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Reaction of [(PY5Me2)V(MeCN)]2+ with [M(CN)6]
3� (M =

Cr, Mo) affords the star-like clusters [(PY5Me2)4-

V4M(CN)6]
5+, exhibiting S = 9/2 ground states that are

exceptionally well-isolated in energy.

Molecular clusters possessing a high-spin ground state S with

a negative axial anisotropy D can sometimes display slow

magnetic relaxation at very low temperatures.1 In order to

raise the blocking temperatures for such single-molecule mag-

nets, it is important not just to increase the anisotropy barrier

(U = S2|D| for S even), but also to ensure that the magnetic

ground state is well-separated in energy from excited spin

states. Since this energy separation is directly proportional to

the strength of the magnetic exchange coupling within a

cluster, it is of value to develop synthetic routes to high-spin

species in which the pairwise exchange constants J between

metal centers are large in magnitude. While the use of cyanide

as a bridging ligand has led to a wide range of high-spin

clusters and even single-molecule magnets, most exhibit rather

weak exchange coupling, with |J| values below 10 cm�1.1c,2,3

One well-recognized means of achieving strong magnetic

superexchange through a cyanide bridge is via use of early,

low-valent transition metals, for which the diffuse d orbitals

can give rise to a large overlap with the p and p* orbitals of

cyanide.4 Indeed, the combination of VII (t2g
3) and CrIII (t2g

3)

metal centers in Prussian blue analogues has led to bulk

magnetic ordering temperatures well above room temperature.5

Herein, we demonstrate that such an approach can also be used

to generate high-spin clusters with large |J| values. Moreover, we

show that the replacement of CrIII with MoIII can lead to even

stronger magnetic exchange coupling, as expected for the more

diffuse wavefunctions of the 4d electrons.6

A long-established method for synthesizing discrete star-like

clusters is through the reaction of a transition metal complex

bearing a pentadentate capping ligand with a cyanometalate

complex.2a,e,f,mThe ligand 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine7,8

(PY5Me2) was selected as a capping moiety likely to ensure

magnetic isolation of the clusters and enforce an octa-

hedral coordination geometry at the encapsulated metal

center. Reaction of four equivalents of [(PY5Me2)-

V(MeCN)](CF3SO3)2 with (Bu4N)3[Cr(CN)6] in acetonitrile

afforded [(PY5Me2)4V4Cr(CN)6](CF3SO3)5 (1), while an

analogous reaction employing [(PY5Me2)V(MeCN)](PF6)2 and

Li3[Mo(CN)6]�6DMF9 gave [(PY5Me2)4V4Mo(CN)6](PF6)5 (2).y
In each case, well-formed crystals could be obtained only by

employing PF6
� as the counteranion.

X-Ray analysis of a single crystal of [(PY5Me2)4V4Cr(CN)6]-

(PF6)5 (10) revealed a structure consisting of a central

[Cr(CN)6)]
3� complex with peripheral [(PY5Me2)V]

2+ units

attached to all but two cis cyanide ligands (see Fig. 1). The

[(PY5Me2)4V4Cr(CN)6]
5+ cluster resides at the intersection of

two crystallographic mirror planes, giving rise to rigorous C2v

point group symmetry for the molecule. The coordination

geometry around the CrIII center is close to an ideal octa-

hedron, with C–Cr–C bond angles in the range 88(2)–90(3)1,

and linear Cr–CRN angles in the range 174.0(4)–180.0(3)1.

