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The crystal structures of cobalt() complexes of croconate [CoL1(H2O)3] 1 (L1 = C5O5
22) and croconate violet

K2[CoL2
2(H2O)2]?2H2O 2 [L2 = 3,5-bis(dicyanomethylene)cyclopentane-1,2,4-trionate] have been determined.

Complex 1 consists of infinite zig-zag chains constituted by one metal atom, one croconate acting as a bridge and
three water molecules. Moreover these chains, parallel to the c axis, are stacked with metal–metal distances of
7.9891(3) Å inside a chain and 5.0035(6) Å between chains. Complex 2 consists of dianionic and mononuclear
entities in which the ligand is O-co-ordinated. The magnetic properties of 1 and 2 have been investigated in the
4–300 K temperature range (µeff = 3.65 to 5.02 µB for 1 and µeff = 4.00 to 4.90 µB for 2). Their redox properties
are discussed and compared to those of the free ligands.

The dianion of croconic acid (4,5-dihydroxycyclopent-4-ene-
1,2,3-trione), (C5O5)

22, is one of the cyclic aromatic oxocarbons
(CO)n

22 characterized by extensive delocalization of the π elec-
trons all over the ring. Though croconate (C5) and rhodizonate
(C6) oxocarbons were first synthesized more than 170 years
ago,2 and copper() croconate was first reported by Gmelin in
1841,3 their co-ordination chemistry remained poorly under-
stood until the rebirth of the field following the discovery of
squaric acid (C4) in 1959.4 Only a few structures of croconato
complexes with first row transition-metal ions are known:
[M(C5O5)(H2O)3] (M = CuII, ZnII, MnII, FeII),5–7 and also some
complexes with croconate associated with another ligand such
as imidazole,8 histamine,9 2,29-bipyridine 10 or the bis(2-pyridyl-
carbonyl)amido anion.11 Available structural data dealing with
transition-metal croconate complexes show that this ligand can
act either as a terminal (I) 8–10 or as a bridging ligand (II and
III).5–7,11

Several species have been synthesized in which the original
carbonyl oxygen atoms are either partially or completely
replaced by sulfur, nitrogen, or dicyanomethylene; these are
called pseudo-oxocarbons.12 Among these compounds,
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croconate blues [2,4,5-tris(dicyanomethylene)cyclopentane-1,3-
dionate salts] and croconate violets [3,5-bis(dicyanomethylene)-
cyclopentane-1,2,4-trionate salts],13–17 condensation derivatives
of croconic acid and malononitrile (NCCH2CN) are intriguing
materials. These dyes display a strong absorption in the visible
region and reversible electrochemical behavior 18,19 as well as
some typical semiconductor properties.20,21 However, the co-
ordination chemistry of these ligands has received little
attention up to now in spite of a formal analogy with the
doubly reduced TCNQ (7,7,8,8-tetracyanoquinodimethane)
and a structure similar to the one involved in organic semi-
conductors.

To our knowledge, only two structures of 2-dicyanomethyl-
ene-4,5-disulfanylcyclopent-4-ene-1,3-dionate (L3) with first
row transition-metal ions are known to us: [M(L3)2]

22 (M =
CuII, PdII),22,23 and no report concerning metal complexes with
dicyanomethylene derivatives of croconic acid itself has been
published so far.

This contribution respectively describes the preparation,
redox properties and structural characterizations of cobalt()
complexes of croconic acid (H2L

1) and croconate violet (K2L
2).

Experimental
Reactants and methods

The chemicals and solvents were of reagent grade or Aldrich
Electrochemical grade for electrochemistry. Croconic acid

Croconate violet [L2]2–
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Table 1 Summary of crystal data, intensity measurements and structure refinement for [CoL1(H2O)3] 1 and K2[CoL2
2(H2O)2]?2H2O 2

Compound
Formula
Color
M
Crystal system
Space group
a/Å
b/Å
c/Å
β/8
U/Å3

Z
Dc/g cm23

A*min, A*max

F(000)
µ/mm21

hkl Ranges
T/K
Scan range, 2θ/8
No. measured reflections
No. independent reflections
No. observed reflections
No. parameters
Weighting scheme, ω
Max. and min. ∆F/e Å23

