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High-Nuclearity Chromium — Nickel — Cyanide
Clusters: An Open CrgNis(CN),, Cage and a
C;-Symmetric Cr;)Niy(CN)4, Cluster
Incorporating Three Forms of
Cyanonickelate**

Jennifer J. Sokol, Matthew P. Shores, and
Jeffrey R. Long*

High-nuclearity metal—cyanide clusters may ultimately
provide a vehicle for the design of new single-molecule
magnet molecules possessing an energy barrier for magnetic
moment reversal.l'l This contention is partly supported by
recent work in which an understanding of the factors
influencing superexchange interactions across a bridging
cyanide ligand has led to the synthesis of Prussian blue type
solids?! with magnetic ordering temperatures as high as
373 K.Fl Typically, such solids are obtained from aqueous
assembly reactions between octahedral [M(H,O)¢]*" and
[M'(CN)4P~ complexes. The synthesis of molecular clusters
with similarly adjustable magnetic properties is expected to
require inhibition of some reactive sites on the precursor
complexes through substitution of inert blocking ligands. For
example, the use of 1,4,7-triazacyclononane (tacn) as a face-
capping tridentate ligand on each metal complex can direct
the formation of [(tacn)sM,;M’,(CN);,J** clusters with core
structures consisting of a single cubic unit excised from the
Prussian blue type framework. !

However, to produce the exceptionally large spin states
desired—along with magnetic anisotropy—for increasing the
spin reversal barrier in single-molecule magnets, it is neces-
sary to develop methods for constructing larger cluster
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geometries in which more metal centers can be magnetically
coupled.l! A simple strategy for achieving higher nuclearities
involves the use of a blocking ligand on just one of the
reaction components, thereby permitting cluster growth to
propagate further before a closed structure forms. Accord-
ingly, the reaction between [Ni(H,O)** and [(Mestacn)-
Cr(CN);] (Mestacn = N,N',N"-trimethyl-1,4,7-triazacyclono-
nane) in aqueous solution generates [(Mestacn)g-
CrgNig(CN),,]'?*, a 14-metal cluster featuring a cube of eight
Cr’* ions with each square face spanned by a [Ni(CN),]*~
unit.”! In further pursuing reactions of this type, we have
discovered two new cluster geometries, including a 19-metal
species that represents the largest metal—cyanide cluster
reported to date.

Reaction of Nil, with [(Me;tacn)Cr(CN);] in aqueous
solution does not lead to the face-centered cubic [ (Mestacn)g-
CrgNig(CN),,]'?* cluster obtained with chloride, bromide,
nitrate, or perchlorate as counteranions.”) Instead, crystallo-
graphic analysis® of a red-brown crystal isolated from the
reaction mixture revealed a product of composition 1,

[(Mestacn)sCrgNis(CN),, )1, - 27 H,O 1

featuring the open-cage cluster depicted in Figure 1. The core
structure of this [(Mestacn)sCrgNis(CN),,]1%* cluster most
notably differs from the complete face-centered cubic geom-
etry by having a Ni?* ion missing from one of the cube faces.

Figure 1. Structure of the [(Mestacn)yCrgNis(CN),,]'** cluster and associ-
ated I~ anions, as observed in 1. Black, cross-hatched, shaded, white, and
hatched spheres represent Cr, Ni, C, N and I atoms, respectively; H atoms
are omitted for clarity. The cluster has maximal point group symmetry C,,.
Selected mean interatomic distances [A] and angles [°]: Cr-N¢y 2.05(6), Cr-
C2.04(5), Ni-C 1.86(2), C-N¢y 1.14(3), Ni -+ Ly 2.91(3), Ni- -+ Loy 3.09(3) 5
Nen-Cr-Ney 87(2), Nen-Cr-C 93(3), Cr-N-Cey 170(4), Cr-C-N 172(4), C-Ni-
C 89(1), Ni-C-N 177(1).

