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The crystallization of polynuclear aqua ions continues to be
a challenging problem. One of the more successful methods
has been a supramolecular approach which uses aromatic
sulfonates as counterions.1-4 It relies on the formation of layers
of the aqua cations and water molecules which are stabilized
in their H-bonded network by suitably oriented layers of the
sulfonate anions. The hydrophobic ends of the anions serve to
separate adjacent layers of the cations and thus aid crystalliza-
tion. The utility of this method has been demonstrated by the
crystallization and X-ray structure elucidation of several sulfur-
bridged aqua ions5 and some oxo- and hydroxo-bridged aqua
ions, including some binuclear ions1-3,6 and a Mo(IV) trimer.4

Although studies of the polymerization of Cr3+ 1,7and Rh3+ 2,8

have led to the isolation of several oligomers, attempts to crys-
tallize oligomers with higher nuclearity than dimeric have been
unsuccessful, even with sulfonate counterions. Described here
is an extension of the supramolecular approach which can be
widely applied in the crystallization of such ions. It relies on
the introduction of noncoordinating macrocycles with donor
atoms capable of H-bonding to ligated water, thus modifing the
H-bonding network that surrounds the ions in solution. The
cocrystallization of the Cr(III) dimer mesitylene-2-sulfonate1

with 18-crown-6 is reported here together with the profound
effect of modifying the H-bonded network on the magnetic ex-
change properties of the dimer in comparison to the parent sys-
tem. Although supramolecular inorganic chemistry is of topical
interest9,10 and adducts of transition metal ions exist with H-
bonds between the crown ethers and ligated water, e.g. [Mn-
(H2O)6](ClO4)2‚18-crown-6,11 the Cr(III) dimer adduct is the
first example of a polynuclear aqua ion incorporating such
interactions.
Crystals of [Cr2(µ-OH)2(H2O)8][(H3C)3C6H2SO3]4‚C12H24O6‚

3H2O (1) were obtained from aqueous solutions containing 18-
crown-6 and the dimer mesitylene-2-sulfonate.12 IR bands at
959 and 1355 cm-1 confirmed the presence of 18-crown-6 in
the product; other bands were masked by those of the sulfonate.
X-ray diffraction analysis13 showed that dimer was present in

the product, as in the parent mesitylate,1 but had now been
immobilized between sheets of 18-crown-6 molecules with the
dimer cations being further separated by the sulfonates (Figures
1 and 2).
Figure 2 shows the H-bonded network of1 including the

interactions of 18-crown-6 molecules with adjacent dimer units.
Additional H-bonding to water of crystallization was present
in the parent mesitylate.1 While the Cr-O distances within the
dimer cation are similar to those in the parent mesitylate, there
are distinct differences. In particular, the Cr2O2 bridging unit
in the 18-crown-6 adduct is asymmetric. The Cr-O distance
and Cr-O-Cr angle for O(5){1.925(2) Å and 101.0(1)°} are
different from those for O(6){1.952(2) Å and 99.2(1)°}. The
Cr‚‚‚Cr distance in the 18-crown-6 adduct is slightly shorter
(2.970 Å vs 3.006 Å). A smalltrans influence is evident from
the Cr-O(OH2) distancestransto the bridging hydroxides; viz.,
the bondtransto the shorter Cr-(µ-OH) bond is slightly longer
than thattrans to other Cr-(µ-OH) bond. The interactions
between the 18-crown-6 molecules and the dimer are of interest
from the point of view of the general application of such
molecules in the crystallization of polynuclear aqua ions. Three
moderately strong H-bonds (O-H‚‚‚O) are observed between
each crown ether and the two ends of the dimer. These
H-bonds, found between O1 and O54/O56, O3 and O52, O7
and O55, and O9 and O51/O53 (Figure 2), are in the range
2.7-2.82 Å (O‚‚‚O distance) and average 2.75 Å. They are
slightly weaker in strength than H-bonding interactions between
the dimer and water of crystallization (average 2.67 Å) and
between the dimer and sulfonate ions (average 2.66 Å).
Notably, the interactions between coordinated water and 18-
crown-6 are stronger in1 than in [Mn(H2O)6](ClO4)2‚18-crown-
6, where the corresponding O-H‚‚‚O(18-crown-6) distances
were 2.8-3.1 Å.11