Goodness of fit S
R, Rw

1
[Co(C5O5)(H2O)3]n

Purple
253.0
Orthorhombic
Pbca
11.869(2)
8.114(2)
15.393(3)

1482.5(2)
8
2.267
3.897, 6.277
1019
2.33
0 to 13, 0 to 9, 0 to 17
180
2.9–48.4
9095
1128
951 ([|Fo| > σ(Fo)])
152
Chebyshev
1.35, 0.87
1.01
0.051, 0.064

2
[K2Co(C11N4O3)2(H2O)4]0.5

Red-brown
340.7
Monoclinic
P21/n
10.4257(7)
10.7946(6)
11.7045(6)
108.726(3)
1247.5(1)
4
1.881
3.398, 6.585
682
9.075
210 to 10, 0 to 11, 0 to 12
200
2–110
1616
1528
1315 ([|Fo| > 4σ(Fo)])
209
1/[σ2(Fo) 1 0.0005(Fo

2)]
0.64, 0.44
2.35
0.035, 0.040

(H2L
1), its potassium salt (K2L

1) and the potassium salt of
croconate violet (K2L

2) were prepared according to the pro-
cedures described by Fatiadi.14,15,24 IR spectra were recorded on
a Perkin-Elmer 983 G spectrometer coupled with a Perkin-
Elmer infrared data station. Samples were run in the solid state
in nujol mulls. UV/VIS spectra were registered on a Roucaire
Shimadzu UV-3100 spectrophotometer in DMF at concen-
trations from 1025 to 1026 mol L21. Magnetic susceptibility
measurements, in the 4–300 K temperature range were carried
out on polycrystalline samples with a Faraday-type magneto-
meter equipped with a continuous-flow Oxford Instruments
cryostat. HgCo(NCS)4 was used as a calibrant (susceptibility at
20 8C, 16.44 × 1026 cm3 mol21). The molar susceptibilities were
corrected for ligand diamagnetism using Pascal’s constants.25

The corrections were estimated at 2236 × 1026 and 2270 ×
1026 cm3 mol21 for 1 [CoL1(H2O)3] and 2 K2[CoL2

2(H2O)2]?
2H2O respectively.

Electrochemical measurements were carried out with a
home-made potentiostat or an Autolab (EcoChemie) controlled
by a PC at room temperature. The electrochemical cell (10 cm3)
was a conventional one with three electrodes: working elec-
trode, Pt (diameter 2 mm, EDI Tacussel) for rotating disc elec-
trode experiments (LSV, linear sweep voltammetry) and Pt (disc
diameter 0.5 mm) for cyclic voltammetry experiments (CV);
counter electrode, Pt wire; and reference electrode, double junc-
tion SCE. The experiments were carried out in DMF–Bu4NPF6

0.1 mol L21 under an argon atmosphere; DMF and Bu4NPF6

were used without further purification. A solution of Bu4NPF6

was scanned before use to check the purity of the solvent.
The reported E₂

₁ values were determinated from stationary
experiments at a rotating electrode (LSV).

Preparation of a cobalt(II) croconate, [CoL1(H2O)3] 1

The compound was obtained according to West 26 by reaction in
the dark of dipotassium croconate (K2L

1) and CoCl2?6H2O in
water. The product was recrystallized from water as purple
crystals (yield ca. 60%) (Found: C, 23.26; H, 2.22. Calc. for
C5H6CoO8: C, 23.73; H, 2.39%).

Preparation of a cobalt(II) croconate violet, K2[CoL2
2(H2O)2]?

2H2O 2

The compound was obtained by reaction of dipotassium

croconate violet (K2L
2) (0.332 g, 1 mmol) in a water–

acetonitrile mixture (50 :50 cm3) with CoCl2?6H2O (0.238 g, 1
mmol) dissolved in water (100 cm3). The addition of the ligand
to the metal salt is accompanied by a color change from
pink to red. Suitable red-brown crystals were obtained after
standing the solution for a few days under slow evaporation, at
room temperature (yield ca. 40%) (Found: C, 37.61; H, 1.10; N,
15.92. Calc. for C22H8CoN8O10K2: C, 38.77; H, 1.18; N,
16.44%).

