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Reaction of the [Fe'(CN)g]®~ anion with [Cu"(tn)(H,0),]** (tn
= 1,3-diaminopropane) affords the compounds [{Cu'(tn)},-
{Fe!'(CN)G)-KCI-5H,0 (1), [{Cu'(tn)},{Fe’(CN)6)]-4H,O (2),
and [{Cu'(tnH),(H,0),}{Fe(CN)g}]-2H,0 (3). Each iron cen-
ter in 1 and 2 is linked to six copper(i1) ions by six cyanide
bridges, while each copper ion is linked to three equivalent
iron(1r) ions. Despite these resemblances, the two compounds
present large structural differences caused by two different
orientations of the Cu-NC-Fe bridges: compound 1 has a 2D
structure which can be described as successions of “CuyFe3”
defective cubane units, while compound 2 displays a 3D ar-
rangement. Compound 3, in which only two trans-CN groups
are bridging, displays a 1D structure. The tn ligand is chelat-
ing in 1, as is usually observed in several parent compounds,
but is unexpectedly a bridging ligand in 2 and a terminal
protonated tnH* ligand in 3. Thus, the dimension of the three
compounds seems to depend on the tn coordination modes.

For the three iron compounds 1-3, the synthetic processes
involve the spontaneous reduction of the paramagnetic [Fe!-
(CN)g]*~ anion into the diamagnetic [Fe(CN)g]*~ anion. In
order to avoid such diamagnetic building blocks, the para-
magnetic [Cr(CN)g]®~ anion was used instead of the iron(in)
analog, leading to [{Cu'(tn)}5{Cr™(CN)g}5]-3H,O (4), which is
the first 2D ferromagnet containing “-Cu-NC-Cr-" linkages.
A similar study was performed using the diamagnetic
[Co(CN)g]®~ anion, leading to [{Cu'l(tn)};{Co™(CN)¢},]-3H,O0
(8), which is the Co analog of 4. The magnetic properties of
compounds 1-3 and 5 show the presence of isolated Cu'' ions
with weak ferromagnetic (1) or antiferromagnetic (2, 3, and
5) interactions. Compound 4 presents a long-range ferromag-
netic ordering below T, = 9.5 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Bimetallic cyano-bridged assemblies based on polycyan-
ometalates have attracted a great deal of attention because
of their remarkable magnetic, photomagnetic, electric-field-
induced conductance, catalytic, and porous properties.!!~¢l
Prussian blue analogs, derived from hexacyanometalate
anions and hexa-solvated metal complexes, exhibit novel
magnetic and electronic properties, and some of them pres-
ent magnetic ordering at a critical temperature (7.) as high
as 376 K.I'l However, the difficulty of obtaining crystals
suitable for X-ray structure determination precludes a thor-
ough magneto-structural correlation of these 3D systems of
high symmetry.[’! In order to tailor their dimensionality and
connectivity, and to tune their properties, a different syn-
thetic strategy involving two different families of cyano-
bridged coordination assemblies was envisaged. The first
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family associates [M(CN)g]" building-block anions (M =
divalent or trivalent first-row transition metal ion) and cat-
ionic assembling units of the general formula [M'L,-
(H,0),,,I"* (M’ = divalent first row transition metal ion; L
= polyamine, macrocyclic ligand, Schiff base, ...) having se-
lected free coordination sites, instead of simple hexa-sol-
vated complexes;® 11 the second one involves anionic com-
plexes of general formula [ML'(CN), ] as building blocks
instead of the potentially hexadentate [M(CN)g]"
anions.['>!3] In both families, a large number of such low-
symmetry cyano-bridged assemblies display rich and fasci-
nating structural architectures ranging from discrete poly-
nuclear complexes!'"'3! to extended 3D networks,[®10:12]
and in some cases exhibit interesting properties such as high
T. magnets, high-spin molecules, or single-molecule mag-
nets. For the first family built on [M'L(H,0),,]*" and
[M(CN)g]* units, most of the materials are extended bime-
tallic compounds having a three- or four-coordinate
[M’L,J*" assembling block which constrains the number of
adjacent hexacyanometalate building blocks to two and/or
a limited dimensionality of two.®"1% In contrast, examples
in which the assembling block acts as a py-bridging “com-
plex ligand” are very rare. In order to explore such extended
bimetallic assemblies with higher connectivities and/or
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higher dimensionalities, we decided to focus on the use of
two-coordinate assembling units containing the Cu'! ion,
whose versatility as regards to coordination number and
geometry is well known. Reactions of the [Fe''(CN)q]*"
anion with the [Cu'(tn)(H,0),J*" ion (tn = 1,3-diaminopro-
pane) afford the compounds [{Cu'(tn)},{Fe'(CN)g}]:
KCI-'5H,O (1), [{Cu(tn)},{Fe™(CN)s}]-4H,O (2) and
[{Cu(tnH),(H,0),} {Fe"(CN)4}]-2H,O (3). Compounds
1-3 display 2D, 3D, and 1D structures, respectively, gener-
ated by Cu—-NC-Fe bridges. For all three compounds the
synthetic processes involve the spontaneous reductions of
the paramagnetic [Fe'''(CN)g]*~ anion into the diamagnetic
[Fe"'(CN)g]* anion, as previously observed for some parent
complexes.I'l Therefore, despite the original structural fea-
tures of these three compounds, their magnetic properties
only show weak exchange couplings between Cu'' ions
through the diamagnetic [Fe''(CN)¢]* anion. In order to
avoid this reduction, the paramagnetic [Cr(CN)¢]*~ anion
was used instead of the iron(1) analog, leading to the new
compound [{Cu(tn)}3{Cr(CN)s}-]:3H,O (4), which is the
first 2D ferromagnet involving “-Cu-NC-Cr-" linkages. In
order to compare with a diamagnetic [M(CN)g]*~ building
block, similar attempts were made using the [Co(CN)g]?

anion; this leads to 5, the Co'™ analog of 4. Herein we re-
port the syntheses, a detailed structural discussion, and the
magnetic properties of these five cyano-bridged bimetallic
materials. Note that compounds 1 and 4 have recently been
briefly communicated by us.?¢104]