The parent complex, [Cr2(µ-OH)2(H2O)8][(H3C)3C6H2SO3]4‚
4H2O, is notable for the ferromagnetic nature of exchange
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coupling observed in crystalline samples, the positiveJ value
being ascribed to intradimer coupling with weak interdimer
coupling also proposed.14 We recently studied the magnetism
of the Rh-Cr analogue15 and now believe that ferromagnetic
coupling in this and the Cr-Cr complex is actually intermo-
lecular in origin and transmitted between dimersVia H-bonded
water pathways. This is given further credence in the present
study, where intramolecular antiferromagnetic coupling of the
Cr(III) centers, within each dimer, is clearly evident in theø vs
T plot (Figure 3). An excellent fit of the data to theS) 3/2
Heisenberg dimer susceptibility equation

ø (per Cr)) Nâ2g2

kT
14+ 5 exp(-6J/kT) + exp(-10J/kT)

7+ 5 exp(-6J/kT) + 3 exp(-10J/kT) + exp (-12J/kT)
where the parameters have their usual meaning, gaveg ) 1.99
andJ ) -5.7 cm-1. The value ofJ (the isotropic exchange
parameter equals half the separation between theS) 0 andS
) 1 levels) is typical for hydroxo-bridged Cr(III) systems.16

Calculations ofJ based on the Glerup, Hodgson, and Pedersen
model16 gaveJ ) -2 cm-1 for a Cr-O distance of 1.925 Å,

bridging angle (θ) of 101°, and tilt angle (φ) of 53° andJ )
-1 cm-1 for a Cr-O distance of 1.953 Å,θ ) 99.2(1)°, andφ
) 62°. These values are in fair agreement with the measured
values (further comparisons of calculated and measuredJ values
for hydroxo-bridged Cr(III) systems are given in ref 16). A
comparison of the magnetic behaviors of the two forms of dimer
indicates that individual dimer units in the 18-crown-6 adduct
are magnetically isolated and that interdimer H-bonded water
pathways, responsible for ferromagnetic coupling in the parent
complex, have been “closed off”. Although in the 18-crown-6
adduct a H-bonded pathway exists for potential intermolecular
interactions along theb axis (parallel to the crown ethers; Figure
2), pathways involving the ends of each dimer and water of
crystallization, present in the parent complex, have been replaced
by interactions with the 18-crown-6 molecules. Fine details of
this novel effect are being elucidated, but it appears that H-
bonded pathways emerging from the ends of the dimer, rather
than from the "bridging groups", are responsible for the
ferromagnetic behavior of the parent complex and, by inference,
the isostructural complex, [CrRh(µ-OH)2(H2O)8][(H3C)3C6H2-
SO3]4‚4H2O.3

In recent years, there have been a number of reports of anti-
ferromagnetic exchange interactions in Cr(III) complexes which
are mediated through H-bonding interactions.17 The contrasting
behaviors of the Cr(III) dimer mesitylate14 and its 18-crown-6
adduct provide strong evidence for the proposal that ferromag-
netic interactions can also be mediated through H-bonded
networks. In view of this finding, the weak ferromagnetism in
Na4[Cr2(µ-OH)2(malonato)4]‚5H2O18 could also arise through
H-bonding interactions involving water of crystallization.
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Figure 1. ORTEP diagram and atomic labeling scheme of1 (with
20% thermal ellipsoids). Molecules labeled A-E have been transformed
through the following symmetry operators: (A) 1+ x, y, z; (B) 1 + x,
1 + y, z; (C) -x, 2- y, - z; (D) x, 1+ y, z; (E) 1- x, 1- y, 1- z.

Figure 2. View of 1 showing H-bonding interactions between the dimer
cation and the 18-crown-6 molecules and extending through the waters
of crystallization to adjacent dimers.

Figure 3. Experimental and fitted (solid line; parameters in text)
temperature dependence of the molar magnetic susceptibility (0) and
magnetic moment (O) of 1.
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