
www.elsevier.com/locate/jorganchem

Journal of Organometallic Chemistry 692 (2007) 2491–2499
Isostructural diamagnetic cobalt(III) and paramagnetic nickel(III)
dithiolene complexes with an extended benzenedithiolate

core [CpMIII(bdtodt)] (M = Co and Ni)

Mitsushiro Nomura, Marc Fourmigué *
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Abstract

The isostructural diamagnetic [CpCo(bdtodt)] and paramagnetic [CpNi(bdtodt)] (Cp = g5-cyclopentadienyl, bdtodt:benzo
[1,3]dithiol-2-one-5,6-dithiolato) complexes were prepared by starting from the corresponding bis(dithiocarbonate): benzo[1,2-d;4,5-
d 0]bis[1,3]dithiole-2,6-dione. Both Co and Ni complexes are isostructural and crystallize in the orthorhombic system, space group Pbca.
The formally MIII (16-electron for CoIII and 17-electron NiIII) complexes were investigated by X-ray structure analyses and exhibit the
same two-legged piano-stool geometry. The CV of the radical [CpNi(bdtodt)] resulted in well-defined reversible reduction and oxidation
waves. On the other hand, oxidation of [CpCo(bdtodt)] leads to dimerization in CH2Cl2 or reaction in the more coordinating CH3CN
solvent. The absorption maximum (kmax) of [CpNi(bdtodt)] (741 nm) showed a more red shift compared with [CpCo(bdtodt)] (595 nm)
in dichloromethane solution. The structural similarities, and electrochemical, spectroscopic and magnetic differences between various
[CpCo(dithiolene)] and [CpNi(dithiolene)] complexes are further analyzed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Homoleptic metal dithiolene complexes [1], which involve
bis(dithiolene) [M(dithiolene)2]n� (M = Ni, Pd, Pt) [2],
tris(dithiolene) [M(dithiolene)3]n� (M = V, Cr, Mo, W, Re
[3], Nd, Ce [4], U [5]) and tetrakis(dithiolene) [M(dithio-
lene)4]n� (M = U) [5], are composed of only dithiolene
ligands. Heteroleptic dithiolene complexes, which involve
dithiolene ligand and other ligands, are also known with var-
ious co-ligands [6]. Among them, sandwich or half-sandwich
metal dithiolene complexes [CpnM(dithiolene)n] can be clas-
sified into four main categories, according to the ratio of Cp
and dithiolene ligands: [Cp2M(dithiolene)] (Cp/dithiolene
ratio = 2:1 complex), [CpM(dithiolene)2] (1:2 complex),
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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[CpM(dithiolene)]2 (bimetallic 1:1 complex), and [CpM
(dithiolene)] (1:1 complex) [7].

Among them, different series of paramagnetic complexes
[8] such as the d1 [Cp2Mo(dithiolene)]+ were also described,
showing a wide variety of magnetic behaviors, from uni-
form spin chains to spin ladders or antiferromagnetic
ground states [9]. In addition, the paramagnetic, formally
d7, [CpNi(dithiolene)] complexes are also very interesting
species, as they are neutral organometallic radicals
(S = 1/2) [10]. These new series of organometallic neutral
radical complexes exhibit antiferromagnetic interactions
in the solid state, not only through dithiolene/dithiolene
intermolecular interactions as usually observed among
these complexes but also through a striking Cp� � �Cp
face-to-face overlap [10c]. We have recently developed the
preparation methods, physical properties, and crystal
structures of [CpNi(S2C2R2)] [10b], [CpNi(dmit)] [10a],
[CpNi(dddt)], [CpNi(bdt)] [10c], and [CpNi(pddt)] [10d]
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series including analogous [CpNi(diselenolene)] complexes
(Chart 1).

Note that the S/Se exchange in the metallacycle does not
modify the crystal packing in [CpNi(dichalcogenolene)]
complexes. Isostructural pairs are indeed observed in
[CpNi(dddt)] vs. [CpNi(ddds)] [10c] (monoclinic, P21),
[CpNi(dmit)] vs. [CpNi(dsit)] [10a] (monoclinic, P21), and
[CpNi(bdt)] vs. [CpNi(bds)] [10c] (monoclinic, P21/c).
Probably, the Cp ring partially hides the MS2 and MSe2

moiety engaged in the metal coordination. On the other
hand, even ‘‘slight’’ modifications of the outer substituents
of the dithiolene or diselenolene core can modify strongly
the crystal packing. For example, [CpNi(dsdt)][10c] (mono-
clinic, P21/n) is not isostructural with [CpNi(dddt)] or
[CpNi(ddds)].