As with [(Mestacn)gCrgNig(CN),,]'>+,1 the thermal energy
delivered in the course of forming the cluster is apparently
sufficient to reorient the cyanide ligands from the Cr'''-C-N
connectivity of the reactant complex to the more stable Cr''-
N-C-Ni" bridging arrangement. This, rather than the reverse
bridging cyanide orientation, was clearly favored in the crystal
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structure refinement, and is consistent with the Ni-C-N angles
(175.8(9) - 179.5(9)°) being closer to linearity than the Cr-N-C
angles (161(2)-176.0(8)°), as well as with the short Ni—C
distances (1.84(1)-1.893(9) A). Note, however, that the
absence of a nickel atom from one face of the cluster leaves
four terminal cyanide ligands retaining the Cr'-C-N con-
nectivity, two of which are directed away from the center of
the open cube face. Thus, while the opening appears sizable,
the methyl groups on the nitrogen atoms coordinated trans to
these two cyanide ligands somewhat inhibit access to the
cluster interior, constricting the entryway to a minimum width
of approximately 0.6 A (based on van der Waals radii). In
contrast to the empty [(Mestacn)sCrgNig(CN),]'?* cluster
reported previously,”! a single iodide anion resides within the
metal —cyanide cage of the [(Me;tacn)gCrgNis(CN),,]'** clus-
ter. As depicted in Figure 1, the encapsulated ion is disordered
over four positions in the crystal structure, each approaching
an axial ligand site on a nickel center with a mean Ni---1
distance of 3.09(3) A; interestingly, no disposition toward the
fifth nickel center is evident in the residual electron density.
Stronger axial interactions are formed between all five nickel
centers and iodide ions located outside the cluster at a mean
Ni -+ I separation of 2.91(3) A. Attempts to extract the central
iodide ion by metathesis reactions are underway, with the
intention of probing the potential host—guest chemistry of
this voluminous open-cage cluster.

The square-planar [Ni(CN),]*~ complex has long been
known to react with excess cyanide ions in aqueous solution to
generate [Ni(CN)s]*~.1 Although the latter species favors a
square-pyramidal coordination geometry,['”l a slightly distort-
ed trigonal-bipyramidal structure lies close in energy, as
highlighted by the presence of both forms in the crystal
structure of [Cr(en);][Ni(CN)s]-1.5H,0O (en=ethylenedi-
amine)."! In a surprising parallel, [Ni(CN),]>~ reacts with
the cyanide-rich [ (Mestacn)sCrgNis(CN),,]'%* cluster in aque-
ous solution to yield 2, a compound that incorporates square-

[ (Mejstacn);oCryoNig(CN),,][Ni(CN), ;- 55 H,0 2

pyramidal and trigonal-bipyramidal [Ni(CN)s]*~ and square-
planar [Ni(CN),]?>" units in a single cluster. The structurel® of
this C;-symmetric [(Mestacn),,Cr;Nig(CN),,]*" cluster bears
no obvious relationship to its CrgNis predecessor, and consists
of a barrel-shaped cage enclosing a bound central [(Mesta-
cn)Cr(NC—);] moiety (Figure 2). The surrounding cage frame-
work is made up of three tiers, each with six metal centers. The
top and bottom tiers exhibit pseudo-hexagonal Cr;Ni;(CN)4
rings, which are joined through cyanide bridges to the three
linear CrNi(CN), units of the middle tier. Once again, a Cr'!l-
N-C-Ni"' connectivity is adopted by all bridging cyanide
ligands. The square-planar nickel centers in the middle tier are
each capped by a square-planar [Ni(CN),]*~ counteranion
(not shown in Figure 2) through a weak Ni---Ni bonding
contact of 3.12 A. This type of interaction also occurs in the
structure of 3, and is attributed to admixing of empty p,
orbitals with the filled d,. orbitals in the Ni'---Ni'! pairs.["

[ (Mestacn),CrgNig(CN)][Ni(CN),]s-47H,0 3
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Figure 2. Structure of the [ (Mestacn),(Cr;(Nig(CN),,]°* cluster in 2, viewed
parallel (top) and perpendicular (bottom) to the crystallographic 6; screw
axis. Black, cross-hatched, shaded, and white spheres represent Cr, Ni, C,
and N atoms, respectively; H atoms are omitted for clarity. The nickel
centers adopting square-planar (Ni(1)), square-pyramidal (Ni(2)), and
trigonal-bipyramidal (Ni(3)) coordination geometries are located in the
middle, lower, and upper tiers of the cluster, respectively. Selected mean
interatomic distances [A] and angles []: Cr-Ngy 2.01(5), Ni(1)-C 1.84(3),
C-Ney 1.16(3); Nox-Cr-Ney 90(1), Cr-N-Cy 169(4), C-Ni(1)-C 90(3), Ni-C-
N 173(5). Additional distances and angles are listed in the legend of
Figure 3.

