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The title compound, bis[diaquabis(ethylenediamine-�2N,N0)-

copper(II)] hexacyanoiron(II) tetrahydrate, [Cu(C2H8N2)2-

(H2O)1.935]2[Fe(CN)6]�4H2O, was crystallized from an aqueous

reaction mixture initially containing CuSO4, K3[Fe(CN)6] and

ethylenediamine (en) in a 3:2:6 molar ratio. Its structure is

ionic and is built up of two crystallographically different

cations, viz. [Cu(en)2(H2O)2]2+ and [Cu(en)2(H2O)1.87]2+,

there being a de®ciency of aqua ligands in the latter,

[Fe(CN)6]4ÿ anions and disordered solvent water molecules.

All the metal atoms lie on centres of inversion. The Cu atom is

octahedrally coordinated by two chelate-bonded en molecules

[mean CuÐN = 2.016 (2) AÊ ] in the equatorial plane, and by

axial aqua ligands, showing very long distances due to the

Jahn±Teller effect [mean CuÐO = 2.611 (2) AÊ ]. In one of the

cations, signi®cant underoccupation of the O-atom site is

observed, correlated with the appearance of a non-coordi-

nated water molecule. This is interpreted as the partial

contribution of a hydrate isomer. The [Fe(CN)6]4ÿ anions

form quite regular octahedra, with a mean FeÐC distance

of 1.913 (2) AÊ . The dominant intermolecular interactions are

cation±anion OÐH� � �N hydrogen bonds and these inter-

actions form layers parallel to (001).

Comment

Cyano complexes are often used as model compounds for

studies of magneto±structural correlations (Dunbar & Heintz,

1997; Verdaguer et al., 1999; Ohba & Okawa, 2000; CÏ ernaÂk et

al., 2002). Previously, as part of our studies of magnetic

materials, we have isolated and structurally characterized

several compounds with the composition Cu(LN)2Ni(CN)4,

where LN is a bidentate N-donor ligand (KuchaÂr et al., 2003).

Our original aim here was to extend the class of compounds

studied to include another coordination polymer, in which the

diamagnetic tetracyanonickelate(II) anion would be replaced

by the paramagnetic cyano complex anion [Fe(CN)6]3ÿ.

To date, several Cu±Fe bimetallic compounds with similar

ligation of the Cu atom have been prepared and structurally

characterized. Luo et al. (2002) synthesized and studied the

compound K[Cu(en)2][Fe(CN)6], which is built up of

[Fe(CN)6]3ÿ anions, K+ cations, and [Cu(en)2]2+ cations which

weakly interact with the anions via the cyano groups [CuÐN =

2.861 (1) AÊ ]. Using [Fe(CN)6]4ÿ, Kou et al. (1996) studied the

ferromagnetic complex [Cu(en)]3[Fe(CN)6]2�3H2O, which

exhibits a polymeric structure. Suzuki & Uehara (1984)

prepared and characterized the double complex salt

[Cu(en)2]2[Fe(CN)6]�nH2O. Moreover, Cu±Fe bimetallic

compounds were found with other ligands, e.g. dien (diethyl-

enetriamine; Kou et al., 1997), piperazine (Kundu et al., 1995)

or tren [tris(2-aminoethyl)amine; Zou et al., 1997]. All these

exhibit polymeric structures.

Our synthesis of the title compound, (I), was carried out in

aqueous solution containing, as building blocks, [Cu(en)2]2+

cations and [Fe(CN)6]3ÿ anions in the molar ratio 2:1. As

con®rmed by the crystal structure determination, compound

(I), viz. [Cu(en)2(H2O)1.935]2[Fe(CN)6]�4H2O, was formed. It is

clear that, during the synthesis and crystallization, reduction

of [Fe(CN)6]3ÿ to [Fe(CN)6]4ÿ took place. The redox equili-

brium can be complex, as Cu2+ cations, cyano groups and

N-donor ligands were initially also present in the mixture.