We wanted to investigate if this isostructural character
upon S/Se exchange in the nickel series was also main-
tained upon metal substitution and decide to compare the
[CpNiIII(dithiolene)] complexes with the corresponding
cobalt [CpCoIII(dithiolene)] complexes, which exhibit dif-
ferent electron counts (16- or 17-electron for the Co and
Ni, respectively) on the metal centers. The isostructural
character is indeed prerequisite if one wants to investigate
the single crystal EPR properties of a paramagnetic nickel
[CpNi(dithiolene)] complex, when diluted in the corre-
sponding diamagnetic cobalt [CpCo(dithiolene)] crystalline
matrix. In fact, only two isostructural pairs are known, in
[CpCo(mnt)] [11] vs. [CpNi(mnt)] [10b] (monoclinic, C2/c
space group), and [CpCo(bdt)] (monomer)[12a] vs.
[CpNi(bdt)] [10c] (monoclinic, P21/c), while, [CpCo(dmit)]
(monoclinic, P21/n) [12b] and [CpNi(dmit)] (monoclinic,
P21) [10a], albeit not isostructural, are closely related and
differ by a disorder affecting the Cp ring in [CpNi(dmit)].

We report here on two isostructural [CpCo(dithiolene)]
and [CpNi(dithiolene)] complexes based on the benzo[1,3]-
dithiol-2-one-5,6-dithiolate (bdtodt) ligand to give the
mononuclear [CpCo(bdtodt)] and [CpNi(bdtodt)] com-
plexes. Their syntheses, structures, electrochemical behav-
ior and electronic absorption are investigated. We discuss
here on the structural similarity, and also the electrochem-
ical, spectroscopic and magnetic differences between vari-
ous [CpCo(dithiolene)] and [CpNi(dithiolene)] complexes.
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Chart 1.
2. Results and discussion

2.1. Preparations of [CpCo(bdtodt)] and [CpNi(bdtodt)]

complexes

During our attempts to prepare bimetallic derivatives of
the benzene tetrathiolate (btt) tetra anion from the reaction
of the bis(dithiocarbonate) benzo[1,2-d;4,5-d 0]bis[1,3]dithi-
ole-2,6-dione with different Ni or Co metal sources, we
have observed the preferential formation of the monome-
tallic derivatives, incorporating the bdtodt (bdtodt: ben-
zo[1,3]dithiol-2-one-5,6-dithiolato) dithiolate ligand. For
example, the preparations of [CpCo(dithiolene)] complexes
are well known [8,13,14] and involve the reaction of
[CpCo(CO)I2] with 1,2-dithiolate dianion. Accordingly,
the bis(dithiocarbonate) benzo[1,2-d;4,5-d 0]bis[1,3]dithi-
ole-2,6-dione was reacted with potassium tert-butoxide
(4 equiv.) in THF for 30 min (Scheme 1). After [CpCo
(CO)I2] was added into the reaction mixture, the solution
color was changed from yellow to dark blue. A blue frac-
tion was separated by column chromatography on silica
gel. The monometallic dark blue solid [CpCo(bdtodt)]
was obtained in 55% yield but no bimetallic derivative
could be isolated.

Convenient methods for [CpNi(dithiolene)] complexes
have been not developed until recently. King first reported
in 1963, the synthesis of [CpNi(tfd)] (tfd = bis(trifluorom-
ethyl)-1,2-dithiolate) by the reaction of [CpNi(CO)]2 with
bis(trifluoromethyl)dithiete (S2C2(CF3)2) [15]. Faulmann
et al. serendipitously observed the interesting reaction of
[Cp2Ni](BF4) with Na[Ni(dmit)2] to form [CpNi(dmit)]
[16]. After that, we have recently reported improved meth-
ods for the preparation of the [CpNi(S2C2R2)],
[CpNi(dddt)], [CpNi(bdt)] and [CpNi(pddt)] series (Chart
1) [10]. In this work, we choose the thermal activation of
1,3-dithiol-2-one moiety which can produce better yield
than 1,2-dithiolate to form [CpNi(dithiolene)] complexes
[10c]. This activation reaction of 1,3-dithiol-2-one deriva-
tive has been reported to generate the oxidized species of
1,2-dithiolate (neutral 1,2-dithioketone or 1,2-dithiete) as
a reaction intermediate [17]. Thus, nickelocene ([Cp2Ni])
directly reacted with benzo[1,2-d;4,5-d 0]bis[1,3]dithiole-
2,6-dione in refluxing toluene for 24 h to give the dark
red solid [CpNi(bdtodt)] in 26% yield (Scheme 1).