Results and Discussion

Syntheses and Characterization

The reaction of CuCl, with K5[Fe"'(CN)q] and KOH in
aqueous solution in the presence of 1,3-diaminopropane
(tn) affords [{Cu'(tn)},{Fe(CN)¢}]'KCI:5H,O (1) as
brown crystals. A similar reaction with (Et,N);[Fe(CN)g]
and Et,NOH instead of K;[Fe(CN)¢] and KOH results
in the formation of [{Cu'(tn)},{Fe'(CN)s}]-4H,O (2) as
prismatic black crystals. Further concentration of the fil-
trate afforded [{Cu'(tnH),(H,0),}{Fe""(CN)(}]-2H,O (3)
as hexagonal, dark-green crystals after several weeks under
aerobic conditions. It is likely that the synthetic procedure
leading to the slow formation of 3 corresponds to a de-
crease of the pH by slow aerobic carbonation of the basic
solution after several weeks; this allows formation of the
tnH* unit since the pK, of the tnH"/tn couple is around
10.5 (the pH of the solution is about 10.0).l"! Finally, the
reaction of CuCl, and tn with Cr'" or Co'! hexacyanomet-
alate anions in basic aqueous solution afforded compounds
[{Cu"(tn)}3{Cr'"(CN)},]3H,0  (4) and  [{Cu'(tn)}s-
{Co™(CN)4},]'3H,O (5). The crucial role of the base
(KOH, Et4;NOH) in these experimental processes must be
pointed out: the presence of this base curiously avoids the
immediate precipitation of insoluble species and provides
the stable two-coordinate aqueous [Cu(tn)]** unit, which
can then react with the hexacyanometalate anions. It is also
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worthy to note that all the above reactions with [Fe-

(CN)¢]*~ involve, as shown by the crystal structures and
magnetic measurements, its reduction into the diamagnetic
[Fe'(CN)¢J* anion. The reason for this reduction is not
clear for the moment. However, on the basis of our observa-
tions during this work and careful examination of the litera-
ture, we suggest a mechanism that successively involves (i)
partial decomplexation of CN~ ligands from the [Fe'l-
(CN)¢]*~ complex which, although kinetically inert, is more
reactive with regard to ligand substitution than its Fe! ana-
log,'®! (ii) reduction of the aqueous Cu!! moiety into the
corresponding Cu' unit by the CN~ ions with formation of
cyanogen or cyanate,['” and (iii) reduction of [Fe(CN)4]*~
into [Fe"'(CN)g]* by the Cu' species with formation of the
Cu'" species.'® Such a [Fe™(CN)gJ>~ to [Fe"(CN)g]* re-
duction has been observed previously for some parent M-
L-[Fe™(CN)g]>*~ M = Cu'l, Ni'", Mn") systems.['¥]

The infrared spectra of 1-5 exhibit the bands expected
for compounds built from [Cu(tn)]>** and [M(CN)¢]" units,
the presence of the latter being clearly indicated by strong
absorption bands assignable to vy stretching vibrations in
the 20002200 cm ! range. Previous studies have shown that
the positions of these absorption bands in [Fe(CN)4]* -con-
taining derivatives can be used as a diagnostic tool for iden-
tifying the oxidation state of the metal ion and detecting
the presence of cyanide bridges."®! Terminal CN ligands are
typically characterized by absorption bands at around
2120 cm™' when bonded to Fe' and around 2040 cm!
when bonded to Fe'', the shift to lower wavenumbers upon
reduction resulting from greater m back-bonding from the
Fe'l ion to the CN n* antibonding orbital.?”! Coordination
of the CN ligand to a second metal ion through its nitrogen
atom results in an increase of these values to around 2150—
2180 cm™! for [Fe(CN)¢]>~ and 20502110 cm™! for [Fe-
(CN)g]*.["9-211 The vy stretching vibrations are found at
2091 and 2079 cm ™! for 1 and 2085 and 2056 cm™! for 2;
although unambiguous assignments are difficult, it is likely
that these compounds are built from [Fe''(CN)¢]* units
that have their six CN ligands acting as bridging units with
Cu ions. For compound 3, three absorption bands are
found at 2095, 2060, and 2032 cm™!; this is in good agree-
ment with the presence of [Fe"'(CN)¢]* units having at last
one terminal CN ligand, as indicated by the lower wave-
number band. Similarly, compound 4 exhibits a strong ab-
sorption band at 2175 cm™! and two weaker ones at 2149
and 2128 cm™!' for the bridging and terminal cyanide
groups, respectively. For compound 5, which contains the
[Co(CN)¢]* unit, the strongest vy absorption is observed
at 2175 cm™'; the increase of this value with respect to the
Fe compound is normal since the CN bond is strengthened
as the Co—CN bond involves o-donation from an antibond-
ing orbital.’?! Finally, the 1,3-diaminopropane ligand is
easily characterized by the presence in the IR spectrum of
bands due to vny stretching vibrations of the NH, groups
in the 3350-3150 cm ' region and to vy stretching vi-
brations of the CH, groups in the 2980-2800 cm ! re-
gion.[>34 For compound 3, the supplementary weak bands
observed in the 2700-2500 cm™! region could be tentatively
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assigned to vy stretching vibrations of the uncoordinated
NH;* group.

Crystal Structures

Pertinent bond lengths and angles for compounds 1-5
are given in the tables below. Crystallographic data and
structure-refinement parameters are given in the Experi-
mental Section.

The crystal structure of compound 1 has been recently
communicated;®! thus, we limit ourselves to discussing
some structural features that are relevant for structural dis-
cussion of compound 2 since both present some interesting
similarities despite their large structural differences. The
asymmetric unit of 1 consists of one [Fe'(CN)4]*" anion,
two [Cu'(tn)]?>* cations, one K*, one CI-, and five H,O
molecules, all in general positions. Figure 1 shows an OR-
TEP drawing of this asymmetric unit with the atom-label-
ing scheme and the metal-ion environments; pertinent bond
lengths and bond angles are given in Table 1. The two non-
equivalent copper(i1) ions (Cul and Cu2) exhibit a CuNj
geometry (Figure 1), which arises in both cases from two
nitrogen atoms of the chelating tn ligand (N7 and N8 for
Cul and N9 and NI10 for Cu2) and from three nitrogen
atoms of the cyano groups [N3, N4(f), and N5(d) for Cul
and Nl(a), N2, and N6(c) for Cu2]. The Cu2 ion is located
in an approximately square-pyramidal geometry, as indi-
cated by the low value of the trigonality index, 7,1*4 of 0.18
[z = (f — a)/60, where a and f are the two greatest basal

plane angles (f = a) when the polyhedron is viewed as a
square pyramid; for a perfectly square-pyramidal geometry
7 is equal to zero, and it becomes unity for a perfectly trigo-
nal bipyramidal geometry. For Cu2, a = N6(c)-Cu2-N10 =
162.3(2)° and f = N2-Cu2-N9 = 173.3(2)°]. This slightly
distorted square-pyramidal geometry is in good agreement
with the structural data, which indicate that the four equa-
torial bond lengths are equivalent [Cu2-N2 = 2.005(4),
Cu2-N6(c) = 2.008(4), Cu2-N9 = 2.011(4), Cu2-N10 =
2.004(4) A], while the Cu2-Nl(a) apical bond length
[2.230(5) A] is significantly longer. For the Cul ion, the cor-
responding 7 value of 0.55 [a = N4(f)-Cul-N8 = 141.4(2)°,
S = N3-Cul-N7 = 174.2(2)°] indicates that the coordina-
tion geometry of the Cul ion is intermediate between the
two ideal geometries. This coordination geometry can be
described as trigonal bipyramidal distorted square-based
pyramidal in which one of the equatorial bond lengths is
significantly longer [Cul-N5(d) = 2.122(4) A] than the
other two [Cu—N4(f) = 2.027(6) and Cul-N8 = 2.039(5) A]
and the apical bond lengths [Cul-N3 = 2.002(4) and Cu-—
N7 = 2.009(4) A].

