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Substitution of the weakly binding aqua ligand in [Cu(tren)OH2]2+ and [Cu(tpa)OH2]2+ (tren) tris(2-aminoethyl)-
amine; tpa ) tris(2-pyridylmethyl)amine) by a cyano ligand on ferricyanide results in the assembly of
heteropolynuclear cations around the cyanometalate core. In water, the reduction of the FeIII core to FeII generates
complexes that feature heteropolycations in which ferrocyanide is encapsulated by the CuII moieties: [{Cu(tpa)-
CN}6Fe][ClO4]8‚3H2O 1, [{Cu(tren)CN}6Fe][ClO4]8‚10H2O 2, [{Cu(tren)CN}6Fe][Fe(CN)6]2[ClO4]2‚15.8H2O 3,
and [{Cu(tren)CN}6Fe][{Cu(tren)CN}4Fe(CN)2][Fe(CN)6]4‚6DMSO‚21H2O 4. The formation of discrete molecules,
in preference to extended networks or polymeric structures, has been encouraged through the use of branched
tetradentate ligands in conjunction with copper(II), a metal center with the propensity to form five-coordinate
complexes. Complex3 crystallizes in the monoclinic space groupP21/c (#14) with a ) 14.8674(10),b )
25.9587(10),c ) 27.5617(10) Å,â ) 100.8300(10)°, and Z ) 4, and it is comprised of almost spherical
heptanuclear cations, [{Cu(tren)CN}6Fe]8+, whose charge is balanced by two ferricyanide and two perchlorate
counteranions. Complex4 crystallizes in the triclinic space groupP1 (# 1) witha ) 14.8094(8),b ) 17.3901(7),
c ) 21.1565(11) Å,R ) 110.750(3),â ) 90.206(2),γ ) 112.754(3)°, andZ ) 1, and it is comprised of the
heptanuclear [{Cu(tren)CN}6Fe]8+ cation and pentanuclear [{Cu(tren)CN}4Fe(CN)2]4+ cation, whose terminal
cyano ligands are oriented trans to each other. The charge is balanced exclusively by ferricyanide counteranions.
In both complexes, H-bonding interactions between hydrogens on primary amines of the tren ligand, terminal
cyano groups of the ferricyanide counterions, and the solvent of crystallization generate intricate 3D H-bonding
networks.

Introduction

Hexacyanometalates have been employed extensively as
building blocks for constructing extended-array multimetallic
assemblies with novel structural features and physicochemical
properties.1-6 Recognition of the ability of cyanide groups to
bridge metal centers has led to the use of hexacyanometalates
as templates for the preparation of heterometallic coordination
polymers having one-dimensional (1-D), two-dimensional (2-
D), or three-dimensional (3-D) extended array structures.3,4,7-24

Despite the significant recent advances, magnetostructural
correlations have proved to be elusive in some cases due to the
inability to obtain crystals suitable for X-ray structural deter-
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mination. To gain further insight into the structure and properties
of such assemblies, recent research has also focused on the
design of discrete polynuclear entities (eg., nuclearity< 20).27-38

In certain cases, the discrete entities can be viewed as building
blocks to the frameworks that exhibit bulklike ferromagnetic
properties and, therefore, allow information to be obtained about
the transition from molecular to bulklike magnetic behavior.

One synthetic strategy to discrete heteropolynuclear as-
semblies has involved the capping of cyano groups on hexa-
cyanometalate anions, such as [Fe(CN)6]3-/4- and [Cr(CN)6]3-,
with appropriate transition metal complexes.27-35 To generate
discrete entities, one coordination site on the metal complex
should generally be occupied by a weakly binding ligand that
is capable of being displaced by a cyano group from the
hexacyanometalate. For example, in the case of metal centers
that adopt octahedral coordination (eg., NiII and MnII), hepta-
nuclear cations have been formed by the reaction of complexes
of a strongly binding pentadentate ligand with the hexacyano-
metalate (in a 6:1 molar ratio). The first complex of this type
to be reported, [{Ni(tetren)(CN)}6Cr][ClO4]9 (tetren ) tetra-
ethylenepentamine), consisted of a [Cr(CN)6]3- capped by six
[Ni(tetren)]2+ moieties.29 Further examples of these types of
complexes, which range from trinuclear complexes to more
elaborate, but still discrete entities, have been appeared in recent
years.30-38

Our own studies in this area have been prompted by the fact
that discrete heptanuclear complexes assembled around hexa-
cyanometalate are still relatively rare, and few such complexes
have been characterized by X-ray crystallography. The structural
characteristics of discrete heteropolynuclear complexes incor-
porating hexacyanometalates remain relatively undeveloped. We
have shown that the reaction of the CuII complex of the strongly
coordinating tetradentate ligand tris(2-pyridylmethyl)amine (tpa)
with ferricyanide results in the encapsulation of hexacyanoferrate
core by six [Cu(tpa)]2+ moieties and formation of the hepta-

nuclear complex, [{Cu(tpa)CN}6Fe][ClO4]8‚3H2O 1.31 In this
paper, we report three further discrete heteropolynuclear as-
semblies, formed by reacting ferricyanide salts with [Cu(tren)-
OH2]2+ (tren) tris(2-aminoethyl)amine), and elaborate further
on novel structural features of1. Apart from the assembly of
heptanuclear cations and in one case a pentanuclear cation,
H-bonding interactions between cations, anions, and solvate
molecules have generated novel extended networks.

Results and Discussion

Synthesis. The heteropolynuclear complexes, [{Cu(tpa)-
CN}6Fe][ClO4]8‚3H2O 1, [{Cu(tren)CN}6Fe][ClO4]8‚10H2O 2,
and [{Cu(tren)CN}6Fe][Fe(CN)6]2[ClO4]2‚15.8H2O 3 were formed
by the reaction of [Cu(tren)OH2]2+ and [Cu(tpa)OH2]2+ with
[Fe(CN)6]3- in water. The use of the tetradentate tren and tpa
ligands in conjunction with CuII, a metal center capable of
forming five-coordinate complexes, has facilitated the formation
of discrete heterometallic molecules, in preference to extended
coordination networks or polymeric structures. These assemblies
are generated through the displacement of a weakly binding
ligand (solvent) from the Cu(II) center by the cyano groups of
the hexacyanometalate.

Complexes1 and 2 were formed by dropwise addition of
K3[Fe(CN)6] (n/6 mols) to the in situ generated [Cu(tpa)(OH2)]2+

and [Cu(tren)(OH2)]2+ complexes (n mols). Recrystallization
from hot water gave purple crystals of1 (X-ray structure has
been communicated31). Reaction of [Cu(tren)OH2][ClO4]2 (2n
mols) with K3[Fe(CN)6] (n mols), in the presence of an excess
of the oxidant, K2S2O8, gave a dark green solution from which
dark green needles of [{Cu(tren)CN}6FeII][FeIII (CN)6]2[ClO4]2‚
15.8H2O 3 deposited on slow evaporation. The X-ray crystal
structure confirmed the formation of heptanuclear [{Cu(tren)-
CN}6FeII]8+ cations (see below). The oxidant was unable to
prevent the reduction of the iron center in the encapsulated
hexacyanoferrate. Indeed, the corresponding FeIII [{Cu(tren)CN}6-
FeII]9+ cation could only be isolated through the use of
acetonitrile, an aprotic solvent.39

Recrystallization of the trinuclear FeIII complex, [{Cu(tren)-
CN}4Fe(CN)2](ClO4),39 from DMSO afforded [{Cu(tren)CN}6-
FeII][{Cu(tren)CN}4FeII(CN)2][FeIII (CN)6]4.6DMSO‚21H2O 4,
a compound containing both heptanuclear and pentanuclear
FeII-CuII cations. The Fe:Cu ratio in4 (10:6) is similar to that
of the starting trinuclear complex.

