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The synthesis and characterization of the new aromatic or-
tho-dithiol, 4,5-dicyanobenzene-1,2-dithiol (3) is reported.
This compound was used to prepare tetrabutylammonium
salts of novel nickel complexes; the nickel(II) salt (nBu4N)2-
[Ni(dcbdt)2] (4), the nickel(III) salt (nBu4N)2[Ni(dcbdt)2]2 (5),
and the partially oxidized NiIII/IV salt (nBu4N)2[Ni(dcbdt)2]5

(6). (dcbdt = 4,5-dicyanobenzene-1,2-dithiolate). The NiII

complex presents a square-planar coordination geometry
and is diamagnetic, while in the paramagnetic NiIII complex

Introduction

Bis(dithiolene) transition metal complexes, showing a
variety of coordination geometries and oxidation states,
have been extensively studied since the 1960s,[1] and they
have been widely used as building blocks for molecular
compounds with conducting and or magnetic properties.[2]

Among the simple examples of such complexes are the
M(mnt)2 complexes based on the ligand mnt 5 1,2-dicyan-
oethene-1,2-dithiolate, also known as maleonitriledithiolate
(Scheme 1), first prepared in 1955 by Bähr and Schleitzer.[3]

These simple M(mnt)2 complexes have provided the basis of
compounds with very interesting properties such as metallic
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the Ni(dcbdt)2 units are strongly dimerized with the metal
atom in a square-pyramidal coordination geometry and its
magnetic susceptibility follows a singlet-triplet model with
an antiferromagnetic coupling J = 897 K. The partially oxi-
dized NiIII/IV complex 6 presents a weakly temperature-de-
pendent paramagnetism of 5−6·10−4 emu/mol and a room-
temperature electrical conductivity of 0.15 S/cm following a
semiconducting regime.

conductivity,[4] magnetic chains in compounds also having
conducting chains based on other donor species,[5] and even
ferroelectric behaviour.[6] However, it is believed that more
extended and delocalized π-ligands of this type would make
the different oxidation states more accessible, favouring
electron transport in the solid, and offering a richer variety
of structures. Indeed, other bis(dithiolene) complexes with
delocalized sulfur-rich ligands have provided the bases for
many other metallic and even superconducting systems.[2]

In order to explore chemical modifications on electron
charge-transfer solids containing the M(mnt)2 complexes,
we decided to prepare analogous dicyanodithio complexes
with the more extended and aromatic ligand 4,5-dicyano-
benzene-1,2-dithiol (3), (H2dcbdt), whose preparation was
not previously described. Preliminary data on a gold com-
plex with this ligand, (nBu4N)2[Au(dcbdt)2]5, was recently
reported by us.[7] In this paper we report the synthesis of
the ligand and the preparation and characterization of the
tetrabutylammonium salts of three different nickel com-
plexes, [Ni(dcbdt)2]z2 (z 5 0.4, 1, 2).

Results and Discussion

The key compound for the synthesis of the ligand is 4,5-
dichloro-1,2-dicyanobenzene (1) that can be obtained from
4,5-dichlorophthalic anhydride,[8] and is actually commer-
cially available. The followed synthetic procedure involved
the preparation of the aromatic dibenzyl sulfide,[9] 1,2-
bis(S-benzylthio)-4,5-dicyanobenzene (2), in 71% yield
(m.p. 1892190 °C), followed by a mild cleavage with the
assistance of anhydrous aluminium chloride[10] (Scheme 2)
to obtain 3 in 53% yield [m.p. 100 °C (dec.)].
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Scheme 2

The nickel(II) complex of the ligand 4,5-dicyanobenzene-
1,2-dithiol was obtained by the reaction of the dithiolate
with nickel chloride, in an aqueous/alcoholic solvent mix-
ture, and precipitated in the form of the tetrabutylammo-
nium salt (nBu4N)2[Ni(dcbdt)2] (4) (Scheme 3), following
the usual procedure for other bis(dithiolene) complexes.[11]

This complex could be oxidized to NiIII, (nBu4N)2-
[Ni(dcbdt)2]2 (5), with iodine in acetone solutions (yield
44%, m.p. 2442245 °C). Further electrochemical oxidation
of 5 led to a mixed NiIII/NiIV compound (nBu4N)2[Ni-
(dcbdt)2]5 (6).