Crystallography

Crystal data, intensity measurements and structure refinement
are summarized in Table 1. For 1 unit-cell parameters and
diffracted intensities were measured at 180 K with the scan
rotation φ mode on a STOE-I.P.D.S. (imaging plate diffraction
system) diffractometer equipped with an Oxford cryosystems
cooler device. The crystal to detector distance was 80 mm.
Mo-Kα radiation (λ 0.71073 Å) was employed as X-ray source.
Numerical absorption corrections were applied to the data.27

The structure was solved by direct methods (SIR 92) 28 and
refined by least-squares procedures on Fo. Hydrogen atoms
were located on a difference Fourier map and isotropically
refined with an isotropic thermal parameter fixed at 20% higher
than those of their connected oxygen atoms. Atomic scattering
factors and anomalous dispersion terms are taken from ref. 29.
The plot of the molecule together with the labelling scheme are
shown in Fig. 1. Selected interatomic distances and angles are
listed in Table 2.

For 2 a small crystal was mounted on a glass fiber with
RS3000 oil. Graphite monochromatized Cu-Kα radiation
(λ 1.5418 Å) was employed as X-ray source. Unit-cell para-
meters and diffracted intensities were measured at 200 K with
the scan mode ω–2θ on a STOE-STADI 4 diffractometer. The
structure was solved by direct methods (MULTAN 87) 30 and
refined by XTAL 3.2 program.31 Absorption corrections by
analytical integration 32 were applied to the data. Atomic
scattering factors and anomalous dispersion terms are taken
from ref. 28. All H atom co-ordinates were refined using Uiso

0.05 Å2. The plot of the molecule together with the labelling
scheme are shown in Fig. 2 and 3. Selected interatomic
distances and angles are listed in Table 2.

CCDC reference number 186/1202.
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Table 2 Selected interatomic distances (Å) and bond angles (8) with estimated standard deviations in parentheses for 1 and 2

Complex 1 Complex 2

Metal environment

Co]O1
Co]O2
Co]O4

O1]Co]O2
O2]Co]O4
O1]Co]O4
O2]Co]O6
O4]Co]O6
O1]Co]O7
O2]Co]O7
O4]Co]O7
O2]Co]O8
O4]Co]O8
O6]Co]O8
O6]Co]O7

2.103(3)
2.152(3)
2.103(2)

80.8(1)
171.6(1)
90.8(1)
90.5(1)
97.9(1)
92.1(1)
94.2(1)
86.0(1)
92.97(9)
86.7(1)
90.5(1)
90.7(1)

Co]O6
Co]O7
Co]O8

2.025(3)
2.111(3)
2.082(3)

Co]O1
Co]O2
Co]O4
Co]K

O1]Co]O2
O4]Co]O1
O4]Co]O2
K]Co]O1
K]Co]O2
K]Co]O4

2.122(3)
2.109(3)
2.048(3)
3.7314(9)

82.2(1)
90.0(1)
89.1(1)

132.12(8)
129.74(7)
94.23(9)

K]O1
K]N4
K]O5
K]O3
K]O2

2.794(3)
2.899(4)
2.801(3)
2.888(3)
2.883(3)

Ligands

O1]C1
O2]C2
O3]C3
O4]C4
O5]C5

1.256(5)
1.259(5)
1.237(5)
1.248(4)
1.256(4)

C1]C2
C1]C5
C2]C3
C3]C4
C4]C5

1.437(5)
1.453(5)
1.457(5)
1.481(5)
1.466(5)

O1]C1
O2]C2
O3]C4
N1]C7
N2]C8
N3]C10
N4]C11
C1]C2

1.265(5)
1.258(5)
1.227(5)
1.143(6)
1.150(6)
1.148(6)
1.153(6)
1.457(5)

C2]C3
C3]C4
C3]C6
C4]C5
C5]C9
C6]C7
C6]C8
C9]C10

1.432(6)
1.470(5)
1.377(6)
1.473(6)
1.379(5)
1.429(6)
1.426(6)
1.440(6)

Results and discussion
Chemistry

As already mentioned, the cobalt()–croconate complex has
been obtained according to West and Niu.26 During their
synthesis, they obtained an unidentified pink by-product the
analytical data for which fit with the formula of a cobalt–
oxalate complex. A few years ago, we reported on the easy
photo-oxidation of croconic acid into oxalic and mesoxalic
(HO2CCOCO2H) acids corresponding to croconic ring break-
ing.33 So, we think that the pink oxalate complex may result
from the same process. To prevent this oxidation, the synthesis
of 1 was performed in the dark.

