganic—organic materials.! The
ultimate goal of crystal engineering is to use prede-
signed molecular or nanosize building units to prepare
supramolecular species or polymeric materials with
novel structural and functional properties in a predict-
able fashion.? The use of nanosize building units to
prepare hybrid inorganic—organic materials has been
applied to systems such as organotin—oxo clusters,
organically functionalized polyoxometalates, and transi-
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tion metal clusters.® More recently octahedral metal
clusters with metal—metal bonds have been used as
subunits for building structural analogues of materials
built of simple mononuclear species. The use of these
clusters is rationalized on the basis of their size, well-
defined geometry, chemical stability, and electronic
flexibility. For example, water-soluble [RegQg(CN)g]4~
(Q = Se, Te) metal clusters were used to prepare
materials with structures that are expanded analogues
of Prussian blue, and materials with vapochromic
response and enhanced ion-exchange properties.* Here,
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we chose to investigate the use of octahedral metal
cluster [(NbgCli2)(CN)gl4~ as building blocks to prepare
hybrid inorganic—organic cluster-based materials for
five major reasons: (i) the cluster represents an isotropic
expansion of the mononuclear complex [M(CN)]"™ in
all three dimensions, which is important since the
frameworks of the products tend to be interpenetrated
and/or fragile if the enlargement of its components is
limited to one or two dimensions;? (ii) the ability of the
cyanide ligand to serve as linker between a variety of
metal centers could be employed to synthesize a variety
of 1D, 2D, or 3D frameworks that are interesting as ion
exchangers, molecular sieves, and magnetic materials,
or for gas storage;®7 (iii) compared to mononuclear
complexes, metal clusters have greater electronic flex-
ibility and thus are stable building blocks whose charges
can, in principle, be changed as needed; (iv) the edge-
bridged [(NbgCli2)(L)el*™ is easy to prepare with differ-
ent ligands in axial positions and different counterions
allowing the manipulation of its coordination environ-
ment, and subsequently its physical and chemical
properties;® and (v) though octahedral face-capped
transition metal clusters, often referred to as (6—8) type,
e.g., [MgXg(CN)gl*™ (M = W, Re; X = S, Se, Te) have
been used as building blocks of materials with extended
frameworks,? the use of edge-bridged octahedral nio-
bium clusters as building blocks is rather rare.
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Among all noncovalent interactions used in inorganic
crystal engineering, hydrogen bonds and coordination
bonds have been successfully employed to prepare novel
supramolecular structures.!? Thus, the second building
unit of the materials we aim at making consists of
mononuclear metal complexes with free coordination
sites, or sites occupied by good leaving groups. Among
the wide variety of easily accessible metal complexes,
we investigated metal salen complexes because salen
ligands strongly chelate metal ions through two oxygen
and two nitrogen atoms, leaving one or two free axial
sites available for interactions with the cyanide ligand
from the cluster units. Furthermore, salen complexes
have remarkable catalytic properties and are able to act
in a cooperative manner,!! and cluster-based compounds
containing face-capped clusters and Mn(salen)t have
been recently reported by Kim et al.!2

Here we report the syntheses, structures, thermal
behavior, and magnetic properties of two novel extended
frameworks with different dimensionality using [NbgCl;2-
(CN)el*~ and [Mn(salen)]™ as building blocks. Two
cluster precursors with different quaternary ammonium
cations have been prepared to investigate the role
played by counterions that serve as charge-compensat-
ing and structure-directing agents.

Experimental Section

General. (MesN);[NbgClig]:2MeCN, and Mn(salen)ClOy4-
2H,0 were prepared as reported in the literature.®-1? Et,NBr,
LiClO4, NaClO,4, KC104, Bus/NCl, and PPh4Cl were used as
received from Fisher. MeCN and DMSO were used without
further purification. MeOH was refluxed over sodium meth-
oxide under Ny atmosphere for 3 h, and stored 4 A molecular
sieves.

