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Reaction of methylenedithio-1,3-dithiol-2-one with sodium methanolate resulted in the anionic ligand mdt*~
(mdt = 1,3-dithiole-4,5-dithiolate) which has been co-ordinated to nickel. The salt [NBu,][Ni(mdt),] was
successfully crystallised and its crystal structure showed that the Ni(mdt), unit is significantly distorted from
planarity. Electrochemical studies showed that [NBu,][Ni(mdt),] can be further oxidised in two steps via the
neutral [Ni(mdt),] complex to a partially oxidised positively charged complex. The neutral complex has also been
successfully synthesized by oxidation with TCNQ. The redox potential of the oxidation from the neutral to the
partially oxidised positive Ni(mdt), complex is relatively low, +0.60 V, making this compound a promising
precursor for the preparation of conducting materials, based on derived cation radical salts.

1 Introduction

The crystallisation of the first partially oxidised Ni(dmit), com-
pound (dmit = 4,5-disulfanyl-1,3-dithiole-2-thionate), [NBu,],-
[Ni(dmit),],-2MeCN, by Valade et al. in 1983,! initiated a real
impetus to the investigation of transition-metal complexes of
sulfur donor ligands as possible conducting materials. Variants
were synthesized by substitution of the cation, the ligand and
the metal.

Substitution of Bu,N* by other cations resulted in a rich
variety of [Cation],[M(dmit),] combinations (0 <x<1; M=
Ni, Pd or Pt), which were extensively reviewed in 1991 and
1992.%% The Bu,N cation has been substituted by mostly spheri-
cal tetraalkylammonium-type cations and alkali metals. A few
compounds using planar cations such as guanidinium, acridi-
nium and phenazinium have also been synthesized.* Among the
M(dmit), compounds are seven superconductors of which
a-[EDT-TTF][Ni(dmit),] [EDT-TTF = ethylenedithiotetrathia-
fulvalene] is the only compound which becomes superconduct-
ing at ambient pressure at a 7, of 1.3 K.

A variation on the dmit ligand can be made by substituting
one or more of the sulfur atoms by the larger selenium atoms.
The greater size and polarisability of selenium might diminish
the Coulomb repulsion in a system. The selenium-containing
ligands dmise and dsit are among the most studied (dmise =
4,5-disulfanyl-1,3-dithiole-2-selenonate;  dsit = 4,5-diselanyl-
1,3-dithiole-2-thionate). Comparison of the conducting proper-
ties of [NMe,][Ni(dmise),],® and [NMe,][Ni(dsit),],” with the
properties of [NMe,][Ni(dmit),],® shows, however, that in these
compounds the substitution does not improve the conducting
properties of the compounds: both selenium compounds show
a semiconducting behaviour, while the dmit compound is a
metallic conductor down to 100 K. On the contrary, the con-

+ To whom correspondence pertaining to the crystallographic studies
should be addressed.

ducting properties of [NHMe;][Ni(dmise),], and [Me;NH]-
[Ni(dmit),], are very similar.”!® Tight-binding band-structure
calculations show that the selenium atoms in the dmise
compound give this compound a three-dimensional electronic
structure, whereas the dmit compound has only a one-
dimensional electronic structure. So, in this example, the larger
selenium atoms improve the dimensionality of the conducting
properties of the compound. Apparently, the conducting
properties of Ni(dmit), can be improved as well as deteriorated
by substituting sulfur atoms by selenium atoms.
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Another way for the preparation of new complexes as pos-
sible precursors for new inorganic molecular conductors is the
synthesis of the inorganic analogues of successful donor mol-
ecules. As a d® metal ion (M*") is isolobal to a (C,*") unit,"
substitution of the C=C bond of a donor molecule by a d® metal
ion results in the isolobal inorganic analogue of the donor mol-
ecule. A successful example of this strategy is the complex
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Scheme 1

M(dddt),, first synthesized in 1985.' This complex is the
inorganic analogue of the successful donor BEDT-TTF
[bis(ethylenedithio)tetrathiafulvalene], which is the precursor
donor for a large number of organic superconductors.'® Several
metallic conductors with M(dddt), have been reported, among
which [Ni(dddt),];[HSO,], is the best synthesized with this
complex so far [¢(RT)=60-300 S cm !, metallic behaviour
down to 25 K]."

