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The synthesis and characterization of two manganese(II) complexes
formally each featuring two cis-tetracyanoethylenide radical anionic
ligands (TCNE•/-) are reported. In each case, tris(pyrazol-1-
ylmethyl)amine serves as a capping ligand, blocking three facial
coordination sites. Crystal structures show that the two TCNE
anions in each molecule exhibit an intramolecular stacking
interaction that forms what can be considered a coordinated
(TCNE2)2- moiety. These molecules are presumed to be structural
models of some of the local bonding in the family of amorphous,
ferrimagnetic, M[TCNE]2‚y(solvent) coordination polymer magnets.
Magnetic measurements indicate that the (TCNE2)2- bridge is
diamagnetic and not a good mediator of magnetic exchange, a
result that might explain the observed lower ordering temperatures
in some of the polymer magnets.

In 1991, Manriquez and co-workers reported the synthesis
of the first room-temperature molecule-based magnet,
V[TCNE]2‚y(solvent).1 The assumed local structure of this
compound consists ofcis-tetracyanoethylenide (TCNE) radi-
cal anions bridging vanadium dications in a three-dimen-
sional network. Related compounds, where the vanadium ion
has been replaced by other first-row transition-metal cations,
have been described as well, with lower ordering tempera-
tures ranging from 121 to 44 K.2 However, despite the
passage of time, the physics that governs the ordering
temperature in these coordination polymers is still not well-
understood and the highest ordering temperature has not been
increased above that of the original compound. One reason
for this lack of progress is the paucity of direct structural
information due to the amorphous nature of these materials.
Except for recently reported XANES/EXAFS data that
suggest a six-coordinate octahedral environment about the
vanadium 2+ cation,3 there is only inference based on IR

spectroscopy, compounds with twotrans-TCNE ligands (vide
infra), and chemical intuition.

To address this issue, we have sought to construct discrete
molecular species such as squares and cubes featuring
multiple tetracyanoethylene radical anions (TCNE•/-) as
edges and spin-bearing transition cations as corners. These
should serve as both structural and magnetic model com-
pounds of the coordination polymer magnets. As an ad-
ditional reason for this work, nanoscopic single-molecule
magnets are of current interest and radical-anion-bridged
species, such as those we are targeting, represent an
alternative approach to cyanide-bridged and oxo/carboxylato-
bridged structures.

We report here the synthesis and structural characterization
of two six-coordinate manganese(II) complexes with twocis-
TCNE radical anions whose structures shed light on the
possible bonding modes and the mechanism of magnetic
coupling in magnetic coordination polymers. In particular,
we note the strong propensity for the radicals to dimerize,
intramolecularly, to give diamagnetic species that are ap-
parently incapable of mediating significant magnetic com-
munication. These results suggest that the prevailing picture
of the local bonding in the M[TCNE]2 magnets based on
isolated TCNE radicals might be incomplete.

Although pseudo-one-dimensional coordination polymers
containing twotrans-TCNE•/- ligands are well-known,4 the
analogous cis complexes are unprecedented. Somewhat
related, Ballester and co-workers have reported the pseu-
dooctahedral complex [Ni(trien)(TCNQ)2], where trien)
1,4,7,10-tetraazadecane, which contains nonbridgingη1-cis-
TCNQ (7,7,8,8-tetracyanoquinodimethane) ligands.5 Deriving
inspiration from preparations of molecular squares found in
the literature6 and other sources,7 we identified tris(pyrazol-
1-ylmethyl)amine, amtp, as a good choice for the ancillary
capping ligand because of its simple synthesis, its charge
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neutrality (which should favor coordination of additional
ligands), and its ability to perform as a multidentate ligand,
leaving cis coordination sites open for TCNE•/- ligation.
Manganese was chosen because complexes with amtp were
known and because the magnetic properties of octahedral
manganese(II) are easily interpreted.

The reaction8 of Mn(ClO4)2 and amtp in acetonitrile yields
an intermediate believed to be Mn(amtp)(S)2(ClO4)2, where
S ) CH3CN or H2O by analogy to known compounds.7b

Subsequent reaction with K[TCNE]9 in acetonitrile and
crystallization by slow diffusion of diethyl ether into this
solution gives Mn(amtp)(CH3CN)(TCNE)2 (1) as a mixed
solvate.10

X-ray diffraction has been used to characterize1,11 which
exhibits a tridentate amtp ligand and a coordinated aceto-
nitrile ligand. It also contains the desired twocis-TCNE•/- anions (Figure 1). Curiously, the two TCNE•/- ligands are

not orthogonal to each other but are instead essentially
eclipsed andπ-stacked. Such a relationship has previously
been reported for uncoordinated (TCNE)2

2- and for (TCNE)22-

coordinated to non transition metals,12 where an argument
has been made for the existence of a four-center, two-electron
bond.1 The NTCNE-Mn-NTCNE angles are 77.81(10)° and
77.48(10)° for the two unique molecules in the unit cell. The
mean-plane separations between the TCNE ligands are
between 3.021(7) and 3.259(8) Å, comparable to C-C
distances previously reported for this species when uncoor-
dinated.13 Additionally, the packing diagram indicates ap-
parently weaker intermolecularπ interactions between TCNE
radical anions as well, forming a crude infinite stack (Figure
S1 in the Supporting Information).