Synthesis. (Me/N)/NbgCl12(CN)g/-2MeOH (1). To a solution
of (MesN)3[NbsClis]-2MeCN (0.561 g, 0.374 mmol) in 24 mL
of acetonitrile was added KCN (0.5151 g, 7.91 mmol) in 18
mL of HyO. The mixture turned green after stirring for 12 h.
The solvent was removed and a solid residue was extracted
with 2x50 mL of hot MeCN. A 0.376-g portion of green solid
was obtained after the solvent was removed. The solid was
dissolved in 45 mL of MeOH, and solid MesNCI (0.143 g, 1.31
mmol) was added to the solution. Dark green platelike crystals
were obtained by diffusing Et;O into the dark green solution
in refrigeration to give the product (0.378 g, yield: 67%). Anal.
Calcd for Cz4H560112N10Nb6021 C, 19.22; H, 3.77; N, 9.34%.
Found: C, 18.46; H, 3.40; N, 9.60%. IR (KBr): vcny = 2129 cm ™.

(MesN)sIMn(salen)]s/ NbsClis(CN)g/ (2). A 2-mL aliquot of a
15.0 mM methanolic solution of Mn(salen)ClO42H2O was
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layered with 2 mL of 6.0 mM methanolic solution of
(MegN)4[NbsCli2(CN)gl-2MeOH in a narrow-diameter glass
tube (i.d. 8 mm, / = 12 cm). Black platelike crystals were
obtained within 2 days. The crystals were collected by filtra-
tion, washed with H2O (5 x 3 mL), MeOH (2 x 3 mL), and
Et20 (2 x 3 mL), and dried under vacuum to get the product
(13.6 mg, yield: 59%). Anal. Caled for CssHs2CliaMnaNio-
NbeOy4: C, 28.63; H, 2.72; N, 8.71%. Found: C, 27.68; H, 2.74;
N, 8.42%. IR (KBr): ven = 2134 cm ™.

(Et4N)o/ Mn(salen)(MeOH)]s/NbCli2(CN)g/-2MeOH (3). First
a metathesis reaction was performed to prepare the precursor
(Et4N)4[NbsCl12(CN)g]. Upon addition of Et4NBr (0.236 g, 1.123
mmol) to a solution of (MesN)4[NbsCl12(CN)g]-2MeOH (0.2533
g, 0.169 mmol) in 20 mL of water, green precipitate formed
immediately. The reaction mixture was stirred for 1 h, then
the solid was collected by filtration, washed with water (5 x 5
mL), and dried under vacuum to give 0.228 g of product. The
solid thus obtained was dissolved in 25 mL of MeOH to give
dark green solution. A 2-mL portion of the dark green solution
was layered on top of 2 mL of methanolic solution of 30.0 mM
[Mn(salen)]Cl04-2H20 in a narrow-diameter silica tube (i.d. 7
mm, [ = 12 cm). Black blocklike crystals were obtained after
2 days. The crystals were collected by filtration, washed with
MeOH (5 x 3 mL) and Et;O (5 x 3 mL) to get dark brown
product (17.2 mg, yield: 59%). Anal. Caled for CssHgsClis-
MnyN12NbgOsg: C, 32.10; H, 3.91; N, 7.74%. Found: C, 30.10;
H, 3.79; N, 7.65% (the relatively large difference between
calculated and found is probably due to solvent loss). IR
(KBr): ven = 2131 em ™%

X-ray Structure Determination. (Me,N)/NbsCli2(CN)g/*
2MeOH (1). A dark green platelike crystal was selected, coated
with Paratone oil, and mounted on quartz fibers for single-
crystal X-ray analysis. Intensity data were collected at 193
(2) K on a Bruker SMART APEX CCD area detector system
equipped with a graphite monochromator and a Mo Ka fine-
focus sealed tube (1 = 0.71073 A) Data were 1ntegrated using
the Bruker SAINT software and corrected using SADABS
program.! The structure was solved and refined in the space
group Cmca (No. 64), Z = 4 for the formula unit C24H56Cl12N10-
NbgO2 using the Bruker SHELXTL (Version 6.1) software
package.!’® The structural model incorporated anisotropic
thermal parameters for all (nonsolvent) non-hydrogen atoms
and isotropic thermal parameters for all included hydrogen
atoms. The final anisotropic full-matrix least-squares refine-
ment on F? with 133 variables converged to R; = 4.82% for
observed data and wRy = 12.7% for all data. The methyl groups
of the two (MesN)* cations (C3, C4, C5, C6, C7, and their
hydrogen atoms) were refined as rigid rotors (using idealized
sp3-hybridized geometry and C—H bond length of 0.98 A). On
the basis of residual electron density (the highest difference
peak was 0.674e7/A3) in the difference Fourier map, a disor-
dered MeOH solvent molecule was included in the structural
model. Attempts to model the MeOH molecule were unsuc-
cessful (the distance between C8 and O1 is 1.89(3) A) and Y,
occupancy isotropic oxygen and carbon atoms were therefore
placed at the positions reported for O1 and C8. The hydrogen
atoms on the disordered solvent molecule were not included
in the structural model.