Scheme 3

The cyclic voltammetry of (nBu4N)2[Ni(dcbdt)2]2 (5) in
acetonitrile showed different redox processes (Figure 1).
One pair of reversible waves at 0.08 V vs. Ag/AgNO3 was
always present, as in (nBu4N)2[Ni(dcbdt)2] (4), and it was
ascribed to the couple NiII/NiIII. This value should be com-
pared with the corresponding one for the compound with
the unsubstituted benzodithiolate ligand (bdt), Ni(bdt)2

(21.05 V),[12] showing that the two cyano groups stabilize
the dianionic state. In fact, while the Ni(bdt)2

2 complex
was obtained by oxidation of the dianion in air, obtaining
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Figure 1. Cyclic voltammograms of (nBu4N)2[Ni(dcbdt)2]2 (5) in
acetonitrile solution (ref. Ag/AgNO3) at different scan rates: a)
50 mV/s; b) 500 mV/s; c) 100 mV/s

Ni(dcbdt)2
2 from the dianion required iodine as the oxidiz-

ing agent.
At more positive potentials a series of irreversible waves

were observed with oxidation peaks at 0.83, 0.94, and 1.2 V,
and reductions at 1.08, 0.89, and 0.68 V. The first oxidation
wave became less prominent at higher scan rates (above
100 mV/s), while the corresponding reduction wave changed
position from 0.70 to 0.50 V as the rate increased from 50
to 3000 mV/s. For slow scanning rates (502100 mV/s) with
amplitudes above 0.9 and below 1.2 V, there was an addi-
tional reduction peak at 0.120 V, typical of the formation
upon oxidation of adsorbed species on the electrode (Fig-
ure 1, a). This peak was no longer observed at a scan rate
of 500 mV/s and above (Figure 1, b) or for sweeps of 1.2 V
or above (Figure 1, c).

This suggests that the process at 0.94/0.89 V led to the
formation of insoluble [Ni(dcbdt)2]522 at the electrode. In
fact from dichloromethane solutions of the monoanionic
complex (nBu4N)2[Ni(dcbdt)2]2 (5), crystals of (nBu4N)2-
[Ni(dcbdt)2]5 (6) were obtained by electrocrystallization,
using similar conditions to those previously described to
obtain the gold analogue.[7] The higher potential process is
probably the full oxidation to NiIV, while the waves at 0.83/
0.68 with a very rate-sensitive reduction peak were associ-
ated with the process [Ni(dcbdt)2]222/[Ni(dcbdt)2]22,
coupled to some other reaction.

The direct comparison of this with cyclic voltammetry
data obtained with (nBu4N)2[Ni(dcbdt)2] (4) was not pos-
sible due to the much lower solubility of compound 4. The
results for compound 4 present the same pair of reversible
waves at 0.086 V, and the two similar pairs of waves at
higher oxidation potentials. However, the waves at 0.83/ca.
0.68 V and the reduction wave ascribed to electrode depos-
ition were not observed. This may be due only the lower
solubility of 4.

Compound 5 probably exists in solution as the dimer
[Ni(dcbdt)2]222 as suggested by the solid-state X-ray struc-
ture with quite short dimerization bonds (see below). This
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proposal is also supported by the comparison of the con-
ductivity of 4 and 5 in acetonitrile solutions. If compound
5 were fully dissociated, the conductivity of an equimolar
solution of 4 should have been twice that of 5, but we found
values of 57.5 and 22.7 µS/cm, respectively, for 0.2 m solu-
tions at 18 °C, giving a higher ratio and denoting the pres-
ence of the less mobile dimer.

The crystals obtained for compounds 4 and 5 enabled the
crystal-structure determination by X-ray diffraction, but
those of 6 were of insufficient quality for diffraction work.
An ORTEP view of the complex anions in 4 and 5 is depic-
ted in Figure 2, showing the atomic labelling scheme. Selec-
ted bond lengths for these compounds are presented in
Table 1.

