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The recent observations of slow magnetic relaxation1 and
quantum tunneling of the magnetization2 in certain transition metal
clusters have bolstered interest in the synthesis of new high-spin
molecules. Of particular interest to us are metal-cyanide cluster
systems, which offer the possibility of adjusting critical ground-
state magnetic properties through the substitution of different
transition metal ions into a known cluster geometry.3 With the
expectation of enhancing the magnetic anisotropy in high-spin
species incorporating [(Me3tacn)Cr(CN)3] (Me3tacn ) N,N′,N′′-
trimethyl-1,4,7-triazacyclononane),3abwe have pursued the synthesis
of [(Me3tacn)V(CN)3]. In so doing, a reaction was discovered
wherein the oligomerization of cyanide leads to formation of a
tetracyanide-bridged dinuclear complex, [(Me3tacn)2V2(CN)4(µ-
C4N4)]. Here, we report the preparation and magnetic properties
of this unusual molecule, which exhibits strong antiferromagnetic
coupling that switches to strong ferromagnetic coupling upon
reduction by one electron.4

Our approach to synthesizing the intended tricyanide complex
followed a method previously employed in generating analogous
complexes:3ac the substitution of cyanide for triflate. Under a
dinitrogen atmosphere, LiCN‚DMF5 (0.49 g, 4.6 mmol) was added
to a solution of [(Me3tacn)V(CF3SO3)3]6 (1.0 g, 1.5 mmol) in 3
mL of DMF. The solution was stirred at room temperature,
gradually changing color from dark blue to yellow-brown to red-
brown over the course of 3 h. After 3 days of stirring, a dark red
precipitate was collected by filtration and washed with successive
aliquots of DMF (0.5 mL), THF (3 mL), and ether (3 mL). In air,
a solution of the solid in 100 mL of hot water was filtered, and the
filtrate was concentrated to a volume of 5 mL. The ensuing dichroic
red-green crystals were collected by filtration, washed with 5 mL
of THF, and dried in air to afford 0.15 g (19%) of [(Me3tacn)2V2-
(CN)4(µ-C4N4)]‚2H2O (1‚2H2O).7

Red-green block-shaped crystals of1‚2.5DMF suitable for X-ray
analysis8 were obtained by allowing the reaction mixture to stand
for 4 days without stirring. Figure 1 (upper) depicts the structure
of the unexpected dinuclear complex, [(Me3tacn)2V2(CN)4(µ-C4N4)],
in which two pseudooctahedral VIV centers are linked through a
tetracyanide bridge. Presumably arising from the oligomerization
of four cyanide units, the C4N4

4- bridging moiety can be viewed
as the quadruply deprotonated form of diaminofumaronitrile. The
short V(1)-N(1) distance of 1.721(5) Å is consistent with an imido
type linkage, suggesting, together with the interatomic distances
and angles observed within the tetracyanide bridge (see legend of
Figure 1), significant contributions from the resonance structures
depicted in Scheme 1.

The oligomerization of HCN has been widely studied, owing to
its putative role in the prebiotic synthesis of purines, pyrimidines,
and amino acids.9 The involvement of transition metals in promoting

such processes, however, is less well-known. Most pertinently, the
reductive coupling of acetonitrile in the presence of MCl4 (M )
Nb, Ta) leads to dinuclear MV-MV products with a bridging ligand
related to that in1 through replacement of the terminal nitriles with
methyl groups.10 In addition, photolysis of [Mn(CN)6]2- has been
found to generate small amounts of the oxidized oligocyanides
C4N4

- and C12N12
2-,11 although, to our knowledge, no such

reactions have yet led directly to bridged multinuclear species.
The conjugated pathway provided by the bridging tetracyanide

ligand leads to strong antiferrromagnetic exchange coupling between* Address correspondence to this author. E-mail: jlong@cchem.berkeley.edu.

Figure 1. Structures of [(Me3tacn)2V2(CN)4(µ-C4N4)] (upper) and [(Me3-
tacn)2V2(CN)4(µ-C4N4)]1- (lower), as observed in1‚2.5DMF and2‚4MeCN;
H atoms are omitted for clarity. Both molecules reside on a crystallographic
inversion center. Selected interatomic distances (Å) and angles (deg) from
1‚2.5DMF and2‚4MeCN, respectively: V(1)-N(1) 1.721(5), 1.740(4);
V(1)-C(3) 2.129(7), 2.132(6); V(1)-C(4) 2.122(8), 2.141(6); V(1)-N(5)
2.252(5), 2.285(4); V(1)-N(6) 2.178(5), 2.213(4); V(1)-N(7) 2.168(5),
2.197(4); N(1)-C(1) 1.359(8), 1.356(7); C(1)-C(2) 1.48(1), 1.55(1); C(1)-
C(1′) 1.34(1), 1.31(1); C(2)-N(2) 1.142(9), 1.129(6); C(3)-N(3) 1.125-
(8), 1.165(6); C(4)-N(4) 1.148(8), 1.153(7); V(1)‚‚‚V(1′) 7.114(2), 7.152(2);
N(1)-V(1)-C(4) 92.6(2), 95.4(2); N(1)-V(1)-N(7) 100.0(2), 97.1(2);
N(1)-V(1)-N(5) 177.8(2), 174.5(2); C(3)-V(1)-C(4) 88.9(3), 90.4(2);
V(1)-C(4)-N(4) 177.2(6), 178.5(5); V(1)-N(1)-C(1) 161.9(5), 175.2-
(5); N(1)-C(1)-C(1′) 126.4(8), 131(1); N(1)-C(1)-C(2) 117.1(5), 119.7-
(6); C(1)-C(2)-N(2) 175.8(8), 169.6(6).

