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New polymeric materials [M(dcno)2(H2O)2] [M = FeII (1), CoII

(2)] and [M(dcno)2] [M = CuII (3), MnII (4)] with dcno– =
[(NC)2CC(O)O(CH2)2OH]– = 2,2-dicyano-1-(2-hydroxy-
ethoxy)ethenolate anion have been synthesised and charac-
terised by IR spectroscopy, X-ray crystallography and mag-
netic measurements. In compounds 1 and 2, each organic li-
gand acts in a bridging mode with its two nitrogen atoms
bound to two different metal ions, while in compounds 3 and
4, each organic anion acts as a µ3-bridging ligand through its
two nitrogen atoms and the oxygen atom of the OH group.
Each metal ion has a pseudo-octahedral trans-MN4O2 envi-

Introduction

Cyano carbanions and cyano azacarbanions are interest-
ing ligands for the preparation of a large variety of discrete
and extended molecular structures due to the fact that their
cyano groups are disposed in such a way that they cannot
coordinate to the same metal ion and that association of
the π-electronic system of the nitrile groups with the π-sys-
tem of the central fragment induces an electronic delocali-
sation that facilitates transmission of electronic effects be-
tween the metal centres (Scheme 1).[1,2]

Thus, reaction of such anions with d-block transition-
metal ions leads to the isolation of a variety of new com-
pounds displaying rich structural topological features and
unusual magnetic properties;[3–16] most of them concern
those involving the simplest anions such as the dicyanamide
and the tricyanomethanide anions (dca– and tcm–, respec-
tively).[3–9] In this regard, binary (dca)metal and (tcm)metal
complexes, M(dca)2 and M(tcm)2 (M = CrII, MnII, FeII,
CoII, NiII and CuII), built from tricoordinate dca and tcm
ligands exhibit 3D rutile-like architectures and some of
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ronment with four nitrogen atoms from four different organic
ligands and two oxygen atoms from two water molecules in
compounds 1 and 2 and from the OH group of the cyanocarb-
anion ligand in compounds 3 and 4. These coordination
modes give rise to 1D, 2D and 3D arrangements for com-
pounds 1, 2 and 3–4, respectively. Magnetic measurements
show weak antiferromagnetic coupling between metal
centres in the four compounds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

them show long-range magnetic ordering, hard magnetic
behaviour or spin-canted antiferromagnetism.[4,5] In ad-
dition to these binary dca and tcm compounds, a few bi-
nary examples involving sophisticated cyano carbanions
and cyano azacarbanions have been reported by others and
us.[11–15] Obviously, in these compounds, structural and
physical properties are greatly affected by the number of
donor groups and by the nature of the central fragment of
the anionic ligand; we therefore find it interesting to study
new ligands involving two cyano groups, as in the dca li-
gand, as well as one oxygen atom able to act as a donor or
to participate in hydrogen bonds. Thus, using the 2,2-dicy-
ano-1-ethoxyethenolate anion (dcne–) and its methyl ana-
logue (dcnm–) (Scheme 1) led us and Kremer et al. to new
compounds whose structures are built from monodimen-
sional chains of 12-membered dimetallacycles.[11,12] These
studies showed that the terminal oxygen atom does not en-
ter in the coordination sphere of the metal ion, as the nega-
tive charge of the [(NC)2CC(O)OR]– anion is not mainly
located on this terminal oxygen atom. In an effort to in-
crease the dimensionality of the structural arrangements as
observed in the dicyanamide binary systems having a rutile-
like structure, we have prepared the dcno– anion, where an
–O(CH2)2OH group replaces the –OEt group of the dcne–

anion. This can affect the electronic delocalisation of the
whole ligand and modify the role of the terminal oxygen
atoms of the organic ligand and, therefore, its coordination
mode around the metal ion. Herein, we report the synthe-
ses, structural characterisation and magnetic properties of
new polymeric compounds of formula [M(dcno)2(H2O)2]
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Scheme 1.

[M = FeII (1), CoII (2)] and [M(dcno)2] [M = CuII (3), MnII

(4)] containing the bridging 2,2-dicyano-1-(2-hydroxy-
ethoxy)ethenolate anion {dcno– = [(NC)2CC(O)O(CH2)2-
OH]–}.