Here, the synthesis and characterisation of [NBu,][Ni(mdt),]
(mdt = 1,3-dithiole-4,5-dithiolate), a new variation of a bis-
(dithiolene) nickel complex, is reported; Ni(mdt), is isolobal to
the organic donor BMDT-TTF [bis(methylenedithio)tetra-
thiafulvalene], first synthesized in 1984.'5 One of the most
interesting conductors synthesized with this donor is [BMDT-
TTF],[Au(CN),] [¢(RT) = 300 S cm !, metallic behaviour down
to 80 K].'® The complex [Ni(mdt),] can also be considered as a
variation on [Ni(dddt),] and their properties may therefore be
expected to be comparable. Parts of these results have been
published as a preliminary communication.’

2 Experimental
2.1 Synthesis of [NBu,]J[Ni(mdt),]

The route to the synthesis of [NBu,][Ni(mdt),] is shown in
Scheme 1. All reactions were carried out under a dinitrogen
atmosphere. Ligand precursors 1 and 2 were synthesized by a
combination of the methods described by Papavassiliou et al.'®
and Nigrey et al.'® The final product was synthesized according
to the method described by Faulmann et al? for M(dddt),
compounds.

Methylenedithio-1,3-dithiole-2-thione 1. The complex [NBu,],-
[Zn(dmit),] (4.72 g, 5 mmol) was dissolved in acetone p.a.
(75 cm®). Dibromomethane (ca. 7 cm® 100 mmol) was added and
the resulting solution brought to reflux and heated for 4 h. A
change from red to brown occurred during the reaction and a
yellow-orange solid precipitated. The mixture was concentrated
under vacuum until almost dry after cooling. The residue was
washed with hot dichloromethane to extract the product until
the washings were colourless (approximately 300 cm® of dichlo-
romethane were necessary). The yellow-brown solution was
concentrated under vacuum to a small volume. The product
was filtered off and washed with methanol. Purity was checked
by infrared spectroscopy for the presence of Bu,N™ (character-
istic pattern between 3000 and 2800 cm™!). If necessary the
product was further purified by suspending and stirring it in a
small amount of methanol, filtration and drying. Yield ~65%.
IR (KBr): 3002w, 2930w, 1741w, 1667s, 1603m, 1495m, 1402w,
1388w, 1190w, 1072m, 962m, 876m, 852m, 743m, 710w, 688w,
552w, 536w, 506w, 472m, 400m, 376w and 338w cm .
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Methylenedithio-1,3-dithiol-2-one 2. Compound 1 (1.05 g, 5
mmol) was dissolved in a mixture of chloroform (125 cm?®),
glacial acetic acid (50 cm®) and demineralised water (10 cm?®).
After the solution was brought to reflux, Hg(O,CMe), (1.60 g, 5
mmol) was carefully added to the boiling mixture. The resulting
mixture was stirred under reflux for 20 h, while black HgS pre-
cipitated. After cooling the black precipitate was filtered off
and the filtrate concentrated to dryness under vacuum. The
yellow product was recrystallised from dichloromethane and
methanol. Yield =~72%. IR (KBr): 1466m, 1054m, 1036s,
1011m, 952m, 890w, 683w, 508m, 479w, 453w, 392w and 309w
cm L

[NBu,][Ni(mdt),]. Compound 2 (0.194 g, 1 mmol) was sus-
pended in methanol p.a. (4 cm®) after which a solution (6 cm?®)
of 1 M NaOMe was added slowly. After 1 h of stirring all 2 had
reacted and a clear brown solution was formed. The compound
NiCl,*6H,0 (0.119 g, 0.5 mmol) in methanol (10 cm®), was
added using a transfer tube, resulting in a change to orange-red.
After another hour of stirring a solution of NBu,Br (0.17 g, 0.5
mmol) in methanol (5 cm®) was added using a transfer tube. The
product crystallised by standing overnight at —18 °C. The
orange-brown crystals were filtered off, washed with Pr'OH and
dried under vacuum. Yield >85%. Recrystallisation from
acetone-Pr'OH (1:1) resulted in single crystals suitable for X-
ray determination. The oxidation state of 1— is in accord with
the C=C stretching vibration at 1330 cm ™! in the infrared spec-
trum and was confirmed by elemental analysis (C, H, N, S)
performed by the University College Dublin. IR (KBr): 2956m,
2920w, 2867m, 1472m, 1443w, 1435w, 1410w, 1385w, 1330s,
1030w, 927w, 739m, 455m and 352m cm ! [Calc. (Found) for
C,,H, (NNiSq: C, 41.69 (41.72); H, 6.36 (6.34); N, 2.21 (2.02); S,
40.47 (39.44%)].