The IR spectrum for1 also confirms the existence of a
π-(TCNE)22- dimer. Absorption peaks at 2195, 2174, and
2154 cm-1 are observed in the nitrile CtN stretching
region.13

Attempts to prepare a tetranuclear molecular square have
so far been unsuccessful. Instead, the corresponding dinuclear
species, [Mn(amtp)(CH3CN)]2(µ-TCNE)2(ClO4)2 (2), is iso-
lated from the reaction mixture, using essentially the same
synthetic method, only varying the solvent.14

The crystal structure (Figure 2) indicates that2 contains
(formally) a pair of trans-bridging TCNE•/- radical anions,
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Figure 1. 50% thermal ellipsoid plot of1 with eclipsed TCNE ligands.
Hydrogen atoms and the solvent of crystallization are omitted for clarity.
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connecting two manganese(II) centers.11 As with the mono-
nuclear species, the N-Mn-N bond angles to the bridging
ligands similarly deviate significantly from 90° [77.3(3)°]
because of the intramolecularπ stacking of the TCNEs. The
intramolecular mean-plane distance between TCNE radicals
is 3.08(2) Å, again indicating dimerization to form a
(TCNE)22- species.

Given these two structures, we next investigated their
magnetic properties. Uncoordinated (TCNE)2

2- has previ-
ously been reported to be diamagnetic, but its ability to
mediate superexchange between two spin centers is of critical
importance if it exists in the coordination polymer magnets
to any great extent. Using a Quantum Design MPMS SQUID
magnetometer in an applied field of 5000 G, the magnetic
properties of 1 and 2 were determined. The magnetic
properties15 of 1 (Figure 3) are characteristic of high-spin,
spin-only manganese(II) withg ) 2.0 (øTcalc ) 4.38 emu‚
K/mol; øT300 K ) 4.43 emu‚K/mol) with no contribution from
the TCNE•/- radical and no significant intermolecular
interactions. This result supports the idea of a diamagnetic
(TCNE)22- moiety.

The corresponding dinuclear species,2 (Figure 4), also
exhibits essentially temperature-independentøT vsT; the data
are consistent with two independent manganese(II) centers
(øTcalc ) 8.75 emu‚K/mol, assumingg ) 2.0;øT300 K ) 8.81
emu‚K/mol). On the basis of a diamagnetic (TCNE)2

2-

bridge, it is not surprising that there is evidence for only
very weak intramolecular magnetic coupling between the two
manganese(II) centers.

The flexibility of the tridentate amtp ligand is probably
important from a geometric perspective for allowing the
formation of the (TCNE)22- dimer in these complexes. The
three N-Mn-N bond angles from the ancillary ligand range
from 99.65° to 110.65° and average 105.4°, rather than the
ideal 90°. In some sense, this “allows” the N-Mn-N angle
involving the two TCNE•/- ligands to be small enough to
achieveπ stacking. It is possible that a more rigid ancillary
ligand that more nearly enforced 90° angles would not allow
the dimer to form intramolecularly. However, in the
M[TCNE]2 magnets, there are no ancillary ligands, so it
seems likely that the (TCNE)2

2- dimer should exist in the
three-dimensional polymers. In the corresponding known
magnetic polymers withtrans-TCNE radical anions, the
presence of the tetraazamacrocycle prevents the formation
of an intermolecular dimer.4

Clearly, these results show that the (TCNE)2
2- dimer

represents a potential “weak link” to long-range magnetic
order. Perhaps the coordination environment around man-
ganese(II) is somehow very different from that of vanadium-
(II), such that the latter avoids the formation of (TCNE)2

2-

dimers, thus explaining whyTc is higher for the vanadium
coordination polymer than for the corresponding manganese
compound. In any case, the model of the polymer magnets
that consists of an idealized network of bridging (isolated)
radical anions between transition-metal cations should be
reevaluated.
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(15) All magnetic measurements were performed on a 7-T Quantum Design
MPMS SQUID magnetometer. Measurements of magnetization as a
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Figure 2. 30% thermal ellipsoid plot of2 showing eclipsed bridging TCNE
ligands. Hydrogen atoms and perchlorate ions are omitted for clarity.

Figure 3. øT vs T plot for 1.

Figure 4. øT vs T plot for 2.
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