Each iron ion, which has an almost regular octahedral
geometry, is linked to six copper(I1) ions by six cyanide brid-
ges, while each copper ion is linked to three equivalent
iron(1) ions. The Fe—C—N units are essentially linear while
the C-N-Cu angles deviate significantly from linearity (see
Table 1). This leads to an infinite [{Cu(tn)},{Fe(CN)s}]
lamellar structure, which can also be described as a 2D lay-
ered structure generated by the defective cubane units

Figure 1. ORTEP view showing the atomic labeling scheme and the metal ion (M = Fe, Cul and Cu2) environments in compound 1
(40% probability ellipsoids). Codes of equivalent positions: (a) —x, =y, 1 — z; (b) —x, =y, 2 — z; (¢) —x, —1/2 + , 3/2 — z; (d) —x, 1/2 + y,

32—z () x, 12—y, 112+ z; (f) x, 1/12 -y, -1/2 + z.
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Table 1. Pertinent bond lengths [A] and bond angles [°] in compound 1.

Fe-C-N-Cu Fe-C C-N N-Cu Fe-C-N C-N-Cu Fe---Cu
Fe-C1-N1-Cu2(a) 1.929(6) 1.138(8) 2.230(5) 175.4(4) 156.0(4) 5.194(1)
Fe-C2-N2-Cu2 1.918(5) 1.145(6) 2.005(4) 175.3(5) 161.2(5) 4.980(1)
Fe-C3-N3-Cul 1.899(4) 1.159(6) 2.002(4) 178.3(4) 162.0(5) 4.997(1)
Fe-C4-N4-Cul(e) 1.895(6) 1.147(8) 2.027(6) 178.5(4) 160.1(4) 4.991(1)
Fe-C5-N5-Cul(c) 1.931(4) 1.137(6) 2.122(4) 176.7(5) 159.0(5) 5.114(1)
Fe-C6-N6-Cu2(d) 1.919(5) 1.138(6) 2.008(4) 175.8(5) 163.0(5) 4.998(1)

Figure 2. View of the structure of compound 1 showing the 2D arrangement generated by the square-pyramidal units of Cu'' and a view
of the “CuyFe;” cubane unit. The chelating tn ligands have been omitted, in the 2D arrangement, for the sake of clarity.

“CuyFes”, as shown in Figure 2. The distance between two
neutral eclipsed parallel sheets is the « parameter
[15.1478(3) A], which gives rise to a large interlayer space
where the chloride anions, the potassium ions, and the
water molecules are accommodated. The shortest Cu-Cu
distance is 6.845(1) A.

Compound 2 crystallizes in the monoclinic system (space
group P2,/n); the asymmetric unit consists of one [Fe'l-
(CN)e]* anion, located at the special position (0,0,0), one
[Cu"(tn)]?* ion, and two H,O molecules, all in general posi-
tions. The copper(1) ion (Cul) exhibits a CuN5 geometry
(Figure 3) arising from two nitrogen atoms of two equiva-
lent tn ligands (N1, N5) and from three nitrogen atoms of
the cyano groups (N11, N12, and N13). As for the Cul ion
of compound 1, the corresponding > value of 0.57 [a =
N12-Cul-N13 = 142.9(2)°, f = N1-Cul-N5 = 177.0(2)°]
indicates that the coordination geometry of the Cul ion is
a trigonal bipyramidal distorted square-based pyramid with
almost equivalent Cu—N bond lengths except for one of the
equatorial ones [Cu-N11 = 2.228(4) A], which is signifi-
cantly longer than the other four [equatorial: Cul-N12 =
2.001(4) and Cul-N13 = 1.987(3) A; apical: Cul-NI =
2.035(3) and Cu-N5 = 2.001(3) A]. Examination of the N—
Cu—N angles in the pseudo base plane [101.8(2), 115.3(2),
142.9(2)°] also indicates that the Cu environment deviates
strongly from the ideal trigonal-bipyramidal geometry.
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Figure 3. View of the copper ion environment in compound 2.

As in compound 1, the iron ion, which has an almost
regular octahedral geometry, is linked to six copper(Ir) ions
by six cyanide bridges, while the copper ion is linked to
three equivalent iron(mr) ions (Figure 4). This leads to a 3D
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Figure 4. Projections of the structure of compound 2 in the ab, ac, and bc planes. In all cases, the tn ligands have been omitted for the

sake of clarity.

Table 2. Pertinent bond lengths [A] and bond angles [°] in compound 2.

Fe-C-N-Cu Fe-C C-N N-Cu Fe-C-N C-N-Cu Fe-Cu
Fel-C11-N11-Cul 1.930(6) 1.157(6) 2.228(4) 177.5(4) 151.8(4) 5.149(1)
Fel-C12-N12-Cul 1.884(5) 1.155(6) 2.001(4) 179.1(4) 175.2(4) 5.036(1)
Fel-C13-N13-Cul 1.925(4) 1.154(4) 1.987(3) 177.1(5) 168.4(5) 5.034(1)

arrangement in which the Fe—-C—N units are essentially lin-
ear, while one of the Cu-N-C units deviates significantly
from linearity (Table 2). Careful examination of this 3D ar-
rangement shows two interesting structural features. The
first one concerns the projections along the [001] and [010]
directions; as shown in Figure 4, they seem to give the same
lamellar structure as observed for the 2D structure of 1.
The second one concerns the unexpected coordination
mode of the tn ligand; usually chelate, this unit acts in com-
pound 2 as a bridging ligand.

To clearly describe this sophisticated structure, these two
structural characteristics are detailed below. The extended
structures of compounds 1 and 2 present important struc-
tural similarities: (i) they have the same chemical formula
[{Cu'l(tn)},{Fe(CN)¢}],» (i) in both structures each Cu!!
ion is linked to three Fe' ions while each Fe!! ion is linked
to six Cu'l ions, and (iii) the projections of 2 along the [001]
and [010] directions (parts a, b in Figure 4) seem similar to
that of compound 1 along the [100] direction (Figure 2).

Fel

T

Fel

n

F\:I
(- »i; Lul
Fel

Despite these common features, large structural differences
are observed and the question now is why compound 1 dis-
plays a 2D layered structure while the structure of com-
pound 2, generated only by the cyanide bridges, is 3D. To
clarify these differences, the best way seems to be to de-
scribe the structural arrangement of 2 on the basis of that
of 1. To simplify such complicated arrangements, the tn li-
gands are initially omitted. Thus, the extended arrange-
ments of both compounds can be viewed as two different
successions of the elemental units depicted in Figure 5 (trig-
onal pyramid for 1 and trigonal plane for 2).