(MesN)s/Mn(salen)]o/ NbsCli2(CN)g] (2). A lustrous diamond-
shaped platelike crystal of 2 with approximate dimensions 0.05
x 0.20 x 0.25 mm, was selected and attached to quartz fibers
for single-crystal X-ray analysis. Intensity data were measured
at 296(2) K on a Bruker SMART APEX CCD area detector
system. The integration of the data using an orthorhombic cell
yielded a total of 81 035 reflections to a maximum 6 angle of
23.26° (0.80 A resolution), of which 5028 were independent
(redundancy 16.1), and 4192 (83.4%) were greater than 2o-
(F?). The final cell constants of @ = 23.151(1) A, b =13.014(1)
A, ¢ =23.201(1) A, and V = 6990.2(7) A3, are based upon the
reﬁnement of the centr01ds of 8598 reﬂectlons above 20 o(I)

(14) Bruker. SMART version 5.625, SAINT version 6.02a, and
SADABS version 2.03; Bruker AXS Inc.: Madison, WI, 2001.
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Madison, WI.
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with 4.71° < 20 < 51.05°. Analysis of the data showed
negligible decay during data collection. Data were corrected
for absorption effects using the multiscan technique (SAD-
ABS). The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.6616 and 0.9153. The
structure was solved and refined in the space group Pbca—
D3> (No. 61), with Z = 4 using the Bruker SHELXTL (Version
6.1) software package. The final anisotropic full-matrix least-
squares refinement on F2? with 393 variables converged to Ry
= 0.027%, for observed data and wRy = 0.070 for all data. The
largest re51dual peak on the final difference electron density
synthesis was 0.875e~ /A3 and the largest hole was —0.352
e /A3,

(EtN)so/ Mn(salen)(MeOH) s/ NbsClio(CN)g/-2MeOH (3). A Black
blocklike single crystal of 8 with approximate size 0.20 x 0.20
x 0.15 mm was removed from the mother solution, coated with
Paratone oil, and quickly transferred to the low-temperature
nitrogen stream of the diffractometer. After a quick optical
alignment data were collected at 213 (2) K. 8 was found to
crystallize in the monoclinic system, space group P2i/c (No.
14) with a = 13.227(1) A, b = 21.800(2) A, ¢ = 13.781(1) A, 8
= 93.648(6)°, V = 3965. 7(5) A3 and Z = 2 A total of 13 116
absorption-corrected reflections with 26 < 58.7° were collected
on a Bruker AXS P4 diffractometer using o scans and
graphite-monochromated Mo Ka (1 = 0.71073) radiation. The
structural parameters have been refined to convergence {R1
= 0.0605 and wRy = 0.0862 for all 10 883 unique reflections}
using counter-weighted full-matrix least-squares techniques.
The structural model incorporated anisotropic thermal pa-
rameters for all nonhydrogen atoms and isotropic thermal
parameters for all included hydrogen. Hydrogen atoms of the
ammonium ion were omitted due to countercations disorder,
and hydrogen of the solvent could not be located. X-ray
crystallographic data are summarized in Table 1.

Magnetic Susceptibility. Magnetic susceptibility data for
2 were measured using a Quantum Design MPMS XL SQUID
magnetometer. 37.9-mg of loose crystals of 2 was placed into
a white acetal rod with threaded male and female ends.
Magnetization of both the empty and filled sample holder was
measured in the temperature range 2—300 K at an applied
field of 5 kG. The data were corrected for the diamagnetic
contributions of the sample holder.