Results and Discussion

Syntheses and Characterisation

Silver 2,2-dicyano-1-(2-hydroxyethoxy)ethenolate [Ag-
(dcno)] was prepared by smooth hydrolysis of 2-(1,3-diox-
olan-2-ylidene)malononitrile in the presence of an excess of
silver nitrate; the pH of the aqueous solution (initial value:
6.5) decreased to 1.0 after boiling the solution for a few
minutes in agreement with the reaction in Scheme 2. The
tetraethylammonium salt was obtained as a white powder
by reaction with 1 equiv. of [(C2H5)4N]Cl. Its 13C NMR
spectrum (see Experimental Section) is in good agreement
with the proposed structure. However, it is worth noting the
presence of a single signal for the two nonequivalent C�N
groups. This observation suggests a fast rotation, compared
to the NMR detection around the central “C=C” bond re-
sulting from an efficient electron delocalisation along the
molecule induced by the presence of the two electron-with-
drawing C�N groups. Treatment of a saturated solution of
Ag(dcno) with a saturated aqueous solution of the corre-
sponding metal salt (MCl2·nH2O) in a dcno–/MII ratio of 2
gave, after slow concentration, the new compounds
[M(dcno)2(H2O)2] [M = FeII (1), CoII (2)] and [M(dcno)2]
[M = CuII (3), MnII (4)]. All compounds can also be
prepared in the same way as the silver salt by direct

Scheme 2.
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reaction in aqueous solution of 2-(1,3-dioxolan-2-ylidene)-
malononitrile with the corresponding transition-metal salt
(Scheme 2).

The IR spectra of compounds 1–4 show similar patterns
with two strong absorption bands assigned to νCN. In agree-
ment with the coordination of the organic ligand through
its nitrile groups, these bands are slightly shifted to higher
wavenumbers (2190–2260 cm–1) than those of the corre-
sponding tetraethylammonium salt containing the uncoor-
dinated dcno– moiety (2169–2197 cm–1).

Crystal Structures

The two compounds of formula [M(dcno)2(H2O)2] [M =
FeII (1), CoII (2)] display two different structures although
generated by similar asymmetric units consisting of a metal
ion and a water molecule, both on special positions
[(0,–y,3/4) and (0,0,0) for 1 and 2, respectively], and one
dcno– organic ligand located on a general position. Each
metal ion is linked to four nitrogen atoms from four organic
ligands and to two symmetrically equivalent water mole-
cules in a trans configuration.

In compound 1, the coordination sphere of the metal
atom can be described as a noncentrosymmetric trans-
FeN4O2 pseudo-octahedron formed by an FeN4 plane, aris-
ing from four nitrogen atoms (N1(b), N1(c), N2, N2(a)), and
two water molecules (O4 and O4(a)) in axial positions (Fig-
ure 1). The six bond lengths are almost equivalent [ranging
from 2.137(3) to 2.141(4) Å]. The structure involves 12-
membered [Fe(NCCCN)2Fe] dimetallacycles, as two bridg-
ing dcno– ligands connect two FeII ions (Figure 1). These



S. Triki, C. J. Gómez-García et al.FULL PAPER
almost planar rings (larger deviation from the correspond-
ing mean plane of 0.04 Å) share metal ions to give a chain
of dimetallacycles running along the [010] direction (Fig-
ure 1).

Figure 1. ORTEP perspective view of 1 (50% probability ellipsoid)
showing the atom-labelling scheme, the FeII environment and the
1D structure generated by the µ2-dcno ligand. Codes of equivalent
positions: (a) 1 – x, y, 3/2 – z; (b) 1 – x, –1 + y, 3/2 – z; (c) x, –1
+ y, z; (d) x, 1 + y, z; (e) x, 2 + y, z.

The intrachain Fe···Fe distance [7.450(1) Å], slightly
shorter than the shortest interchain one [7.8660(6) Å], is
close to that observed in the iron–dicyanamide compounds
[Fe(dca)2(CH3OH)2][4d] and {[Fe(4,4�-bpy)(dca)2]·bt}[16] (bt
= 2,2�-bithiazoline) involving similar chains [7.392(1) and
7.418(1) Å, respectively].

In compound 2 each metal ion has a trans-CoN4O2 octa-
hedral environment formed by four nitrogen atoms from
four organic ligands (N1, N1(a), N2(b) and N2(c)) and two
equivalent water molecules (O4 and O4(a)) (Figure 2a); this
environment, essentially similar to that observed in com-
pound 1, is centrosymmetric here. As in 1, the organic li-
gand acts in a bridging mode, with its two nitrogen atoms,
N1 and N2, bound to two different cobalt ions (Figure 2a);
but here the coordination mode leads to a two-dimensional
structure, as the four organic ligands of one [Co(dcno)4]
fragment are linked to four different CoII ions (Figure 2b).
Thus, the two structures 1 and 2, despite their essentially
equivalent asymmetric units, display two very different mo-
lecular arrangements.