Since the formula of 2 implies two ligands per metallic ion,
we attempted to prepare a croconate complex with two ligands
using a large excess of croconate ion. In fact, only the complex
ML1(H2O)3 was obtained.

Crystal structure of 1

Preliminary studies on the structure of copper(), zinc() and
manganese() croconate reveal that although these compounds
are isostructural, they are not strictly isomorphous.5,6 The
similarity of the powder diffraction patterns indicates that the
croconate complexes of divalent metal ions, nickel() and
cobalt() must have the same structure, although the degree of
distortion around the metal ion might vary.

Cobalt() croconate consists of infinite chains with an
asymmetric repeating unit constituted by one metal, one
croconate and three water molecules (Fig. 1). The zig-zag
chains are parallel to the c axis. Consequently, two neighbour-
ing cobalt() ions are separated by a croconate ion with a
Co ? ? ? Co distance of 7.9891(3) Å inside a chain. The close
packing involved hydrogen bonds inducing a Co ? ? ? Co inter-
chain distance of 5.0035(6) Å. Each cobalt() is co-ordinated to
three water molecules, two adjacent oxygen atoms of one
croconate ring acting as a chelating ligand (O1 and O2) and a
single oxygen (O4) of a second croconate ring. The difference
observed between Co–O1 (2.103(3) Å) and Co–O2 (2.152(3) Å)

distances confirms the intrinsic tendency of croconate to co-
ordinate as an asymmetric bidentate ligand already reflected in
the structure of the copper complex; in contrast Co–O4 and
Co–O1 distances are comparable. Two of the five oxygen atoms
of the croconate ring (O3 and O5) are not metal-co-ordinated.
There is no significant difference between the Co–carbonyl and
Co–OH2 bond distances. Analogously, in the croconate ligand,
the C–O bond distances for the free or the co-ordinated oxygen
atoms are comparable. The average metal–oxygen distance for
the cobalt() compound is 2.096 Å and the bond anisotropy is
much smaller than in the copper() complex. The interchain
interactions via strong hydrogen bonding are analogous to
those evidenced for the isostructural metal() complexes
already described.

Crystal structure of 2

The structure is made of discrete dianionic mononuclear and
symmetrical entities of [CoL2

2(H2O)2]
22 and potassium ions. A

plot of the [CoL2
2(H2O)2]

22 in the structure is presented in
Fig. 2. The cobalt atom sits on the inversion centre. It is sur-
rounded by four oxygen atoms of two croconate violet ligands
and two water molecules. It is located at the centre of the plane
defined by the five ring carbon atoms, the two exocyclic olefinic
carbon atoms, and the three oxygen atoms of each ligand. As
expected for a cobalt() complex, we can observe a tetragonally
distorded octahedral geometry with two bond lengths (Co–
water) shorter than the four others. Moreover, as underlined in

Fig. 1 Crystal structure of the complex [CoL1(H2O)3]n.
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Table 3 Hydrogen bonds for complex 2

Donor–H

O4]H42
0.74(5)

O4]H41
0.81(5)

O4]H42
0.74(5)

O5]H51
0.79(5)

O5]H52
0.75(5)

Donor ? ? ? Acceptor

O4 ? ? ? O5 (0)
2.769(5)

O4 ? ? ? N3 (1)
2.866(5)

O4 ? ? ? O2 (2)
2.916(4)

O5 ? ? ? N2 (3)
2.863(6)

O5 ? ? ? O3 (4)
2.813(5)

H ? ? ? Acceptor

H42 ? ? ? O5 (0)
2.04(5)

H41 ? ? ? N3 (1)
2.07(5)

H42 ? ? ? O2 (2)
2.76(5)

H51 ? ? ? N2 (3)
2.18(5)

H52 ? ? ? O3 (4)
2.31(5)

Donor–H ? ? ? Acceptor

O4]H42 ? ? ? O5 (0)
169(5)

O4]H41 ? ? ? N3 (1)
167(4)

O4]H42 ? ? ? O2 (2)
94(4)

O5]H51 ? ? ? N2 (3)
144(4)

O5]H52 ? ? ? O3 (4)
126(4)