Scheme 1. Some Resonance Forms of the Tetracyanide Bridge
in 1
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the two VIV centers in1‚2H2O (see Figure 2). At 295 K,øMT is
0.550 cm3 K/mol, well below the value of 1.00 cm3K/mol predicted
for two uncoupledS) 1/2 ions withg ) 2.00. As the temperature
is lowered,øMT decreases steadily, approaching the value of zero
expected for anS) 0 ground state. The residual moment of 0.044
cm3 K/mol at 5 K is attributed to the presence of a small amount
of an unidentified paramagnetic impurity. The best fit to the data,
obtained with use of MAGFIT 3.112 and an exchange Hamiltonian
of the form Ĥ ) -2JŜV(1)‚ŜV(2), givesJ ) -112 cm-1 and g )
1.83.

The cyclic voltammogram of1 in MeCN displays a reversible
wave corresponding to the [(Me3tacn)2V2(CN)4(µ-C4N4)]0/1- couple
at E1/2 ) -1.098 V (∆Ep ) 74 mV) versus [FeCp2]0/1+. A second
reduction occurs irreversibly at-2.327 V. The large separation
between these two reduction eventssuggeststhat delocalization of
the extra electron between the two vanadium centers leads to Class
III mixed-valence behavior in [(Me3tacn)2V2(CN)4(µ-C4N4)]1- with
the remarkably high comproportionation constant ofKc ≈ 1020.13

The reduced monoanion was prepared in bulk via chemical
reduction. Under a dinitrogen atmosphere, solid CoCp2 (0.11 g,
0.58 mmol) was added to a solution of1 (0.10 g, 0.15 mmol) in 10
mL of MeCN. The resulting violet solution was stirred for 30 min,
after which a small amount of dark solid was separated by filtration
and washed with 20 mL of MeCN. Addition of 150 mL of ether to
the filtrate produced a violet precipitate, which was collected by
filtration, washed with ether, and dried under dinitrogen to yield
0.11 g (87%) of (CoCp2)[(Me3tacn)2V2(CN)4(µ-C4N4)] (2).14 The
IR spectrum of2 reveals no splitting in the lowest energyνCN band,
which we attribute to stretching of the metal-bound cyanide ligands.
This observation lends further support to a delocalized description
of the electronic structure, in which each metal center is best viewed
as V3.5+ on the vibrational time scale.

Diffusion of ether into a concentrated solution of2 in MeCN
afforded dark red block-shaped crystals suitable for X-ray analysis.8

A striking difference between the structures of the reduced and
neutral complexes (see Figure 1) lies in the rotation of the planar
tetracyanide bridge by∼90°. More subtle differences are apparent
in the interatomic distances and angles, as compared in the legend
of Figure 1; most notably, the V(1)-N(1)-C(1) angle becomes
more linear upon reduction.

Delocalization of the additional electron in the reduced complex
leads to dramatically different magnetic properties for compound
2 (see Figure 2). Here, the value oføMT varies little with
temperature, and is 1.682 cm3K/mol at 295 K. This behavior
indicates a well-isolatedS ) 3/2 ground state, with essentially no
population of spin-excited states at room temperature. The slight
attenuation oføMT with decreasing temperature is consistent with

the effects of temperature-independent paramagnetism and, at lower
temperatures, zero-field splitting. Thus, resonance exchange of the
extra electron between symmetry-equivalent vanadium centers
appears to overwhelm the antiferromagnetic Heisenberg exchange
interaction (|B| . |J|),15 leading to strong ferromagnetic coupling
in [(Me3tacn)2V2(CN)4(µ-C4N4)]1-.16,17

The foregoing results evoke a mechanism for generating high-
spin mixed-valence species with ground-state properties that persist
up to room temperature. Efforts to synthesize higher-nuclearity
clusters incorporating tetracyanide and related bridging ligands are
ongoing.
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Figure 2. Magnetic behavior of compounds1‚2H2O (circles) and2
(triangles) in applied fields of 20 and 10 kG, respectively. The solid line
represents a fit to the data for1‚2H2O, calculated withJ ) -112 cm-1,
g ) 1.83, TIP) 350 × 10-6 cgsu/mol, andP ) 0.038.
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