Moreover, the solution was in contact with air. Such systems

often give rise to mixed-valence compounds (Dunaj-JurcÏo et

al., 1988). Compound (I) was also identi®ed by chemical

analysis (see Experimental). The measured IR spectrum

indicates the presence of the respective ligands (CN, en and

H2O) in (I).
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Figure 1
Plots of the two crystallographically independent cations and the anion of
(I), along with the atom-numbering scheme. Displacement ellipsoids are
drawn at the 50% probability level and H atoms are shown as small
spheres of arbitrary radii.



The structure of (I) is ionic (Figs. 1 and 2). The asymmetric

unit contains two crystallographically independent Cu

complex cations and one [Fe(CN)6]4ÿ anion. Four solvate

water molecules per formula unit are disordered over ®ve

independent sites in the space between the cations and anions,

and most of their H atoms could not be located. Compound (I)

is the ®rst cyano complex containing the [Cu(en)2(H2O)2]2+

cation, although the same cation was found in, for example,

[Cu(en)2(H2O)2]F2�4H2O (Emsley et al., 1990).

Both Cu atoms in (I) exhibit centrosymmetric axially

elongated octahedral coordination, due to the presence of the

Jahn±Teller effect. The environment around both Cu atoms is

very similar, with slight differences in bond lengths and angles.

The four N atoms from two en ligands occupy the equatorial

plane of a deformed CuN4O2 octahedron [mean CuÐNeq =

2.016 (2) AÊ ] and water O atoms occupy the axial positions

[mean CuÐOax = 2.611 (2) AÊ ]. These geometric parameters

are comparable with the corresponding values in [Cu-

(en)2(H2O)2]F2�4H2O [CuÐNeq = 2.021 (2) and CuÐOax =

2.572 (2) AÊ ].

Interestingly, at atom Cu2, the H2O ligands (O2) are only

93.4 (5)% occupied. The remaining 6.6% are in a more remote

position, O2A [Cu2� � �O2A = 4.29 (2) AÊ and O2� � �O2A =

2.39 (1) AÊ ]. The close distance between O2 and O2A,

observed only in very strong symmetrical hydrogen bonds in

acid systems, rules out a simultaneous occupation of both sites

in this structure. Re®nement of a model with a fully occupied

O2 position and omitting O2A gives a small but signi®cant

deterioration of the re®nement results: wR2 = 0.075, R1 =

0.030, and a residual electron density of 0.57 e AÊ ÿ3 at the site

of O2A. This is an example, therefore, of disorder of an

elongated octahedron, viz. [Cu(en)2(H2O)2]2+, and its `hydrate

isomer', [Cu(en)2(H2O)]2+�H2O, which has square-pyramidal

coordination, or [Cu(en)2]2+�2H2O, which has square-planar

coordination. Both coordination geometries are well known

for the Jahn±Teller-sensitive Cu2+ ion.

The en molecules in (I) behave as bidentate N-donor

chelate-type ligands, and are in gauche conformations of the �

and � types. One of them (at Cu2) shows disorder of the C

atoms, with 24 (1)% occupancy of the alternative positions

(Fig. 1). Such disorder is not uncommon for bis(en) complexes

(CÏ ernaÂk et al., 2003). The geometric characteristics of the

organic ligand are normal (Table 1) and are similar to those

found in K[Cu(en)2][Fe(CN)6] (Luo et al., 2002).

The Fe central atom of (I) has an almost ideal octahedral

geometry. The average FeÐC and C N distances are

1.913 (2) and 1.160 (3) AÊ , respectively, which are similar to the

values found in K4[Fe(CN)6]�3H2O [1.925 (4) and 1.165 (1) AÊ ,

respectively; Razak et al., 2000].