Note that other dithiolene complexes with this bdtodt
dithiolate ligand have already been reported, as the
square-planar Ni and Au complexes [M(bdtodt)2]�
Scheme 1.
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[18,19] and the titanocene complex [Cp2Ti(bdtodt)] [20].
The possible dinuclear complexes such as [CpM(btt)MCp]
were not obtained in the reaction shown in Scheme 1. The
reason may be the very poor solubility of the dinuclear
complexes. The g5-pentamethylcyclopentadienyl (Cp*)
can be introduced instead of Cp ligand for increasing their
solubility. This investigation is now in progress. Some
examples of dinuclear complexes with (btt) cores have been
reported in the [(triphos)Co(btt)Co(triphos)] [21] and
[Cp2M(btt)MCp2] (M = Ti, Zr and Hf) complexes [22].

2.2. X-ray crystal structures of [CpCo(bdtodt)] and

[CpNi(bdtodt)] complexes

The molecular structures of [CpCo(bdtodt)] and
[CpNi(bdtodt)] were determined by X-ray structure analy-
ses. The ORTEP drawings are shown in Fig. 1, and their
selected bond lengths and angles are summarized in Table
1 which also includes the bond lengths and angles of
[CpCo(bdt)] (bdt = 1,2-benzenedithiolate) and [CpNi(bdt)]
for comparison.

[CpCo(bdtodt)] and [CpNi(bdtodt)] are isostructural
and crystallize in the orthorhombic system, space groups
Pbca. Such crystallographic similarity has already been
observed between some [CpCo(dithiolene)] and [CpNi-
(dithiolene)] complexes [10–12]. Fig. 1 shows typical two-
legged piano-stool geometries composed from Cp and
bidentate dithiolene ligands with planarity of Cp ligand,
metallacycle (MS2C2 moiety) and benzene ring. The Ni–S
bond length in [CpNi(bdtodt)] is slightly longer than the
Co–S in [CpCo(bdtodt)]. This tendency has been also
observed in [CpCo(bdt)] vs. [CpNi(bdt)] [10c] (in Table
1), also [CpCo(mnt)] (2.110 Å) [11] vs. [CpNi(mnt)]
(2.1255 Å) [10b], and [CpCo(dmit)] (2.1233 Å) [12b] vs.
[CpNi(dmit)] (2.138 Å) [10a]. In general, the strong p-dona-
tion from sulfur to metal center in the metalladithiolene
ring can shorten the M–S bond length [23]. This result
Fig. 1. The ORTEP drawings of isostructural [CpNi(bdtodt)] and [CpCo(bdtodt)
[CpNi(bdtodt)] from dithiolene and benzene planes, (top right and bottom rig
level.
explains that such p-donation in the 16-electron
[CpCo(dithiolene)] complex is stronger than that in the
17-electron [CpNi(dithiolene)] complex.

It is known that the 16 e complexes such as [CpCo(bdt)]
can form a dimer in the solid state through Co� � �S intermo-
lecular interactions. In [CpCo(bdt)], the dimer can be chan-
ged to the corresponding monomer in the single crystal
upon warming above 150 �C [12a]. Note here that
[CpCo(bdtodt)] crystallized as a monomer at room
temperature.

2.3. Electrochemistry of [CpCo(bdtodt)] and

[CpNi(bdtodt)] complexes

The cyclic voltammograms (CV) of [CpCo(bdtodt)] and
[CpNi(bdtodt)] are shown in Fig. 2, and their redox poten-
tials are displayed in Table 2. The CV of [CpNi(bdtodt)]
resulted in two well-defined reversible reduction and
oxidation waves at �0.83 V and +0.38 V (vs. Fc/Fc+),
respectively (Fig. 2a). On the other hand, the CV of
[CpCo(bdtodt)] exhibited a reversible reduction wave at
�0.97 V in CH2Cl2 or at �0.91 V in CH2Cl2/MeCN (1:1
mixture). An irreversible oxidation wave is observed at
+0.62 V in CH2Cl2 (Fig. 2b), which becomes an irreversible
oxidation process with two steps at +0.38 V and +0.84 V if
the electrochemical investigation is performed in CH2Cl2/
MeCN (Fig. 2c).