In contrast, to accommodate the steric bulk of the

[(PY5Me2)V]
2+ units, the V–NRC angles are significantly

bent (161.6(7)1 and 172.2(7)1) in a manner that pushes the VII

centers away from one another and leads to a saddle point at

the CrIII center. To our knowledge, this is the first cyano-

bridged cluster incorporating vanadium(II). Compound 2 is

isostructural to 1, featuring a [(PY5Me2)4V4Mo(CN)6]
5+

cluster with a completely analogous geometry. The main

difference between the two structures arises in the increased

metal–carbon distances associated with the slightly larger

MoIII center: Cr–C = 2.04(1)–2.066(8) Å versus Mo–C =

2.07(1)–2.19(1) Å. This represents just the second cluster

Fig. 1 Structure of the star-like clusters [(PY5Me2)4V4M(CN)6]
5+

(M = Cr, Mo), as observed for M = Mo in 2. Red, green, gray, and

blue spheres represent M, V, C, and N atoms, respectively; H atoms

are omitted for clarity. Selected mean interatomic distances (Å) and

angles (1) for M = Cr and Mo, respectively: M–C 2.053(9), 2.15(2);

V–NCN 2.058(8), 2.01(1); V–Npy 2.131(6), 2.119(8); M� � �V 5.168(2),

5.219(2); M–CRN 175.6(8), 175(4); V–NRC 161.6(7), 161(1) and

172.2(7), 173(1); C–M–C 90.0(3), 90.0(1) and 178.3(5), 178(6).
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incorporating an octahedral MoIII center, the only prior

example being [Mo2(CN)11]
5�.9

To probe the nature of the magnetic exchange coupling

within the V4Cr cluster, variable-temperature magnetic

susceptibility data were collected for 1 under an applied field

of 5 T (see Fig. 2). At room temperature, the product wMT is

7.12 cm3 K mol�1, well below the spin-only value of

9.375 cm3 K mol�1 expected for five S = 3/2 metal centers

in the absence of magnetic coupling. This, together with the

steady rise in wMT with decreasing temperature, is indicative of

strong antiferromagnetic exchange coupling, as expected

between CrIII and VII.4 Accordingly, the data above

50 K were fit using MAGFIT 3.110 and an exchange

Hamiltonian of the form Ĥ = �2JŜCr(ŜV(1) + ŜV(2) +

Ŝ(3) + ŜV(4)) to give J = �49 cm�1 and g = 1.89. Note that

a g value significantly below 2.00 is commonly observed for

octahedral VII complexes.11 At low temperatures, the wMT

data turn downward, mainly due to Zeeman splitting of the

MS levels in the presence of the applied magnetic field. Indeed,

the behavior below 50 K closely follows that expected when

taking the Zeeman splitting into account for a well-isolated

S = 9/2 ground state (as shown by the red line in Fig. 2).

The magnetic susceptibility data for 2 are analogous to

those observed for 1, but indicate even stronger antiferro-

magnetic coupling within the V4Mo cluster (see Fig. 3). Here,

a fit to the data above 50 K gave J = �61 cm�1 and g = 1.86,

corresponding to an S = 9/2 ground state that is even further

isolated in energy. Thus, the replacement of CrIII with MoIII

affords a 24% increase in the magnetic coupling strength,

consistent with the presence of more diffuse spin-containing

orbitals on the central metal ion. Note that similar increases in

coupling strength have been demonstrated upon moving down

a column in the transition series,2d,12 although never for

exchange constants of such large magnitude.

The V4Cr and V4Mo clusters exhibit by far the strongest

magnetic exchange coupling yet observed for a cyano-bridged

cluster with a non-zero spin ground state. To the best of our

knowledge, the previous record was held by the star-like

cluster [(tren)6Cu6Cr(CN)6]
9+ (tren = tris(2-aminoethyl)amine),

which displays an exchange constant of J = 22.5 cm�1 and an

S = 9/2 ground state.2e Indeed, the magnitude of the J values

observed here are eclipsed only by [(tren)2Cu2(m-CN)]3+ (J =

�88 cm�1)13 and [Mo2(CN)11]
5� (J = �113 cm�1),9 each

possessing an S = 0 ground state. Significantly, this strong

magnetic exchange results in S = 9/2 ground states that are

exceptionally well-isolated, with the lowest-lying excited levels

corresponding to S = 7/2 states that are 147 and 183 cm�1

higher in energy (see Fig. 4).