The coordinated water molecules, the cyano N atoms and

some of the solvate water molecules are involved in OÐ

H� � �N( C) and OÐH� � �O hydrogen bonds (Table 2 and

Fig. 2). Owing to severe disorder, not all of those involving

solvate water can be localized clearly. As shown in Fig. 3, the

dominant feature is a two-dimensional hydrogen-bonding net

of Cu1 cations and [Fe(CN)6]4ÿ anions in layers parallel to the

ab plane. Each cation is surrounded by four anions and vice

versa. The Cu2 cations and disordered water molecules O2A,

O4A and O4B are located between these layers (Fig. 2), and

are connected by the weaker O2ÐH21� � �N6 hydrogen bond

and the disordered water molecules O4A and O4B. Possible

hydrogen-bond interactions involving the NH2 groups of the

en ligands are all very weak (D� � �A > 3.0 AÊ , low angles) and

are therefore not discussed further. The distances between the

neighbouring Fe and Cu1 and Fe and Cu2 atoms are 5.380 (2)

and 5.476 (2) AÊ , respectively.

Experimental

Single crystals of (I), in the form of dark-brown needles suitable for

single-crystal X-ray diffraction, were crystallized from a solution

formed by the following procedure. To a warm solution of 0.1 M

CuSO4 (30 ml, 3 mmol) was added a solution of ethylenediamine

(0.39 ml, 6 mmol) in water (10 ml), followed by addition of a warm

solution of 0.1 M K3[Fe(CN)6] (20 ml, 2 mmol). The resulting solu-

tion was ®ltered and set aside for crystallization at room temperature.

The ®rst crystals appeared after 1 d. IR spectroscopy (cmÿ1): �(NH)
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Figure 2
A packing diagram for (I). Hydrogen bonds are shown as dashed lines
(for D� � �A < 3 AÊ ). For the sake of clarity, the methylene groups and the H
atoms of the en ligands have been omitted. Atom O10 is at the symmetry
position (x, 1 + y, z) and atom O20 is at the symmetry position (x, y, 1 + z).

Figure 3
The two-dimensional hydrogen-bond system in (I) (dashed lines) in the
(001) layers.



3309 (vs) and 3218 (vs), �(CH) 2964 (w), 2945 (w) and 2885 (w),

�(CN) 2040 (vs), �(NH2) 1584 (s), �(CH2) 1452 (m), �(FeÐC) 584

(m), �(FeÐCN) 421 (s). CHN analysis (found/calculated): C 23.5/

23.2, H 6.4/6.7, N 27.4/27.1%.

Crystal data

[Cu(C2H8N2)2(H2O)1.935]2-
[Fe(CN)6]�4H2O

Mr = 721.07
Triclinic, P1
a = 7.9407 (6) AÊ

b = 8.9815 (7) AÊ

c = 10.9523 (10) AÊ

� = 91.072 (10)�

� = 91.061 (10)�


 = 101.290 (9)�

V = 765.67 (11) AÊ 3

Z = 1
Dx = 1.564 Mg mÿ3

Mo K� radiation
Cell parameters from 7673

re¯ections
� = 2.7±25.9�

� = 1.90 mmÿ1

T = 193 (1) K
Needle, brown
0.38 � 0.10 � 0.06 mm

Data collection

Stoe IPDS diffractometer
' scans
Absorption correction: multi-scan

(XPREP in SHELXTL; Siemens,
1996)
Tmin = 0.462, Tmax = 0.892

7571 measured re¯ections

2774 independent re¯ections
2408 re¯ections with I > 2�(I)
Rint = 0.033
�max = 25.9�

h = ÿ9! 9
k = ÿ10! 11
l = ÿ13! 13

Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.029
wR(F 2) = 0.073
S = 0.99
2774 re¯ections
243 parameters

H atoms treated by a mixture of
independent and constrained
re®nement

w = 1/[�2(Fo
2) + (0.0504P)2]

where P = (Fo
2 + 2Fc

2)/3
(�/�)max < 0.001
��max = 0.39 e AÊ ÿ3

��min = ÿ0.66 e AÊ ÿ3

The H atoms of the coordinated water molecules (O1 and O2)

were re®ned with restraints on the bond lengths (0.85 AÊ ) and a

common Uiso(H). The H atoms at nitrogen of the ordered en ligand

(N1 and N2) were also re®ned with common Uiso values by groups.