Infrared Spectra. The infrared spectra of1-4 exhibit the
bands expected for the ligands and counterions. TheνCN

stretching region (2000-2200 cm-1) contains information that
can allow the iron oxidation state in the hexacyanoferrate to be
assigned and the presence of cyanide bridges ascertained. In
general, terminal CN stretches occur at ca. 2110 and 2040 cm-1

when attached to FeIII and FeII, respectively. On the other hand,
the respective locations of bridging CN groups are typically
>2150 cm-1 27,28,40,41and ca. 2100 cm-1.41 Although unambigu-
ous assignment can prove to be difficult, important conclusions
can be drawn. For1 and 2, the shift in theνCN stretch from
2042 cm-1 in K4[Fe(CN)6] to 2109 cm-1 in 1 and 2106 cm-1

in 2 indicates the assembly of FeII-CN-CuII bridging units
around the ferrocyanide core. Complex3 exhibits a band at 2100
cm-1 which, from its correspondence to bands exhibited by1
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and2 and the X-ray structure (see below), can be attributed to
the intermetallic stretch in [{Cu(tren)CN}6Fe]8+. The band at
2148 cm-1 can be assigned as theνCN stretch of the ferricyanide
counteranions. A positive shift of 35 cm-1, relative to the band
for K3[Fe(CN)6], most likely results from H-bonding interactions
between the water molecules and counteranions and/or electronic
interactions between CuII cations on the periphery of the Fe-
Cu cluster and [Fe(CN)6]3- anions. The band for [Fe(CN)6]3-

is sensitive to the countercation40 and in the case of3 falls
between those observed for the [Cu(OH2)6]2+ (2170 cm-1) and
K+ (2115 cm-1) salts.

Complex4 displays a band at 2043 cm-1 due to a terminal
νCN stretch in the pentanuclear cation with a central FeII core
[{Cu(tren)CN}4Fe(CN)2]4+ (cf. 2042 cm-1 for K4[Fe(CN)6]) and
a second band at 2080 cm-1, which is attributable to the bridging
νCN stretch of the pentanuclear cation. Bands at 2100 and 2109
cm-1 cannot be assigned unambiguously but since their locations
compare well to the bridging CN stretches in1-4 (2100-2110
cm-1) and the terminal CN stretch of K3[Fe(CN)6], one is due
to the bridgingνCN stretch in [{Cu(tren)CN}6Fe]8+ and the other
to the terminal CN stretch of the hexacyanoferrate(III) coun-
teranions. The fact that the latter is at a lower wavenumber (2109
cm-1), than is the case for3 (2148 cm-1), supports the notion
that the higher terminal CN stretch for3 is due to hydrogen
bonding involving water molecules and not due to electronic
interactions between CuII and [Fe(CN)6]3- ions.

Mo1ssbauer Spectroscopy.The Mössbauer spectra for1 and
2, recorded at 81 K, exhibit strong, narrow single lines atδ )
-0.05(1) mm s-1 (fwhm 0.27(1) mm s-1) andδ ) 0.20(2) mm
s-1 (fwhm 0.32(1) mm s-1), respectively.31 This is indicative
of a unique low-spin FeII environment with a symmetrical ligand
field, leading to zero quadrupole splitting.42 The Mössbauer
spectrum of3, recorded at 5 K (Figure 1), consists of a pseudo-
triplet which can be interpreted as the superimposition of one
doublet (δ ) -0.04(1) mm s-1, ∆E ) 1.02(1) mm s-1, fwhm
0.51 mm s-1), due to the ferricyanide counteranions, and one
singlet (δ ) -0.01(1) mm s-1, fwhm 0.48 mm s-1), due to the
FeII of the heptanuclear cation. The area ratio was 48(3)%:
52(3)%. Minor deviations between observed and fitted spectra
suggest the presence of a small amount of a different hexa-
cyanoferrate material. Fitting of the data at 81 K to the same
model gaveδ ) -0.03(1) mm s-1, ∆E ) 1.04(1) mm s-1, fwhm
0.55 mm s-1 for the doublet andδ ) -0.01(1) mm s-1, fwhm

0.42 mm s-1 for the singlet, with an area ratio of 51(3)%:
49(3)%. The apparent change in linewidth of the singlet is
probably due to a change in an unresolved quadrupole splitting.
The larger quadrupole splitting for the ferricyanide counterions,
than observed in potassium ferricyanide (δ ) -0.00 mm s-1,
∆E ) 0.47 mm s-1),42 may be related to the extensive
involvement of these anions in H-bonding interactions (see
below).

X-ray Crystal Structures. Complex3 exhibits an almost
spherical heptanuclear cation formed by the encapsulation of
one [Fe(CN)6]4- core by six [Cu(tren)]2+ units (Figure 2) whose
charge is balanced by two perchlorate and two [Fe(CN)6]3-

anions, rather than exclusively by perchlorate anions as is the
case for1. The cation, the 20 surrounding water molecules, and
the ferricyanide anions form a complex three-dimensional
H-bonding network (discussed later).

The FeII center of the heptanuclear core and the FeIII of the
ferricyanide counteranions are close to octahedral, with thecis-
C-Fe-C angles and thetrans-C-Fe-C angles close to 90°
and 180°, respectively (see Table 1). The Fe-C bond distances,
Fe-C-N angles, and Cu-N(cyano) bond distances are in
accordance with literature values for related FeII, FeIII -CuII, or
CuII complexes, including discrete heteropolynuclear complexes
and extended networks.27,28,41,43-48 The Fe‚‚‚Cu distances
(4.90-4.99 Å) are at the lower end of Fe‚‚‚Cu separations
reported for discrete molecules and lattice networks27,28,41,45,51-54

and are similar to those in1. The variation in Cu-N-C angles
from significantly bent (163.4(9)°) to near linear (177(1)°) is
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Figure 1. Mössbauer spectrum of3, recorded at 5 K. The solid line
represents a least-squares fit to the data based on the superposition of
a singlet due to the FeII heptanuclear cation and doublet due the
ferricyanide counterions.