For compound 1, the 2D structure of the “CuyFe;” de-
fective cubane units depicted in Figure 2 can be easily
viewed as a succession of the trigonal-pyramidal units de-
picted in Figure 5, while for compound 2 the trigonal pla-
nes do not allow such a structural arrangement. Thus, the
projections of 2 along the [001] and the [010] directions (see
a, b in Figure 4) are misleading since they are not appropri-
ate to explain clearly the large differences between the two

® Hﬁt :;x — Q ™"
Y/

Figure 5. Schematic view showing that the 2D arrangement described as a succession of defective cubane units in compound 1 is not

possible in the case of compound 2.

Eur. J. Inorg. Chem. 2006, 185-199

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjic.org 189



FULL PAPER

S. Triki, J. Sala-Pala, F. Thétiot, C. J. Gomez-Garcia, J.-C. Daran

structural arrangements. A correct description of this 3D
arrangement is obtained after rotation of the unreal defec-
tive cubane unit around the « axis, as shown for this struc-
ture in Figure 6 (b); such a rotation shows the real geometry
of this unit (Figure 6, c).

The bimetallic cyano-bridged units of 2 differ markedly
from the defective cubane units observed in compound 1,
as shown by the schematic view of these units in both com-
pounds (Figure 7).

Slight rotation around the Fe(A)-Fe(A) axis shows a ne-
arly similar view for the structural unit and generates the
2D structure of 1; the Cu(A) atoms are linked to the Fe(B)
atoms by the CN bridges of the same unit leading, as de-

scribed above, to the 2D structure parallel to the [Cu(B)]4
plane. For compound 2, a similar slight rotation around the
Fe(A)-Fe(A) axis shows that the structural unit is not dis-
crete since the Cu(A) atoms are not linked to Fe(B) atoms
as observed for 1, but linked to the Fe(A) atoms in a third
direction that is orthogonal to the [Cu(B)]; plane. Finally,
it is worthy to note that the unusual coordination mode of
the tn ligand in compound 2 leads to a helical chain run-
ning along the [010] direction with a Cu---Cu distance of
6.719(1) A (Figure 8). These bridges have no consequences
for the structural dimension since compound 2 was de-
scribed above as having a 3D structure only on the basis of
the cyanide bridges.

Figure 6. Careful examination of the 3D structure of compound 2: a) scheme for the copper environment; b) projection of the structure
on the ac plane; ¢) the clear structure of fragment unit after rotation around the « axis. In (b) and (c), the tn ligands have been omitted

for the sake of clarity.
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Figure 7. Fragment of the structure showing similarities and differences between compounds 1 and 2: a) similar projections for both
compounds; b) illustration of the structural differences after rotation around the Fe(A)-Fe(A) axis. The tn ligands have been omitted for
the sake of clarity. A and B notations are used to indicate more clearly [Cu(B)]; and the [Fe(A)]; planes.
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Figure 8. The bridging tn ligand in the 3D structure of compound
2: a) projection on the ac plane; b) the helical chain running along
the [010] direction.

Compound 3 crystallizes in the monoclinic system (space
group P2,/n); the asymmetric unit consists of one [Cu-
(tnH)»(H,0),]** and one [Fe(CN)g]*~ unit, both localized at
special positions[ (1/2,0,0) and (0,0,0) respectively], and a
water molecule in a general position. Figure 9 shows this
asymmetric unit with the atom labeling scheme and the co-
ordination mode of the [tnH]" ligand. The Cu' ion presents
a strongly elongated centrosymmetric CulN4O, environment
with four almost equivalent CuN bonds involving two N
atoms of CN groups [Cu-N3 and Cu-N3®: 1.961(4) A],
two N atoms of tn [Cu-N4 and Cu-N4@: 2.044(4) A], and
two elongated CuO bonds [Cu-02©® and Cu-O2®:
2.633(4) A] (Figure 10). The Fe' jon presents an almost
perfect octahedral FeCy coordination [Fe-C bond lengths
from 1.914(5) to 1.921(4) A]. The structure can be described
as being formed by linear chains with alternating [Cu(tnH),-
(H,0),]** and [Fe(CN)¢]* units linked by a CN bridge
(Figure 9). Within a chain, each [Fe(CN)¢]* is bonded to
two Cu ions by two CN groups in a trans configuration
while each [Cu(tnH),(H,0),]** acts as a W, ligand and not
us as described above for compounds 1-2; the shortest
Cu-+Fe and Cu--+Cu intrachain distances correspond to the
al2 and a parameter [¢ = 10.0586(4) A], respectively. It is
worthy to note that the tn unit in 3 is protonated; the tnH™
ligand presents a monodentate coordination mode, with the
protonated amine group being uncoordinated (Figure 9).

Compounds 4 and 5 are isostructural and crystallize in
the orthorhombic system (space group Pbcn). The asym-
metric unit contains one [M(CN)¢]*~ anion, located at a ge-
neral position, and two [Cu(tn)]** (Cul and Cu2) ions at
special positions (1/2,y,1/4). Figure 10 shows an ORTEP
drawing of this asymmetric unit with the atom-labeling
scheme and the coordination polyhedra of the metal ions;
pertinent bond lengths and bond angles of 4 and 5 are given
in Table 3. In both structures, the Cul atom exhibits a dis-
torted CuNj5 coordination environment (Figure 10) arising
from two nitrogen atoms of a chelating tn ligand (N7, N8)
and three nitrogen atoms from CN groups [N1, N2(a), and
N3®]. The value of the trigonality index 71> is 0.22 for 4
[a = N3D_Cul-N7 = 159.2(3)°, f# = NI-Cul-N8 =
172.4(3)°] and 0.20 for 5 [a = N3O-Cul-N7 = 159.1(2)°, B
= N1-Cul-N8 = 171.0(2)°]. In agreement with these low
values, the coordination geometry of the Cul environment
can be described in both cases as distorted square-pyrami-
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Figure 9. 1D structure of compound 3 showing the atomic labeling
scheme and the terminal protonated [tnH]* ligand (30% prob-
ability ellipsoids). Codes of equivalent positions: (a) —x, —y, —z; (b)
“1+x,0z@2-x,-y -z (d)-1-x,-y -2z ()12 +x, 112
—y-l+z(H-12-x,12+y 1/2 -z

dal, with an apical bond length 0.15-0.18 A longer than the
four equatorial ones. The coordination polyhedron of the
Cu2 atom differs strongly from that of Cul and can be de-
scribed as a CulN4N, elongated octahedron generated by a
CuNjy equatorial plane arising from two nitrogen atoms of
the chelating tn ligand [N9 and N9(a)] and two equivalent
nitrogen atoms of CN groups [N4 and N4(a)], and two axial
positions defined by two equivalent nitrogen atoms [N5(b)
and N5(c)] of CN groups, the two axial Cu-N5 bond
lengths being approximately 0.6 A longer than the other
four in both cases, as shown in Figure 10 and Table 3.
Each M™ ion, although bound to six carbon atoms aris-
ing from one terminal and five bridging CN ligands, pres-
ents an almost regular octahedral coordination geometry,
the Cr-C bond lengths being, as usually observed, 0.15-
0.18 A longer than the Co—C ones. In both cases, the ex-
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Figure 10. ORTEP view showing the atomic labeling scheme and the metal ion (Cr, Cul, and Cu2) environments in compound 4 (40%

probability ellipsoids). Codes of equivalent positions: (a) 1 — x, y, 1/2 —z; (b) 1 — x, 1 — y,
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Table 3. Pertinent bond lengths [A] and bond angles [°] in 4 and 5.