The first redox potentials of [CpCo(bdtodt)] and
[CpNi(bdtodt)] are more positive than those of the
[CpCo(bdt)] and [CpNi(bdt)], respectively (Table 2). This
result suggests an electron-withdrawing effect of the dithio-
carbonate group. The difference between oxidation and
reduction potential (DE1/2 = jE1/2(ox) � E1/2(red)j) of
[CpNi(dithiolene)] complex is smaller than the DE1/2 value
of [CpCo(dithiolene)] complex (Table 2). This result corre-
lates with a red shift of absorption maximum in
[CpNi(dithiolene)] complex (see Table 3 and Section 2.4).
]: (top left) [CpNi(bdtodt)] showing the all atoms, (bottom left) side view of
ht) [CpCo(bdtodt)]. The thermal ellipsoids are drawn at 50% probability



Table 1
Selected bond lengths and angles

[CpCo(bdtodt)] [CpCo(bdt)] (monomer)b [CpNi(bdtodt)] [CpNi(bdt)]c

Bond length

M1–S1 2.1113(10) 2.111(2) 2.1272(16) 2.1205(13)
M1–S2 2.1201(10) 2.111(2) 2.1395(16) 2.1280(13)
S1–C1 1.732(3) 1.729(7) 1.739(6) 1.731(5)
S2–C2 1.727(3) 1.748(6) 1.741(5) 1.740(4)
C1–C2 1.414(4) –a 1.407(7) 1.410(6)
C2–C3 1.405(5) –a 1.399(8) 1.395(6)
C3–C4 1.378(5) –a 1.403(8) 1.371(7)
C4–C5 1.410(5) –a 1.394(8) 1.384(8)
C5–C6 1.372(5) –a 1.382(8) 1.373(8)
C6–C1 1.394(5) –a 1.403(7) 1.399(6)

Bond angles

S1–M1–S2 92.53(4) 91.9(1) 93.74(6) 93.93(5)
M1–S1–C1 105.49(11) 105.9(2) 103.73(18) 103.71(15)
M1–S2–C2 105.25(12) 106.1(2) 103.8(2) 103.61(15)
S1–C1–C2 118.2(3) 118.9(5) 119.8(4) 119.6(3)
S2–C2–C1 118.5(3) 117.2(5) 118.9(4) 118.8(3)

a Not available.
b Ref. [12a].
c Ref. [10c].

Fig. 2. Cyclic voltammograms of: (a) [CpNi(bdtodt)] in CH2Cl2, (b)
[CpCo(bdtodt)] in CH2Cl2 and (c) [CpCo(bdtodt)] in CH2Cl2 + MeCN
(1:1(v/v)). Scan rate = 100 mV s�1, Pt disk as a working electrode (1.0 mm
in diameter), supporting electrolyte n-Bu4NPF6 (0.1 M).
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The irreversible oxidation wave of [CpCo(bdtodt)] indi-
cates that its oxidized species is not stable on the time scale
of CV (v = 100 mV/s). In general, the [CpCoIII(dithiolene)]
complexes are electron-deficient because of a formal 16-
electron complex. Namely, they are not stable for a chem-
ical or an electrochemical oxidation. The oxidized species
of [CpCo(dithiolene)] undergoes a dimerization or a
solvent coordination to the metal center. Indeed, [Cp*Co
(dddt)] and [Cp*Co(l-C2S4)CoCp*] have been reported to
dimerize in CH2Cl2 or to react with MeCN after an electro-
chemical oxidation (EC reaction) [25,26]. In addition, the
isoelectronic [(g6-arene)RuII(dithiolene)] complexes can
also dimerize by an electrochemical oxidation [27]. In our
case, [CpCo(bdtodt)] probably forms a dimer upon electro-
chemical oxidation in CH2Cl2 solution (Scheme 2). Fur-
thermore, the same CVs were repeated through multiple
scan processes (not shown). This result indicates that the
dimer generated on the electrode is reduced around
+0.1 V (Fig. 2b) to regenerate the original monomer com-
plex. The electrochemical square scheme [28] shown in
Scheme 2, describes this monomer–dimer structure changes
(ECEC reaction).