Figure 2. ORTEP diagram of the heptanuclear complex [{Cu(tren)-
CN}6Fe]8+ of 3 showing the atom labeling scheme and 50% thermal
vibrational ellipsoids. Hydrogen atoms have been omitted for clarity.
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larger than in related discrete molecules.27,28,43This may be due
to steric interactions between the tren ligands on adjacent CuII

centers and the presence of H-bonding interactions (see later).
Significantly, in the trinuclear complex, [{Cu(tren)(CN)}2Fe-
(CN)4]‚12H2O,46-49 which has an FeII center bridging two [Cu-
(tren)]2+ units and a 3D H-bonded network, the Cu-N-
C(cyano) bond angle (144°) is even lower than what is observed
for 3. It should be stressed that large deviations from linearity
are observed in lattice coordination networks, which exhibit
Cu-N-C angles of 107° to 174°.40,44,45,48

The [Cu(tren)]2+ units in3 adopt a distorted TBP geometry,
where the primary amine groups on each tren ligand occupy
the equatorial positions around the CuII center and the tertiary
amine nitrogen located in the axial position trans to the cyano
bridge. Within the equatorial plane there are significant varia-
tions in the Cu-N distances (2.01(1)-2.14(1) Å) and N-Cu-N
angles (105.5(5)-135.4(7)°). Despite this, the N(am)-Cu-

N(CN) angles in all CuII moieties are close to linear (176.7-
(4)-179.1(4)°), as found in regular TBP geometry. One
interesting feature of3 is that the geometry around some CuII

centers is almost regular while other CuII centers are significantly
distorted. The range inτ values50 from 0.70 to 0.92 for Cu(6)
and Cu(1), respectively, highlights this variation. For Cu(1), the
N-Cu-N bond angles in the equatorial N3 plane (117.4(5)-
120.9(4)°) span a tight range around 120°, as expected for
regular TBP. In contrast, the angles around Cu(6) show greater
deviation (105.5(5)-135.4(7)°). The formation of three five-
membered chelate rings involving each arm of the tren ligand
and the CuII center results in acute H2N-Cu-N(amine) angles
and the displacement of the Cu centers (by 0.18-0.22 Å) away
from the N3 plane of the primary amines toward the cyano
ligand. Slightly greater displacements are evident in1.

The elaborate H-bonding network that connects the ferricya-
nide anions and the heptanuclear cation and involves the water
of crystallization and some tren primary amines (see Figure 3)
is an important feature of3. The establishment of the network
seems to be aiding crystallization. In particular, the primary
amines of the ligands capping Cu(1), Cu(3), and Cu(5) interact
with the nitrogen atom of one terminal cyanide on each
ferricyanide anion. The N(17) atom of ferricyanide anion, Fe-
(2), forms two H-bonds, one with a hydrogen on N(21) of the
Cu(1) moiety (N(21)‚‚‚N(17), 3.163 Å), and the other with a

(50) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.
C. J. Chem. Soc., Dalton Trans.1984, 1349.
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Chem.1998, 37, 2717.
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1987; Vol. 5, pp 533-774.

Table 1. Selected Bond Distances (Å) and Angles (Deg) for3

Bond Distances
Fe(1)-C(1) 1.90(1) Cu(2)-N(6) 1.94(1)
Fe(1)-C(2) 1.89(1) Cu(2)-N(23) 2.03(1)
Fe(1)-C(3) 1.90(1) Cu(2)-N(24) 2.05(1)
Fe(1)-C(4) 1.89(1) Cu(2)-N(25) 2.06(1)
Fe(1)-C(5) 1.88(1) Cu(3)-N(27) 2.051(9)
Fe(1)-C(6) 1.87(1) Cu(3)-N(28) 2.10(1)
Cu(1)-N(1) 1.951(9) Cu(3)-N(29) 2.058(8)
Cu(1)-N(19) 2.056(7) Cu(3)-N(30) 2.050(9)
Cu(1)-N(20) 2.07(1) Cu(4)-N(4) 1.950(9)
Cu(1)-N(21) 2.07(1) Cu(4)-N(31) 2.054(9)
Cu(1)-N(22) 2.04(1) Cu(4)-N(32) 2.08(1)
Cu(2)-N(26) 2.08(1) Cu(4)-N(33) 2.08(1)
Cu(3)-N(5) 1.93(1) Cu(4)-N(34) 2.06(1)
Cu(5)-N(3) 1.93(1) Cu(6)-N(2) 1.93(1)
Cu(5)-N(35) 2.040(8) Cu(6)-N(39) 2.01(1)
Cu(5)-N(36) 2.01(1) Cu(6)-N(40) 2.00(2)
Cu(5)-N(37) 2.11(1) Cu(6)-N(41) 2.03(1)
Cu(5)-N(38) 2.096(8) Cu(6)-N(42) 2.14(1)
Fe(1)‚‚‚Cu(1) 4.975 Fe(1)‚‚‚Cu(4) 4.969
Fe(1)‚‚‚Cu(2) 4.909 Fe(1)‚‚‚Cu(5) 4.959
Fe(1)‚‚‚Cu(3) 4.983 Fe(1)‚‚‚Cu(6) 4.983

Bond Angles
Fe(1)-C(1)-N(1) 177.0(9) C(4)-Fe(1)-C(6) 89.9(4)
Fe(1)-C(2)-N(2) 178.6(9) C(5)-Fe(1)-C(6) 89.4(4)
Fe(1)-C(3)-N(3) 176.9(10) Cu(1)-N(1)-C(1) 171.1(9)
Fe(1)-C(4)-N(5) 178.5(9) Cu(2)-N(6)-C(6) 163.4(9)
Fe(1)-C(5)-N(5) 178.2(9) Cu(3)-N(5)-C(5) 176.0(9)
Fe(1)-C(6)-N(6) 176.6(9) Cu(4)-N(4)-C(4) 167.4(9)
C(1)-Fe(1)-C(2) 89.1(4) Cu(5)-N(3)-C(3) 170.0(9)
C(1)-Fe(1)-C(3) 89.1(4) Cu(6)-N(2)-C(2) 176.8(10)
C(1)-Fe(1)-C(4) 178.5(4) N(1)-Cu(1)-N(19) 178.0(3)
C(1)-Fe(1)-C(5) 91.1(4) N(1)-Cu(1)-N(20) 97.4(4)
C(1)-Fe(1)-C(6) 88.7(4) N(1)-Cu(1)-N(21) 95.7(4)
C(2)-Fe(1)-C(3) 91.7(4) N(1)-Cu(1)-N(22) 94.3(4)
C(2)-Fe(1)-C(4) 90.4(4) N(19)-Cu(1)-N(20) 84.6(4)
C(2)-Fe(1)-C(5) 179.0(4) N(19)-Cu(1)-N(21) 83.6(3)
C(2)-Fe(1)-C(6) 89.6(4) N(19)-Cu(1)-N(22) 84.3(4)
C(3)-Fe(1)-C(4) 92.3(4) N(20)-Cu(1)-N(21) 120.9(4)
C(3)-Fe(1)-C(5) 89.3(4) N(20)-Cu(1)-N(22) 118.6(5)
C(3)-Fe(1)-C(6) 177.4(4) N(21)-Cu(1)-N(22) 117.4(5)
C(4)-Fe(1)-C(5) 89.4(4)

Figure 3. (a) A diagram of3 showing the H-bonding interactions
between the heptanuclear cation and ferricyanide counteranions. (b)
Extended packing of the H-bonding in3 which shows the formation
of parallel chains of ferricyanide anions and heptanuclear cations. The
peripheral atoms of the tren ligand, water molecules, and perchlorate
anions have been removed for clarity.
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hydrogen on N(29) coordinated to Cu(3) (N(29)‚‚‚N(17), 2.987
Å). The N(12) from the other ferricyanide anion, Fe(3), is
similarly involved in two way H-bonding to a hydrogen on
N(38) of Cu(5) (distance 3.129 Å) and a hydrogen on N(29) of
the Cu(3) moiety (distance 3.011 Å). Consequently, the primary
amine N(29) hydrogen bonds with a cyano group from each
hexacyanoferrate anion, N(12) on Fe(3) and N(17) on Fe(2).
This effectively sandwiches the Cu(3)-tren moiety between the
two counteranions, thereby generating intermolecular separations
of 8.036 Å for Fe(1)‚‚‚Fe(2), 9.018 Å for Fe(1)‚‚‚Fe(3), and
9.704 Å for Fe(2)‚‚‚Fe(3). The net result of these H-bonding
interactions is the generation of parallel chains of ferricyanide
anions and heptanuclear cations, which are clearly apparent in
the extended packing shown in Figure 4.