Other Physical Measurements. Thermogravimetric analy-
ses were performed on a 22.86-mg sample of 2 under a flow of
nitrogen (40 mL/min) at a ramp rate of 5 °C/min, using a
Perkin-Elmer Pyris 1 TGA system. Infrared spectra were
recorded on a Mattson Infinity System FTIR spectrometer.
X-ray powder diffraction data were collected on an INEL CPS
120 powder diffractometer equipped with position-sensitive
detector at the rate of 0.02°/min.

Results and Discussion

Synthesis. The layering of methanolic solutions of
(Me4N)4[NbgCl12(CN)gl:2MeOH (1) and Mn(salen)ClOy4-
2H20 led to the formation of crystalline (MesN)2[Mn-
(salen)]2[NbgCl12(CN)g] (2). Mixing the two solutions
together led to the immediate formation of poorly
crystalline precipitate that could not be identified by
powder XRD. However, elemental analysis of the pow-
der agreed with that obtained for the crystalline phase
obtained through the layering method. The reported
procedure is optimal for the preparation of good quality
crystals of 2, however, the formation of 2 is not affected
by changes in reactants concentrations as long as the
concentration ratio [Mn(salen)]t/[NbgClio(CN)gl4~ is
larger than 1. Compound 2 can also be obtained by using
MeCN as solvent, indicating that the formation of 2 is
independent of both concentration and solvents. Com-
pound 2 was found to be soluble in DMSO to form a
dark brown solution that was not further characterized.
In contrast to 2, the concentrations of both cluster
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Table 1. Crystal Data and Structure Refinements for (MesN)4NbgCl;2(CN)gl-2MeOH (1),
(MeyN)a[Mn(salen)]a[NbgCli2(CN)gl (2), and (EtyN)o[Mn(salen)(MeOH)l2[NbgCli2(CN)gl-2MeOH (3)

1 2 3
formula Cz4H560112N10Nb502 C46H52C112Mn2N12Nb604 C53H840112Mn2N12Nb603
fw (g/mol) 1499.65 1929.74 2170.11
T, K 193 296 213
crystal system orthorhombic orthorhombic monoclinic
space group Cmca Pbca P2(1)/c
a () 14.086(3) 23.151(1) 13.227(1)

b (A) 20.057(4) 13.014(1) 21.800(2)
cA) 20.938(4) 23.201(1) 13.781(1)
B (deg) 93.648(6)
V(A3 5915(2) 6990.2(7) 3965.7(5)
Z 4 4 2

Pealed (gecm™3) 1.684 1.833 1.817

u (mm~1) 1.696 1.802 1.600
N 0.71073 0.71073 0.71073
R 0.048 0.027 0.038
wRgb¢ 0.127 0.070 0.086

@Ry = 3|[Fol = [Fell/ T |Fol. ® wRe = [T w(Fo? — FH? JIwFAHAY2. ¢ w™t = 0%(Fo?) + (0.0101P)% (P = (max(F%0) + 2 F2)/3).

(a)
Figure 1. (a) Projection of a unit cell of (MesN)4[NbsCl12(CN)g]-2MeOH (1) along the crystallographic a axis. (b) Structure of the
16-electron cluster anion [NbsCli2(CN)s]*~ in (MesN)4[NbClio(CN)e]-2MeOH (1). Blue, green, cyan, red, and light gray represent
Nb, CL, N, O, and C atoms, respectively. Hydrogen atoms are omitted for clarity. Selected bond distances (A) and bond angles
(deg): Nb—Nb 2.925(1), Nb—Cl 2.471(1), Nb—C 2.286(8), C—N 1.14(1) A; Nb—C—N 177.9(7)°.

species and [Mn(salen)]™ are critical for the formation
of 3, which was found to rapidly lose solvent when
exposed to air at room temperature and quickly decayed
to form an amorphous dark brown material.

