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One-Pot Synthesis of a New Magnetically Coupled Heterometallic

Cu2Mn2 [2� 2] Molecular Grid
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The heterometallic [2 � 2] grid-type complex [Cu2Mn2(pop)4-
(OAc)4] 3 7H2O (1) has been selectively synthesized in a targeted
one-pot reaction. Single-crystal X-ray analysis shows the expected
structure with identical metal ions located at diagonal vertices of the
grid. Magnetochemical studies reveal that 1 has a ferrimagnetic
spin ground state with some admixture of low-lying excited states.

Molecular grid-type complexes attract considerable atten-
tion as an interesting class of compounds in the area of
nanoscale materials.1 Numerous [n � n] and [n � m] grids
(where n and m=2-5) containing paramagnetic metal ions
have been prepared to date that may exhibit interesting opti-
cal and magnetic properties including spin crossover.2-8

Antiferromagnetic coupling has been observed in almost all
cases except some CuII-containing [2 � 2] molecular grids,
where, because of the orthogonal arrangement of the dx2-y2

magnetic orbitals, ferromagnetic exchange interaction is
realized.9-11 An attractive strategy for the preparation of

“nonzero ground-state” grid complexes is the synthesis of
heterometallic complexes that contain metals with different
numbers of unpaired electrons, giving a ferrimagnetic situa-
tion. Previous efforts in this direction have resulted in the
preparation of few mixed-metal exchange-coupled clusters
such as Ni2Fe2 or Fe3Cu1.

12,13 Some examples of hetero-
metallic [2� 2] grids with diamagnetic metal ions have also
been reported.14,15 In almost all of these cases, a two-step
synthetic procedure has been applied, either viamononuclear
complexes in the first step or by use of ligands with easily
eliminated blocking groups. Most compartmental ligands
used in this respect are symmetrical or have two rather similar
binding pockets. However, nonsymmetric ligand strands
with two pockets of different donor strength can clearly
simplify the synthetic procedure and lead to mixed-metal
grid complexes directly.
This report describes the one-pot synthesis of a new Cu2-

Mn2 [2�2] gridlike exchange-coupled cluster basedon the easy-
to-prepare nonsymmetric ligand strand 2-(hydroxyimino)-
N0-[1-(2-pyridyl)ethylidene]propanohydrazone (Hpop;Chart1),
which provides two distinct donor compartments: a triden-
tate {N2O} site16 and a bidentate {NO} site.
It was shown previously that Hpop is a good precursor for

[2 � 2] molecular grids that may feature supramolecular
isomerism with respect to the disposition of tridentate and
bidentate donor sets in the grids.11 This prompted us to ex-
plore the possibility of obtaining mixed-metal complexes in a
controlledway.The system2Hpop-Cu(OAc)2-Mn(OAc)2-
2KOH in a MeOH/H2O solution was thus monitored by
electrospray ionization mass spectrometry (ESI-MS). The
most predominant pattern observed in the ESI-MS spectrum
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could be assigned to the tetranuclear heterometallic species
{[Cu2Mn2(pop)4(OAc)4] þ K}þ (m/z 1389.10; Figure S1 in
the Supporting Information), while no signals corresponding
to any homometallic polynuclear species were observed. This
suggested that a simple one-pot reaction should directly lead
to the Cu2Mn2 [2� 2] grid system as the preferred product,
and indeed a mixture of Cu(OAc)2 3 2H2O (1 mmol) and
Mn(OAc)2 3 4H2O (1 mmol) with Hpop (2 mmol) and KOH
(2 mmol) in a MeOH/H2O solution afforded yellow-green
single crystals of [Cu2Mn2(pop)4(OAc)4] 3 7H2O (1) in 72%
yield.
The complex molecule in 1 has the anticipated [2 � 2]

gridlike topology with two pairs of parallel ligand strands, as
revealed by X-ray crystallography (Figure 1). The four metal
ions are bridged by the hydrazoneO atoms, with two of those
bridging O atoms (O1 and O9) located above the Cu2Mn2
meanplane and the twoothers (O5andO13) locatedbelow it.
This results in a boatlike overall arrangement (Figure S2 in
the Supporting Information).Metal ions of the same kind are
located at opposite vertices of the M2M

0
2 tetragon.