In addition, if one introduces a coordinating solvent as
CH3CN, the oxidation potential is moved toward cathodic
potentials by 230 mV while the reduction potential is only
slightly modified. A similar behavior was already noticed in
[Cp*Co(l-C2S4)CoCp*] [26], and attributed to the influence
of the kinetics of the acetonitrile coordination following
the electron transfer (Scheme 1). Indeed, the similar reduc-
tion potential and spectroscopic properties in CH2Cl2 and
CH2Cl2/CH3CN indicate that the CH3CN coordination
does not take place before oxidation. The second oxidation
wave observed in CH2Cl2/MeCN, which was not found in
pure CH2Cl2, is thus attributable to the formation of a
dicationic MeCN adduct, [CpCo(bdtodt)(CH3CN)]2+.

2.4. Electronic absorption spectra of [CpCo(bdtodt)] and

[CpNi(bdtodt)] complexes

The electronic absorption maxima (kmax/nm) of
[CpCo(dithiolene)] and [CpNi(dithiolene)] complexes are
summarized in Table 3. The UV–Vis–NIR spectra
(250-900 nm range) of [CpCo(bdtodt)] and [CpNi(bdtodt)]
are shown in Fig. 3. Those complexes showed strong elec-



Table 2
Redox potentials of [CpM(dithiolene)] (M = Co, Ni) complexes (E1/2 values vs. Fc+/Fc)

Solv. E1/2(red)/V DEp/mV E1/2(ox)/V DEp/mV Ref.

CpCo(dithiolene)
[CpCo(bdt)] MeCN �1.00 57 +0.38 – [11]
[CpCo(bdtodt)] CH2Cl2 �0.97 64 +0.62a – This work
[CpCo(bdtodt)] CH2Cl2 + MeCN �0.91 57 +0.39a – This work
[CpCo(mnt)] MeCN �0.62 56 +0.71b 79 [24]

CpNi(dithiolene)
[CpNi(dddt)] CH2Cl2 �1.06 106 �0.02 106 [10c]
[CpNi(bdt)] CH2Cl2 �1.00 92 +0.30 88 [10c]
[CpNi(bdtodt) )] CH2Cl2 �0.83 63 +0.38 60 This work
[CpNi(dmit)] CH2Cl2 �0.72 100 +0.28 100 [10c]
[CpNi(mnt)] CH2Cl2 �0.64 – +0.79a – [10b]

a Irreversible.
b The oxidation potential of the corresponding MeCN adduct [CpCo(MeCN)(mnt)].

Table 3
UV–Vis–NIR data (kmax/nm) of [CpCo(dithiolene)] and [CpNi(dithiolene)] complexes

Co dithiolene kmax/nm Solv. Ref. Ni dithiolene kmax/nm Solv. Ref.

[CpCo(S2C2(CO2Me)2)] 550 MeCN [30] [CpNi(S2C2(CO2Me)2)] 695 CH2Cl2 [10b]
[CpCo(mnt)] 572 CH2Cl2 [29] [CpNi(mnt)] 698 CH2Cl2 [10b]
[CpCo(bdt)] 566 MeCN [30] [CpNi(bdt)] 722 CH2Cl2 [10c]
[CpCo(bdtodt)] 595 CH2Cl2 This work [CpNi(bdtodt)] 741 CH2Cl2 This work
[CpCo(S2C2Ph2)] 600 MeCN [30] [CpNi(S2C2Ph2)] 846 CH2Cl2 [10b]
[CpCo(dmit)] 678 CH2Cl2 This work [CpNi(dmit)] 967 CH2Cl2 [10c]

[CpNi(dddt)] 1012 CH2Cl2 [10c]

Scheme 2.

Fig. 3. UV–Vis–NIR spectra of [CpCo(bdtodt)] (black line) and
[CpNi(bdtodt)] (gray line) in dichloromethane solution.
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tronic absorptions at 595 nm for [CpCo(bdtodt)] and
741 nm for [CpNi(bdtodt)], respectively.

According to Table 3, the kmax of [CpNi(dithiolene)]
complexes always show a larger red shift than the corre-
sponding [CpCo(dithiolene)] complexes, amounting to
120–290 nm. Note that the electron-rich (or sulfur-rich)
complexes such as [CpNi(dddt)] and [CpNi(dmit)] exhibit
a remarkable red shift. This tendency is supported by the
CV data (DE1/2) in Table 2. In this work, we found that
[CpNi(dithiolene)] complexes usually show their absorp-
tion maxima in NIR region, except for electron-poor com-
plexes ([CpNi(mnt)] [29] and [CpNi(S2C2(CO2Me)2)] [30])
or in the benzenedithiolate series [10c], as indeed observed
here for [CpNi(bdtodt)].