Figure 2. ORTEP diagrams and atomic numbering scheme of the
complexes; a) [Ni(dcbdt)2]22 in 4 and b) [Ni(dcbdt)2]2 in 5, with
thermal ellipsoids at 40% probability level

In complex 4 the Ni atom is located at an inversion
centre, and the dianion [Ni(dcbdt)2]22 presents a perfectly
planar geometry, since all atoms lie in a mirror plane. The
Ni2S bond lengths, Ni2S(2) 2.1736(15) Å and Ni2S(1)
2.1658(16) Å, are in the typical range, 2.1622.18 Å, of
other bis(dithio)NiII complexes,[13216] namely for Ni(bdt)2

where the distances are 2.16622.172 Å.[16] The crystal
structure of 4 shows [Ni(dcbdt)2]22 layers with the complex
in mirror planes at y 5 0 and y 5 1/2, which are separated
by cation layers (Figure 3) preventing any short anion2
anion interactions.

In 5 the NiIII complex presents a strong dimerization of
the [Ni(dcbdt)2]2 units that are related by an inversion
centre (Figure 2) between the two nickel atoms. In the
[Ni(dcbdt)2]222 units, besides the equatorial Ni2S bonds
at distances Ni2S(1) 2.2050(17) Å, Ni2S(2) 2.2023(16) Å,
Ni2S(3) 2.1993(16) Å, Ni2S(4) 2.1792(16) Å, there are two
Ni2S(4)* bonds at 2.3965(16) Å.

As shown by the side view of the dimer [Ni(dcbdt)2]222

in Figure 4, the ligand where one sulfur atom is coordinat-
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Table 1. Selected bond lengths [Å] for [Ni(dcbdt)2] complexes

[Ni(dcbdt)2]22 [Ni(dcbdt)2]222

Ni2S(1) 2.1658(16) 2.2050(17)
Ni2S(2) 2.1736(15) 2.2023(16)
Ni2S(3) 2.1993(16)
Ni2S(4) 2.1792(16)
Ni2S(4)[a] 2.3965(16)
S(1)2C(1) 1.729(6) 1.738(5)
S(2)2C(2) 1.725(6) 1.732(5)
S(3)2C(9) 1.734(5)
S(4)2C(10) 1.752(5)
C(1)2C(6) 1.384(7) 1.409(7)
C(1)2C(2) 1.424(8) 1.414(7)
C(2)2C(3) 1.394(7) 1.398(7)
C(6)2C(5) 1.388(7) 1.380(7)
C(3)2C(4) 1.389(7) 1.377(7)
C(5)2C(4) 1.403(8) 1.401(7)
C(5)2C(7) 1.436(8) 1.450(7)
C(4)2C(8) 1.441(8) 1.448(8)
C(7)2N(1) 1.144(7) 1.134(7)
C(8)2N(2) 1.135(6) 1.130(7)
C(9)2C(14) 1.394(7)
C(9)2C(10) 1.406(7)
C(10)2C(11) 1.376(6)
C(14)2C(13) 1.385(7)
C(11)2C(12) 1.374(7)
C(13)2C(12) 1.411(7)
C(13)2C(15) 1.447(8)
C(12)2C(16) 1.444(7)
C(15)2N(3) 1.125(7)
C(16)2N(4) 1.131(7)

[a] 2x,2y,2z 1 1.

ing two metal atoms is almost planar [the largest deviations
being the S(3) 0.072 Å and S(4) 0.083 Å] and the Ni atom
lies only 0.08 Å from its average plane. In contrast, the
other ligand presents a more considerable distortion with
the coordinating sulfur atoms S1 and S2 deviated in oppo-
site directions (0.063 and 20.127, respectively) and the Ni
atom 20.39 Å from its average plane. Thus the four coordi-
nating sulfur atoms are not coplanar and present a signifi-
cant tetrahedral distortion with deviations of 60.137 Å
from their average plane, while the Ni atom deviates
0.286 Å from the average plane of the four sulfur atoms.
The average plane of the two ligands makes a dihedral angle
of 9.39(17)°.

The dimerization of bis(dithiolene)metal(III) complexes,
with the metal atom presenting a square-pyramidal coor-
dination geometry, is frequent in similar complexes of other
metals such as Fe and Co.[1,17,18] For bis(dichalcogenato)-
nickel complexes such a clear dimeric structure was only
found in a few bis(diselenolato)Ni complexes, as the neutral
NiIV(ddds)2 complex (ddds 5 5,6-dihydro-1,4-dithiin-2,3-
diselenolate),[19] the partially oxidised Me4N[Ni(dsise)2]21

(dsise 5 1,3-dithio-2-selenenido-4,5-diselenolate),[20] and
the NiIII complex nBu4N[Ni(dsit)2] (dsit 5 1,3-dithiole-2-
thione-4,5-diselenolate).[21] With complex Ni(mnt)2