As shown in Figure 2b, the 2D layers of 2 can be de-
scribed as formed by a succession of nonplanar
[Co(NCCCN)Co(NCCCN)Co(NCCCN)Co(NCCCN)] cy-
cles; these 24-membered tetrametallacycles are of course
clearly different from the essentially planar 12-membered
dimetallacycles described above for compound 1. The
shortest intramolecular Co···Co distance [7.929(1) Å] is
shorter than that observed between the adjacent layers
[8.421(1) Å]. This relatively long interlayer distance can be
explained by the steric effects due to the nonplanar metall-
acycles, as clearly shown in Figure 2c. Careful examination
of the interlayer distances reveals the presence of hydrogen
bonds between the coordinated water molecule (O4) and
the oxygen atom of the –(CH2)2OH group of the dcno– li-
gand (O3) [O3···O4 2.81(1) Å]. This gives rise to the overall
3D structure depicted in Figure 2c.
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Figure 2. Structure of 2. a) ORTEP perspective view (50% prob-
ability ellipsoid) showing the atom-labelling scheme and the
CoII environment. Codes of equivalent positions: (a) –x, –y, –z;
(b) –1/2 – x, 1/2 + y, z; and (c) 1/2 + x, –1/2 – y, –z. b) Two-
dimensional structure in the ab plane; noncoordinated groups [–O
and –OCH2CH2OH] omitted for clarity. c) Projection of two adja-
cent 2D layers in the ac plane showing hydrogen bonds in 2
[O3···O4 2.81(1) Å]. Shortest interlayer Co···Co distance:
8.421(1) Å.

Compounds 3 and 4 are isostructural. In both cases, the
asymmetric unit contains a metal ion located on a special
position (0,0,0) and a dcno– ligand on a general position
(Figure 3). Each metal ion has a centrosymmetric trans-
MN4O2 distorted octahedral environment formed by an
MN4 plane arising from four nitrogen atoms (N1, N1(a),
N2(c) and N2(e)) of four organic ligands, and two oxygen
atoms from OH groups (O3(b) and O3(d)) of two other
dcno– ligands (Figure 3). Thus, in contrast to compounds 1
and 2, here the metal ions are linked to six organic ligands.

Examination of the crystallographic data depicted in
Table 1 reveals that the CuII octahedral environment of
compound 3 is much more distorted than that of the MnII
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Figure 3. Structure of 3 and 4. ORTEP view of 3 (50% probability ellipsoid) showing the atom-labelling scheme and the CuII environment.
M···M distances [Å] in 3: Cu···Cu(c) 7.5648(4), Cu···Cu(b) 10.1242(4); in 4: Mn···Mn(c) 7.740(5), Mn···Mn(b) 10.264(5). Codes of equivalent
positions: (a) –x, –y, –z; (b) x, y, –1 + z; (c) 1/2 – x, –1/2 + y, 1/2 – z; (d) –x, –y, 1 – z; (e) –1/2 + x, 1/2 – y, –1/2 + z.

ion in 4, as the six metal–ligand bond lengths in 4 are al-
most equivalent [from 2.197(2) to 2.230(2) Å], while in the
Cu compound 3, the CuN4 equatorial plane involves four
essentially equivalent Cu–N bond lengths [1.995(2) and
1.998(2) Å], which are significantly shorter than the two ax-

Table 1. Selected bond lengths [Å] and bond angles [°] in com-
pounds 1–4.