Equivalent positions: (0) x, y, z; (1) 3/2 2 x, y 2 1/2, 1/2 2 z; (2) 1 2 x, 1 2 y, 1 2 z; (3) 3/2 2 x, 1/2 1 y, 1/2 2 z; (4) 1 2 x, y, z.

the description of the structure of 1, the croconate ligand co-
ordinates in an asymmetrical bidentate fashion: in particular,
the two Co–O bond distances being 2.122(3) and 2.109(3) Å.
The ligand is not strictly planar: the three oxygen atoms and
the two methylene carbon atoms lie in the plane of the ring,
whereas the two dicyanomethylene groups are rotated, in the
same direction, away from the plane of the ring with 4.78 and
5.28 angles. A similar twist of the dicyanomethylene groups out
of the ring plane has been observed in the free ligand 16 and in
TCNQ.34,35 In the free ligand,16 the mean C–C bond length is
1.450 Å lying between 1.437(7) Å (C2–C3) and 1.472(9) Å (C1–
C2); in the complex, the mean distance of 1.453 Å is compar-
able. The carbon ring is not affected by complexation and the
values obtained for the C–C bond distances agree with those
calculated for the ideal planar geometry. As expected for a
delocalized ring, the three C–O bond lengths are identical in the
free ligand (average value 1.244 Å) but the complexation

Fig. 2 Crystal structure of the complex K2[CoL2
2(H2O)2]?2H2O.

Fig. 3 View of the packing in K2[CoL2
2(H2O)2]?2H2O in the ac plane.

induces a partial localization of the π electrons. This assump-
tion is supported by “the ketonic” bond length of the unco-
ordinated oxygen atom (1.227(5) Å) compared to the longer
C–O bond distances of the oxygen atoms co-ordinated to the
cobalt (average value 1.27 Å). It may be underlined that this
difference is not evidenced in 1. Of particular interest are the
strong intermolecular hydrogen bonds, Table 3. These involve
water molecules and the croconate oxygen O3 which do not
participate in complexation evidenced by the O ? ? ? O distance
of 2.813(5) Å and also the nitrogen atoms of the cyano groups.
All the oxygen atoms of the ligands are co-ordinated to a potas-
sium atom which is also linked to the crystallisation water
molecule.

The sites of co-ordination of either the oxygen or nitrogen of
dicyanomethylene groups may be related to a number of
parameters: the charge distribution on the oxygen and nitrogen
atoms, the soft or hard character of the metal, the geometry of
the ligand. In the dicyanomethylene trionate complex 2 the co-
ordination occurs only via the oxygen atoms. However, we have
recently isolated Cu() and Cu() complexes involving dicyano-
methylene pseudo-oxocarbons derived from squaric acid.1 In
these complexes, metal atoms are always co-ordinated by the
nitrogen atoms of the dicyanomethylene groups.

IR and electronic spectroscopies

In 1, the most relevant IR features are those associated with the
chelating croconate. Our spectra are in agreement with the West
and Niu analysis.26 A broad and intense absorption in the 3400–
3000 cm21 range is attributed to the OH stretching frequency of
the water molecules. Bands at 1740 and 1724 cm21 are assigned
to the unco-ordinated carbonyl groups which exhibit a strong
double-bond character. The co-ordinated CO groups are
characterized by medium absorptions at 1682 and 1660 cm21. A
very strong and broad peak centered at 1500 cm21 is attributed
to vibrational modes representing mixtures of C–O and C–C
stretching motions. This absorption is characteristic of the salts
of CnOn

22 ions.36

The vibrational spectrum of croconate violet has been
analyzed by Fatiadi.13–17 It shows a band at 2198 cm21 attrib-
uted to ν(CN) stretching frequencies. In 2, this vibration,
observed at 2208 cm21, is slightly shifted and confirms that the
nitrile groups are not engaged in the complexation with Co.
Moreover, the band at 1674 cm21 in the free ligand, attributed
by Fatiadi to the carbonyl groups, completly disappears in the
cobalt complex, even though one of the ring carbonyl groups
remains free and is not implicated in the co-ordination. In the
group of bands at 1615, 1572 and 1521 cm21 the problem of the
vibrational assignments appeared as difficult due to the strong
coupling of the C]]O oscillators and to the C]]O and C]]C
coupling. In the complex these bands are not significantly
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shifted by complexation and remain practically unchanged
(1609, 1562 and 1515 cm21).