2 a
much weaker tendency towards a metal-over-sulfur packing
has been reported in the compounds (pet)3[Ni(mnt)2]2,[22]

(PPh3Me)[Ni(mnt)2],[23] and NEt4[Ni(mnt)2],[24] where the
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Figure 3. Crystal structure of (nBu4N)2Ni(dcbdt)2 (4): (a) viewed
along the b axis, and (b) viewed along the c axis

Figure 4. Side view of the dimer [Ni(dcbdt)2
2]2 in 5

apical Ni2S distances are much larger, 3.85, 3.59, and
3.69 Å, respectively, and the Ni(mnt)2 units remain almost
planar. To the best of our knowledge, this is the first time
that a clearly dimerized structure was found in a bis(di-
thio)NiIII complex. Furthermore, it should be noticed that
in this case, when compared with other dimerized bis(di-
chalcogenide) complexes, the apical bond is quite short and
almost comparable to the equatorial ones.

The crystal structure of 5 is shown in Figure 5. Along
the axes c and b the dimerized anions and the cations are
alternating. However, along a the [Ni(dcbdt)2]222 dimers
are arranged in chains, due to several weak interactions,
connecting two [Ni(dcbdt)2]2 units of adjacent dimers side
by side, namely the hydrogen bonds N(3)···H(3*) and
N(3*)···H(3) at 2.612 Å and 156.6°, and S(1)···H(11) at
3.188 Å and 149.9°, and a short contact S(3)···S(3*) at
3.784 Å, (see Figure 6).

While the dianionic complex 4 is diamagnetic, the
monoanionic complex 5, with NiIII, is expected to be para-
magnetic with S 5 1/2. However, the strong dimerization
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Figure 5. Crystal structure of (nBu4N)2[Ni(dcbdt)2]2 (5) viewed
along the a axis

Figure 6. Chain of [Ni(dcbdt)2
2]2 dimers in 5 connected along a

by S···S contacts and N···H and S···H hydrogen bonds: a) side view;
b) detail of two [Ni(dcbdt)2]2 units of adjacent dimers viewed per-
pendicularly to their average plane with indication of the short con-
tacts connecting them

of the [Ni(dcbdt)2]2 units, as frequently observed in other
dimerized Fe complexes, can lead to a strong antiferromag-
netic coupling of the S 5 1/2 states expected for a isolated
square planar coordination.[17,22,25]

The EPR spectra of 5, both as a powder or as a frozen
solution, show rhombic symmetry, with g values of 2.210,
2.0421, and 2.0064, for acetone solution at 110 K.
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(nBu4N)2[Ni(dcbdt)2]522 also shows an EPR signal, as ex-
pected for a partially oxidized NiIII/IV compound, but this
signal is visible only at low temperature, as an almost iso-
tropic broad signal, 300G wide and centred at g 5 2.025
at 8 K.

The paramagnetic susceptibility of (nBu4N)2[Ni-
(dcbdt)2]2, obtained from raw data after a correction for
diamagnetism estimated from tabulated Pascal constants as
4.2·1024 emu/mol, was ca. 5·1024 emu/mol at room temper-
ature and showed a strong decrease upon cooling, reaching
a minimum around 100 K (Figure 7). At lower temper-
atures the magnetic susceptibility became dominated by a
Curie tail of impurities and increased again. The paramag-
netic susceptibility data could be accurately fitted by a
model, considering in addition to the Curie tail and a tem-
perature-independent term a contribution due to the dimers
of S 5 1/2 spins, following a singlet-triplet law as given by
the Bleaney2Jones equation.[26]

Figure 7. Paramagnetic susceptibility χp of (nBu4N)2[Ni(dcbdt)2]2
(5) as a function of the temperature T: the continuos line is a fit
by Equation (1), the dotted line being the Curie tail contribution,
corresponding to ca. 0.9% of S 5 1/2 spins and the dashed line the
singlet-triplet contribution of the dimers (see text)

χP5 A1 C/T 1 (Ng2µB
2/kBT)[exp(22J/kBT) 1 3]21 (1)

with A 5 50(2)·1026 emu/mol, J 5 447(4) K, g 5 2.79(4),
and C 5 0.00339(5) emu/mol·K corresponding to approx-
imately 0.90% of S 5 1/2 spins (see Figure 7).