1 2 3 4

M–N1 2.141(4) 2.104(7) 1.998(2) 2.230(2)
M–N2 2.137(3) 2.083(8) 1.995(2) 2.197(2)
M–O4 2.141(3) 2.144(5)
M–O3 2.359(2) 2.197(2)
N1–C1 1.153(5) 1.15(1) 1.141(3) 1.144(2)
N2–C2 1.143(5) 1.17(1) 1.145(3) 1.145(2)
C1–C3 1.393(6) 1.39(1) 1.408(4) 1.409(2)
C2–C3 1.408(6) 1.40(1) 1.396(4) 1.399(2)
C3–C4 1.434(6) 1.43(1) 1.442(4) 1.433(2)
C4–O1 1.221(5) 1.23(1) 1.220(3) 1.222(2)
C4–O2 1.345(5) 1.345(9) 1.334(3) 1.346(2)
C5–C6 1.485(7) 1.50(1) 1.494(4) 1.498(2)
C5–O2 1.441(5) 1.45(1) 1.463(3) 1.448(2)
C6–O3 1.422(5) 1.45(1) 1.430(4) 1.435(2)
N1–C1–C3 177.2(4) 178.0(9) 179.2(3) 177.3(2)
N2–C2–C3 178.2(4) 177.3(9) 178.4(3) 179.2(2)
C1–C3–C2 118.5(4) 118.5(7) 118.3(2) 118.0(1)
C1–C3–C4 121.0(4) 122.7(7) 120.1(2) 120.5(1)
C2–C3–C4 120.4(4) 118.8(8) 121.6(2) 121.5(1)
C3–C4–O1 125.2(4) 126.9(7) 124.4(2) 125.8(1)
C3–C4–O2 111.3(3) 111.1(8) 111.0(2) 110.8(1)
O1–C4–O2 123.6(4) 122.0(7) 124.6(2) 123.5(1)
C4–O2–C5 118.6(3) 118.5(6) 117.4(2) 117.6(1)
O2–C5–C6 105.7(3) 106.4(7) 106.9(2) 106.6(1)
C5–C6–O3 108.4(4) 111.6(6) 110.2(2) 110.5(1)
N1–M–N1 88.2(1) 180.00 180.00 180.00
N1–M–N2 93.3(1) 90.0(3) 92.17(9) 93.77(4)
N1–M–N2 177.7(1) 90.0(3) 87.83(9) 86.23(4)
N2–M–N2 85.4(1) 180.00 180.00 180.00
N1–M–O4 87.1(1) 88.9(3)
N1–M–O4 89.0(1) 91.1(3)
N1–M–O3 90.53(9) 90.70(5)
N1–M–O3 89.47(9) 89.30(5)
N2–M–O4 94.7(1) 90.9(3)
N2–M–O4 89.3(1) 88.9(3)
N2–M–O3 90.49(8) 91.06(4)
N2–M–O3 89.51(8) 88.94(4)
O4–M–O4 174.6(1) 180.00
O3–M–O3 180.00 180.00
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ial Cu–O ones [2.359(2) Å]. These bond lengths clearly
show the presence of Jahn–Teller distortions, as usually ob-
served in octahedral CuII complexes. The coordination
mode of the dcno– ligand is different from that observed
for compounds 1 and 2, as, here, this ligand acts as a µ3-
bridging ligand through its two nitrogen atoms (N1 and
N2) and its oxygen atom (O3) of the OH group (Figure 3),
leading to the overall three-dimensional structure depicted
in Figure 4b.

Figure 4. Sophisticated three-dimensional structure of 3 and 4. a)
2D motif generated by the C(CN)2 fragment in 3; –C(O)(OCH2-
CH2OH) group of the dcno– ligand omitted for clarity. b) 3D struc-
ture of 3 showing the 2D motifs linked through the OH group (O3
atom) of the dcno– ligand.

The shortest MII···MII distance through the dcno– ligand
corresponds to that observed between two metal ions linked
by the C(CN)2 fragment [Cu···Cu(c) 7.5648(4) Å;
Mn···Mn(c) 7.740(5) Å]; whereas the MII···MII distance ob-
served through the NCCCO(CH2)2OH fragment (see Fig-
ure 3) is significantly longer [Cu···Cu(b) 10.1242(4) Å;
Mn···Mn(b) 10.264(5) Å] (Figure 4b). It is worth noting that
the best way to describe this complicated 3D molecular ar-
rangement is to consider the 2D elemental unit generated
by the µ2-C(CN)2 fragment as shown in Figure 4a. These
layers are connected to each other through the MII–O3
bridges leading to the 3D structure of 3 and 4.

Examination of bond lengths and bond angles clearly
shows that the crystallographic parameters of the dcno– li-
gand are not significantly different in compounds 1–4
(Table 1 and Figure 3). With the exception of the
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Scheme 3.

“–CH2CH2OH” group, the organic ligand is essentially
planar within a maximum deviation of 0.06 Å from the cor-
responding mean plane. This is in agreement with an sp2

hybridisation of the two central carbon atoms (C3 and C4),
also shown by the bond angles around these atoms in each
compound (sums of bond angles around C3 and C4 range
from 359.9 to 360.1°), associated with an sp hybridisation
of the carbon atoms of the cyano groups. Crystallographic
data depicted in Table 1 for these compounds clearly show
that the cyanocarbanion ligand includes a highly delocal-
ised conjugated system. The electronic delocalisation is
clearly shown by (i) a rather short terminal C4–O1 bond
(1.22–1.23 Å) that strongly deviates from a normal C–O
single bond (1.50 Å); (ii) a central C3–C4 bond (1.43–
1.44 Å) longer than a normal C=C double bond (1.34 Å)
[this low double-bond character is in good agreement with
the 13C NMR spectrum, as only a single signal was ob-
served for the two C�N groups of the free dcno– anion (see
Experimental Section)]; and (iii) two C–CN bonds (1.39–
1.41 Å) and a C4–O2 bond (1.33–1.35 Å), all presenting
some multiple character. These observations indicate that
the bonding in the dcno– ligand cannot be explained by a
simple Lewis structure; this organic ligand must be consid-
ered as a resonance hybrid of different canonical structures
(Scheme 3).