The overall structure 1 is similar to that reported for homo-
metallic [Ni4(pop)4(HCOO)4] 3 7H2O:11 the pop ligand strands
are oriented in a “head-to-head” arrangement at the Cu2þ

sites and “tail-to-tail” when coordinated to Mn2þ (the terms
“head” and “tail” refer to tridentate and bidentate donor
pockets, respectively). Two different types of coordination
polyhedra are thus realized in the grid: Cu{N4O2} and Mn-
{N2O4}. The former are best describedas square-bipyramidal
([4 þ 2]) where axial positions of the Cu2þ ions are occupied
by N5/N13 from the pyridine groups and O5/O13 from the
hydrazone groups of the same pop ligands. Jahn-Teller axes
of the Cu2þ polyhedra are almost parallel to each other [the
dihedral angle between equatorial planes is 15.6(2)�]. Mn-
{N2O4} polyhedra are distorted octahedra formed by two
N atoms belonging to the oxime groups, two O atoms from
the hydrazone groups, and two O atoms from the coordi-
nated exogenous acetate anions. All bond lengths (Table S1
in the Supporting Information) are in the usual range for six-
coordinate Cu2þ and Mn2þ complexes with hydrazone and
pyridine ligands.11,17

Each pop ligand forms three five-membered chelate rings.
Additional seven-memberedpseudochelate rings are foundat
theMn{N2O4} polyhedrabecauseof an intramolecular hydro-
gen bond between the oxime group and the nearby acetato
O atom. Cu 3 3 3Mn separations between neighboring metal
ions in the grid are very similar and close to 4 Å; Cu-O-Mn
angles fall in the range 133-135�.
Selective formation of the heterometallic Cu2Mn2 grid

structure is probably favored for thermodynamic reasons.
One may suggest that all possible mononuclear Cu2þ and
Mn2þ 1:2 species are initially formed in the reaction mixture,
with different arrangements of Hpop around the central
metal ions: “head-to-head”, “head-to-tail”, and “tail-to-tail”.
The first type should be the most stable because each Hpop

ligand forms two chelate rings. The stability ofCu2þ-containing
“head-to-head” complexes is higher in comparison with
Mn2þ species because of the crystal-field stabilization energy
(þ0.6Δoct). Thus, one may assume that the Cu2þ “head-to-
head” 1:2 complex is the primary building block that is then
associated byMn2þ ions in the final [2�2] gridlike structure.
A more detailed study of the mechanism of grid formation in
these systems is in progress.
The magnetic properties of 1 are shown in Figure 2 as the

temperature dependence of χMT. The value of χMT at room
temperature is 9.95 cm3 K mol-1, i.e., close to the spin-
only value for two S=5/2 Mn2þ and two S=1/2 Cu

2þ ions
that are uncoupled (9.50 cm3 K mol-1). The signature of the

Chart 1. Structure of Hpop

Figure 1. ORTEP-3 projection of the complex molecule in 1 (blue, N;
red,O; gray,C).H atomsare omitted for clarity (40%probability thermal
ellipsoids).

Figure 2. Magnetic data for 1. The solid line represents the best curve fit
(see the text), the dashed line shows a calculated curve for the “dimer-
only” model (J2=0), and the dash-dotted line represents a J2>0 model.
The inset shows a schematic drawing of the arrangement of Mn2þ and
Cu2þ magnetic orbitals in 1.
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χMT vs T plot is typical for compounds with a ferrimagnetic
ground state: intramolecular antiferromagnetic coupling
causes χMT to drop as the temperature is lowered, but the
χMT curve goes through aminimum at 12K and rises at even
lower temperatures. This characterizes a mixed-metal tetra-
nuclear systemwith nonzero total spin (the expected χMT value
for an ST = 4 ground state is 10.00 cm3 K mol-1).18,19

Experimental magnetic data for 1 were simulated based
on the appropriate Hamiltonian for isotropic exchange and
Zeeman splitting (S1=S3=

1/2, S2=S4=
5/2), which invol-

ves two parameters J1 (corresponding to magnetic coupling
between Cu1-Mn2 and Cu2-Mn1) and J2 (coupling be-
tween Cu1-Mn1 and Cu2-Mn2).