2.5. Solid state properties

As both compounds are isostructural, we will limit here
the description to the paramagnetic [CpNi(bdtodt)] com-
plex, in order to correlate its structural organization to
its magnetic behavior. In the solid state, molecules of
[CpNi(bdtodt)] complexes are associated into layers
(Fig. 4) through a short C–H� � �O@C hydrogen bond
with following structural features: (C–)H� � �O: 2.48 Å,
C(–H)� � �O: 3.376(9) and C–H� � �O: 161.8�. Such weak
C–H� � �X hydrogen bonds are now recognized to have an
important structural role in influencing, moderating or
complementing stronger forces, to the point where they
have been shown in several instances to direct the



Fig. 5. A projection view of the unit cell of [CpNi(bdtodt)] along b.

Fig. 6. A view of a complex with its nearest neighbors, forming an
inversion centered dyad and chains of molecules running along b. Dotted
lines indicate the shortest S� � �S intermolecular contacts.
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2496 M. Nomura, M. Fourmigué / Journal of Organometallic Chemistry 692 (2007) 2491–2499
formation of specific structural patterns [31]. Their influ-
ence in the molecular packing of paramagnetic species in
conducting or magnetic systems has also been noted in
many examples [9a,32]. These hydrogen bonded planes pile
up on top of each other along the a axis as shown in Fig. 5,
leading to the formation of slabs perpendicular to c, con-
nected to each other by the hydrogen bond network.

Within these layers, molecules are associated into inver-
sion-centered dyads, connected to each other along the b

direction through S� � �S intermolecular interactions
(Fig. 6). The shortest intermolecular S� � �S contacts are
found at 3.636(2) Å and involve one sulfur atom of the
metallacycle and one sulfur atom of the outer dithiole-2-
one ring. Intermolecular distances within the inversion-cen-
tered dyad are much longer, at 3.929 and 4.098 Å. This
structural characteristics, combined with the fact that the
spin density in this class of complexes is essentially concen-
trated on the metallacycle [10c] let us anticipate that the
intermolecular magnetic interactions between the radical
species will be weak, as indeed deduced from the tempera-
ture dependence of the magnetic susceptibility of
[CpNi(bdtodt)] (Fig. 7). It follows a Curie–Weiss behavior
at high temperatures with a Curie–Weiss temperature of
21 K, demonstrating the presence of antiferromagnetic
interactions. The presence of a rounded susceptibility max-
imum at T vmax

¼ 22 K is indicative of a Heisenberg uniform
spin chain behavior [33]. Accordingly, experimental data
were satisfactorily fitted to the Bonner–Fisher model,
including a Curie-tail contribution at low temperatures
with the following expression, vmol = v0 + x Æ vCurie

+ (1 � x)vBF, with v0 = 1.6 · 10�3 cm3 mol�1, x = 2.2%
S = 1/2 magnetic defaults and jJj/k = 34.9(2) K, that is
J = �24.5 cm�1. The origin of the spin chain behavior
can be tentatively assigned to those uniform chains running
along the b-direction as shown in Fig. 6. Indeed, a stronger
antiferromagnetic interaction within the dyads identified
above would introduce a spin gap in the system and a sin-
glet ground state, not experimentally observed here.
Fig. 4. A view of one layer in [CpNi(bdtodt)] showing the CAH� � �O@C
hydrogen bond pattern.
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Fig. 7. Temperature dependence of the magnetic susceptibility of
[CpNi(bdtodt)]. The solid line is a fit to the Bonner–Fisher model
including a Curie tail (see text).
3. Conclusion

We have reported here the preparation, X-ray crystal
structures, redox potentials and electronic absorption
spectra of [CpCo(bdtodt)] and [CpNi(bdtodt)]. Both com-
plexes are isostructural, as often observed in these series,
demonstrating that the added electron in the 17e�
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[CpNi(dithiolene)] complexes does not modify substan-
tially the molecular packing in the solid state. Comparison
with other Co and Ni complexes shows some general trends
with the low energy absorption band of the cobalt com-
plexes observed around 550–680 nm moved toward lower
energy in the analogous nickel complexes (700–1000 nm).
TD-DFT calculations are in progress to assign those tran-
sitions and understand these trends. The paramagnetic nat-
ure of the [CpNi(bdtodt)] complex is revealed by its
magnetic susceptibility and its temperature dependence is
characteristic of the presence of uniform spin chains. The
isostructural character of both compounds and this uni-
form spin chain behavior would allow for the preparation
of such Heisenberg S = 1/2 spin chains with variable dop-
ing of diamagnetic Co species, an interesting aspect in con-
densed matter physics.