M-CN-Cu M-C CN M- CN Cul-N Cu2N  CulNC Cu2NC M--Cu
Cr-C1-N1-Cul 2.047(7) 1.126(9) 173.6(6) 2.014(7) 171.0(6) 5.153(1)
Co-C1-N1-Cul 1.885(5) 1.141(6) 176.5(4) 1.977(4) 167.2(4) 4.965(1)
Cr-C2-N2-Cul(a) 2.071(7) 1.144(9) 174.7(6) 2.195(7) 147.9(5) 5.164(1)
Co-C2-N2Cul(a) 1.893(5) 1.149(6) 177.0(4) 2.204(4) 145.1(4) 4.989(1)
Cr-C3-N3-Cul(f) 2.049(6) 1.141(8) 173.7(6) 2.028(6) 172.2(6) 5.187(1)
Co-C3-N3-Cul(f) 1.893(5) 1.141(6) 175.1(4) 2.011(4) 170.8(4) 5.015(1)
Cr-C4-N4-Cu2 2.042(7) 1.164(8) 173.3(6) 2.005(6) 174.7(6) 5.190(1)
Co-C4-N4-Cu2 1.894(5) 1.135(6) 175.7(5) 2.011(4) 170.7(4) 5.013(1)
Cr-C5-N5-Cu2(b) 2.059(8) 1.14(1) 177.2(7) 2.569(8) 140.0(6) 5.392(1)
Co-C5-N5-Cu2(b) 1.884(5) 1.152(6) 178.5(5) 2.617(5) 140.7(4) 5.312(1)
Cr-C6-N6 2.070(8) 1.12(1) 176.3(10)

Co-C6-N6 1.888(5) 1.153(7) 177.1(5)

tended structure can be more clearly described by taking
the twelve-membered tetrametallacycle M-CN-Cu-NC-
M-CN-Cu-NC as the elemental unit. The molecular ar-
rangement can be seen as a zig-zag ‘“chain” of such
“MCuMCu” cycles sharing alternatively one side (CulM)
and one vertex (Cul), as shown in Figure 11 (a). The adja-
cent “chains” are connected to each other through the CN
bridges (M-C5-N5-Cu2) to lead to the neutral 2D struc-
ture depicted in part b of Figure 11.
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As shown in Figure 12, the chelating tn ligands are ori-
ented out of the plane of the bimetallic layers; this imposes
a large separation between adjacent layers (adjacent layer
distance: a/2; shortest Cu-M interlayer distance: ca. 7.0 A),
which is responsible for the presence of the nonbridging
C(6)N(6) nitrile group. Careful examination of the 3D
structure of [Mn(en)};{Cr(CN)s],*4H,O (6), reported by
Okawa et al.,*! shows remarkable structural similarities
with the 2D structures of 4 and 5. Despite important differ-
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Figure 11. Structure of compounds 4 and 5: a) schematic view of
a zigzag chain unit; b) 2D arrangement. The tn chelating ligands
have been omitted for clarity. Codes of equivalent positions: (a) 1 —
X, 12—z ()1 —x, 12—z, () 1 —x, -y, —z; (g) x, -y, —1/2
+z;h)x, »12+zO)x, 1 +z01-x, 31—z

ences related essentially to their dimensionalities, the 3D
structure of 6 can be easily described from the 2D structure
of 4 and 5 by taking into account that the cyano group,
which is terminal in the latter [C(6)N(6)], adopts a bridging
coordination mode in 6 (see Figures 10 and 12). This sup-

il

1

plementary cyano bridge may be explained by the presence
of the en ligand in 6, which has a lower steric hindrance
than the tn ligand.

Magnetic Properties

The magnetic properties for compounds 1-3 and 5 are
displayed in Figure 13 as the thermal variation of the y,,T
product (x,, being the molar magnetic susceptibility per for-
mula unit). Compounds 2, 3, and 5 show similar behaviors,
with a constant y,,, 7 value from room temperature down to
low temperatures (20-30 K); below this temperature, they
show smooth decreases of the y,,7" product due to weak
antiferromagnetic interactions between Cu'' ions through
the diamagnetic hexacyanometalate building block anions
in the d® low-spin configuration {[Fe"(CN)4]* for com-
pounds 2 and 3 and [Co™(CN)g]*~ for compound 5}. Com-
pound 1 displays the same behavior in the high-temperature
range but shows an increase in the y,,,7 value at low tem-
peratures, which is characteristic of weak, but significant,
ferromagnetic interactions between Cu'' ions through the
diamagnetic building block anion.

xm T (emuK mol-1)

' T T T T

0 50 100 150 200 250 300
T (K)

Figure 13. Thermal variation of y,,,T for compounds 1, 2, 3, and 5.

Solid lines are the best fits to the Curie—Weiss law (see text).

These behaviors indicate that the four compounds behave

essentially as paramagnets with weak Cu'~Cu'' magnetic

i
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Figure 12. a) Schematic view of two adjacent layers in compounds 4 and 5 showing the nonbridging CN groups and the chelating tn
ligands; b) view of the 3D arrangement of compound 6 (obtained from crystal data given in the cif file of ref.[*’l); the nonbridging CN

group observed in 4 and 5 is bridging here.
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interactions, as expected from the structural data that show
that the Cu' ions are quite well isolated due to the diamag-
netic building blocks that preclude the existence of signifi-
cant exchange interactions between the Cu'! ions. Thus, for
each of these four compounds, the magnetic data can be
very well reproduced with a simple Curie-Weiss law: y,, =
C/(T — 0). In all cases, this expression gives a very satisfac-
tory agreement with the experimental data in the whole
temperature range (solid lines in Figure 13) with the sets of
parameters displayed in Table 4; these results corroborate
the presence of weak ferromagnetic interactions in 1 and
weak antiferromagnetic interactions in 2, 3, and 5.

Table 4. Magnetic parameters for compounds 1-3 and 5.