Owing to their strong absorption in the visible spectrum, the
croconate dyes have been investigated for their photophysical
properties.37 In DMF, croconate ion is yellow and displays a
characteristic absorption at 334 nm (ε = 24000 L mol21 cm21)
and croconate violet is a dye characterized by a strong absorp-
tion in the visible spectrum at 534 nm (ε = 88000 L mol21 cm21).
As concerns the cobalt complexes, high-spin six-co-ordinated
octahedral or pseudo-octahedral cobalt() species will exhibit
three allowed transitions.38 However, ν1 corresponding to the
4T1g → 4T2g transition was not observed within the wave-
length sweep from UV to near IR. The other transitions are
hidden by the absorption bands of the ligands. The UV/VIS
spectra of the cobalt complexes present the same pattern as the
ligands (complex 1, 328 nm (ε = 21500 L mol21 cm21) and com-
plex 2, 532 nm (ε = 66000 L mol21 cm21)).

Magnetic properties

Most six-co-ordinated cobalt() complexes fall into two classes:
those with magnetic moments which lie in the range 4.8–5.6 µB

and are referred to as “high-spin” and those with moments in
the range 1.73–2.0 µB which are referred to as “low-spin”. How-
ever, there has been found between these two classes a number
of six-co-ordinated cobalt() compounds which have inter-
mediate magnetic moments at room or lower temperatures.
These thermally induced spin conversions S = 3/2 ↔ S = 1/2
were generally found to be gradual, often extending over more
than 100 K.39–41

The ground state of the free Co() ion is 4F, but the orbital
degeneracy is removed in an octahedral crystal field giving one
4A and two 4T levels with the lowest-lying state being 4T1g.

38 The
temperature dependence of the product χMT (χM denoting the
molar magnetic susceptibility) for the complexes 1 and 2 is
plotted in Fig. 4. The χMT values (χMT = 3.006 cm3 mol21 K,
µeff = 4.90 µB) obtained at 300 K for 2 with a continuous
decrease upon cooling are typical of cobalt() high-spin
species. At 4 K, the µeff for 2 lies in the range expected for
high-spin cobalt() (µeff = 4.00 µB). In light of crystallographic
measurements, it is clear that there is a distortion from
octahedral symmetry in 2. However, the poor distortion value
(0.05 Å) indicates that only the spin–orbit coupling has to be
taken into account and that Jahn–Teller stabilization is small
as expected.42

Recent reports on magnetic studies of some chain and
layered six-co-ordinated cobalt() compounds show 43 that, at
low temperature, these magnetic systems behave as collections
of Ising chain S = 1/2 effective spins coupled usually by ferro-
magnetic 44–46 but also antiferromagnetic interactions.47 For such
species, the degeneracy of the 4T1g ground triplet is removed
by the combined action of spin–orbit coupling and axial or
rhombic distortions of the crystal field, giving six Kramers
doublets with an effective nonisotropic S = 1/2 ground state.

Fig. 4 Temperature dependence of χMT for [CoL1(H2O)3]n (——) and
K2[CoL2

2(H2O)2]?2H2O (——).

For complex 1, χMT = 3.15 cm3 mol21 K (µeff = 5.02 µB) at 300
K and 1.67 cm3 mol21 K (µeff = 3.65 µB) at 4 K. This last value
is lower than the spin-only value for a high-spin cobalt()
complex but far from the value generally observed at low tem-
perature for a Ising S = 1/2 chain (µeff = 2.0 µB). A possible
interpretation of our experimental results requires that a pro-
portion of cobalt() is in the low-spin form at low temperature.
Another interpretation is to involve exchange antiferromagnetic
interactions between the paramagnetic centres. Magnetic
properties of isostructural croconate complexes have been
investigated in the past few years and magnetic exchanges have
been evidenced.6,7 For manganese() croconate complexes two
studies have been performed. In the first, in our own work,8 we
suggested that spin–spin interactions are likely to occur
between manganese ions of neighbouring chains. In the second,
Gatteschi et al.7 neglects interchain interactions favouring a
weak antiferromagnetic coupling between the spins via the cro-
conate ligand (J = 0.22 cm21). However, it may be underlined
that some values, slightly lower than the spin-only value, have
been observed in mononuclear complexes which do not exhibit
any spin transition, deviations at the spin-only value being
accounted for by axial distortion of the cobalt() octahedral
environment.38,41