As it can be seen in Figure 7, the fit to our data is very
good, but it is worth noting that the g value obtained is too
high compared with known isolated NiIII complex, and is
above the EPR value obtained for this compound. How-
ever, the EPR signal that was visible only at low temper-
ature, where the contribution was negligible, was due to the
isolated NiIII species associated with the Curie tail, rather
than with the triplet state for which there are no EPR data
in dimers of NiIII species.

The J value obtained is quite large and can be compared
to those reported for other Ni(mnt)2

2 compounds such as
Cs[Ni(mnt)2]·H2O,[4c] (pet)3[Ni(mnt)2]2,[22] (PPh3Me)[Ni-
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(mnt)2],[27] and NEt4[Ni(mnt)2],[27] where the susceptibility
data were also fitted to a similar singlet-triplet model with
J values of 197, 226, 352, and 446 K, respectively. It is
worth noting that the g values obtained by the fit in the last
three compounds are also significantly larger than typical
ones for similar isolated NiIII complexes.

The paramagnetic susceptibility of 6, obtained after a
correction for diamagnetism, estimated from tabulated Pas-
cal constants as 6.8·1024 emu/mol, is ca. 7·1024 emu/mol at
room temperature and shows an almost temperature-inde-

Figure 8. Paramagnetic susceptibility χp of (nBu4N)2[Ni(dcbdt)2]5
(6) as a function of the temperature T: the lines are a decomposi-
tion in a Curie tail, corresponding to ca. 5.6% of S 5 1/2 spins (full
line) and the intrinsic susceptibility (2 2 2)

pendent behaviour down to ca. 70 K (Figure 8). Below this
temperature there is an increase of susceptibility upon cool-
ing that is ascribed to a Curie tail of impurities (or most
likely defects). As shown in Figure 8, this Curie tail is rela-
tively large and corresponds to ca. 5.6% S 5 1/2 spins. Sub-
tracting this Curie tail from our experimental data an in-
trinsic susceptibility contribution was obtained that re-
mained almost constant at least above 20 K with values in
the range 527 31024 emu/mol. This behaviour is compar-
able to that previously found also in the partially oxidised
gold analogue (nBu4N)2[Au(dcbdt)2]5 where the susceptibil-
ity was smaller (ca. 324 31024 emu/mol) as well as the
Curie tail (ca. 0.7% of S 5 1/2 spins).

Although this behaviour of the paramagnetic susceptibil-
ity is reminiscent of a Pauli contribution, such a possibility
is ruled out by the relatively low electrical resistivity as dis-
cussed below, and instead it should be seen as the result
of complex antiferromagnetic interactions between the NiIII

states. The electrical conductivity, σ, of (nBu4N)2-
[Ni(dcbdt)2]5 (6), measured in single crystals is σrt ø 0.15 S/
cm at room temperature, following a thermally activated
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Figure 9. Electrical conductivity of (nBu4N)2[Ni(dcbdt)2]5 (6) single
crystals as a function of the inverse temperature

semiconducting behaviour (Figure 9). The plot of logσ ver-
sus 1/T shows an activation energy of 88 meV at higher
temperatures that decreases upon cooling, and was reduced
to 34 meV below 250 K. This variation could be attributed
to a change from an intrinsic to an extrinsic semiconducting
regime upon cooling. The electrical conductivity of this
compound was not as large as that of the gold analogue
(nBu4N)2[Au(dcbdt)2]5, where the room-temperature value
was σrt ø 11 S/cm, with a smaller activation energy of
13.5 meV.[7] The thermoelectric power measurements in
crystals of (nBu4N)2[Ni(dcbdt)2]5 indicated a value of Srt 5
2170 µV/K at room temperature, also following a semicon-
ducting behaviour with more negative values upon cooling
in contrast to the gold analogue where the room-temper-
ature thermopower value was rather small, Srt 5 26 µV/K,
and slowly increased upon cooling, reaching a maximum of
20 µV/K at 120 K.[7] It was not possible to solve the crystal
structure of (nBu4N)2[Ni(dcbdt)2]5 due to the poor dif-
fracting quality of the crystals, and in the absence of the
structure it was only possible to speculate about the reason
for this difference in the electrical properties of the Ni and
Au compounds. However, besides a possible stacking of the
Ni(dcbdt)2 units in a more irregular way than in the Au
analogue, but in a similar structure, the smaller conductivity
and the larger activation energy observed in the Ni com-
pound most probably reflects the different band filling.