Cu',M ClemuKmol'l] ¢ 0 [K]
1 Cu'lLFe  0.869(1) 2152 +0.515(3)
2 Cu'lLFe  0.866(1) 2.149 ~1.76(2)
3 CullFe!! 0.435(1) 2.153 ~0.97(2)
5 Cu',Co™  1.218(3) 2.081 ~0.98(2)

A confirmation of the spin ground-state and the weak
magnetic interactions in compounds 1, 2, 3, and 5 comes
from the isothermal magnetization of these compounds at
2 K. In all cases, the magnetization can be well reproduced
with a Brillouin function for one (3), two (1 and 2), or three
(5) independent S = 1/2 ions with reduced (2, 3, and 5) or
increased (1) g values accounting for the weak interactions
observed at low temperatures. The magnetic behavior of 1
is similar to that observed in the previously reported com-
pound [Cu'(en)(H,0)},{Fe(CN)¢]-4H,O, which contains
Cu-NC-Fe'"-CN-Cu bridges.**"! In this compound, the
nature of the ferromagnetic coupling was explained as hav-
ing two possible origins: (i) intrachain interactions through
the diamagnetic -NC-Fe!"-CN- bridges, or (ii) interchain
interactions through double end-on cyanide bridges. As
shown above, the crystal structure of 1 involves infinite 2D
sheets that are eclipsed and about 15.0 A apart. This large
distance means that the adjacent sheets are well isolated
and precludes consideration of any inter-sheet interaction.
Thus, the weak magnetic coupling in 1 can be attributed to
the interaction between Cu'! ions through the diamagnetic
-NC-Fe"-CN- bridges. Note that such an assignment needs
more experimental support but examples involving ex-
tended and discrete cyano-bridged compounds with similar
diamagnetic -NC-M-CN- bridges (M = Fe!' in [Fe-
(CN)g]*, M = Fem in [Fe(CN)s(NO)]*>-, and M = Co™
in [Co(CN)¢]*") between Cu'! ions are very rare.[!3¢:23:26.27]
However, such diamagnetic bridges lead to the same situa-
tion in some Ni'l-Fe!' and Mn'"-Fe!' bimetallic com-
pounds;[14a.146.26d.28] taking into consideration the elec-
tronic configuration of Ni'(ty,%e,%) or Mn" (ty,%e,%) and
Fe!! (t,,%,"), a o-superexchange pathway between Ni'' (or
Mn'h) ions through the empty d, orbital of the Fe'! ion was
proposed to explain the ferromagnetic exchange coupling.
Thus, it seems likely that a similar ferromagnetic behavior
occurs in compound 1 even if the Cu'! ion presents a nonoc-
tahedral environment. Consequently, such ferromagnetic
behavior should also occur in compounds 2 and 3 instead
194
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of the weak antiferromagnetic or the paramagnetic behav-
ior actually observed. For compound 5, which also involves
diamagnetic bridges between Cu'!, the weak antiferromag-
netic behavior observed is similar to those of a few exam-
ples recently reported.?”! Finally, on the basis of this study
and on some reported examples involving diamagnetic
-NC-M-CN- bridges between Cu'! ions, we can conclude,
as expected from the structural data (Cu-+Cu = 6.7 A), that
weak magnetic interactions occur through such diamagnetic
bridges. In contrast, a clear exchange mechanism concern-
ing the nature of the magnetic coupling needs more exam-
ples of M—Cu" cyano-bridged bimetallic compounds.

As expected, substitution of the diamagnetic [Co-
(CN)¢]* anion by the paramagnetic S = 3/2 [Cr(CN)¢]*~
anion results in a drastic modification of the magnetic
properties, as will be shown below. The thermal variation
of the molar magnetic susceptibility (y,,) of compound 4
shows an abrupt increase below about 15K (maximum
slope at about 11 K) followed by an almost saturation at
low temperatures (Figure 14). This behavior suggests the
presence of a long-range ordering in this compound below
about 10 K. The thermal variation of the y,,7 product (per
“Cu;Cr,” formula unit) shows a room-temperature value of
about 5.0 emuK mol™!, which is close to the expected value
(4.875 emuK mol ') for three noninteracting Cu'! (S = 1/2)
and two Cr'™ (S = 3/2) ions with g = 2 (inset in Figure 14).
On cooling the sample, the y,,T product shows a con-
tinuous increase, which is indicative of a ferromagnetic
coupling between the Cr'" and Cu' ions in 4. In fact, the
magnetic susceptibility of 4 follows a Curie-Weiss law
above about 100 K with C = 4.97(1) emuKmol ' and 0 =
+46.0(2) K; note that the positive sign of 6 confirms the
presence of dominant ferromagnetic interactions between
neighboring Cr''' and Cu! ions. On cooling the sample fur-
ther, the y,7T product shows a maximum of about
58 emuKmol ! at about. 11 K; below this temperature the
xmT product decreases sharply, due to saturation effects of
the y., at low temperatures, to reach a value of around
15 emuKmol™ at 2 K (inset in Figure 14).
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Figure 14. Thermal variations of y,, and y,,T (inset) for compound
4.

To confirm the ferromagnetic nature of the long-range
order transition and to determine the exact transition tem-

perature, we performed magnetic susceptibility measure-
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ments in an alternating field (AC susceptibility, Figure 15).
These measurements show: (i) a frequency-independent
peak at about 9.0 K and an additional frequency-dependent
shoulder at lower temperatures in the in-phase susceptibility
(x'm) »and (il)) a non-zero frequency-independent out-of-
phase susceptibility (y'',,) below about 9.5 K that presents
a frequency-dependent broad maximum at lower tempera-
tures (3.64.7 K). From these data, we can conclude that
compound 4 presents a ferromagnetic long-range ordering
and that the ordering temperature is about 9.5 K. Further-
more, the presence of the frequency-dependent shoulders
(in y',,) and broad maxima (in y'’,,) suggests that the move-
ment of the domain walls in the ferromagnetically ordered
phase is strongly hindered below about 5 K. A possible ex-
planation is that the magnetic transition at 9.5 K corre-
sponds to a ferromagnetic ordering within the layer (which
is frequency independent, as observed in the y',, peak at
about 9.0 K), and that at lower temperatures (below ca.
5 K) the dipolar coupling induces a 3D ferromagnetic or-
dering in which the domain walls are anchored.

100. 12

4 —®— 10Hz
o g 110 Hz

80

—e— 997 Hz [

X' (emu-mot!)
Z"m (emu-mokl)

Figure 15. Thermal variation of the in-phase (', filled symbols,
left scale) and out-of-phase (y'',,, empty symbols, right scale) sig-
nals of compound 4 at 1, 10, 110, 332, and 997 Hz (circles, squares,
rhombs, up-triangles and down-triangles, respectively).