The extended packing viewed down theb axis reveals that
the ferricyanide anions and water molecules (Figure 4) form
diagonal zigzag chains. On each chain, there is a pseudo-
rectangular segment with steplike diamonds, which is made up
of six water molecules and four cyanides. These extend from
the two opposing corners of each pseudo-rectangle. Ferricyanide
anions present at each opposing corner link the rectangles and
steplike diamonds into a 2D network. Additional H-bonding
between anions and cations (vide supra) running approximately
perpendicular to these zigzag chains extends the network in the
third dimension.

An account of the structure of [{Cu(tpa)CN}6Fe][ClO4]8‚
3H2O (1) has been communicated,31 and discussion here is
focused on some novel packing features. Figure 5(a) shows the
quasi-spherical [{Cu(tpa)CN}6Fe]8+ units formed by encapsula-
tion of [Fe(CN)6]4- by six [Cu(tpa)]2+ units. The extended
packing of1, viewed down thea axis, shows that the spherical
cations stack in regular columns, which are arranged in a
staggered orientation (Figure 5(b)). When viewed down thec
axis, the regular stacking of the heptanuclear cations that creates
tubular cavities that host the perchlorate counteranions (Figure
5(c)) is clearly evident.

The structure of [{Cu(tren)CN}6Fe][{Cu(tren)CN}4Fe(CN)2]-
[Fe(CN)6]4‚6DMSO‚21H2O, 4, confirms the cocrystallization
of three types of hexacyanoferrates, viz., heptanuclear cations,
[{Cu(tren)CN}6FeII]8+, pentanuclear cations, [{Cu(tren)CN}4FeII-
(CN)2]4+, and ferricyanide counteranions. In the heptanuclear

cation, [FeII(CN)6]4- is encapsulated by six [Cu(tren)]2+ units
forming an almost spherical complex (Figure 6(a)), which is
very similar to that found in3. In the pentanuclear cation, the
four [Cu(tren)]2+ moieties bind to four equatorial cyanides on

Figure 4. An extended packing diagram of the hydrogen bonded
network in3 formed with the water molecules, perchlorate anions, and
ferricyanide counteranions. The heptanuclear cation has been omitted
to highlight the formation of diagonal zigzag chains when viewing down
the b axis.

Figure 5. (a) Diagram of the heptanuclear complex, [{Cu(tpa)-
CN}6Fe]8+ of 1 (representation of pyridyl rings of tpa ligand simplified
for clarity).31 Extended packing of1 viewed down the: (b)a axis,
showing the heptanuclear cations stacking in staggered columns, and
(c) c axis. The hydrogen atoms, perchlorate anions, and water molecules
have been omitted for clarity. The perchlorate anions reside in the
tubular cavities.
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[Fe(CN)6]4-, forcing the two terminal cyanides to adopt a trans
orientation (Figure 6(b)). The charge on the cations is balanced
by four [Fe(CN)6]3- counteranions. DMSO (6) and water (21)
molecules are also incorporated into the structure. Selected bond
lengths and distances for the various components of4 are listed
in Tables 2-4.

Hydrogen bonding interactions involving all solvent mol-
ecules, cations, and anions in4 generate an extremely complex
3D network. Only three of the twenty-one water molecules make
less than three H-bonding contacts each, and each of the six
DMSO molecules makes at least one such contact. Twelve
amine nitrogens on the heptanuclear complex and eight on the
pentanuclear complex (as well as the two nonbridging and even
one bridging cyano nitrogen) are involved in hydrogen bonds.
Five of the nitrogens in the [Fe(CN)6]3- anions centered on Fe-
(3) and Fe(6) are involved in hydrogen bonds, while three
nitrogens participate in each of the Fe(4) and Fe(5) anions. The
metal-containing moieties make no direct H-bonding interactions
to each other, but rather are connected to each other via the
solvent network.

The geometry of the iron centers within the heptanuclear and
pentanuclear cores, and in the ferricyanide counteranions,
matches that described for1 and3 showing little deviation from
octahedral. Minor distortion of the ferrocyanide cores is reflected
in the quasi-linear Fe-C-N angles, which are in the range of
171-179° for the heptanuclear cation and 167-177° for the
pentanuclear cation. Greater variations in these angles are seen
for the ferricyanide counteranions (162-179°) than for the
heptanuclear cations in1, 3 and4, the pentanuclear cation in4,
and values reported in the literature.27,28,41,43,44,46-48,52The Fe-C

bond distances in the cations in4 (1.84(2)-1.99(2) Å) show
greater variation than in1 and 3, but are in agreement with
those found in other FeII and FeIII -C-N-CuII assem-
blies.27,28,41,43-49 The Fe-C distances in the ferricyanide coun-
teranions in4 (1.83(2)-2.05(2) Å) span a wider range than those
in 3 (1.89(2)-1.962(18) Å). The Fe‚‚‚Cu separations (4.97 Å
(average)) for the heptanuclear cation are similar to those in1
and 3 and literature values.46-49 On the other hand, shorter
Fe‚‚‚Cu distances are found in the pentanuclear cation (4.753-
4.887 Å, average 4.82 Å) than in the heptanuclear cations of1,
3, and4. This reduction in distance is due to the more acute
Cu-N-C(cyano) angle subtended by the Fe-C-N-Cu bridg-
ing assembly.

The geometry of the CuII centers in both the heptanuclear
and pentanuclear cations are generally in good agreement with
those in1 and3. However, theτ values50 (0.45-0.84 for the
heptanuclear cation and 0.57-0.73 for the pentanuclear cation)
indicate greater distortion from ideal TBP than found in3.
Despite these variations from ideal geometry, the (R3N)N-Cu-
N(C-N) bond angles in all of the CuII moieties are almost linear
(168.6(7)-179.1(7)°). As in 1 and3, the five-membered chelate
rings gives rise to acute H2N-Cu-N(amine) angles and out-

Figure 6. ORTEP diagrams of the: (a) heptanuclear cation, [{Cu(tren)-
CN}6Fe]8+, and (b) pentanuclear cation, [{Cu(tren)CN}4Fe(CN)2]4+ of
4, showing the atom labeling scheme and 50% thermal vibrational
ellipsoids. Hydrogen atoms have been omitted for clarity.