Crystal Structures. (Me,/N)/NbgCl12(CN)g/-2MeOH
(1). The structure of 1 is based on discrete [NbgCl;o-
(CN)gl*~ cluster units held together by (MesN)* coun-
terions and methanol solvent molecules (Figure 1a). The
[NbgCli2(CN)gl4~ cluster anion is centrosymmetric and
consists of an octahedral Nbg cluster coordinated by
twelve edge-bridging chlorine ligands and six cyanide
ligands located at the apical positions (Figure 1b). The
mean intracluster bond lengths (Nb—Nb = 2.927(4) and
Nb—CI = 2.464(7) A) are close to those found in other
compounds containing [NbgClia(CN)el4~8&81 and are
within the standard deviations of those found in Lis-
NbgCli616 from which the cluster [NbgCli2]2" was excised
(Nb—Nb, 2.919(6) A; Nb—Cli: 2.46(2) A) indicating that

(16) Bajan, B.; Meyer, H. J. Z. Anorg. Allg. Chem. 1997, 623 (5),
791-795.

®

d

(b)

the apical ligand and the counterions have negligible
or no effect on the [NbgCli2]2" cluster core. In contrast,
the Nb — Nb intracluster bond lengths are much shorter
than those found in the 15-electron precursor (Me4N)s-
[NbsClis]-2MeCN containing [NbeCly2]3+ with Nb—Nb
= 2.983(5) A, indicating that the electronic structure is
the most important factor affecting these bond lengths.
The mean bond lengths Nb—C = 2.282(1) and C=N =
1.131(6) A are similar to those found for other com-
pounds containing the anionic [NbgCli2(CN)gl*~cluster
species, and close to those observed for other niobium
cyanide compounds.®&8-17 The C=N bond lengths are
also virtually the same as those in cyanoxychlorides
while Nb—C are slightly shorter. For example, the bond
distances of C=N and Nb—C in (MesN)5[NbgClgO3-
(CN)gl-4Ho08f are 1.139(17) and 2.31(3) A, respectively.

(17) (a) Laing, M.; Gafner, G.; Griffith, W. P.; Kiernan, P. M. Inorg.
Chim. Acta 1979, 33, L119. (b) Hursthouse, M. B.; Galas, A. M. J.
Chem. Soc., Chem. Commun. 1980, 1167. (¢) Fedin, V. P.; Kalinina, I.
V.; Virovets, A. V.; Podberezskaya, N. V.; Neretin, I. S.; Slovokhotov,
Yu L. Chem. Commun. 1998, 2579.
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(@)
Figure 2. (a) Projection showing the tetrahedral coordination environment of N4 in [MesN]* by four cyanides from four different
cluster units. (b) Distorted hexagonal prism environment of the cluster [NbgCli2(CN)g]*~.

Zhou et al.

(b)

Table 2. Selected Mean Bond Lengths (A) and Angles (deg) for (MesN)4[NbgCl;2(CN)gl-2MeOH (1),
(MeysN)2[Mn(salen)]2[NbgCli2(CN)gl (2), and (Et4N)2[Mn(salen)(MeOH)]2[NbeCli2(CN)g]-2MeOH (3), and Comparison to
Those Found in (Me4N)2[MnNbgCl;2(CN)gl8L

1 2 3 (Me4N)o[MnNbgClio(CN)g]8i

Nb—Nb 2.927(4) 2.924(6) 2.934(6) 2.939(3)

Nb—Cli 2.464(7) 2.460(8) 2.465(8) 2.468(3)

Nb—C 2.282(1) 2.279(7) 2.286(14) 2.27(2)

C=N 1.131(6) 1.133(4) 1.144(2) 1.16(3)

Nb—C=N 178.3(6) 175.1(3) 176.7(5) 180.0

Mn—Ncn 2.233(3), 2.365(3) 2.295(3) 2.24(2)
Mn—C=Ncy 144.2(3), 155.0(3) 157.2(3) 180.0

Mn—-N=C 173.3(1) 180.0

The Nb—C=N is almost linear (178.3(6)°) and is within
the range observed in other niobium cyanochloride
cluster compounds.