Ĥ ¼ - 2J1ðŜ1 3 Ŝ2 þ Ŝ3 3 Ŝ4Þ - 2J2ðŜ2 3 Ŝ3 þ Ŝ1 3 Ŝ4Þ

þ
X4

i¼1

giμBBŜiz

The presence of two different exchange pathways is ratio-
nalized by the structural features and the resulting arrange-
ment of themagnetic orbitals (inset inFigure 2).As described
above, the elongated Jahn-Teller axes of Cu1 and Cu2 that
represent the orientation of the nonmagnetic dz2 orbitals can
be identified along the N5 3 3 3O5 andN13 3 3 3O13 directions.
Exchange along this pathway (J2) is not very efficient but

cannot be neglected because the arrangement of themagnetic
d orbitals of Cu2þ and Mn2þ is not strictly orthogonal (the
dihedral angles between {Cu1, O1, N1, N2, N6} and {Mn1,
O9, O11, N8, N12} as well as {Cu2, O9, N9, N10, N14} and
{Mn2, O1, O3, N4, N16} mean planes are 16.7(2)� and
16.1(2)�, respectively). This can be expected to result in some
antiferromagnetic coupling along the J2 pathway. In con-
trast, exchange interaction between Mn1-Cu2 and Cu2-
Mn1 is mediated via σ overlap of the magnetic dx2-y2 orbitals
of Cu2þ with magnetic Mn2þ orbitals, which gives rise to a
much stronger coupling (J1). In essence, the Mn2Cu2 grid 1
can be viewed as a “dimer of dimers”.
Simulation of the experimental data20 gave gav=2.08, J1=

-7.49 cm-1,J2=-0.58 cm-1,TIP=0.65�10-4 cm3Kmol-1,
F = 0.5% (S = 2.5) (TIP = temperature-independent
paramagnetism; F=Curie-behaved paramagnetic monomer

impurities). The best fit is illustrated as the solid line in
Figure 2. Simulations for a “dimer-only” model (J2= 0) or
assuming ferromagnetic exchange along the J2 pathway (J2=
þ0.58 cm-1) does not properly reflect the experimental curve
(dashed and dash-dotted lines in Figure 2).
Field-dependent magnetization studies have been carried

out at 2 K and showedM rising steeply to a value of 7.85Nβ
at 5 T (Figure S3 in the Supporting Information). Variable-
field variable-temperature magnetization data do not show
any significant zero-field splitting. Our efforts to fit the data
using the appropriate Brillouin function led to gav=1.95 and
S=4 (2K)whenSwas fixed or gav=2.07 and S=3.75 (2K)
when gave was fixed. The latter S value is smaller than
expected from a vector coupling scheme for the Cu2Mn2
cluster with a ferrimagnetic ground state (S=4) because of
the presence of unequal exchange pathways (|J1|. |J2|) and
may be a result of the mixing of ground and excited states
with different multiplicities even at low values of the external
magnetic field (Figure S4 in the Supporting Information).
In summary, the mixed-metal [2� 2] grid complex 1 has

been selectively synthesized in a simple one-pot procedure.
All structure-directing information is contained in the pop
ligand that features two distinct sets of donor compartments,
preset for the different metals. This illustrates a simple route
for obtaining ferrimagnetic heterometallic gridswith nonzero
total spin, which may become useful precursors of novel
molecularmagneticmaterials. 1 has the anticipated ferrimag-
netic spin ground state with some admixture of low-lying
excited states. The presence of exogenous labile acetate ligands
as well as noncoordinating oxime O atoms adds another
interesting aspect to these particular gridlike complexes
because assembly of the M2M

0
2 entities into high-nuclearity

or two-dimensional extended compoundswith [2�2] gridlike
building blocks may become possible via these sites. The
recent isolationof a pop-basedNi12 complex that is composed
of three [2�2] Ni4 subunits encourages further investigations
in that direction.21
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