Table 2. Selected Bond Distances (Å) and Angles (Deg) for the
Heptanuclear Cation, [{Cu(tren)CN}6Fe]8+, in 4

Bond Distances
Fe(1)-C(11) 1.93(3) Cu(13)-N(133) 2.07(2)
Fe(1)-C(12) 1.93(3) Cu(13)-N(136) 2.11(2)
Fe(1)-C(13) 1.93(2) Cu(13)-N(139) 2.02(2)
Fe(1)-C(14) 1.91(2) Cu(14)-N(14) 1.95(2)
Fe(1)-C(15) 1.84(2) Cu(14)-N(140) 2.07(2)
Fe(1)-C(16) 1.97(2) Cu(14)-N(143) 2.03(1)
Cu(11)-N(11) 1.94(2) Cu(14)-N(146) 2.14(1)
Cu(11)-N(110) 2.07(2) Cu(14)-N(149) 2.13(2)
Cu(11)-N(113) 2.04(2) Cu(15)-N(15) 1.92(2)
Cu(11)-N(116) 2.14(2) Cu(15)-N(150) 2.06(2)
Cu(11)-N(119) 2.07(2) Cu(15)-N(153) 2.13(2)
Cu(12)-N(12) 1.96(2) Cu(15)-N(156) 2.07(2)
Cu(12)-N(120) 2.04(2) Cu(15)-N(159) 2.06(2)
Cu(12)-N(123) 2.03(1) Cu(16)-N(16) 1.95(2)
Cu(12)-N(126) 2.03(1) Cu(16)-N(160) 2.08(2)
Cu(12)-N(129) 2.19(2) Cu(16)-N(163) 2.03(2)
Cu(13)-N(13) 2.00(2) Cu(16)-N(166) 2.03(2)
Cu(13)-N(130) 2.03(2) Cu(16)-N(169) 2.16(2)
Fe(1)‚‚‚Cu(11) 5.032 Fe(1)‚‚‚Cu(14) 4.894
Fe(1)‚‚‚Cu(12) 4.889 Fe(1)‚‚‚Cu(15) 4.983
Fe(1)‚‚‚Cu(13) 5.030 Fe(1)‚‚‚Cu(16) 4.985

Bond Angles
Fe(1)-C(11)-N(11) 172.6(2) Cu(14)-N(14)-C(14) 150.4(2)
Fe(1)-C(12)-N(12) 175(2) Cu(15)-N(15)-C(15) 172.2(2)
Fe(1)-C(13)-N(13) 170.8(2) Cu(16)-N(16)-C(16) 174.6(2)
Fe(1)-C(14)-N(15) 179(2) N(11)-Cu(11)-N(110) 174.1(8)
Fe(1)-C(15)-N(15) 176(2) N(11)-Cu(11)-N(113) 99.5(8)
Fe(1)-C(16)-N(16) 174.9(2) N(11)-Cu(11)-N(116) 95.7(8)
C(11)-Fe(1)-C(12) 94.3(9) N(11)-Cu(11)-N(119) 94.9(9)
C(11)-Fe(1)-C(13) 174.4(1) N(110)-Cu(11)-N(113) 85.2(7)
C(11)-Fe(1)-C(14) 85.7(9) N(110)-Cu(11)-N(116) 85.3(6)
C(11)-Fe(1)-C(15) 94.0(9) N(110)-Cu(11)-N(119) 80.0(8)
C(11)-Fe(1)-C(16) 86.9(8) N(113)-Cu(11)-N(116) 116.0(8)
C(12)-Fe(1)-C(13) 89.1(9) N(113)-Cu(11)-N(119) 112.3(9)
C(12)-Fe(1)-C(14) 179.1(1) N(116)-Cu(11)-N(119) 127.7(8)
C(12)-Fe(1)-C(15) 92.7(10) N(12)-Cu(12)-N(120) 170.8(7)
C(12)-Fe(1)-C(16) 90.0(9) N(12)-Cu(12)-N(123) 93.8(7)
C(13)-Fe(1)-C(14) 90.9(9) N(12)-Cu(12)-N(126) 98.7(7)
C(13)-Fe(1)-C(15) 90.4(9) N(12)-Cu(12)-N(129) 96.5(7)
C(13)-Fe(1)-C(16) 88.6(8) N(120)-Cu(12)-N(123) 88.2(6)
C(14)-Fe(1)-C(15) 88.2(1) N(120)-Cu(12)-N(126) 84.8(6)
C(14)-Fe(1)-C(16) 89.1(9) N(120)-Cu(12)-N(129) 74.4(6)
C(15)-Fe(1)-C(16) 177.0(1) N(123)-Cu(12)-N(126) 143.7(6)
Cu(11)-N(11)-C(11) 169.8(2) N(123)-Cu(12)-N(129) 109.7(6)
Cu(12)-N(12)-C(12) 160(2) N(126)-Cu(12)-N(129) 102.5(7)
Cu(13)-N(13)-C(13) 176.8(2)
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of-plane displacements of the CuII centers toward the axial cyano
ligands of ca. 0.22 Å.

The Cu-C-N angles in the pentanuclear cations (142-158°)
show greater deviation from linearity than in the heptanuclear
cation (150-177°). This could be due to steric interactions
between the adjacent [Cu(tren)]2+ moieties and/or to electrostatic
interactions between the ferricyanide counteranions and water
molecules associated with the complex. The trinuclear complex
from which 4 is derived, [{Cu(tren)(CN)}2Fe(CN)4]‚12H2O,
which has an FeII center bridging two [Cu(tren)]2+ units, has a

3D H-bonded network involving the water molecules.46,49 It
exhibits Cu-N-C(cyano) angles (144°) matching those in the
pentanuclear cation, but they are 23° lower than the values found
for the heptanuclear cation. Steric interactions between adjacent
[Cu(tren)]2+ units may force a quasi-linear arrangement of the
Fe-C-N-Cu bridges in the heptanuclear cation (Figure 7(a)).
The greater flexibility of the Fe-C-N-Cu bridge enables more
acute angles to be subtended in pentanuclear cation, as
highlighted in Figure 7(b).

Electronic Spectra.The solution electronic spectra (see Table
5) exhibit a band at 843 nm (1370 M-1cm-1) for 1, 835 nm
(879 M-1cm-1) for 2, and 822 nm (1080 M-1cm-1) for 3
assignable to a d-d transition (dxy, dx2-y2 f dz2) of CuII moieties
in TBP geometry. In each case, a high energy shoulder is
observed at ca. 680 nm which is typical of CuII complexes with
TBP geometry.53,54However, it should be recognized that these
less intense shoulders can also arise from d-d transitions in
copper(II) complexes with square pyramidal (SP) geometries.55-57

The solid-state reflectance spectra of1-3 show good cor-
respondence to the solution spectra in the 600-900 nm region,
indicating little stereochemical change on dissolution. The high
energy shoulders have shifted to slightly lowerλ (665 nm for

(55) Spiccia, L.; McLachlan, G. A.; Fallon, G. D.; Martin, R. L.Inorg.
Chem.1995, 34, 254.

(56) Haidar, R.; Ipek, M.; DasGupta, B.; Yousaf, M.; Zompa, L.Inorg.
Chem.1997, 36, 3125.

(57) Chaudhuri, P.; Oder, K.; Wieghardt, K.; Nuber, B.; Weiss, J.Inorg.
Chem.1986, 25, 2818.