The unit cell contains two crystallographically unique
[Me4N]* cations (N3 and N4). N3 is surrounded by two
cyanide ligands (N2) from two different clusters and a
methanol solvent molecule at a distance of 3.8 A forming
a distorted trigonal pyramid. The N4 ammonium ion is
located in a distorted tetrahedral environment formed
of four cyanide ligands from four different clusters (two
N1 and two N2) at a distance less than 4 A between N4
and Ncy (Figure 2a). The cluster unit is located in a
distorted hexagonal prism (the pseudo 6-fold rotation
axis is aligned along the b axis) formed by 12 [MesN]*
cations (eight N4 and four N3) at a distance of less than
4 A from the nitrogen end of the cyanide ligands (Figure
2b). In addition, each cluster is surrounded by two
disordered MeOH which are hydrogen bonded to the
cyanide ligand N1, (Opeon-*Nlen = 2.86(2) A). Impor-
tant bond lengths and angles are listed in Table 2.

(MesN)s/Mn(salen)]s/ NbgCl19(CN)g] (2). Crystal struc-
ture analysis revealed 2 to be a layered material, in
which [NbgCl12(CN)gl*~ and [Mn(salen)]' are linked by
cyanide ligands to form anionic layers {[Mn(salen)|s-
[NbeCl12(CN)g]} 2~ parallel to the (bc) crystallographic
plane (Figure 3a). The layers are interleaved by (MesN)*™
ions which serve as charge compensating ions. The
cluster unit consists of the (NbgCli2)%* cluster core with
six additional cyanide ligands located in apical positions
as found in the precursor 1. Each cluster in 2 is linked
to four [Mn(salen)]™ through four cyanide ligands lo-
cated in the equatorial plane forming Nb—CN—Mn—
NC—Nb linkages in which the carbon end of the cyanide
ligand connects to the niobium atom and the nitrogen
end connects to the manganese center. Each [Mn-
(salen)]™ is trans-coordinated by two Ncy from two
different cluster units. The two remaining cyanide

ligands are located in trans positions and point toward
the interlayer spacing (Figure 3b). The layers stack
along the crystallographic @ axis in a staggered fashion
with neighboring layers related to each other by b glide
plane.

The mean bond lengths of Nb—Nb (2.924(6) A) and
Nb—Cli (2.460(8) A) match those found for the cluster
unit in 1 (2.927(4) and 2.464(7) A for (1), respectively).
The Nb—C interatomic distances 2.279(7) A are not
§igniﬁcantly different from those found in 1 (2.282(1)
A). The C=N bond lengths and Nb—C=N bond angles
of the cyanide ligands that act as linkers (1.134(4) A
and 174.7(3)°, respectively) are nearly the same as those
of the terminal cyanide ligands pointing to the inter-
layer spacing (1.131(5) A, 175.3(4)°). This is confirmed
by the presence of only one slightly broad IR absorption
band at 2134 em™!. In contrast, two IR absorption bands
are observed for C=N in the 2-D network of (Et4N)-
[Mn(salen)o:Fe(CN)g]'® and in the rhenium telluride
cluster-based network [Mn(salen)ls,[RegTes(CN)gl,.122
The Mn metal center is octahedrally coordinated by two
O and two N atoms from salen ligand in an almost
planar fashion, and two trans Ncy from two cluster
units. The mean Mn—OOsalen and Mn—Ngg., bond lengths
(1.878(2) and 1.98(2) A, respectively) are similar to those
found in [Mn(salen)Cl]-H20,!? but significantly smaller
than those observed in [Mn(IT)(salen)(py)2]?° (2.04(2) and
2.22(1) A). Two Mn—NCNO bond lengths are observed,
2.233(4) and 2.365(3) A, with the corresponding
Mn—N-C bond angles 155.0(3)° and 144.2(3)°. These
values are comparable to those found in the 1-D

(18) Miyasaka, H.; Ieda, H.; Matsumoto, N.; Sugiura, K. I.; Ya-
mashita, M. Inorg. Chem. 2003, 42, 3509.

(19) Martinez, D.; Motevalli, M.; Watkinson, M. Acta Crystallogr.
2002, C58, m258.