The H atoms of the CH2 groups and all H atoms of the second

disordered en ligand (N4 and N5) were treated as riding on idealized

positions, with CÐH distances of 0.99 AÊ and NÐH distances of

0.92 AÊ . The solvate water molecules (O3 and O4) are disordered over

two positions and a centre of symmetry. Only some of these H atoms

could be localized. Both C atoms of the en ligand at Cu2 are disor-

dered over two positions. The aqua ligand O2 at Cu2 is disordered

over two positions, the minor component (O2A) having no bond to Cu

and belonging to the region of solvate water (O4A/O4B). Free

re®nement of the site occupancies for O2A, O4A and O4B sums to

1.00.

Data collection: EXPOSE in IPDS (Stoe & Cie, 1999); cell

re®nement: CELL in IPDS; data reduction: INTEGRATE in IPDS;

program(s) used to solve structure: SHELXS97 (Sheldrick, 1990);

program(s) used to re®ne structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: DIAMOND (Brandenburg, 2000).

This work was supported by the Slovak grant agency

VEGA (Project No. 1/0447/03) and the APVT grant agency

(project No. APVT-20-009902).

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: GD1319). Services for accessing these data are
described at the back of the journal.
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Table 1
Selected geometric parameters (AÊ , �).

Cu1ÐN1 2.0138 (19)
Cu1ÐN2 2.0183 (18)
Cu1ÐO1 2.6244 (19)
N1ÐC1 1.478 (3)
C1ÐC2 1.502 (4)
C2ÐN2 1.478 (3)
Cu2ÐN4 2.0125 (18)
Cu2ÐN3 2.021 (2)
Cu2ÐO2 2.597 (3)

N3ÐC3 1.468 (4)
C3ÐC4 1.499 (6)
C4ÐN4 1.463 (4)
FeÐC6 1.911 (2)
FeÐC7 1.914 (2)
FeÐC5 1.915 (2)
C5ÐN5 1.158 (3)
C6ÐN6 1.162 (3)
C7ÐN7 1.158 (3)

N1ÐCu1ÐN2 84.34 (8)
N1ÐCu1ÐO1 94.96 (7)
N2ÐCu1ÐO1 89.76 (7)
N1ÐC1ÐC2 108.17 (17)
N2ÐC2ÐC1 108.16 (18)
C2ÐN2ÐCu1 108.47 (14)
N4ÐCu2ÐN3 84.68 (8)
N4ÐCu2ÐO2 90.35 (8)
N3ÐCu2ÐO2 82.89 (10)

C3ÐN3ÐCu2 108.37 (18)
N3ÐC3ÐC4 109.4 (4)
N4ÐC4ÐC3 108.5 (3)
C6ÐFeÐC7 90.03 (9)
C6ÐFeÐC5 91.47 (9)
C7ÐFeÐC5 90.68 (9)
N5ÐC5ÐFe 177.1 (2)
N6ÐC6ÐFe 179.0 (2)
N7ÐC7ÐFe 178.0 (2)

Table 2
Geometry of hydrogen bonds (AÊ , �) with D� � �A < 3.0 AÊ .

DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A

O1ÐH11� � �N6i 0.850 (19) 1.988 (18) 2.825 (2) 168 (3)
O1ÐH12� � �N7 0.85 (3) 1.97 (3) 2.804 (3) 166 (3)
O2ÐH21� � �N6ii 0.85 (3) 2.56 (5) 2.947 (4) 109 (4)
O2ÐH22� � �O4A 0.85 (3) 1.98 (5) 2.826 (14) 172 (4)
O2ÐH22� � �O4B 0.85 (3) 1.81 (5) 2.600 (16) 154 (4)
O3AÐH3OA� � �O1 0.84 (3) 1.99 (3) 2.816 (4) 165 (4)

Symmetry codes: (i) x; yÿ 1; z; (ii) x; y; zÿ 1.