Redox properties

Complex 1. In organic solvents, the electrochemical oxidation
of the croconate dianion is well known.18,33 Under non-
stationary conditions at a Pt electrode, the voltammogram
shows two oxidation waves (Fig. 5) which appear mono-
electronic and reversible. The oxidation process is expressed by
two successive electron transfers with a high electron transfer
rate:

C5O5
22 C5O5~2 1 e2 E1

₂
₁ = 0.11 V

C5O5~2 C5O5 1 e2 E2
₂
₁ = 0.45 V

The orange radical anion C5O5~2 is very stable (few hours).
Its potential domain (E2

₂
₁ 2 E1

₂
₁) depends on the solvent: 0.53 V

in CH3CN and 0.34 V in DMF. The radical anion C5O5~2 is less
stable in DMF than in CH3CN.

Moreover, a reduction process is observed around 21.9 V.
Under slow potential scan speed the process is irreversible and
the peak current is twice that of the oxidation peak. By increas-
ing the potential scan speed at a 50 µm Pt electrode, the reduc-
tion process appeared reversible (in the range 100 V s21 up to
2500 V s21). Taking into account the results, the reduction
process may be expressed by:

C5O5
22 1 2 e2 C5O5

42 E3
₂
₁ = 21.91 V

In the electroactivity domain of DMF, the cyclic voltammo-
gram of 1 is restricted to an oxidation process (Fig. 5). At a

Fig. 5 Cyclic voltammograms at a Pt disc electrode (diameter 0.5 mm)
in DMF–Bu4NPF6 0.1 mol L21: [PPh4]2C5O5, 1.2 mmol L21 (——);
complex 1, 1 mmol L21 (——); potential scan speed 0.1 V s21, potentials
are measured versus SCE.
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rotating disc electrode, two nearly equal waves were observed
with E1

₂
₁ = 0.62 V and E2

₂
₁ = 0.83 V. The pattern of the cyclic

voltammogram (Fig. 5) shows that the process is complex.
According to the variations of the voltammograms as a func-
tion of the potential scan speed, the process may be classified as
a bielectronic process with close potentials. In fact, this electro-
chemical process matches the oxidation of the C5O5

22 ligand. In
Fig. 5, the mean oxidation peak current of 1 is nearly the sum
of the oxidation peak currents of free C5O5

22. Owing to com-
plexation, the potentials E1

₂
₁ and E2

₂
₁ are shifted towards anodic

potentials and get close together:

[Co(C5O5)] [Co(C5O5
?)]1 1 e2 E1

₂
₁ = 0.62 V

[Co(C5O5
?)]1 [Co(C5O5)]

21 1 e2 E2
₂
₁ = 0.83 V

Simulation curves with the Gosser program 48 gave an
approximation of the electrooxidation mechanism. It can be
assumed to be two electron transfers with slow electron transfer
rates which are coupled to chemical reactions such as the
decomplexation of the radical complex. As a consequence, the
potential domain of the radical anion C5O5~2 is reduced and
the bound C5O5~2 is unstable. Such a case was already observed
in the study of platinum complexes with squarate and croconate
dianions: the electrochemical measurements did not show the
radical anion step.49 According to the potential displacement as
a function of complexation,50 the positive shift of the redox
potentials of C5O5

22 shows that the complex formation con-
stants of the C5O5~2 radical anion and the neutral C5O5 are
lower than the one of the C5O5

22 dianion.
In the cathodic domain, the reduction of the C5O5

22 dianion
in the complex was not observed. This is in agreement with the
decrease of the co-ordination properties of the C5O5

22 dianion
upon oxidation or reduction.