(20) Srinivasan, K.; Michaud, P.; Kochi, J. K. J. Am. Chem. Soc.
1986, 108, 2309.
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Figure 3. (a) Projection along [100] of one layer in (MesN)z[Mn(salen)]a[NbsCli2(CN)e] (2). Purple, blue, green, cyan, red, and
light gray represent Mn, Nb, Cl, N, O, and C atoms, respectively. Hydrogen atoms and templates are omitted for clarity. (b) The
secondary building unit in (2) showing the connectivity between the [NbgCl;2(CN)g]*~ cluster unit and the [Mn(salen)] complex.

compound [Mn(salen)CN]2! (2.25(3) A and 147(3)°). The
distance between the nearest Mn metal centers in
adjacent layers is 8.196(1) A. Selected bond distances
and bond angles are listed in Table 2.

(EtsN)o/ Mn(salen)(MeOH)]o/ NbsCl12(CN)g/-2MeOH (3).
Compound 3 features a 1D framework built of
[NbgCli2(CN)gl4~ cluster units and [Mn(salen)]™ metal
complexes connected to each other through cyanide
ligands (Figure 4a). Each cluster shares two trans
cyanide ligands with the metal complex leading to the
formation of { Mn—(NC)[NbgCl12(CN)4(CN)Mn} trimeric
assemblies, that can be considered as secondary building
unit (SBU) (Figure 4b). In addition to the two oxygen
and two nitrogen atoms from the salen ligand, the Mn
center is trans- coordinated by one Nc¢y from the cyanide
ligand of the cluster unit and one MeOH solvent
molecule. The Opeon of the coordinated MeOH forms
hydrogen bonding with the Ncn from neighboring SBU
(Opmeon—Nen = 2.720(4) A, bond angle O—H:---N = 169-
(5)°) leading to the formation of anionic chains

(21) Matsumoto, N.; Sunatsuki, Y.; Miyasaka, H.; Hashimoto, Y.;
Luneau, D.; Tuchagues, J. P. Angew. Chem., Int. Ed. 1999, 38, 171.

{[Mn(salen)(MeOH)]3[NbgCli2(CN)el} 2~ along the crys-
tallographic a axis. The strength of this hydrogen
bonding is comparable to that observed in organic
polymeric chains.?2 The chains are related to each other
by the ¢ glide plane. MeOH and (EtyN)* are located
between the chains.

The mean bond lengths Nb—Nb = 2.934(6) and Nb—
Cl = 2.465(8), Nb—C = 2.286(14), and C=N 1.144(2) A
are the same as those found in the cluster unit in 1 and
2, confirming the presence of the cluster [NbgCli2(CN)g]4~
with VEC = 16. IR spectra show only one band at 2131
cm™! corresponding to CN bond stretch. This is surpris-
ing since three kinds of cyanide ligands are present in
the framework of 3: one acts as linker between the
cluster and Mn, one forms strong hydrogen bonding
with the coordinated MeOH, and one forms strong
hydrogen bonding with noncoordinating MeOH with
Nene--O =2.90(1) A. The differences between these CN
ligands are probably not large enough for the C=N

(22) (a) Hokelek, T.; Zilfikaroglu, A.; Bati, H. Acta Crystallogr.
2001, E57, 01247. (b) Buyukgiingor, O.; Hokelek, T.; Bati, H. Acta
Crystallogr. 2003, E59, 0883.
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Figure 4. (a) Anionic chain along the a axis. Purple, blue, green, cyan, red, and light gray represent Mn, Nb, CI, N, O, and C
atoms, respectively. The dashed lines represent hydrogen bonding. (b) Two trans-CN ligands of [NbsCl;2(CN)s]*~ coordinate to
two [Mn(salen)MeOH)]* to form trimeric units [Mn—(NC)[NbsClio(CN)4J(CN)Mn]. The small medium gray balls represent hydrogen
atoms that participate in hydrogen bonding. All other hydrogen atoms are omitted.

stretches to be resolved. The Mn—Oyqer = 1.881(3) A
and Mn—Nggen = 1.992(3) A bond lengths are nearly the
same as those found for 2, while the Mn—Ncy = 2.295-
(3) A bond length is between the two values observed
in 2. Selected bond distances and bond angles are listed
in Table 2.