Table 3. Selected Bond Distances (Å) and Angles (Deg) for the
Pentanuclear Cation, [{Cu(tren)CN}4Fe(CN)2]4+, in 4

Bond Distances
Fe(2)-C(21) 1.99(2) Cu(22)-N(226) 1.99(2)
Fe(2)-C(22) 1.90(2) Cu(22)-N(229) 2.06(2)
Fe(2)-C(23) 1.85(2) Cu(23)-N(23) 1.99(2)
Fe(2)-C(24) 1.88(2) Cu(23)-N(230) 2.09(2)
Fe(2)-C(25) 1.93(2) Cu(23)-N(233) 2.16(2)
Fe(2)-C(26) 1.89(2) Cu(23)-N(236) 2.02(2)
Cu(21)-N(21) 1.93(2) Cu(23)-N(239) 2.04(2)
Cu(21)-N(210) 2.06(2) Cu(24)-N(24) 1.97(2)
Cu(21)-N(213) 2.08(2) Cu(24)-N(240) 2.04(2)
Cu(21)-N(216) 2.07(2) Cu(24)-N(243) 2.14(2)
Cu(21)-N(219) 2.13(2) Cu(24)-N(246) 2.10(2)
Cu(22)-N(22) 1.96(2) Cu(24)-N(249) 2.01(2)
Cu(22)-N(220) 2.07(2) Fe(1)‚‚‚Cu(22) 4.753
Cu(22)-N(223) 2.18(2) Fe(1)‚‚‚Cu(23) 4.861
Fe(1)‚‚‚Cu(21) 4.887 Fe(1)‚‚‚Cu(24) 4.777

Bond Angles
Fe(2)-C(21)-N(21) 170(2) Cu(23)-N(23)-C(23) 144.4(17)
Fe(2)-C(22)-N(22) 167(2) Cu(24)-N(24)-C(24) 142(2)
Fe(2)-C(23)-N(23) 175.9(17) N(21)-Cu(21)-N(210) 168.6(7)
Fe(2)-C(24)-N(25) 177(2) N(21)-Cu(21)-N(213) 89.7(8)
Fe(2)-C(25)-N(25) 172(2) N(21)-Cu(21)-N(216) 94.7(8)
Fe(2)-C(26)-N(26) 173(2) N(21)-Cu(21)-N(219) 106.7(8)
C(21)-Fe(2)-C(22) 90.7(9) N(210)-Cu(21)-N(213) 82.1(8)
C(21)-Fe(2)-C(23) 177.8(11) N(210)-Cu(21)-N(216) 85.5(8)
C(21)-Fe(2)-C(24) 88.1(9) N(210)-Cu(21)-N(219) 83.5(7)
C(21)-Fe(2)-C(25) 91.3(10) N(213)-Cu(21)-N(216) 134.6(9)
C(21)-Fe(2)-C(26) 89.6(10) N(213)-Cu(21)-N(219) 108.2(8)
C(22)-Fe(2)-C(23) 87.8(9) N(216)-Cu(21)-N(219) 113.5(9)
C(22)-Fe(2)-C(24) 177.3(13) N(22)-Cu(22)-N(220) 178.1(7)
C(22)-Fe(2)-C(25) 92.7(10) N(22)-Cu(22)-N(223) 94.8(6)
C(22)-Fe(2)-C(26) 85.1(10) N(22)-Cu(22)-N(226) 94.2(7)
C(23)-Fe(2)-C(24) 93.3(9) N(22)-Cu(22)-N(229) 95.4(7)
C(23)-Fe(2)-C(25) 87.2(9) N(220)-Cu(22)-N(223) 83.7(7)
C(23)-Fe(2)-C(26) 91.8(9) N(220)-Cu(22)-N(226) 85.4(7)
C(24)-Fe(2)-C(25) 84.9(9) N(220)-Cu(22)-N(229) 86.2(7)
C(24)-Fe(2)-C(26) 97.3(10) N(223)-Cu(22)-N(226) 112.9(7)
C(25)-Fe(2)-C(26) 177.6(12) N(223)-Cu(22)-N(229) 110.6(8)
Cu(21)-N(21)-C(21) 158(2) N(226)-Cu(22)-N(229) 134.3(7)
Cu(22)-N(22)-C(22) 149(2)

Table 4. Selected Bond Distances (Å) and Angles (Deg) for the
Hexacyanoferrate(III) Anions in4

Bond Distances
Fe(3)-C(31) 1.93(2) Fe(5)-C(51) 1.92(2)
Fe(3)-C(32) 1.96(3) Fe(5)-C(52) 1.90(2)
Fe(3)-C(33) 1.83(2) Fe(5)-C(53) 1.90(2)
Fe(3)-C(34) 1.96(2) Fe(5)-C(54) 1.95(2)
Fe(3)-C(35) 1.91(2) Fe(5)-C(55) 1.98(2)
Fe(3)-C(36) 1.97(2) Fe(5)-C(56) 1.98(2)
Fe(4)-C(41) 1.99(2) Fe(6)-C(61) 2.05(2)
Fe(4)-C(42) 1.91(2) Fe(6)-C(62) 1.93(2)
Fe(4)-C(43) 1.91(2) Fe(6)-C(63) 1.97(2)
Fe(4)-C(44) 2.00(2) Fe(6)-C(64) 1.96(2)
Fe(4)-C(45) 1.92(2) Fe(6)-C(65) 1.92(3)
Fe(4)-C(46) 1.84(2) Fe(6)-C(66) 1.98(2)

Bond Angles
C-Fe(3)-C(cis) 86.7(8)-94.0(9) C-Fe(5)-C(cis) 86.0(8)-94.0(8)
C-Fe(3)-C(trans) 176(1)-177.8(9) C-Fe(5)-C(trans) 174.6(9)-178.6(7)
C-Fe(4)-C(cis) 85.9(9)-95.4(9) C-Fe(6)-C(cis) 85.0(9)-94.1(9)
C-Fe(4)-C(trans) 176(1)-177.2(8) C-Fe(6)-C(trans) 176(1)-178.4(9)
Fe-C-N 162(2)-179(2)

Figure 7. ORTEP plots of the backbones of the heptanuclear (a) and
pentanuclear (b) components of4 highlighting the bend in the Fe-
C-N-Cu bridging units.

Table 5. UV-visible Spectral Data for Complexes1-4

λmax, nm (εmax, M-1 cm-1)

solid solution

1 499, 665 sh, 855 H2O: 515 (1200), 675 sh (817),
843 (1370)

2 458, 652 sh, 819 H2O: 488 (986), 678 sh (704),
835 (879)

3 434, 492 sh, 670 sh, 821 DMSO: 423 (3000), 495 sh (1240)
668 sh (854), 822 (1020)
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1, 652 nm for 2, and 670 nm for3) and are slightly more
prominent than in the solution spectra. Again, the spectra are
consistent with CuII complexes displaying distorted TBP
geometry54 in keeping with the solid-state structures. The greater
prominence of these shoulders, compared to the corresponding
solution spectra, may indicate a higher degree of distortion of
the CuII centers toward SP geometry in the solid state.62

The solution electronic spectra of1-3 exhibit one further
band at 515 nm (1200 M-1cm-1) for 1, 488 nm (986 M-1cm-1)
for 2, and 494 nm (shoulder, 1240 M-1cm-1) for 3, which are
ascribed to a metal to metal (FeII f CuII) charge-transfer
transition (MMCT).58-60 Suzuki et al. have reported that FeII-
CN-CuII bridged complexes can exhibit MMCT bands in the
400-515 nm range58 ascribable to a one electron “jump” from
the t2g orbital of low spin FeII to the dx2-y2 orbital of the CuII

ion. Thus, the location of the MMCT band will depend on the
energy gap between the dx2-y2 orbital of the CuII ion and the t2g

orbital of the FeII ion. Assuming that the t2g orbital energies of
FeII remain constant, the MMCT transition will be tuned by
the dx2-y2 orbital energy of the CuII ions. A more intense band,
located at 423 nm (3000 M-1cm-1) in the spectrum of3, is
assigned to a T2gfL(CN-)g symmetry forbidden charge-transfer
transition within the counteranions from its correspondence with
the spectrum of ferricyanide.61 In the 400-500 nm region, the
solid-state spectrum of complex3 is virtually identical to the
solution spectrum. For1 and2, there is a general broadening
and minor bathochromic shift of the bands (3-30 nm), such
that they haveλmax values of 499 and 458 nm, respectively.