Complex 2. The electrochemical oxidation of croconate violet
([L2]22) has already been reported.18 Under non stationary con-
ditions at a Pt electrode, the voltammogram shows two oxid-
ation waves (Fig. 6) that appear monoelectronic and reversible.
The oxidation process is expressed by the two successive
electron transfers with high electron transfer rate:

[L2]22 [L2]~2 1 e2 E1
₂
₁ = 0.45 V

[L2]~2 [L2] 1 e2 E2
₂
₁ = 0.90 V

Moreover, a monoelectronic reduction process is observed at
E₂

₁ = 21.49 V which also appears reversible (quasi reversible in
CH3CN, E₂

₁ = 21.53 V):

[L2]22 1 e2 [L2]?32 E₂
₁ = 21.49 V

Fig. 6 Cyclic voltammograms at a Pt disc electrode (diameter 0.5 mm)
in DMF–Bu4NPF6 0.1 mol L21: K2L

2 1 mmol L21; (——); complex 2
1 mmol L21 (——); potential scan speed 0.1 V s21, potentials are
measured versus SCE.

The radical anion [L2]~2 is very stable. Its potential domain
(E2

₂
₁ 2 E1

₂
₁) depends on the solvent: 0.66 V in CH3CN and 0.45

V in DMF. The radical anion [L2]~2 is less stable in DMF than
in CH3CN. On the contrary, the radical trianion [L2]?32 is only
stable over the time scale of the cyclic voltammetry. By com-
parison of the voltammograms of the C5O5

22 dianion (Fig. 5)
and the [L2]22 dianion (Fig. 6), it is observed that the dicyano-
methylene groups shift the redox potentials towards anodic
potentials.

In the electroactivity domain of DMF, the cyclic voltammo-
gram of 2 presents the same oxidation process as the free ligand
(Fig. 6). The reduction process of the ligand is not present in
the complex. The electrochemical study was restricted to the
oxidation processes. Under stationary conditions, at a Pt disc
electrode (Fig. 6), the voltammogram of the complex presents
two oxidation waves: a first oxidation wave with E₂

₁ = 0.45 V
and a second one with E₂

₁ = 0.93 V. These values match the
potentials of the free ligand oxidation (0.45 V and 0.90 V).
Furthermore, the comparison between the peak current
intensities in Fig. 6 shows that while the free ligand oxidation
proceeds through two successive monoelectronic transfers, the
oxidation of 2 proceeds through two bielectronic transfers
(the oxidation of the two [L2]22 ligands). Taking into account
the Randles–Sevcik equation in which the peak current is
related to n3/2, number of transferred electrons, it appears that
the oxidations of the two [L2]22 ligands are independent. This
may be expressed by:

[Co(L2)2]
22 [Co(L2?)2] 1 2 e2 E1

₂
₁ = 0.45 V

[Co(L2?)2] [Co(L2)2]
21 1 2 e2 E2

₂
₁ = 0.93 V

According to the potential displacement as a function of
complexation 50 and taking into account the disappearance of
the reduction peak of the free ligand (E₂

₁ = 21.49 V) on the
voltammogram of 2, it can be postulated that the complex is not
dissociated in DMF. This was confirmed by conductimetric
measurements. Furthermore, the invariability of the redox
potentials of the oxidations shows that the formation constants
of Co() with [L2]22, [L2]~2 or L2 species are of the same order
of magnitude. This is in favour of the contribution of the
dicyanomethylene groups in the stabilization of the charge. In
particular, the radical would be localized on the dicyano-
methylene group as in the 3,4-bis(dicyanomethylene)cyclo-
butane-1,2-dione radical anion.51

Finally, the electrochemical behaviour at a Pt electrode of
complexes 1 and 2 is limited to the oxidation of the ligands. No
reduction or oxidation of Co() was observed. The disappear-
ance of the electrochemical reduction of the ligands in the
complexes confirmed their complexation in solution. Moreover,
the electrochemical behaviours of complexes 1 and 2 are quite
different. In complex 2, the oxidation process corresponds to
the oxidation of two independent [L2]22 ligands while in com-
plex 1 the oxidation of the C5O5

22 dianions is perturbed by
Co() complexation. If the introduction of dicyanomethylene
groups shifts the oxidation potentials towards anodic poten-
tials, it also increases the potential domain of the radical (0.34
V to 0.45 V in the free ligands and 0.21 V to 0.48 V in the
complexes). The positive shift of the oxidation potentials is
in agreement with the polarographic data of quinones and
dicyanomethylene substituted quinones.52 But in this latter case
the potential domain of the “semiquinone” radical is
decreased. However, this radical stabilization is encouraging for
the synthesis and characterization of metal–radical ligand
complexes.
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