4. Experimental

4.1. General remarks

All reactions were carried out under an argon atmo-
sphere by means of standard Schlenk techniques. All sol-
vents for chemical reactions were dried and distilled by
Na-benzophenone for toluene and THF before use.
Benzo[1,2-d;4,5-d 0]bis[1,3]dithiole-2,6-dione [34] and [Cp-
Co(CO)I2] [35] were synthesized by literature methods.
[Cp2Ni] was obtained from STREM Chemicals. Silica gel
(Silica gel 60) was obtained from MERCK, Ltd. TOF-mass
spectrum was recorded on a Bruker Daltonics MALDI-
TOF BIFLEX III mass spectrometer. UV–Vis and NIR
spectra were recorded on a Hitachi Model UV-2500PC.
Elemental analyses were performed by the ‘‘Service d’Ana-
lyse du CNRS’’ at Gif/Yvette, France.

4.2. Preparation of [CpCo(bdtodt)]

Benzo[1,2-d;4,5-d 0]bis[1,3]dithiole-2,6-dione (104 mg,
0.4 mmol) was treated with potassium tert-butoxide
(180 mg, 1.6 mmol) in THF solution (50 mL) at room tem-
perature. The colorless solution changed to cloudy yellow
after 30 min. When [CpCo(CO)I2] (325 mg, 0.8 mmol)
was added, the yellow solution was rapidly changed to dark
blue. The reaction mixture was further stirred at room tem-
perature for 30 min. After the solvent was removed under
reduced pressure, the residue was separated by column
chromatography on silica gel with dichloromethane/petro-
leum ether 2:1(v/v) as eluant. The product was further puri-
fied by recrystallization in dichloromethane/petrol ether at
�30 �C. [CpCo(bdtodt)] was obtained as dark blue crystals
in 55% yield. Mass (EI+, 1.3 kV) m/z 354 (M+). HR-MS
(EI+) Calcd. For C12H7CoOS4: 353.87117. Found:
353.8696. 1H NMR (CDCl3, 200 MHz, vs. TMS) d
= 5.57 (s, 5 H, Cp), 8.22 (s, 2H, benzene). UV–Vis–NIR
(CH2Cl2) kmax/nm (e) 293 (77,000), 595 (24,000). Anal.
Calc. for C12H7CoOS4: C, 40.67; H, 1.99; S, 36.19. Found:
C, 40.26; H, 2.00.
4.3. Preparation of [CpNi(bdtodt)]

A toluene solution (30 mL) of [Cp2Ni] (567 mg,
3.0 mmol) and benzo[1,2-d;4,5-d 0]bis[1,3]dithiole-2,6-dione
(78 mg, 0.3 mmol) were reacted under reflux for 24 h.
After the solvent was removed under reduced pressure,
the residue was dissolved in dichloromethane. The mix-
ture solution was transferred into a column chromatog-
raphy on silica gel, and a red fraction was collected by
dichloromethane/n-hexane eluent (2:1(v/v)). The product
was further purified by recrystallization (dichlorometh-
ane/n-hexane). [CpNi(bdtodt)] was obtained as dark red
crystals in 26% yield. TOF-Mass (MALDI, 19 kV) m/z
353 (M+). UV–Vis–NIR (CH2Cl2) kmax/nm (e) 326
(37,000), 741 (6000). Anal. Calc. for C12H7NiOS4: C,
40.70; H, 1.99; S, 36.22. Found: C, 40.42; H, 2.05; S,
36.45.

4.4. X-ray diffraction studies

The single crystals of [CpM(bdtodt)] (M = Co and Ni)
complexes were obtained by recrystallization from the
dichloromethane solutions and then vapor diffusion of
n-hexane into those solutions. A crystal was mounted
on the top of a thin glass fiber. Data were collected on
a Stoe Imaging Plate Diffraction System (IPDS) for
[CpNi(bdtodt)] and on a Kappa CCD Diffractomter for
[CpCo(bdtodt)], with graphite-monochromated Mo Ka
radiation (k = 0.71073 Å) at room temperature. Structures
were solved by direct methods (SHELXS-97) and refined
(SHELXL-97) [36] by full-matrix least-squares methods, as
implemented in the WINGX software package [37]. Absorp-
tion corrections were applied. Hydrogen atoms were
introduced at calculated positions (riding model), included
in structure factor calculations, and these were not
refined. Crystallographic data of complexes are summa-
rized in Table 4.