Conclusion

In summary, we synthesized a new aromatic ortho-arene-
dithiol, which allowed the preparation of a new bis(dithio-
late)nickel complex, that could exist in a broad range of
oxidation states, dianionic, monoanionic, or mixed between
monoanionic and neutral. The monoanionic complex pre-
sents a dimerisation of the Ni(dcbdt)2 units, the strongest
found so far in an NiIII complex. The partially oxidised
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compound (nBu4N)2[Ni(dcbdt)2]5 behaves as a semi-
conductor. This new dcbdt ligand opens the way for the
preparation of a new family of transition metal complexes
with other metallic elements such as Au, Pt, Pd, Cu, Co,
and Fe. The use of the nickel complex as an electron ac-
ceptor in the preparation of different new charge-transfer
salts is presently under way.

Experimental Section

General: Elemental analyses were performed by the analytical ser-
vices of IST and ITN. 2 1H and 13C NMR: Varian (300 MHz),
[D6]DMSO as solvent, TMS as internal standard. 2 IR: Perkin-
Elmer 1330. 2 UV/Vis/NIR: Cary 5G Varian spectrophotometer.
2 MS: Fourier Transform Ion Cyclotron Resonance apparatus
(EXTREL FTMS 2001) operated with a YAG laser source. 2 4,5-
Dichloro-1,2-dicyanobenzene was synthesized by literature
methods.[8] DMF, acetonitrile, and dichloromethane were distilled
from phosphorus pentoxide, while benzene was distilled from so-
dium. All other reagents were used without purification.

Synthesis of 1,2-Bis(S-benzylthio)-4,5-dicyanobenzene (2): To a sus-
pension of sodium hydride (1.2 g, 51 mmol) in dry DMF (80 mL),
phenylmethanethiol (6 ml, 51 mmol) was added under argon while
keeping the temperature between 10 and 15 °C. At room temper-
ature, 1 (5 g, 25 mmol) (Aldrich, TCI) was then added in small
portions. The reaction mixture was left overnight under argon with
stirring. The product was collected by filtration and recrystallized
from CHCl3/MeOH to give 2 as pale yellow needles. Yield 71%,
m.p. 1892190 °C. 2 C22H16N2S2 (372.50): calcd. C 70.94, H 4.34,
N 7.52, S 17.21; found C 70.28, H 4.44, N 7.42, S 16.91. 2 IR
(KBr): ν̃ 5 3080 cm21, 2220, 1560, 1490, 1455, 1340, 1235, 1110.
2 1H NMR (CD2Cl2): δ 5 7.47 (s, 2 H), 7.34 (m, 10 H), 4.24 (s, 4
H). 2 13C NMR (CD2Cl2): δ 5 144.2, 135.0, 130.4, 129.3, 128.4,
115.8, 112.2, 37.9. 2 MS (EI, 70 eV): m/z (%) 5 372 (13) [M1],
281 (15), 203 (25), 91 (100), 83 (58).

Synthesis of 4,5-Dicyanobenzene-1,2-dithiol (3): A solution of 2
(3.0 g, 8.05 mmol) in dry benzene (100 mL) was added dropwise to
a suspension of finely powdered anhydrous AlCl3 (4.3 g,
32.2 mmol) in dry benzene (50 mL) and the mixture was stirred
under argon at room temperature for 96 h. Ice/water was added
(120 mL) and the organic layer was separated and washed succes-
sively with water and 5% aq. NaOH (3 3 80 mL). Upon acid-
ification with 5% aq. HCl a yellowish solid precipitated that was
filtered to give 3. Yield 53%, m.p. 100 °C (dec.). 2 C8H4N2S2

(192.25): calcd. C 49.97, H 2.10, N 14.57, S 33.36; found C 50.78,
H 2.02, N 13.93, S 32.76. 2 IR (KBr): ν̃ 5 3080 cm21, 2540, 2230,
1570, 1460, 1340, 1220. 2 1H NMR ([D6]acetone): δ 5 8.05 (s, 2
H), 3.84 (s, 2 H). 2 13C NMR ([D6]acetone): δ 5 141.0, 134.0,
116.1, 112.3.