In this case, the frequency dependence of y',, can be re-
lated to the activation energy required to unlock these do-
main walls. This activation energy (E,) can be deduced from
the frequency dependence of the maximum of y'’,, which
follows an Arrhenius la w, as £, = 112(2) K. An additional
proof comes from the fact that the application of increasing
DC fields in the AC measurements reduces the shoulder in
x'm and the broad maximum in y'’,; both features disap-
pear when the DC field is above about 100 mT (Figure 16).
Furthermore, the temperature of these two features de-
creases as the DC field increases (Figure 16), indicating, as
expected, that the magnetic field helps the unlocking of the
domain walls. A very similar behavior has recently been ob-
served in [Ni(trans-CgH 4N>)»}3{Fe(CN)¢]»,*2H,0, a similar
layered cyanide-bridged bimetallic ferromagnet (7, =
140K, E, = 111.6 K) with the same stoichiometric M-
ML, ratiol®e and in the two pure enantiomeric derivatives
of the same compound obtained with trans-(1S,2S)-
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CsH 4N, and trans-(1R,2R)-CsH 4N, (T, = 138K, E, =
156 K).["l Note that the ordering temperature of 4 (7, =
9.5K) is lower than that reported for the 3D compound
[Cu(EtOH),][Cu(en)}»{Cr(CN)¢], (T, = 57 K),['%! which
was previously the only known example of a cyano-bridged
CusCr, ferromagnet. The difference in the ordering tem-
perature can be related to the lower dimensionality and/or
to the lower Cr—Cu exchange interactions of 4 as a result
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Figure 16. Thermal variation of the in-phase (a) and out-of-phase
(b) signals of compound 4 at 3000 Hz with different applied DC
magnetic fields.
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Figure 17. Hysteresis cycles at 2 K for compound 4. The inset
shows the low-field region.
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of the different Cu—-CN-Cr angles observed in both com-
pounds.

An additional proof of the ferromagnetic nature of the
long-range ordering comes from the isothermal magnetiza-
tion of 4 at 2 and 5 K, which shows (i) a rapid saturation
of the magnetization for magnetic fields above about 0.5 T
(Figure 17), (ii) a saturation value of around 9.2 pp, which
is the expected value for the parallel alignment of three S
= 1/2 plus two S = 3/2 spins with a g value close to 2, and
(ii1) a hysteresis with small and similar coercive fields of
1.0 mT at 2 and 5 K, indicating that 4 is a soft ferromagnet.

Conclusions

This study involves the design of some new bimetallic
materials that contain a hexacyanometalate [M(CN)4]""
ion and a two-coordinate [CuL]** wunit (L =
H,NCH,CH,CH,NH,). With [Fe(CN)¢]*~, spontaneous Fe
reduction was observed to afford the [Fe(CN)g]* ion. This
diamagnetic building block leads to three new Cu—Fe com-
binations corresponding to different diamine coordination
modes: chelating, bridging, and terminal, with protonation
of one of the NH, groups. These three bimetallic com-
pounds, for which magnetic properties only show weak ex-
change couplings between Cu'l ions through diamagnetic
hexacyanometalate bridges, have original 1D or 2D struc-
tures whose dimensionalities seems to be related to the co-
ordination mode of the diamine unit. In order to obtain
interesting magnetic behavior with paramagnetic building
blocks, similar studies were performed using the S = 3/2
[Cr(CN)g]*~ building block; this leads to the first 2D ferro-
magnet involving Cr—CN-Cu linkages. Despite important
differences related essentially to their dimensionality,
this compound, [Cu(H,NCH,CH,CH,NH,)}3{Cr(CN)g],
3H,0, and the recently reported [Mn(H,NCH,CH,NH,)]-
[Cr(CN)g]-4H,0O show some remarkable structural similari-
ties. These results, associated with some others already re-
ported in the literature, show the ability of the [M(CN)¢]"*/
[CuL]?* system to afford a wide variety of bimetallic combi-
nations depending not only on the nature of M and L but
also on other parameters such as the pH and the nature of
the counteranions. Extension of this study to other amine
ligands and to other experimental conditions is in progress
in order to obtain a more unified view of the structural
data/magnetic behavior relationship in these bimetallic
combinations.

Experimental Section

General: All reagents were purchased from commercial sources and
used as received. (EtyN);[Fe'''(CN)¢] and (EtyN);[Co[(CN)¢] were
prepared from the corresponding potassium hexacyanometalate in
two steps via the corresponding silver salt with a procedure adapted
from that reported by Le Magueres,*’! using acetonitrile as solvent
instead of water. Elemental analyses were obtained from the Service
Central d’Analyses (Vernaison) and Service de Micro-analyses de
ICSN-CNRS (Gif-sur-Yvette). Infrared spectra were recorded in
the range 4000200 cm! as KBr pellets on a FT-IR Nexus Nicolet
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spectrometer. Variable temperature susceptibility measurements
were carried out in the temperature range 2-300 K with applied
magnetic fields of 0.1 T on polycrystalline samples for all the com-
pounds with a Quantum Design MPMS-XL-5 SQUID magnetom-
eter. The susceptibility data were corrected for the sample holders
previously measured using the same conditions and for the diamag-
netic contributions of the salt, as deduced by using Pascal’s con-
stant tables. For 4, the AC susceptibility measurements were per-
formed in the temperature range 2-20 K with an alternating field
of 0.395 mT at different frequencies in the 1-1000 Hz range with
the SQUID susceptometer and with an alternating field of 1.7 mT
at different frequencies in the 1-10 kHz range applying different
DC magnetic fields (between 0 and 100 mT) with a Quantum De-
sign Physical Properties Measurement System, PPMS-9.

Synthesis of [{Cu'(tn)},{Fe''(CN)}]'KCI-5SH,O (1) (tn = 1,3-diami-
nopropane): This compound was prepared as brown crystals by a
procedure similar to that given below for 2, from K;[Fe(CN)g]
(0.66 g, 2.0 mmol) and KOH (0.67 g, 12.0 mmol) instead of
(Et4N);[Fe'(CN),] and Et,NOH. This procedure and the analyti-
cal and IR data of 1 have been previously communicated.”?! Yield:
0.52 g (40%).

Synthesis of [{Cu''(tn)},{Fe''(CN)¢}|-4H,O (2) and [{Cu"(tnH),-
(H,0),}{Fe''(CN)6}|-2H,O  (3): 1,3-Diaminopropane (1.0 mL,
12.0 mmol) was added under aerobic conditions to a concentrated
aqueous solution (5 mL) of CuCl,-2H,O (2.05 g, 12.0 mmol) with
continuous stirring, leading to the immediate precipitation of a
green powder. An aqueous solution of Et4NOH (0.52 g, 3.5 mmol)
was then added with stirring and the resulting dark-blue solution
was warmed (ca. 60 °C for about 5 min) and then filtered in order
to remove the small amount of precipitate that remained. An aque-
ous solution (20 mL) of (Et,N);[Fe'''(CN);] (3.62 g, 6.0 mmol) was
then added with continuous stirring. Slow concentration of the re-
sulting solution at room temp. afforded prismatic black crystals of
2, which were filtered and air-dried. Further evaporation afforded
hexagonal dark green crystals of 3 after several weeks under aero-
bic conditions; these were filtered and air-dried.

2: Yield: 0.84 g (25%). C ,H,gCu,FeN 0, (559.38): caled. C 25.77,
H 5.05, Cu 22.72, Fe 9.98, N 25.04; found C 25.68, H 5.02, Cu
22.61, Fe 9.85, N 25.13. IR: ¥ = 3588 m cm ', 3517 br, 3388 br,
3300 m, 3285m, 3251 m, 3169 m, 2950 w, 2936 w, 2884 w, 2085's,
20565, 1608 m, 1471 m, 1228 w, 1190w, 1136w, 1104 w, 1068 w,
1047 w, 1030 w, 667 br, 583 m, 462 br, 398 br.