2.2 Synthesis of [Ni(mdt),]

The complex [NBu,][Ni(mdt),] (0.158 g, 0.25 mmol) was dis-
solved in benzonitrile (10 cm®) at 80 °C and TCNQ (0.051 g,
0.25 mmol) was dissolved in boiling acetonitrile (10 cm®). The
hot TCNQ solution was added to the hot [NBu,][Ni(mdt),]
solution using a transfer tube, resulting in a change from
orange-brown from [NBu,][Ni(mdt),] to green from TCNQ™.
After cooling to room temperature the black precipitate of
[Ni(mdt),] was filtered off, washed with hot acetonitrile and
acetone and dried under vacuum. Yield >95%. The neutral oxi-
dation state was shown by the strong C=C stretching vibration
at 1195 cm™! in the infrared spectrum and confirmed by ele-
mental analysis (C, H, S) performed by the Laboratoire de
Chimie de Coordination for CNRS in Toulouse. IR (KBr):
2923w, 2522w, 2081w, 1338m, 1195s, 1054m, 964m, 684m,
553w, 466s and 364m cm ! [Calc. (Found) for C;H,NiS,: C,
18.42 (19.13); H, 1.03 (0.65); S, 65.55 (66.30%)]. Attempts to
synthesize single crystals of [Ni(mdt),] by slow interdiffusion of
solutions of [NBu,][Ni(mdt),] and TCNQ resulted in hair-thin
needles, not suitable for X-ray determination.

2.3 X-Ray data collection and structure determination of
[NBu,][Ni(mdt),]

X-Ray data were collected on an Enraf-Nonius CAD-4T/
rotating anode diffractometer for a dark, cut to size block-
shaped crystal (0.25 x 0.25 X 0.25 mm). Numerical data are col-
lected in Table 1. Unit-cell dimensions were derived from the
SET4 setting angles?' (10 < 0 < 14°) and checked for higher lat-
tice symmetry with LEPAGE.?* The structure was solved by
automated Patterson techniques (DIRDIF 92%*) and refined on
F? by full-matrix least-squares techniques (SHELXL 93%). All
non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were introduced at calculated
positions and refined riding on their carrier atoms with fixed
isotropic displacement parameters related to the value of the
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Fig. 1 An ORTEP 50% probability plot (PLATON)?’ of the crystal-
lographically independent unit of [NBu,][Ni(mdt),] with the labelling
scheme of the heavy atoms. Hydrogen atoms have been omitted for
clarity.

Fig.2 Side view showing the distortion from planarity of the Ni(mdt),
anion.

equivalent isotropic displacement parameter of the atom they
are attached to, by a factor 1.5 for CH; and 1.2 for the other
hydrogen atoms, respectively. The Flack absolute structure
parameter refined to 0.02 (0.06).

CCDC reference number 186/1075.

2.4 Electrochemical experiments

The redox properties of [NBu,][Ni(mdt),] and the possibility
to synthesize partially oxidised Ni(mdt), compounds were stud-
ied by electrochemical experiments. Cyclic voltammetry (CV)
was carried out in an air-tight three-electrode cell, using
laboratory-made, microcomputer-controlled instrumentation
with “interrupt method” ohmic resistance compensation.”> A
platinum wire auxiliary electrode was used in conjunction with
a platinum disc working electrode (Tacussel EDI rotating elec-
trode, 1 mm diameter). The measurement was performed on a
107 M solution of [NBu,][Ni(mdt),] in nitrobenzene with
NBu,BF, (0.1 M) as supporting electrolyte, carried out in the
region —0.70 to 0.85 V, starting at —0.20 V, with a potential
scan rate of 0.1 V s™*. All potentials were referred to a saturated
calomel electrode (SCE) separated from the solution by a
bridge compartment filled with the same solvent and support-
ing electrolyte solution as in the cell.

A linear voltammetry experiment was carried out with a
2 mm platinum disc working electrode, at a rotation speed of
1000 min~!, and a scan rate of 5 mV s~!. Coulometric mea-
surements were performed on a platinum electrode with a large
surface area at a potential slightly higher than the considered
oxidation potential.