Magnetic Properties.The room-temperature magnetic mo-
ment (µeff) for 2 is 4.43µB, marginally higher than the spin-
only value of 4.24µB expected for a spin system comprised of
one FeII (S ) 0) and six CuII ions (S ) 1/2), and the complex
exhibits Curie-like behavior as the temperature is lowered viz.,
µeff ) 4.38µB at 4.5 K. Complex3 exhibits a room temperature
µeff value of 5.61µB (higher than the spin-only value 5.20µB

calculated for a spin system comprised of one FeII (S) 0), six
CuII ions (S ) 1/2), and two ferricyanide ions (S ) 1/2)). The
measured magnetic moment reproduces the decrease in moment
observed for K3[Fe(CN)6] as the temperature is lowered.62-64

Thus, the diamagnetic FeII center is unable to mediate magnetic
interactions between the paramagnetic CuII ions in the hepta-
nuclear clusters, as was the case for1.31

Conclusion.Encapulation of ferrocyanide by six copper(II)
moieties has been achieved through the use of tripodally
coordinating tetradentate ligands. The CuII centers adopt TBP
geometries with one axial site occupied by a nitrogen atom from
cyanide ligand bound to the ferrocyanide core. The ability of
CuII to form five-coordinate geometries is critical to the
generation of these discrete heteropolynuclear assemblies. The
use of tris(2-aminoethyl)amine has led to novel H-bonding
assemblies which involve the secondary amines on this ligand,
solvent molecules, and nitrogen atoms on the ferricyanide
counteranions. Cocrystallization of the fully encapsulated hep-
tanuclear and partially encapsulated pentanuclear FeII-CuII

cations within the same lattice, [{Cu(tren)CN}6Fe][{Cu(tren)-

CN}4Fe(CN)2][Fe(CN)6]4‚6DMSO‚21H2O 4 has resulted from
attempts to recrystallize [{Cu(tren)}2Fe(CN)6]ClO4‚2H2O.

Experimental Section

Physical Measurements.Ultraviolet-visible spectra were recorded
in the range 200-1500 nm on a Varian Cary 5G spectrophotometer
on solid samples (diffuse reflectance) or solutions. Infrared spectra were
recorded as KBr pellets on a Perkin-Elmer 1600 series FTIR spec-
trometer. Room-temperature magnetic moments were measured on a
Faraday balance, consisting of a four-inch Newport electromagnet and
Cahn RG electrobalance based on a design described elsewhere.65

Variable temperature magnetic susceptibility measurements were carried
out as described elsewhere.32 Conductivity measurements were made
on a Crison 522 conductimeter at room temperature with Pt black
electrodes at a concentration of 10-3 M. Standard 0.020 M KCl solution
was used as a calibrant. Electron microprobe measurements were made
with a Joel JSM-1 scanning electron microscope through an NEC X-ray
detector and pulse processing system connected to a Packard multi-
channel analyzer. Solid samples were mounted on an aluminum planchet
and covered with a very thin film of carbon using a Balzer Union CED
010 carbon sputterer. Mo¨ssbauer spectra were obtained in the transmis-
sion mode using a57Co(Rh) γ-ray source. The isomer shifts were
referenced against naturalR-iron foil at room temperature. The samples
were crushed and placed in an iron free polymer sample holder. Curve
fitting was performed using a least squares procedure and employed
Lorenztian line shapes.

Materials and Reagents.All materials were of reagent grade or
better and were used without further purification. Tris(2-pyridylmethyl)-
amine (tpa) was prepared by a modification of the method of Anderegg
and Wenk.66 The mononuclear metal CuII complexes of tren67 and tpa68

were prepared according to published methods. In some cases, the CuII

complexes were generated in situ and used directly in the synthesis of
heterometallic complexes. Distilled water was used throughout. Metha-
nol, dimethyl sulfoxide, dimethylformamide, and acetonitrile were dried
by standing over activated 4 Å molecular sieves overnight.

Caution! Although no problems were encountered in this work,
transition metal perchlorates are potentially explosiVe. Such complexes
should be prepared and handled with due care.

Preparations. [{(CN)Cu(tpa)}6Fe][ClO4]8‚3H2O (1). A solution of
[Cu(tpa)(OH2)][ClO4]2 (0.96 g, 1.7 mmol) in water (20 mL) was stirred
and adjusted to pH 7 using 0.5 M sodium hydroxide, and a solution of
K3[Fe(CN)6] (92 mg, 0.28 mmol) in water (8 mL) was added dropwise
resulting in the immediate precipitation of a purple powder, which was
collected by filtration, washed successively with cold water, ethanol,
and ether, and then air dried (yield: 0.66 g, 74%). A portion of the
purple powder was dissolved in hot water, filtered, and the filtrate left
to evaporate at room temperature. This yielded small dark purple
crystals of1 suitable for X-ray structure determination.

Characterization: Elemental analysis Calcd for C114H114N30Cl8O35-
Cu6Fe: C, 43.0; H, 3.6; N, 13.2. Found: C, 42.9; H, 3.6; N, 13.2.
Selected infrared bands (cm-1): 2109 vs (CN), 1607 vs (py), 1574 m
(py), 1483 s (py). Electron microprobe: Cu, Fe, Cl present. UV-visible
spectrum [λmax, nm (εmax, M-1 cm-1) in H2O]: 515 (1200), 675 sh (817),
843 (1370). Magnetic moment:µeff (290 K) ) 4.41µB per molecule.
Molar conductivity: (Λm in H2O): 770 S cm2 mol-1.

[{Cu(tren)CN}6Fe][ClO4]8‚10H2O (2). A solution of Cu(ClO4)2‚
6H2O (2.23 g, 6.02 mmol) in water (15 mL) was added to a stirring
solution of tren (0.88 g, 6.03 mmol) in water (15 mL), resulting in a
royal blue solution of [Cu(tren)(OH2)][ClO4]2. A solution of K3[Fe-
(CN)6] (0.33 g, 1.00 mmol) in water (30 mL) was then added dropwise,
resulting in an immediate color change from royal blue to emerald.
Once the addition was complete, the solution was left to slowly
evaporate, and a dark green crystalline product formed. This was
collected by filtration, washed successively with ethanol and ether, and
then air-dried to give green crystals of2 (yield: 1.41 g, 58%).

