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Many investigations of the design and synthesis of metal —
organic compounds with porous structures have been moti-
vated by potential applications in molecule recognition,
separation, and catalysis.'"!!] By using rigid, multifunctional
ligands, two- or three-dimensional microporous coordination
polymers have been obtained with desired pore sizes and
shapes.’") Other metal-organic frameworks have been
reported that, though they may have other valuable proper-
ties, are not microporous because of lattice interpenetra-
tion,!"?l or are unstable on removal or exchange of their guest
molecules or ions. Very few examples of either framework or
microporous chiral metal-organic structures have been
reported.!*-17)

One strategy to enhance the stability with respect to
removal of the guest species is to attach the metal —organic
components to a thermally more stable inorganic backbone.
Several examples of compounds of this type containing both
ligated metal cation and metal oxide components are
known.!'820] These extended lattices are formed in different
ways, for example, by connecting a metal oxide cluster with a
coordination complex, a metal oxide cluster anion with a
coordination polymer, a metal oxide lattice with an isolated
coordination complex, and metal oxide lattice with a coordi-
nation polymer. All of the inorganic components in the known
examples are molybdenum or vanadium oxides.!82]
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We are investigating the combination of coordination
polymers with metavanadate chains as a route to stable
porous structures. We also have used an unsymmetrical
organic ligand, 2-pyrazinecarboxylate (2-pzc)?!! to introduce
chirality into the structures formed. The combination of Co(2-
pzc)™ and Ni(2-pzc)™ with vanadate chains has led to three
novel inorganic—organic hybrid compounds 1-3 all of which
are noncentric and two of which (1, 2) are chiral.

[Co4(2-pzc)4(VsO17) ] - xH,O 1
[Niy(2-pzc)s(V6017)] - xH,O 2

[(NH,),Cog(2-pzc)s(H,0),(VOs3),0] - x H,O 3

Compounds 1-3 were prepared by hydrothermal synthesis
at 160, 180, and 130°C, respectively. The structures were
determined by single-crystal X-ray diffraction®! and the
compositions by elemental analysis.’? Infrared spectra con-
firmed the presence of vanadate and coordinated pyrazine-
carboxylate. Compounds 1 and 2 are isostructural enantiom-
ers; both crystallize in the chiral space group I4. The local
coordination geometries of the cobalt and vanadium atoms in
1 are shown in Figure 1. Aspects of the extended chiral
framework of 1 are shown in Figures 2 and 3.

Two crystallographically inequivalent Co atoms are present
in the structure, each with a distorted octahedral coordination
environment. Two nitrogen atoms from two 2-pzc ligands
occupy the axial positions. The equatorial positions are filled
by four oxygen atoms, two from the carboxylate groups of two
2-pzc ligands and the remaining two from the vanadate chains.
The 2-pyrazinecarboxylate serves as a multidentate bridging
ligand, as observed in the copper/2-pzc polymeric com-
pounds,? 24 and links the Col and Co2 atoms into infinite

Figure 1. Coordination geometries of cobalt and vanadium in compound 1 with the
atom-labeling scheme. Thermal ellipsoids are at the 50 % probability level. Selected
bond lengths [A]: Col-O2 2.038(4), Col-O10A 2.070(4), Col-O1 2.093(4), Col-O5
2.112(4), Col-N4B 2.116(5), Col-N1 2.141(4), Co2-O9B 2.044(4), Co2-O4 2.052(4),
Co2-03 2.100(4), Co2-O6 2.104(4), Co2-N3 2.114(4), Co2-N2C 2.122(5), V-O
1.592(5) - 1.821(5).
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Figure 2. Polyhedral representation of the structure of 1 viewed down
[001]; CoO,N, octahedra: dark shaded; VO, tetrahedra: light shaded.

Figure 3. Polyhedral representation of the structure of 1
viewed along [100]; CoO,N, octahedra: dark shaded; VO,
tetrahedra: light shaded.

helical chains. Each of the equivalent cobalt atoms
are connected to each other through the 2-pzc
carboxylate group from a neighboring chain. As a
result, four Co/2-pzc helical chains form a chiral
helical tube of composition [{Co,(2-pzc).},] (Fig-
ures2 and 3). Eight oxygen atoms define the
window into the tube. The [{Co,(2-pzc).},] tubes
are stabilized by the vanadium oxide chains through
corner-sharing of CoO,N, octahedra with vanadi-
um - oxygen tetrahedra.

Within the vanadium oxide chain, there are three
crystallographically distinct tetrahedrally coordinat-
ed vanadium(v) atoms (Figure 1). These vanadium
tetrahedra share corners with each other through
oxygen atoms, forming infinite [V(O,,],*~ double
chains along the ¢ axis. The chain is bent to give
perpendicularly arranged 8-rings (Figure 3). One
oxygen atom is only coordinated to vanadium with a
bond length significantly shorter (1.592(5) A) than
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those of the other V—O bonds (1.626(4)-1.821(5) A). This
vanadium oxide arrangement is different from the layers of
corner-sharing VO, units that occur in [Zn(bpy),],[V¢O1/]
(bpy =2,2'-bipyridine)."! In 1, each [{V,0,;},]* chain is
connected to four [{Co,(2-pzc),},] chains to form a three-
dimensional chiral framework structure with 8-ring channels
along the c axis (Figure 2). The frameworks of 1 and 2 are
neutral. Disordered water molecules are found inside the
metal —organic tubes.

Compound 3 crystallizes in the space group Cc and is
closely related to 1 and 2. The [{Co(2-pzc)},] helical tubes in 1
and 3 are comparable but 3 contains single metavanadate
chains [{VO3},] instead of [{V40;,},,] double chains (Figure 4).