Compound 2 gradually dissolves in DMSO to give an orange
solution exhibiting an IR spectrum consistent with the
presence of intact [(Mestacn);Cr(Nig(CN),,]** clusters and
dissociated [Ni(CN),]*~ counterions.

The two distinct [Ni(CN);]>~ units in the structure of 2 are
displayed in Figure 3. Analysis of a subset of angles between
the normals to adjacent faces of the coordination polyhedra
provides a means of distinguishing square-pyramidal and
trigonal-bipyramidal coordination geometries.'”! The perti-
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Figure 3. Structures of the two distinct nickel pentacyanide units in the
[(Mestacn),(CrgNig(CN),,|** cluster. Selected interatomic distances [10\]
and angles [°]: Ni(2)-C(6) 2.03(2), mean Ni(2)-Cy,., 1.84(4), mean Ni(3)-C,,
1.84(4), Ni(3)-C(11) 1.82(2), Ni(3)-C(12) 1.98(4), Ni(3)-C(13) 1.83(3):
mean C(6)-Ni(2)-Cyuea 100(8), mean Cyye-Ni(2)-Cyagu 88(3), C(10)-Ni(3)-
C(14) 175(2), mean C,-Ni(3)-C,, 90(4), C(11)-Ni(3)-C(12) 121(1), C(12)-
Ni(3)-C(13) 108(1), C(11)-Ni(3)-C(13) 130(1).

nent torsion angles characteristic of the coordination geom-
etry are given in Equations (1)-(6). For comparison, the

Ni(2):
e,=180° — [C(5)-C(6)-C(7)-C(8)] = 68.0° 1
e, =180° — [C(5)-C(9)-C(6)-C(8)] =80.4° @)
e3=180° — [C(8)-C(9)-C(7)-C(5)] = 4.4° 3)
Ni(3):

e =180" — [C(14)-C(11)-C(13)-C(10) ] = 41.4° )
e, = 180° — [C(14)-C(12)-C(11)-C(10) ] = 55.6° )
3 =180° — [C(10)-C(12)-C(13)-C(14)] = 64.6° )

corresponding angles are e; =e,=75.7° and e¢;=0.0° for an
ideal square pyramid, and e;=e,=e;=53.1° for an ideal
trigonal bipyramid. Thus, primarily by virtue of having four
surrounding carbon atoms that are approximately coplanar,
the coordination geometry of Ni(2) is best described as
square-pyramidal, while that of Ni(3), which has no such
common plane, is closer to trigonal-bipyramidal. To our
knowledge, this represents only the second incidence of nickel
pentacyanide in a trigonal-bipyramidal geometry. And in-
deed, the bond distances and angles for both geometries are
remarkably consistent with those observed in [Cr(en);][Ni-
(CN)s] - 1.5H,0.' The similarity extends even to the nature
of the distortion in the coordination of Ni(3) away from Dy,
symmetry, which mainly involves a lengthening of one
equatorial Ni—C bond (Ni(3)—C(12) 1.98(4) A) and a widen-
ing of the opposite C-Ni-C angle (C(11)-Ni(3)-C(13) 130(1)°).
Compound 2 therefore lends support to the claim that this
particular distortion from an ideal trigonal bipyramid is not
simply a consequence of packing forces, but represents a local
energy minimum for the free [Ni(CN)s]*~ ion.['!l Regardless,
the deviation from square-pyramidal geometry is most likely
due to stabilization of the trigonal-bipyramidal form through
external forces imposed by the surrounding Cr** ions or
hydrogen bonds!'" 3 in the two respective instances.
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As reflected in the magnetic properties of compounds 1 and
2 (Figure 4), ligation by the strong-field carbon end of cyanide
results in exclusively diamagnetic nickel(11) centers, eliminat-
ing the possibility of exchange coupling directly between
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Figure 4. Magnetic behavior of 1 (o) and 2 (o) in an applied field of 1 kG.
The data collected at 10 kG for each sample are essentially superimposable.
M T in cm®K mol .