While possessing well-isolated high-spin ground states, the

V4Cr and V4Mo clusters do not exhibit substantial anisotropy

barriers. Fits to the magnetization data collected for 1 and 2

yielded axial zero-field splitting parameters of D = �0.29 and

�0.27 cm�1, respectively (see ESIw), while AC susceptibility

experiments revealed no evidence for a relaxation barrier at

temperatures down to 1.8 K. Future efforts will focus on the

synthesis of related clusters incorporating metal centers such

as CrII and MoII, for which both strong coupling and a large

orbital-based magnetic anisotropy can be anticipated.
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Fig. 2 Variable-temperature magnetic susceptibility data for 1

collected in an applied field of 5 T. The black line corresponds to a

fit to the high-temperature data resulting in J = �49 cm�1 and g =

1.89. The red line corresponds to the behavior calculated for a pure

S = 9/2 state with g = 1.90 in the absence of zero-field splitting.

Fig. 3 Variable-temperature magnetic data for 2 collected in an

applied field of 5 T. The black line corresponds to a fit to the high-

temperature data resulting in J = �61 cm�1 and g = 1.86. The red

line corresponds to the behavior calculated for a pure S = 9/2 state

with g = 1.95 and in the absence of zero-field splitting.

Fig. 4 Spin ladder showing the lowest spin energy levels for the

clusters in 1 and 2, as calculated from the fit of the magnetic

susceptibility data. The results for a previously reported cluster,

[(PY5Me2)4Mn4Re(CN)7]
5+, exhibiting weak ferromagnetic exchange

coupling (J= 2.3 cm�1), are shown at the left for comparison.2m Note

that all of the energy levels for the spin manifold of the Mn4Re cluster

are depicted.
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Notes and references

y The compound [V(MeCN)6](CF3SO3)2 has been reported
previously,14 but a somewhat modified synthesis was utilized, as
detailed below. The pentadentate ligand PY5Me2 was synthesized
in a manner analogous to that reported for PY5H2;

15 an alter-
native preparation has also been reported.7 The compounds
(Bu4N)3[Cr(CN)6]

16 and Li3[Mo(CN)6]�6DMF9 were synthesized as
previously reported. Diethyl ether and acetonitrile were passed over
alumina and degassed by three freeze–pump–thaw cycles prior to use.
THF was dried over sodium–benzophenone, and distilled under
nitrogen. All other reagents were purchased from commercial vendors
and used without further purification. Single crystal X-ray diffraction
measurements were collected on a Bruker APEX diffractometer.
Structures were solved by Patterson maps with the aid of successive
difference Fourier maps, and were refined against all data using the
SHELXTL 5.0 software package.

Synthesis of [V(MeCN)6](CF3SO3)2. A 100 mL Schlenk flask was
charged with vanadium powder (5.2 g, 0.10 mol) and cooled to 0 1C in
an ice bath. Degassed water (10 mL, 0.55 mol) was added via canula,
and the reaction mixture was stirred. Under a backflow of N2,
trifluoromethanesulfonic acid (10 mL, 0.11 mol) was added dropwise.
The reaction mixture was heated at reflux overnight. The liquids were
then removed by distillation under N2 into an acid trap filled with
KOH, leaving a green-gray solid. The solid was washed with 50 mL of
ether and the resulting solution was separated by filtration. The
remaining solid was then extracted into acetonitrile (6 � 75 mL) by
rigorously stirring the mixture for 12 h. The green acetonitrile solution
was concentrated under reduced pressure to a volume of 75 mL.
Diffusion of ether vapor into this solution yielded 9.2 g (28%) of green
crystalline product. UV-vis (MeCN) lmax, nm (e): 446(50), 615(55). IR
(cm�1): 3371, 3000, 2939, 2319, 2287, 1656, 1420, 1373, 1262, 1225,
1145, 1028, 753. Anal. Calcd for C14H18F6N6O6S2V: C, 28.24; H, 3.05;
N, 14.12. Found: C, 28.56; H, 2.95; N, 13.90.