4.5. CV measurements

All electrochemical measurements were performed
under an argon atmosphere. Solvents for electrochemical
measurements were dried by 4 Å molecular sieve before
use. A platinum wire served as a counter electrode, and
the reference electrode is SCE (saturated calomel electrode)
was corrected for junction potentials by being referenced
internally to the ferrocene/ferrocenium (Fc/Fc+) couple.
A stationary platinum disk (1.0 mm in diameter) was used
as a working electrode. CV measurements were performed
with an Autolab PGSTAT 20 potentiostat from Eco Che-
mie B.V., equipped with General Purpose Electrochemical
System GPES software (version 4.5 for Windows). Solu-
tion resistance was compensated by positive feedback.
1 mmol dm�3 dichloromethane solutions of dithiolene
complexes containing 0.1 mol dm�3 tetrabutylammonium
hexafluorophosphate (NBu4PF6) at 25 �C were used for
measurements.



Table 4
Crystallographic data of [CpM(bdtodt)] (M = Co and Ni) complexes

Compound [CpCo(bdtodt)] [CpNi(bdtodt)]

Formula C12H7CoOS4 C12H7NiOS4

FW (g mol�1) 354.35 354.13
Crystal color Dark blue Dark red
Crystal shape Plate Plate
Crystal size (mm) 0.12 · 0.09 · 0.03 0.75 · 0.60 · 0.01
Crystal system Orthorhombic Orthorhombic
Space group Pbca (No. 61) Pbca (No. 61)
a (Å) 15.605(3) 15.6976(12)
b (Å) 7.2085(14) 7.2380(5)
c (Å) 22.488(5) 22.4487(19)
V (Å3) 2529.7(9) 2550.6(3)
T (K) 293(2) 293(2)
Z 8 8
Dcalc (g cm�3) 1.861 1.763
l (mm�1) 1.996 1.844
Total reflections 5413 13726
Absorption correction Multi-scan Multi-scan
Unique reflections (Rint) 2907 (0.0278) 2466 (0.0772)
Unique reflections 2039 (I > 2r(I)) 1532 (I > 2r(I))
R1, wR2 0.0437, 0.1056 (I > 2r(I)) 0.0518, 0.1326 (I > 2r(I))
R1, wR2 (all data) 0.0702, 0.1201 0.0867, 0.1544
Goodness-of-fit 1.085 0.878

R1 =
P
jjFoj � jFcjj/

P
jFoj; wR2 ¼ ½

P
wðF 2

o � F 2
cÞ

2=
P

wF 4
o�

1=2.
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4.6. Magnetic susceptibility measurements

Magnetic susceptibility measurements were performed
on a Quantum Design MPMS-2 SQUID magnetometer
operating on the range of 2–300 K at 5000 G with a poly-
crystalline sample of [CpNi(bdtodt)] (2.5 mg). Molar sus-
ceptibilities were corrected for Pascal diamagnetism. Fit
to the uniform chain model are based on the following
expression (Eq. (1)) of the spin Hamiltonian, and the total
susceptibility of the [CpNi(bdtodt)] complex was fitted with
Eq. (2) [33,38] where x is the fraction of S = 1/2 magnetic
defaults (Curie tail):

H ¼�J
Xn�1

1

SAi SAiþ1
ð1Þ

vmol ¼ v0þ x �Ng2b2

2kT

þð1� xÞNg2b2

kT
0:25þ 0:074975xþ 0:075235x2

1þ 0:9931xþ 0:172135x2þ 0:757825x3

ð2Þ

with x = jJj/kT.
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Appendix A. Supplementary material

CCDC 624495 and 624496 contain the supplementary
crystallographic data for ([CpCo(bdtodt)]) and ([CpNi(bd-
todt)]). These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary
data associated with this article can be found, in the online
version, at doi:10.1016/j.jorganchem.2007.02.030.
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[8] M. Fourmigué, Acc. Chem. Res. 37 (2004) 179.
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