Synthesis of (nBu4N)2[Ni(dcbdt)2] (4): Compound 3 (0.2 g,
1.04 mmol) was dissolved in 5 mL of NaOH aq. (5%). A solution
of nBu4NBr (0.34 g, 1.05 mmol) in EtOH/H2O (1:1) (5 mL) was
added, followed by a solution of NiCl2·6H2O (0.12 g, 0.5 mmol) in
the same solvent. The mixture was cooled and filtered, and the
precipitate was washed with EtOH. The crude material was recrys-
tallized from EtOH to give 4 as red needles. Yield 17%, m.p.
2612262 °C. 2 C48H76N6NiS4 (924.11): calcd. C 62.37, H 8.30, N
9.09, S 13.88; found C 62.38, H 8.28, N 8.92, S 13.62. 2 UV/
Vis (CH2Cl2): λ (ε [cm21]) 5 251.9 (31800), 281.6 (50700), 319.8
(52200), 406.0 (28700). 2 IR (KBr): ν̃ 5 3060 cm21, 296022860,
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2220, 1530, 350. 2 1H NMR ([D6]DMSO): δ 5 7.24 (s, 4 H), 3.19
(t, 16 H, J 5 8.5, J 5 8.5), 1.57 (m, 16 H), 1.31 (m, 16 H), 0.93 (t,
24H J 5 7.2, J 5 7.2). 2 13C NMR ([D6]DMSO): δ 5 128.7, 120.8,
118.0, 101.6, 57.5, 23.0, 19.1, 13.4.

Synthesis of (nBu4N)2[Ni(dcbdt)2]2 (5): To a solution of 4 (0.17 g,
0.18 mmol) in acetone (100 mL) was added a solution of I2

(70.1 mg, 0.28 mmol) in 5 ml of the same solvent. EtOH was added
and the solution was slowly concentrated to give 5 as dark green
needles. Yield 44%, m.p. 2442245 °C. 2 C64H80N10Ni2S8

(1363.28): calcd. C 56.35, H 5.93, N 10.28, S 18.83; found C 55.85,
H 6.03, N 10.13, S 18.39. 2 UV/Vis (CH2Cl2): λ (ε [cm]) 5 274.5
(7400), 319.8 (6000), 352.3 (4900), 854.3 (1400). 2 IR (KBr): ν̃ 5

3070 cm21, 2970, 2220, 1530, 420. 2 1H NMR ([D6]acetone): δ 5

7.98 (s, 4 H), 3.44 (t, 8 H, J 5 7.8, J 5 7.8), 1.85 (m, 8 H), 1.46
(m, 8 H), 0.99 (t, 12 H, J 5 7.1, J 5 7.1). 2 13C NMR ([D6]ace-
tone): δ 5 135.5, 128.4, 123.9, 102.8, 47.1, 24.5, 20.5, 13.9. 2 MS:
m/z (%) 5 437.86 (100), 438.89 (14.9), 439.87 (48.83), 440.89 (9.49)
441.88 (10.63) 442.90 (1.82), 443.91 (2.02) [Ni(dcbdt)2

2], 685.88
(4.33) 687.89(5.31) 689.89 (2.80) [Ni2(dcbdt)3]2.

Synthesis of (nBu4N)2[Ni(dcbdt)2]5 (6): A solution of 5 (19.4 mg,
28.4 µmol) in dichloromethane (20 mL) was placed in a two-com-
partment electrocrystallisation cell, separated by a glass frit, with
platinum electrodes. Employing galvanostatic conditions (ca. 1.5
µA/cm2) for 5 d, dark brown thin needle-shaped crystals, with typ-
ical dimensions up to 2 3 0.1 3 0.05 mm, grew on the anode sur-
face. The product was collected and washed with dichloromethane.
M.p. . 240 °C. 2 C112H92N22Ni5S20 (2680.81): calcd. C 50.18, H
3.46, N 11.49, S 23.92; found C 50.31, H 3.38, N 11.47, S 23.52.

Electrochemical Measurements: Cyclic voltammetry data were ob-
tained using an EG&G Princeton Applied Research Electrochem-
ical workstation. The measurements were performed at 20 °C in
acetonitrile containing 0.1  tetra-n-butylammonium perchlorate
as supporting electrolyte with platinum working and counter-elec-
trode and either a 0.1  Ag/AgNO3 or a calomel reference electrode
and scan rates in the range 5023000 mV s21.