Synthesis of [(PY5Me2)V(MeCN)]I2�MeCN. Solid PY5Me2 (1.47 g,
3.31 mmol) was added to a solution of [V(MeCN)6](CF3SO3)2 in
60 mL of acetonitrile, and the mixture was stirred for two days.
A solution of (Bu4N)I (2.69 g, 7.27 mmol) in 10 mL of acetonitrile
was added, and the mixture was stirred for another two days. The
resulting red powder was collected on a medium sintered-glass frit,
washed with THF (40 mL) and ether (40 mL), and dried under
nitrogen to yield 2.47 g (95%) of product. UV-vis (MeCN) lmax, nm
(e): 405(3600), 485(5700). IR (cm�1): 2254, 1594, 1474, 1462, 1450,
1436, 1404, 1305, 1273, 1147, 1065, 1021, 863, 790, 766, 754. ESI-TOF
MSm/z: [M]2+ 267.6. Anal. Calcd for C33H31I2N7V: C, 47.73; H, 3.76;
N, 11.81. Found: C, 47.63; H, 3.66; N, 11.73.

Synthesis of [(PY5Me2)V(MeCN)](PF6)2. A solution of TlPF6

(0.987 g, 2.82 mmol) in 3 mL of acetonitrile was added to a stirring
solution of [(PY5Me2)V(MeCN)]I2�MeCN (1.12 g, 1.35 mmol) in
14 mL of acetonitrile. After stirring for 12 h, a yellow precipitate (TlI)
was removed by filtering through Celite. Diffusion of diethyl ether
vapor into the filtrate yielded 1.09 g (94%) of red crystalline product.
UV-vis (MeCN) lmax, nm (e): 408(3600), 485(5800). IR (cm�1): 2252,
1595, 1467, 1454, 1438, 1062, 881, 829, 792, 756. ESI-TOF MS m/z:
[M]2+ 267.5. Anal. Calcd for C31H28N6F12P2V: C, 45.11; H, 3.42; N,
10.18. Found: C, 44.92; H, 3.22; N, 10.07.

Synthesis of [(PY5Me2)4V4Cr(CN)6](CF3SO3)5 (1). A yellow solution
of (Bu4N)3[Cr(CN)6] (14 mg, 0.015 mmol) in 3 mL of acetonitrile was
added to a red-purple solution of [(PY5Me2)V(MeCN)](CF3SO3)2
(50 mg, 0.060 mmol) in 3 mL of acetonitrile, affording a deep purple
solution. Diffusion of diethyl ether vapor into the solution yielded 22 g
(50%) of product as purple parallelpiped-shaped crystals. IR (cm�1):
nCN 2088. Anal. Calcd for C127H100CrF15N26O15S5V4: C, 52.04; H,
3.44; N, 12.42. Found: C, 51.72; H, 3.74; N, 12.17.

Synthesis of [(PY5Me2)4V4Mo(CN)6](PF6)5 (2). A colorless solution
of Li3[Mo(CN)6] (6 mg, 0.02 mmol) in 3 mL of acetonitrile was added
to a red-purple solution of [(PY5Me2)V(MeCN)](PF6)2 (50 mg,
0.06 mmol) in 3 mL of acetonitrile. The mixture was heated at reflux
for two days to give a purple solution. Diffusion of diethyl ether and
dichloromethane vapors into this solution afforded 17 mg (26%) of
product as purple block-shaped crystals suitable for X-ray analysis.
IR (cm�1): nCN 2100. Anal. Calcd for C128H134Cl8F30MoN26OP5V4

(2�4CH2Cl2�Et2O): C, 45.70; H, 3.48; N, 10.65. Found: C, 45.79; H,
3.29; N, 10.22.
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4 (a) W. R. Entley, C. R. Trentway and G. S. Girolami, Mol. Cryst.
Liq. Cryst., 1995, 273, 153; (b) H. Weihe and H. U. Güdel,
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