cyanide-bridged metal sites. For both compounds, the meas-
ured values of yMT at temperatures above 30K closely
approximate the predicted spin-only values of 15 and
18.75 cm*K mol~!, corresponding to eight and ten isolated
S =% Cr* ions per formula unit. In each case, a steady rise in
MT below 30 K suggests the onset of weak ferromagnetic
coupling between paramagnetic chromium centers. The
minimum intercluster Cr---Cr separations of 8.98 and
9.27 A in the crystal structures of 1 and 2, respectively, are
significantly longer than the minimum intracluster Cr---Cr
separations of 6.64 and 6.92 A, implying that the coupling
more likely originates from superexchange within the clusters.
In contrast, a weak antiferromagnetic coupling has been
postulated to occur between chromium(iil) centers in the face-
centered cubic [(Mestacn)sCrgNig(CN),,]'?* cluster.l Al-
though well-established for [Ni(CN),]*~ and square-pyramidal
[Ni(CN);]>~,! the low-spin character of the trigonal-bipyra-
midal form of the latter complex appears not to have been
documented previously.

Two high-nuclearity chromium —nickel-cyanide clusters
with unprecedented geometries have been prepared. The
synthesis of related species utilizing paramagnetic cobalt(11)
centers in place of nickel(il) is now being explored as a
possible means of generating new single-molecule magnets.

Experimental Section

Absorption spectra were measured with a Hewlett-Packard 8453 spectro-
photometer. The IR spectra were recorded on a Nicolet Avatar 360 FTIR
spectrometer equipped with an attenuated total reflectance accessory. Mass
spectrometric measurements were performed in the positive-ion mode on a
Bruker Apex II1 7 T actively shielded FTICR mass spectrometer equipped
with an analytical electrospray ion source instrument. The water content of
each compound was verified by thermogravimetric analysis using a TA
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instrument TGA 2950. Magnetic data were collected using a Quantum
Design MPMS2 SQUID magnetometer, and were corrected for diamag-
netic contributions.

1: Solid Nil, (54 mg, 0.17 mmol) was added to a solution of [(Mestacn)-
Cr(CN);]" (72 mg, 0.24 mmol) in 20 mL of water. The deep red-brown
mixture was stirred and heated at reflux for 8 h, and the solution volume
was reduced to 4 mL with further heating. Upon cooling to room
temperature, a small amount of yellow solid was separated from the
reaction mixture by filtration. The filtrate was allowed to stand for 2 d,
leading to formation of large red-brown rhombic plate-shaped crystals,
which were collected by filtration, washed with Et,O (4 x 2 mL), and dried
in air to yield 85 mg (64 %) of product. Absorption spectrum (H,O): A4
(&,): 365 (13340), 500 nm (6295, sh); IR: 7=2143, 2171 (sh) cm™! (vcy);
ES* MS: miz: 1197331 ([1-31-27H,0]*), 886272 ([1—41—
27H,0]*"), 667.636 ([1—51—27H,0]*), 535.046 ([1—61—27H,0]°");
elemental analysis calcd for CosHay,Crgli(NyNisO,,: C 25.86, H 5.02, N
15.08; found: C 26.14, H 4.96, N 14.75.

2: A solution (20mL) of compound 1 was prepared by treating
[ (Mestacn)Cr(CN);]" (130 mg, 0.44 mmol) with Nil, (100 mg, 0.32 mmol)
as described above. Instead of allowing this solution to stand for 2d, a
solution of Na,[Ni(CN),] (410 mg, 2.0 mmol) in 12 mL of water was added,
producing a fine yellow precipitate. The mixture was centrifuged, and the
supernatant solution was decanted and allowed to stand for 3 d. The
resulting orange hexagonal plate-shaped crystals were collected by filtra-
tion, washed with THF (2 x 1 mL), and dried in air to yield 42 mg (18 % ) of
product. IR: 7= 2123, 2145, 2160 cm™! (vcy); elemental analysis calcd for
Ci44H30CroNgyNi ;0550 C 32.43, H 6.05, N 22.07; found: C 32.48, H 5.77, N
21.94.
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