X-ray Crystallographic Study: Data collection for both crystals of
4 and 5 was performed with an Enraf Nonius CAD4 diffractometer
with graphite-monochromated Mo-Kα radiation (λ 5 0.71069) at
room temperature. Intensities were collected by the ω-2θ scan tech-
nique. The structures were solved by directed methods using
SHELXS86[28] and refined with SHELXL97.[29] All non-hydrogen
atoms were anisotropically refined by a full-matrix least-squares
method. The hydrogen atoms were placed at calculated positions
riding on the parent carbon atoms. Details of data collection and
refinement are presented in Table 2. Molecular and crystal graphics
were prepared with ORTEPIII[30] and SCHAKAL-97.[31] Crystal-
lographic data (excluding structure factors) for the structures re-
ported in this manuscript have been deposited with the Cambridge
Crystallographic Data Centre. The deposition numbers are CCDC-
154018 and -154019 for (nBu4N)2[Ni(dcbdt)2] and (nBu4N)[Ni-
(dcbdt)2], respectively. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

EPR Measurements: EPR spectra in the range 42300 K were ob-
tained with an X-Band Bruker ESP 300E spectrometer equipped
with a microwave bridge ER041XK, a rectangular cavity operating
in T102 mode, a Bruker variable-temperature unit, an Oxford ESR-
900 cryostat, and a field controller ER 032M system. The modula-
tion amplitude was kept well below the line-width and the micro-
wave power well below saturation.

Eur. J. Inorg. Chem. 2001, 311923126 3125

Magnetic Susceptibility Measurements: Magnetic susceptibility
measurements in the range 42300 K were performed using a lon-
gitudinal Faraday system (Oxford Instruments) with a 7 T su-
perconducting magnet under a magnetic field of 5 T and forward
and reverse field gradients of 1 T/m. Polycrystalline samples
(8212 mg) were placed inside a previously calibrated thin-wall Te-
flon bucket. The force was measured with a microbalance (Sartor-
ius S3D-V). Under these conditions the magnetisation was found
to be proportional to the applied magnetic field.

Electrical Transport Measurements: Electrical conductivity and
thermoelectric power measurements of selected single crystals were
performed in the range 1202320 K, using a measurement cell at-
tached to the cold stage of a closed-cycle helium refrigerator. In a
first step, thermopower was measured using a slow AC (ca. 1022

Hz) technique,[32] by attaching to the extremities of an elongated
sample, with platinum paint (Demetron 308A), two 60 µm diameter
99.99% pure Au wires (Goodfellow Metals) thermally anchored to
two quartz reservoirs, in a previously described apparatus,[33] oper-
ated by computer control.[34] In a second step, electrical resistivity
measurements of the same sample were performed using a four-
probe technique. Two extra Au wires were placed on the sample, in
order to achieve a four-in-line contact configuration. Measure-
ments were done imposing through the sample a current of 1 µA
at low frequency (77 Hz) and measuring the voltage drop with a
lock-in amplifier.
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[2] [2a] L. Alcácer, H. Novais, in Extended Linear Chain Com-
pounds, vol. 3 (Ed.: J. S. Miller), Plenum Press, New York, 1983,
chapter 6, p. 3192351. 2 [2b] P. Cassoux, L. Valade, H. Kobay-
ashi, A. Kobayashi, R. A. Clark, A. E. Underhill, Coord.
Chem. Rev. 1991, 110, 1152160.

[3] G. Bähr, H. Schleitzer, Chem. Ber. 1955, 88, 1771.
[4] [4a] A. E. Hunderhill, M. M Ahmad, J. Chem. Soc., Chem.

Commun. 1981, 67268. 2 [4b] A. Braude, K. Carneiro, C. S.
Jacobsen, K. Mortensen, D. J. Turner, A. E. Underhill, Phys.
Rev. B. 1987, 35, 7835. 2 [4c] A. E. Underhill, P. I. Clemenson,
M. B. Hursthouse, R. L. Short, G. J. Ashwell, I. M. Sandy, K.
Carneiro, Synth. Met. 1987, 19, 9532958.

[5] [5a] M. Almeida, R. T. Henriques, in Handbook of Organic Con-
ductive Molecules and Polymers (Ed.: H. S. Nalwa), John Wiley
and Sons, Chichester 1997, vol. 1, chapter 2, p. 7. 2 [5b] V.
Gama, R. T. Henriques, G. Bonfait, M. Almeida, S. Ravy, J. P.
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