These canonical forms, and their symmetrical ones (not
shown in Scheme 3), give rise to the mean electronic struc-
ture of Scheme 4, in agreement with the planarity of the
[(NC)2CC(O)O] group and with the structural data
(Table 1). Thus, it is clear that in this ligand the negative
charge is not mainly located on the terminal oxygen atom
and therefore, as also observed in the dcne– anion
(Scheme 1),[11] it is not surprising that this atom does not
enter in the coordination sphere of the metal ion.

Scheme 4.

Magnetic Properties

The thermal variation of the product of the molar
susceptibility times the temperature (χMT) for compound 1
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shows a room-temperature value of 3.2 emuKmol–1. When
cooling down, χMT remains constant to about 30 K, where
a progressive decrease is observed, to reach a value of about
0.6 emuKmol–1 at 2 K (Figure 5).

Figure 5. Thermal variation of χMT for compounds 1–4. Solid lines
represent the best fit to the models (see text).

Compound 2 shows a room-temperature χMT value of
2.8 emuKmol–1 and a continuous decrease when the tem-
perature is lowered, reaching a value of about
1.5 emuKmol–1 at 2 K (Figure 5).

Finally, compounds 3 and 4 show a similar behaviour to
that of compound 1: they present room-temperature χMT
values of 0.4 and 4.6 emuKmol–1, respectively, which re-
main constant down to about 15 K (for 3) and about 50 K
(for 4), where a progressive decrease is observed in both
compounds, reaching values at 2 K of 0.2 and
2.2 emuKmol–1, respectively. In compounds 1, 3 and 4 the
room-temperature χMT values are very close to the expected
ones for high-spin FeII (S = 2), CuII (S = 1/2) and MnII

(S = 5/2) ions with spin-only contribution (3.0, 0.375 and
4.375 emuKmol–1, respectively). In compound 2, the χMT
value (2.8 emuKmol–1) is in the range of the observed val-
ues for high-spin octahedral monomeric CoII ions (2.7–
3.4 emuKmol–1), where a significant orbital contribution is
expected due to its orbitally degenerated 4T1g ground
state.[17] The decrease observed at high temperatures in
compound 2 is due to the presence of spin-orbit coupling,
as expected for paramagnetic CoII compounds.[18] In com-
pounds 1, 3 and 4, the decrease observed in χMT at low
temperatures can be attributed to the presence of weak, al-
though noticeable, antiferromagnetic interactions. Note
that for compounds 1 and 4 we cannot exclude the presence
of a zero-field splitting (ZFS), which may also account for
the decrease observed in χMT at low temperatures. Note
also that the decrease observed in compound 3 (where no
ZFS is to be expected) and the structural similarities in all
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compounds (same kind of –NC–C–CN– bridges between
metal centres) indicate that the ZFS cannot be the only
reason for the decrease in χMT at low temperatures and,
therefore, that there must be a weak antiferromagnetic
coupling in all cases. Furthermore, although the attempts
to fit the χMT product for compounds 1 and 4 to isolated
monomers with ZFS satisfactorily reproduce the magnetic
properties in the whole temperature range, the |D| values
obtained are unrealistically high (above 16 and 10 K for
1 and 4, respectively), confirming the presence of a weak,
although not negligible, antiferromagnetic coupling.

From the structural data that show the presence of a
chain of dimetallacycles in compound 1, we have repro-
duced the magnetic behaviour of 1 with the model derived
by Fisher for a regular antiferromagnetic chain (with S =
2 in compound 1);[19] N is the Avogadro number, k is the
Boltzmann constant and β is the Bohr magneton.

This model very satisfactorily reproduces the magnetic
behaviour of compound 1 in the whole temperature
range (solid line in Figure 5) with g = 2.094(3) and J =
–0.78(1) K = –0.54(1) cm–1 (the Hamiltonian is written as
H = –J ΣSiSi + 1).

In compounds 3 and 4 the structure shows the presence
of a 2D lattice with identical exchange pathways (NC–C–
CN) in the two directions and an extra connection through
a very long NCCC(O)(CH2)2OH bridge. In a first approxi-
mation we can consider that the magnetic exchange is
mainly due to the shorter NC–C–CN bridges and, accord-
ingly, we have used the antiferromagnetic square 2D model
(Quadratic Layer Antiferromagnet) proposed by Lines[20] to
reproduce the magnetic data of these compounds:

The six first Cn coefficients are: 4.0, 2.667, 1.185, 0.149,
–0.191 and 0.001 for S = 1/2 (compound 3) and 4.0, 1.448,
0.228, 0.262, 0.119 and 0.017 for S = 5/2 (compound 4).
This model very satisfactorily reproduces the magnetic be-
haviour of compounds 3 and 4 in the whole temperature
range (solid lines in Figure 5) with g = 2.195(3) and J =
–0.92(3) K = –0.64(2) cm–1 for 3 and g = 2.054(1) and J =
–0.128(1) K = –0.089(1) cm–1 for 4 (the Hamiltonian is
written as H = –J ΣSiSj).

