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A One-Pot, High-Yield Synthesis of a
Paramagnetic Nickel Square from Divergent
Precursors by Anion Template Assembly**
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Self-assembly of metal cations with nitrogen heterocyclic
bridging ligands is a central theme in supramolecular chem-
istry aimed at developing light-harvesting assemblies of
electronically coupled metal centers.l! The ability of these
ni-ligand systems to transmit electronic information between
remote metal centers is well-documented,!' but much less is
known about their suitability for promoting strong super-
exchange between paramagnetic centers. The bis-chelating a-
diimine ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) with
its low-lying mt* orbitals is a particularly promising candidate
for use as an electronic spacer,” as judged by the strong
coupling observed between the metal centers in [ (NH;),Ru(u-

NN Ne— bptz)Ru(NH;),]** which ex-
®_< >_Q hibits a K, value of 105,551
—N \N—N/ \_/ Studies in our laboratories
bpiz have revealed a new applica-
tion for the bptz molecule,
namely as a linking group in the formation of paramagnetic
squares. The bptz ligand is ideally suited for this purpose for
two reasons. First bptz is a rigid molecule with two bipyridine
units on each end suitable for bridging two metals, and second
two bptz ligands coordinated to an octahedral metal center
are required to be cis to each other. These binding preferences
are being capitalized upon in one-pot, high-yield reactions of
unprotected solvated cations [M(CH;CN)J** with bptz in the
presence of tetrafluoroborate anions. In this study we report
an unusual, high-yield formation of a cyclic product from
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solutions of [Ni(CH;CN)4][BF,], and bptz in a 1:1 molar ratio
[Eq. (1)].1

[Ni(CH;CN)g][BF.], + bptz % [Ni,(bptz),(CH;CN)s][BF,Js (€]

Regardless of the ratio of bptz and [Ni(CH;CNg)][BF,],,
the reactions proceed at room temperature in MeOH to give a
dark green solution with eventual deposition of a green solid
(74 % yield). Single crystals of the product are easily obtained
by diffusion of toluene into a solution of the compound in
acetonitrile. The reactions are quite remarkable in that there
is no evidence for polymer formation in spite of the lack of
protective groups and the relatively high concentrations used
for the reaction. Hupp and co-workers have reported similar
observations for various octahedral based squares prepared
under refluxing conditions in their laboratories, and it is clear
from their detailed analyses that cyclic oligomers are thermo-
dynamic products.”

An X-ray crystallographic study revealed the new com-
pound to be the partially solvated molecular square
[Ni,(bptz),(CH;CN);][BF,]s- 4 CH;CN.Bl  An  ORTEP dia-
gram is provided in Figure 1 (top) and a packing diagram is

Figure 1. Top: ORTEP drawing of the molecular structure of the
[Ni,(bptz),(CH;CN)g]** ion. Thermal ellipsoids are drawn at the 50%
probability level; bottom: space-filling diagram of the molecular cation
with the encapsulated [BF,]~ ion.
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provided in Figure 2. The coordination geometries of the Ni!!
ions are octahedral as expected, with four of the coordination
sites being occupied by two different bptz chelate donors and
the other two positions being capped by CH;CN molecules.

b)

Figure 2. Packing arrangement of the Ni, cations emphasizing the a) and
b) side views of the stacks.