Figure 4. Polyhedral representation of the structure of 3 viewed down
[100]; CoOyN, octahedra: dark shaded; VO, tetrahedra: light shaded.

Six of the eight cobalt octahedra in 3 are corner-shared by two
VO, tetrahedra, and two octahedra are connected to only one
VO, tetrahedron. The octahedral environments of the two
distinct Co octahedra are completed by coordinated water
molecules. The framework of 3 is anionic and is charge
balanced by two NH," ions. The NH," ions, together with
disordered water molecules, reside in the metal-organic
tubes.

Coordination of the unsymmetrical bridging ligand 2-pyr-
azinecarboxylate results in the formation of chiral [{M,(2-
pzc)},] or [{Cog(2-pzc)s(H,0),),] helical tubes in 1-3, each
containing four M(2-pzc)™ helical chains. Unlike 1 and 2,
compound 3 is not chiral but contains equal numbers of left
and right-handed helices. We note that other examples of
compounds with tubelike structures have been reported.?> 2!
The formation of either 1 or 3, containing different vanadium
oxide chains but similar metal — organic components, is mainly
dependent on the pH of the reaction mixture. Lower pH (x~4)
promotes the formation of [V40;,] double chains in 1, whereas
higher pH (x6) favors the metavanadate chains in 3. Reaction
of 1 or 3 with NH,VO; at 160°C under hydrothermal

4704 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

conditions gives a higher density phase [Co,(2-pzc)(H,0)-
(VO,)5].7

The presence of the vanadate backbone in 1-3 increases
significantly the thermal stability relative to metal pyrazine-
carboxylate coordination polymers.!'>?4 Thermal analysis
showed that 1 loses weight from 50 to 160 °C, corresponding
to the removal of lattice water. A plateau region is observed
from 160 to near 400 °C before the full decomposition occurs
between 400 and 440 °C. The thermal decomposition behavior
of 2 is very similar to that of 1 except that decomposition
begins at 435 °C. For 3, loss of lattice water, coordinated water,
and the ammonium ion occurs below 300°C, and decompo-
sition below 500°C. All of the thermogravimetric data agree
quantitatively with the analytical compositions.

Compound 1 after dehydration at 200°C reabsorbs water
molecules on cooling in the presence of water vapor.
Thermogravimetric analysis shows that the dehydration —hy-
dration process is reversible though some hysteresis is
observed. Powder X-ray diffraction confirmed the integrity
of the structure after the dehydration and rehydration step.

The temperature-dependent magnetic susceptibilities of 1—
3 were measured in a magnetic field of 0.5 T. For 1 and 3, the
effective magnetic moments (u;) per Co at 300 K, 4.79 and
4.71 pg, are typical for Co!' compounds. Negative Weiss
constants (—10.3 K for 1, —13.4 K for 3) indicate antiferro-
magnetic interactions. For 2, the u.; value per molecule at
300 K is 5.88 pg, slightly higher than the value of 5.66 g
expected for four isolated Ni'' §=1 ions. Assuming that the
Nil-Nil and Ni2-Ni2 coupling constants are the same, the
data were analyzed by an exchange expression derived for a
square arrangement of four S=1 centers. A best fit was
obtained with g=2.08, 2/ =—1.68 cm~!. The small coupling
constant indicates very weak antiferromagnetic interactions
through the carboxylate bridges.

In conclusion, by using an unsymmetrical organic ligand,
2-pyrazinecarboxylate, three novel inorganic—organic hybrid
compounds 1-3 have been prepared, whose framework
structures contain tubes formed from four M(2-pzc) helical
chains. Compounds 1 and 2 are chiral, whereas 3 contains
equal numbers of left- and right-handed tubes. The pH of the
syntheses determines the nature of the vanadate chains and
consequently the final structure that is adopted. The thermal
stabilities of 1 and 2 are among the highest of the metal -
organic complexes reported. Further work is in progress to
combine asymmetric ligands with other inorganic oxide
networks.

Experimental Section

Syntheses were conducted hydrothermally in a Teflon-lined autoclave
(23 mL).

1: Co(NOs),-6H,0 (0.2918 g, 1 mmol), 2-pzcH (0.1239 g, 1 mmol),
NH,VO; (0.0713 g, 0.6 mmol), and H,O (8 mL), 160°C, 2 d, single phase,
red needlelike crystals, yield about 97 % based on V.

2: Ni(NO;),-6H,0 (0.1465 g, 0.5 mmol), 2-pzcH (0.0627 g, 0.5 mmol),
NH,VO; (0.0361 g, 0.3 mmol), and H,O (8 mL), 180°C, 2 d, single phase,
green needlelike crystals, yield 87 % based on V.

3: Co(NOs),-6H,0 (0.1437 g, 0.5 mmol), pyrazinamide (0.1134 g, 1 mmol),
NH,VO; (0.0589 g, 0.5 mmol), and H,O (8 mL), 130°C, 4 d, single phase,
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orange flat needles, yield 52 % based on V. The hydrolysis of pyrazinamide
results in a higher final pH (= 6) in the synthesis of 3 than in 1 and 2 (=4).
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[HC{(CMe)(NAr)},]JAI[ (NSiMe;),N,]
(Ar=2,6-iPr,C¢H;): The First
Five-Membered AIN, Ring System**
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Dedicated to Professor Pierre Braunstein

Main group heterocycles have attracted much attention
from the pharmaceutical, agrochemical, and material science
communities.l'l Among the varieties of ring systems, tetrazoles
are of current interest. The discovery of the antiallergic,
antibiotic activities and the important roles in biological
systems of tetrazoles has stimulated extensive research on
their chemistry in recent years.? In contrast, very little is
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