These results indicate that the antiferromagnetic coup-
ling is very weak in the three compounds, as expected from
the presence of identical M–NC–C–CN–M bridges, and
that the long bridges present in the structures of com-
pounds 3 and 4 do not play an important role in the mag-
netic interactions. Furthermore, the J values are very sim-
ilar to those obtained in the related family of compounds
[M(dcne)2(H2O)2] and [Cu(dcne)2(H2O)], where similar
NC–C–CN bridges are present.[11] An additional confirm-
ation of the weak antiferromagnetic interactions in the four
compounds is provided by the isothermal magnetisation
measurements at 2 K. These measurements show in each
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case a behaviour close to that expected for isolated mag-
netic centres and can be well reproduced with the Brillouin
function but with lower g values due to the non-negligible
population of the S = 0 ground state, confirming the pres-
ence of antiferromagnetic exchange interactions in all com-
pounds.

Conclusions

This study involves the design of multidimensional tran-
sition-metal compounds with dcno– cyano carbanion acting
as µ2- and µ3-bridging ligand. Previous work showed that
reactions of the [(NC)2CC(O)(OR)]– ligands (dcnm– for R
= Me and dcne– for R = Et) with transition-metal ions af-
ford 1D coordination polymers resulting from coordination
of both ligands by their two nitrile groups.[11,12] A slight
modification of the alkyl group leads us to the dnco– anion,
for which the coordination modes in its metal ion binary
systems strongly differ from those observed in the corre-
sponding (dcnm)M and (dcne)M systems. However, as ob-
served in the dcne– coordination polymers,[11] the highly
conjugated [(NC)2CC(O)O] group of the organic ligand
precludes any localisation of the negative charge on the ter-
minal oxygen atom and, therefore, its coordination to the
metal centres. Thus, in the compounds [M(dcno)2(H2O)2]
[M = FeII (1), CoII (2)], this anion acts as a µ2 ligand, lead-
ing to 1D and 2D molecular arrangements respectively,
while in the binary systems [M(dcno)2] [M = CuII (3), MnII

(4)] with the 3D networks, this anion acts as a µ3 bridging
ligand. This clearly illustrates the bonding affinity and flexi-
bility of the cyanocarbanion ligand towards transition-
metal ions. These unexpected structural differences can be
partially explained by the less restricting coordination pref-
erences of CuII (due to Jahn–Teller distortions) and MnII

(due to its larger ionic radius). In contrast, in compounds
1 and 2 the dcno– ligand is not flexible enough to link the
FeII and the CoII ions through its terminal OH group (O3)
as the metal–oxygen bonds should be shorter than the cor-
responding ones observed (and expected) for the MnII and
CuII compounds [M–O distances observed in 1–4: 2.141(3),
2.144(5), 2.359(2) and 2.197(2) Å, respectively]. This lack of
flexibility induces the presence of water molecules in axial
positions, leading to materials with low dimensionalities. In
an effort to facilitate formation of 3D systems, syntheses of
new parent cyanocarbanion ligands involving more flexible
groups such as –O(CH2)nOH (n = 3, 4, …) are in progress.

Experimental Section
General: All reactions were performed under aerobic conditions.
The reagents AgNO3, MnCl2·4H2O, FeCl2·4H2O, CoCl2·6H2O and
CuCl2·2H2O were purchased from commercial sources and used
as received. 2-(1,3-Dioxolan-2-ylidene)malononitrile was prepared
according to ref.[1g] IR spectra were recorded in the range 4000–
200 cm–1 as KBr pellets with an FTIR NEXUS NICOLET Spec-
trometer. NMR spectra were recorded with a Bruker AMX
400 MHz instrument. Elemental analyses were obtained from the
Service de microanalyses, CNRS, Gif sur Yvette, France. The mag-
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netic studies were carried out on powder samples enclosed in medi-
cal caps. The magnetic susceptibility measurements were performed
at 0.1 T, in the temperature range 2–300 K, with a SQUID magne-
tometer MPMS-XL-5 from Quantum Design. The molar suscep-
tibility was corrected from the sample holder and diamagnetic con-
tributions of all atoms (Pascal’s tables).