The void space in the center of the square is about 4.6 A in
diameter which is an excellent size match for the [BF,]~ ion
that resides in this cavity (Figure 1 bottom). The encapsulated
anion appears to be central to the formation of the cyclic
oligomer as evidenced by the fact that products with other
anions are of a different color than the [BF,]” salt and are
noncrystalline. For example, [Ni(CH;CN)][PF], reacts with
bptz in MeOH to give dark orange-brown solutions from
which only powders can be isolated. Anion template reactions
are of considerable current interest in the self-assembly of
supramolecular structures,”! but compared to cation-assisted
processes, they are much less prevalent. A particularly
relevant example to the present work is the report of a
[BF,]-templated synthesis of a [Co,]** cage molecule which
retains an encapsulated anion in solution.™™ The authors used
a combination of mass spectrometry and NMR spectroscopy
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to support the conclusion that the anion assists in the assembly
of the tetrameric unit. These approaches were also used to
lend insight into the possible role of the anion in the synthesis
of [Niy(bptz),(CH;CN)g|[BF,]s, but NMR spectroscopy re-
vealed only one broad "B and !°F resonance. This may be due
to the paramagnetism of the molecule or to rapid exchange of
the encapsulated [BF,]” ion with the outer-sphere anions,
although the latter is unlikely since low-temperature NMR
measurements did not produce any changes in the spectra.
The most convincing evidence for the role of the anion comes
from a FAB mass spectrometric analysis of solutions of Ni
ions with bptz in the presence of various anions. Solutions
containing the [BF,]~ ion give a mass cluster corresponding to
the square unit, but those containing [PF]-, [SbF¢]~, or
[CF;SO;]~ show only dimeric units. We take these results as a
positive indication that the anion acts as a template in the self-
assembly process.

The six-coordinate geometry about the metal ions is
important to our goal of obtaining magnetic squares, as a
square-planar geometry leads to low-spin, primarily diamag-
netic ground states.'”) Magnetic susceptibility measurements
were performed on the Niy, compound, and, as the plot in
Figure 3 indicates, u.; is constant at 5.66 ug between room
temperature and 50 K. These data are consistent with four
high-spin Ni'! (§=1) centers. Below 50 K the moment
decreases which can be attributed to a zero-field splitting
effect or weak antiferromagnetic interactions (J ~— 2 K).
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Figure 3. Thermal dependence of the effective moment at 1000 G for
[Ni,(bptz),(CH,CN)|[BF,]s - 4 CH;CN.

The new Ni, molecule is an unprecedented type of a
partially solvated molecular square, and it is the first
compound of the bptz ligand to be structurally characterized.
As far as we are aware, this is the first report of a molecular
square formed around an encapsulated anion, and one of the
few X-ray structures obtained for a square with octahedral
metal ion constituents.” ' 2 The only paramagnetic octahe-
dral-based example of which we are aware is a Co [2 x 2] grid
with bis-terpyridine type ligands.'? Five-coordinate para-
magnetic Cu'! [2 x 2] grids with bridging pyrazole ligands have
also been recently reported.?*! The presence of the labile
CH,CN ligands in [Niu(bptz),(CH;CN)J** render these
clusters ideal building blocks for the elaboration of two-
dimensional square grids. In this manner a higher order
supramolecular structure can easily be envisioned as resulting
from connecting the squares with linear bidentate bridges
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such as 4,4-bipyridine or pyrazine or even bis-chelating
bidentate ligands such as bipyrimidine or oxalate. Although
the unpaired electrons on the Ni'! ions are not magnetically
communicating through the bptz ligand, this does not rule out
the possibility that metal ions with different magnetic orbitals
will experience superexchange. Moreover, ligand-based re-
duction of the st* orbitals of the bptz ligands to produce bptz
radicals, which has been achieved in other metal complexes of
bptz, ¥ is expected to add an extra level of complexity to the
magnetic properties.

Experimental Section

[Ni(CH;CN)g][BF,], (100 mg, 209 mmol) was dissolved in methanol
(10 mL) and treated with bptz (47 mg, 200 mmol) under anaerobic
conditions. Over the course of 5 h, the solution slowly changed color from
pale red to a dark green. The solution was allowed to stir overnight during
which time a green powder deposited on the bottom of the flask. The
powder was dissolved in acetonitrile under anaerobic conditions and
layered with toluene to give crystals of [Ni,(C,,NgHg),(CH;CN)][BF,]s-
4CH;CN within three days; yield: 88 mg (74 %).

Magnetic susceptibility measurements were performed on a polycrystalline
sample (18.8 mg) with a Quantum Design MPMS-2 SQUID magnetometer
operating in the range 1.7-300 K at 1000 G.
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