3: Yield: 0.90 g (30%). C;,H3yCuFeN (O, (497.82): calced. C 28.95,
H 6.07, Cu 12.76, Fe 11.22, N 28.14; found C 28.83, H 6.18, Cu
12.90, Fe 10.99, N 28.07. IR: ¥ = 3519 m cm', 3384 br, 3277 s,
3235, 3166 m, 3014 br, 2979 m, 2888 m, 2819 m, 2705 w, 2613 w,
2526w, 2492w, 2095s, 2060s, 2032s, 1685w, 1660w, 1618 w,
1604 m, 1497 m, 1477 w, 1411 w, 1335w, 1242w, 1214 m, 1144 w,
1102 w, 1062 w, 1038 w, 1004 w, 950 w, 754 m, 659 w, 584 m, 493 br,
419 w.

Synthesis of [{Cu'(tn)}3{Cr'""'(CN)s},]'3H,O (4): This compound
was prepared as blue crystals by a procedure similar to that given
below for 5, from (Et,N);[Cr'"(CN)¢] (3.59 g, 6.0 mmol) instead of
(Et4N);[Co™(CN)¢]. This procedure and analytical data have been
previously communicated.'°d Yield: 1.06 g (40%). IR: ¥ = 3627 m
cm!, 3482 br, 3359 m, 3323 m, 3243 m, 3159 m, 2952 w, 2892 w,
2175, 2149w, 2128 w, 1595 m, 1462w, 1445w, 1407 w, 1278 w,
1250 w, 1161's, 1143 m, 1106 w, 1075w, 1033 w, 1013 m, 914 m,
885w, 677 w, 614 w, 493 s, 466 s, 378 m, 354 m.

Synthesis of [{Cu'(tn)}3{Co™(CN)¢},]'3H,O (5): Under aerobic
conditions, 1,3-diaminopropane (1.0 mL, 12.0 mmol) was slowly
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Table 5. Crystallographic data and structural refinement parameters for compounds 1-5.

1 2 3 4 5
Empirical formula C]2H3()C1CUZF6KN|005 ClenguZFCN1004[a] C,zHgoFeCuNloO4["’] C21H36CT2CU3N1803[a] C21H36C02CU3N|303[H]
Formula mass 651.92 559.38 497.82 883.30 897.13
Crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic
Space group P2/c P2,/n P2,/n Pbcn Pbcen
a[A] 15.1478(3) 7.5721(11) 10.0586(4) 23.1148(4) 22.5404(3)
b [A] 14.6941(4) 10.7215(14) 9.0189(3) 11.1692(6) 10.9865(5)
c[A) 12.6533(4) 12.9266(18) 11.9833(6) 14.650(1) 14.2610(8)
a [°] 90 90 90 90 90
A 109.95(9) 90.013(12) 104.2(1) 90 90
7 [°] 90 90 90 90 90
VA3 2647(1) 1049.4(3) 1053.8(6) 3782.2(3) 3531.6(4)
D, [gem 3] 1.64 1.77 1.57 1.55 1.69
Z 4 2 2 4 4
uem™] 27.31 17.38 27.54
Refl. measured 7909 4772 17553
Refl. unique/R;,, 2150/0.039 2665/0.044 5888/0.063
Refl. with I > no(I) 1706 (n = 2) 1030 (n = 2.5) 2345 (n = 4)
Nv 147 190 218
RI®! 0.033 0.036 0.032
R, 0.060(F,?) 0.039(F,) 0.038(F,)
GooFl! 0.915 1.024 1.122

Apmax/Apmin [e A73] +0.779/-0.556

+0.311/-0.536 +0.440/-0.747

[a] The asymmetric unit contains 0.5 of the chemical formula. [b] R =
= wR, = {I[W(F,2 — F2?) Z[w(F,»)?}]"2. [d] GooF = S = {I[w(F,?

added with stirring to a concentrated aqueous solution of
CuCl,-2H,0 (2.05 g, 12.0 mmol). A concentrated aqueous solution
of NaOH (0.48 g, 12.0 mmol) was then added leading to a clear
solution, which was boiled for five minutes and then filtered. An
aqueous solution of (Ety;N);[Co™(CN)¢] (3.63 g, 6.0 mmol) was
then added to the resulting blue filtrate. Slow concentration of this
solution at room temp. afforded 5 as blue crystals, which were fil-
tered and air dried. Yield: 1.48 g (55%). C,;H36C0,CusN ;305
(897.13): caled. C 28.11, H 4.04, Co 13.14, Cu 21.25, N 28.10;
found C 27.98, H 4.22, Co 12.97, Cu 21.32, N 28.01. IR: Vv =
3618 w cm!, 3466 br, 3366 m, 3321 m, 3232 m, 3154 m, 2953 w,
2892w, 2175, 2135m, 2125w, 1586 m, 1458 w, 1447 w, 1407 w,
1278 w, 1259w, 1162s, 1143w, 1109 w, 1077 w, 1036 w, 1013 m,
913 m, 885w, 681 w, 668 w, 493 s, 463 s, 447 m, 433 m, 418 br.

X-ray Crystallography: Data for 2 were collected on an Xcalibur 1
diffractometer (Oxford Diffraction) at 180 K whereas the data for
all other compounds were collected at 288 K on an Xcalibur 2 Dif-
fractometer (Oxford Diffraction). The structures were solved by
direct methods and successive Fourier difference syntheses, and
were refined on F? by weighted anisotropic full-matrix least-squares
methods.?% The crystal used for compound 2 presented a pseudo-
merohedral twinning with a monoclinic cell having a £ angle of
nearly 90°, which emulates an orthorhombic cell with possible
space group Pmn2,. The structure was solved and refined using the
P2,/n monoclinic space and the following twinning law: 1 0 0 0 -1
0 0 0 —1. The two components were in the ratio 0.53/0.46, which
explains the pseudo-orthorhombic symmetry.

The hydrogen atoms of 1, 2, 4, and 5 were calculated [d(C-H) =
0.95 A], except for the hydrogen atoms of the water molecules of
1, 4, and 5; the thermal parameters were taken as Ujs, = 1.3 Ugqu(C)
and therefore included as isotropic fixed contributors to F.. For
compound 3, all hydrogen atoms were located in the difference
Fourier map and were refined isotropically. Scattering factors and
corrections for anomalous dispersion were taken from the Inter-
national Tables for X-ray Crystallography.*!l The thermal ellipsoid
drawings were made with the ORTEP program.?! All calculations
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||| - [Fl/ZF). [c] Rw(Fo) = {Z[w(F, — FVEWE) ', Ru(FS)
= F?Y (Nobsa.

v’lr)

were performed on an Alphastation 255 4/233 computer. Pertinent
crystallographic data and structural refinement parameters are
listed in Table 5. CCDC-175834, -274145, -275481, -175842, and
-275482 (for 1-5, respectively) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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