Synthesis of the Silver Salt of 2,2-Dicyano-1-(2-hydroxyethoxy)-
ethenolate [Ag(dcno)]: Silver 2,2-dicyano-1-(2-hydroxyethoxy)-
ethenolate [Ag(dcno)] was prepared by smooth hydrolysis of 2-(1,3-
dioxolan-2-ylidene)malononitrile in the presence of an excess of sil-
ver nitrate; the pH of the aqueous solution (initial value: 6.5) de-
creased to 1.0 after boiling the solution for a few minutes. An excess
of AgNO3 (4.077 g, 24 mmol) was added to a hot aqueous solution
(30 mL) of 2-(1,3-dioxolan-2-ylidene)malononitrile (1.633 g,
12 mmol). The solution was stirred and heated until the solid dis-
solved. Slow concentration of the resulting solution at room tem-
perature gave crystals of silver 2,2-dicyano-1-(2-hydroxyethoxy)-
ethenolate as white needles (58% yield). C6H5AgN2O3 (260.99):
calcd. C 27.6, H 1.9, Ag 41.3, N 10.7; found C 27.9, H 1.9, Ag
40.9, N 10.6. IR (KBr): ν̃ = 3451 br, 2963 m, 2204 s, 2177 s, 1803 s,
1777 s, 1642 s, 1480 w, 1385 s, 1319 s, 1181 m, 1134 s, 1079 s, 975 m,
901 m, 824 m, 777 m, 755 m, 719 m, 553 m cm–1. Because of the
low solubility of this salt in most organic solvents, we prepared,
by metathesis, its tetraethylammonium homologue by reaction of
[Ag(dcno)] with 1 equiv. of [(C2H5)4N]Cl in CH3CN in order to
record the NMR spectrum and perform the IR study of the nonco-
ordinated dcno– anion. IR (KBr): ν̃ = 3456 br, 2988 s, 2952 m,
2396 w, 2197 s, 2169 s, 1802 s, 1776 s, 1649 s, 1396 br, 1173 s, 1125 s,
1076 s, 1033 w, 1002 s, 974 w, 894 m, 825 m, 787 s, 756 m, 717 w,
555 m cm–1. 13C NMR ([D6]acetone): δ = 170 [C(O)O], 123.7 (CN),
72.9 (CH2), 65.4 (CH2), 46.7 [C(CN)2; 52.6, 7.4 (C2H5)4N] ppm.

Syntheses of [M(dcno)2(H2O)2] [M = FeII (1), CoII (2)] and [M-
(dcno)2] [M = CuII (3), MnII (4)]: The four compounds were pre-
pared in the same way by treating aqueous solutions (10 mL) of
the corresponding metal chloride (1 mmol) with aqueous solutions
(15 mL) of silver 2,2-dicyano-1-(2-hydroxyethoxy)ethenolate
(2 mmol, 0.384 g). The samples were stirred at room temperature
for about 30 min and left to stand. Slow concentration of the re-

Table 2. Crystallographic data and structural refinement parameters for compounds 1–4.

1 2 3 4

Empirical formula[a] C12H14FeN4O8 C12H14CoN4O8 C12H10CuN4O6 C12H10MnN4O6

Formula mass[a] 398.11 401.20 369.78 361.18
T [K] 294(2) 294(2) 288(2) 293(2)
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group C2/c Pbca P21/n P21/n
a [Å] 13.856(1) 9.952(1) 8.0521(3) 7.917(1)
b [Å] 7.450(1) 12.346(1) 8.9499(3) 9.114(2)
c [Å] 16.054(1) 13.587(1) 10.1242(4) 10.264(2)
β [°] 93.9(1) 96.5(1) 94.05(1)
V [Å3] 1653.5 1669.3 724.9 738.8
Dcalcd. [g cm–3] 1.60 1.60 1.69 1.62
Z[a] 4 4 2 2
µ [cm–1] 9.57 10.71 15.44 9.31
Unique reflections/Rint 1745/0.052 1315/0.081 1995/0.03 14908
Reflections [I � nσ(I)] 909 (n = 2) 532 (n = 1.2) 1166 (n = 3) 14908 (n = 2)
Nv 126 115 106 127
R[b] 0.045 0.052 0.033 0.051
Rw

[c] 0.048 (Fo) 0.056 (Fo) 0.037 (Fo) 0.152 (Fo
2)

Gof[d] 0.995 0.989 1.007 1.129
∆ρmax/∆ρmin [eÅ–3] +0.130/–0.239 +0.611/–0.513 +0.295/–0.600 +0.380/–0.287

[a] For all compounds the asymmetric unit contains 0.5 of the empirical formula. [b] R = Σ||Fo| – |Fc||/ΣFo|. [c] Rw(Fo) = {Σ[w(Fo – Fc)2]/
Σ[w(Fo)2]}1/2; Rw(Fo) = wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2. [d] Gof = S = {Σ[w(Fo
2 – Fc

2)2]/(Nobs – Nvar)}1/2.
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sulting solutions at room temperature gave prismatic crystals for
compounds 1–4 that were filtered and air-dried. All compounds
were satisfactory analysed for C, H and N. All compounds can also
be prepared in the same way as the silver salts by direct reaction
in aqueous solution of 2-(1,3-dioxolan-2-ylidene)malononitrile
with the corresponding transition-metal salt, but this procedure
does not allow the isolation of the pure dcno– anion as the starting
ligand and yields less pure compounds 1–4, as the hydrolysis of the
precursor is not complete.