(58) Suzuki, M.; Uehara, A.Bull. Chem. Soc. Jpn.1984, 57, 3134.
(59) Ludi, A.; Güdel, H. U.Struct. Bonding1973, 14, 1.
(60) Morpurgo, L.; Mavelli, I.; Calabrese, L.; Finazzi, A.; Rotilio, G.

Biochem. Biophys. Res. Comm.1976, 70, 607.
(61) Naiman, C. S.J. Chem. Phys.1961, 35, 323.
(62) Figgis, B. N.; Gerloch, M.; Mason, R.Proc. R. Soc. Ser. A: 1969,

309, 119.
(63) Fritz, J. J.; Rao, R. V. G.; Seki, S.J. Phys. Chem1958, 62, 703.
(64) Guha, B. C.Proc. R. Soc. London Ser. A: 1951, 206, 353.

(65) Hill, J. C.Sci. Instrum.1968, 1, 52.
(66) Anderegg, G.; Wenk, K.HelV. Chim. Acta1967, 50, 2330.
(67) Albertin, G.; Bordignon, E.; Orio, A.Inorg. Chem.1975, 14, 1411.
(68) Karlin, K.; Jacobson, R. R.; Tyeklar, Z.; Zubieta, J.Inorg. Chem.1991,

30, 2035.
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Characterization: Elemental analysis Calcd for C42H128N30Cl8O42-
Cu6Fe: C, 20.6; H, 5.3; N, 17.2 Found: C, 20.7; H, 4.8; N, 17.0.
Selected infrared bands (νCN, cm-1): 2106 s. Electron microprobe: Cu,
Fe, Cl present. UV-visible spectrum: [λmax, nm (εmax, M-1 cm-1) in
H2O]: 488 (986), 678 sh (704), 835 (879). Magnetic moment:µeff

(290 K) ) 4.43 µB per molecule.
[{Cu(tren)CN}6Fe][ClO4]2[Fe(CN)6]2‚15.8H2O (3). A solution of

[Cu(tren)(OH2)][ClO4]2 was prepared in situ by addition of an aqueous
solution (35 mL) of Cu(ClO4)2‚6H2O (0.74 g, 2.00 mmol) to a stirring
aqueous solution of tren (0.29 g, 2.00 mmol). The resultant royal blue
solution was stirred for another 10 min before an aqueous solution (30
mL) containing K3[Fe(CN)6] (0.33 g, 1.0 mmol) and an excess of
K2S2O8 (0.33 g, 1.20 mmol) was added dropwise. Upon addition, the
solution immediately changed color from royal blue to emerald. Slow
evaporation of this solution at room temperature yielded emerald colored
needles of3 (yield: 0.19 g, 26%) suitable for X-ray crystallographic
studies. These were collected by filtration, washed with water, and then
air-dried.

Characterization: Elemental analysis Calcd for C54H139.6N42O23.8-
Cl2Cu6Fe3: C, 27.3; H, 5.9; N, 24.7. Found: C, 27.0; H, 5.9; N, 24.2.
Selected infrared bands (νCN, cm-1): 2148 s, 2101 vs. Electron
microprobe: Cu, Fe, Cl present. UV-visible spectrum [λmax, nm (εmax,
M-1 cm-1) in DMSO]: 423 (3000), 494 sh (1240), 668 sh (854), 822
(1080). Magnetic moment:µeff (295 K) ) 5.61 µB per molecule.

[{Cu(tren)CN}6Fe][{Cu(tren)CN}4Fe(CN)2][Fe(CN)6]4‚6DMSO.
21H2O (4). Recrystallization of [{Cu(tren)CN}2Fe(CN)4]ClO4‚2H2O,
prepared as described elsewhere,39 from DMSO gave a few crystals of
4 that were suitable for single-crystal X-ray analysis.

Characterization: Selected infrared bands (νCN, cm-1): 2110 s,
2100 s, 2080 vs, 2042 s.

X-ray Crystallography. A green needle of3, of approximate
dimensions of 0.125× 0.125× 0.3755 mm, and a brown plate of4,
of approximate dimensions of 0.125× 0.125 × 0.025 mm, were
mounted on glass fibers and used in data collection on a Nonius Kappa
CCD area detector diffractometer with graphite monochromated Mo
KR radiation. For3, the data were collected to a maximum 2θ value
of 25.36° with 0.5° oscillations and 15 s exposures. For4, data were
collected to maximum 2θ value 30.07° with 1° oscillations and 45 s
exposures. The data were processed using Nonius software69 and were
corrected for Lorentz and polarization effects.

The structures were solved by direct methods in SHELXS-8670 and
refined by full-matrix least squares based onF2 in SHELXL-97.71 For
3, only the metal, chlorine, and oxygen atoms were refined anisotro-
pically due to insufficient data. Of the twenty water molecules located
in the structure, ten were refined at full occupancy, four at 70% site
occupancy, and six at half occupancy, giving a total of 15.8 water
molecules per formula unit. No hydrogen atoms were assigned to these
solvent molecules. All other hydrogen atoms were assigned on the basis
of geometric considerations and treated according to the riding model
during refinement with isotropic displacement corresponding to the
heavy atoms they are linked to. In the case of4, only the metal atoms
were refined anisotropically. Four of the six DMSO molecules were
disordered such that two positions for the sulfur atoms were assigned,
with 0.67:0.33 site occupancy ratios. No hydrogen atoms were assigned
to these disordered DMSO molecules or to the water molecules. All
other hydrogen atoms (including those on the ordered DMSO mol-
ecules) were assigned and treated as for3. Refinement of4 in the
centrosymmetric space groupP-1 resulted in disorder of some of the
tren ligands over two positions; refinement in the noncentrosymmetric
P1 removed this disorder. Thus, the final refinement of this structure
was performed in this later space group, even though the vast majority
of the structure is centrosymmetric. Refinement inP1 also indicated
the crystal to be a racemic twin (final refined Flack parameter was
0.45(3)). Weighting schemes were employed for both structures, with
ω ) [σ2(F0

2) + (0.1873P)2 + 66.10P]-1 for 3 andω ) [σ2(F0
2) +

(0.1154P)2 + 6.0864P]-1 for 4, whereP ) {(Max(F0
2) + 2 Fc

2)/3}.
Crystal data are summarized in Table 6.
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Table 6. Crystal Data for3 and4

crystal data 3 4

chem formula C54H139.6Cl2Cu6Fe3N42O23.8 C108H258Cu10Fe6N76O27S6

fw 2378.17 4216.76
space group P21/c (No. 14) P1 (No. 1)
a, Å 14.8674(10) 14.8094(8)
b, Å 25.9587(10) 17.3901(7)
c, Å 27.5617(10) 21.1565(11)
R, deg 110.750(3)
â, deg 100.8300(10) 90.206(2)
γ, deg 112.754(3)
V, Å3 10447.7(9) 4635.7(4)
Z 4 1
λ (Mo KR, Å) 0.71073 0.71073
Dcalc, g/cm3 1.512 1.510
µ(Mo KR), cm-1 17.3 17.19
T, K 123 123
R1a(observed data) 0.0997 0.0902
wR2b(all data) 0.3297 0.2512

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2

.
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