The structures of 2 and 3 are different from those of
the two previously reported compounds composed of
[Mn(salen)]™ and cyano-rhenium clusters as building
units, [Mn(salen)ls,[RegTes(CN)gl, which has a 2D
framework and Na[Mn(salen)]ls[RegSes(CN)g] which is
characterized by a 3D network.!? In contrast to the
rhenium based compounds in which all six cyanide
ligands connect the cluster to the manganese complex,
in 2 and 3 only four and two cyanide ligands serve as
linkers between the [NbgClis]?t cluster and the [Mn-
(salen)]™ complexes. The 2D framework of [Mn(salen)],-
[RegTes(CN)gl, differs from that observed in 2 in that
two cyanide groups coordinate to nonbridging [Mn-
(salen)]t leading to the formation of neutral framework.
In the 3D compound Na[Mn(salen)]s[ResSes(CN)g] all six
cyanide groups coordinate to bridging Mn(salen)™ to
create a 3D framework. These structural differences
might be due to the following factors: (i) the edge-
capped [NbgCl12(CN)gl*~ clusters are larger compared
to the face-capped cluster [RegXs(CN)gl4~ (X = Se, Te);
(1) The sizes of (MesN)' and (Et4N)" counterions used
in the preparation of 2 and 3 are much bigger than that
of Na*, and (iii) the solvent systems are different.

Magnetic Properties. The magnetic susceptibility
data for 2 over the temperature range 2—300 K (shown

in Figure 7 in the Supporting Information) can be well
described by the Curie—Weiss relation, y(T) = yo + C/AT
— 0), with C = 13.387 emu K mol~1, 0 = —2.225 K, and
0 = 2.18 x 107%emu mol~!. At room temperature, 2
displays effective magnetic moment of 7.34ug, which is
close to the spin-only effective moment of high-spin
Mn3" ions (6.94ug). No evidence for magnetic ordering
was observed in temperatures down to 2 K. Meaningful
magnetic susceptibility measurements could not be
carried on 3 due to the compound’s fast loss of crystal-
linity in air.

Thermal Stability. The stability of compound 2 was
investigated by thermal analysis. Two distinct weight
loss steps were observed. The first (35.2%) occurred in
the temperature range 330—470 °C and might cor-
respond to simultaneous loss of (MesN)™ and salen
ligand (ca 35.3%). The second weight loss (8.4%) oc-
curred above 600 °C and is consistent with loss of all
cyanide ligands (ca 8.1%). X-ray powder diffraction
shows collapse of the framework and formation of
another phase that has not yet been identified.

Conclusion

The octahedral cyano-chloride cluster [NbgClio(CN)gl4~
and the metal complex [Mn(salen)]™ were employed in
the preparation of cluster-based hybrid inorganic—
organic extended frameworks. The high-spin d* elec-
tronic configuration of Mn(III) introduces paramagnetic
properties into the resulting materials, however no long-
range magnetic order has been observed in these
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materials. The tetraalkylammonium species seem to
play an important role in the structural properties of
the resulting frameworks. Thus, (Me4sN)" leads to the
formation of the 2D framework in 2, while a relatively
larger (Et4N)* leads to 1D coordination polymer in
which two of the six cyanide ligands coordinate to two
[Mn(salen)]t metal complexes, and the remaining four
CN ligands form hydrogen bonding with either coordi-
nated or free solvent molecules to form chains. The
formation of 2 seems to be independent of the precur-
sors’ concentrations, while the concentration of both
species is critical to the formation of 3. The formation
of 2 is independent of the solvent used since it can also
be obtained using MeCN as the solvent, while MeOH
plays an important role in the formation of 3 since
hydrogen bonding between the cyanide ligands and
coordinated and noncoordinated solvent molecules is
responsible for the formation of the 1D framework in
3. Attempts to grow crystals using Na®™ or PPhyt as
countercations were not successful. Investigations of
using different templates, different predesigned metal
complexes, and different solvents are continuing and
should lead to better understanding of the conditions
controlling the formation of cluster-based hybrid inor-
ganic—organic materials.
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