1: Yield: 0.219 g (55%). C12H14FeN4O8 (398.11): calcd. C 36.2, H
3.5, N 14.1; found C 35.9, H 3.7, N 14.3. IR (KBr): ν̃ = 3411 br,
3075 br, 2231 s, 2191 s, 1656 s, 1487 w, 1383 s, 1359 m, 1334 m,
1310 s, 1280 m, 1158 s, 1070 m, 1043 s, 986 w, 849 m, 815 m, 749 s,
585 w, 563 m cm–1.

2: Yield: 0.233 g (58%). C12H14CoN4O8 (401.20): calcd. C 35.9, H
3.5, N 14.0; found C 35.6, H 3.6, N 14.3. IR (KBr): ν̃ = 3411 br,
2250 s, 2215 s, 1623 s, 1457 w, 1437 w, 1392 m, 1326 s, 1284 m,
1265 w, 1171 s, 1075 m, 1013 w, 900 w, 758 w, 668 w, 553 w cm–1.

3: Yield: 0.288 g (78%). C12H10CuN4O6 (369.78): calcd. C 39.0, H
2.7, N 15.2; found C 38.6, H 2.8, N 15.5. IR (KBr): ν̃ = 3315 br,
2252 s, 2199 s, 1646 s, 1478 m, 1406 m, 1374 s, 1328 s, 1282 s,
1145 s, 1022 m, 810 w, 754 s, 556 s, 493 w, 431 m, 386 m cm–1.

4: Yield: 0.173 g (48%). C12H10MnN4O6 (361.18): calcd. C 39.9, H
2.8, N 15.5; found C 40.3, H 2.6, N 15.2. IR (KBr): ν̃ = 3401 br,
2232 s, 2196 s, 1650 s, 1615 s, 1460 m, 1400 s, 1383 m, 1285 w,
1229 w, 1160 s, 1087 m, 1070 m, 1020 w, 902 m, 758 m, 640 w,
558 m cm–1.

X-ray Crystallography: Data for compounds 1–3 were collected
with an Xcalibur 2 diffractometer (Oxford Diffraction) at room
temperature (294 K for 1 and 2 and 288 K for 3). The three struc-
tures were solved by direct methods and successive Fourier differ-
ence syntheses, and were refined, on F, by weighted anisotropic full-
matrix least-squares methods.[21] The hydrogen atoms were located
by difference Fourier map, except those of the “CH2–CH2” group
of the dcno– ligand in 1 and 2, which were calculated [d(C–H) =
0.95 Å]; the thermal parameters were taken as Uiso = 1.3Uequ(C)
and therefore included as isotropic fixed contributors to Fc. Note
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that the hydrogen atoms of the water molecule and of the terminal
“OH” group of the dcno– ligand in 2 were not calculated. It is
noteworthy that it was difficult to collect correct X-ray data for
compounds 1 and 2 because of their low diffracting power, essen-
tially because of the low dimensions of the single crystals. However,
the corresponding bond lengths and bond angles (see Table 1) are
relatively correct, as they are in the normal range when compared
to their corresponding values observed in the parent compounds 3
and 4. For 4, no pure single crystal was found. φ-χ scans performed
on the KCCD diffractometer at 288 K and combined with the use
of DIRAX program[22,23] revealed the existence of two misaligned
crystal components with identical unit-cell parameters. Finally, the
collected frames were integrated using the EVAL program con-
sidering both orientation matrices.[24] An HKLF5 file for the
SHELX refinement program was created with a list of integrated
intensities for the two observed contributors. For all integrated re-
flections, a reflection index specifying the quality of the reflection
(pure #1, pure #2 or common reflection) was given. The structure
was then solved by direct methods and successive Fourier difference
syntheses, and was refined, on F2, by weighted anisotropic full-
matrix least-squares methods.[25] All the hydrogen atoms were lo-
cated by difference Fourier map and were refined isotropically. In
the least-square refinement procedure, a supplementary parameter
defining the fractional contribution of the second component was
refined. Note that because of the bicrystalline character of the
studied object, the Rint parameter has no significance and so is
not calculated by the refinement program. Scattering factors and
corrections for anomalous dispersion were taken from the Inter-
national Tables for X-ray Crystallography.[26] The thermal ellipsoid
drawings were created with the ORTEP program.[27] Selected bond
lengths and bond angles are listed in Table 1. Pertinent crystal data
are mentioned in Table 2. CCDC-604823 to -604826 (for 1–4,
respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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