A thin-layer CV measurement was performed to study the
possibility of the synthesis of a partially oxidised Ni(mdt),
compound. With this special technique the CV experiment is
carried out on a thin layer of solution, with an accurately
known volume and concentration. The principle of the meas-
urement is that during the different oxidation and reduction
processes all the electroactive material present in the thin layer
undergoes a charge transfer. Integration of the peak surfaces
results in the exact amount of electrons transferred during
the different reactions.?® The thin-layer CV experiment was
performed on a 2.5% 107* M solution of [NBu,][Ni(mdt),]
in dichloromethane with NBu,PF, (1 M) as supporting elec-
trolyte. A platinum electrode with a surface of 1 mm? and a

Fig. 3 Unit-cell contents of [NBu,][Ni(mdt),] down the a and the ¢
axis. Hydrogen atoms have been omitted for clarity.

Table 1 Crystallographic data for [NBu,][Ni(mdt),)]

Formula C,,H  NNiS,
M 633.79

Space group Pna2, (no. 33)
Crystal system Orthorhombic
alA 17.2633(6)
blA 18.4274(9)
c/A 9.0116(8)
UIA? 2866.8(3)

Z (formula units) 4

DJgcm™? 1.4685(2)
ulem™! 12.7¢

F(000) 1340

TIK 150

OrminsOmax 1.6,26.5
Total data 5766

Total unique data (n) 2949
Observed data 2071 [1 > 2a(1)]
No. parameters (p) 294

R1° 0.050

wR2¢ 0.0825

S 1.00

¢ Graphite monochromated Mo-Ka radiation; 4=0.710 73 A.PRl=
S|F,| — |FVZIF,. €wR2=[EW(F,2— FHYEW(F)T; wi=cdX(F) +
(0.0233P), where P = (F,2 + 2F /3.9 S = [Ew(F,? — F}(n — p)-.

potential scan rate of 2 mV s™! were applied and a EG&E
potentiostat, Princeton Applied Research model 362, was used.

3 Results and discussion
3.1 Crystal structure

The asymmetric unit of the crystal structure contains one
Ni(mdt), unit and one Bu,N cation. Fig. 1 shows the labelling
scheme used for the heavy atoms in the anion and the cation. It
can be seen that the torsion angle of one of the butyl groups
deviates from the expected antiperiplanar orientation. The tor-
sion angle C(19)-C(20)-C(21)-C(22) is —60.2(8)°, i.e a syn-
clinal orientation, which is probably due to packing effects.

Table 2 lists the bond distances and bond angles of the
Ni(mdt), unit. The observed Ni—S bond lengths vary from
2.154(2) to 2.170(2) A, slightly larger than those found in
[NBu,J[Ni(dddt),], 2.130(6)-2.145(9) A,*® but are similar to
those in [NBu,][Ni(dmit),], 2.151(3)-2.160(3) A.»

The large deviation from 180° for the angles S(3)-Ni—S(6)
and S(4)-Ni—S(5), 173.37(10) and 166.53(10)° respectively, indi-
cates a large distortion from a square-planar configuration for
the NiS, co-ordination geometry. This distortion is clearly illus-
trated by the side view of Ni(mdt), presented in Fig. 2. The
twist between the planes S(3)-Ni-S(4) and S(5)-Ni-S(6) is
14.77(13)°, showing the distorting towards a tetrahedral geom-
etry. Furthermore, the nickel centre is forming a plane together
with the fragment S(5)-S(6)-C(4)-C(5)-S(7)-S(8) [maximum
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Table 2 Bond distances (A) and angles (°) of the Ni(mdt), unit in
[NBu,][Ni(mdt),] (estimated standard deviations in parentheses)

Ni-S(3) 2.167(2) S(4)-C(3) 1.723(8)
Ni-S(4) 2.154(2) S(5)-C(4) 1.727(8)
Ni-S(5) 2.155(2) S(6)-C(5) 1.722(7)
Ni-S(6) 2.170(2) S(7)-C(4) 1.756(7)
S(1)-C(1) 1.807(8) S(7)-C(6) 1.821(8)
S(1)-C(2) 1.744(8) S(8)-C(5) 1.759(8)
S(2)-C(1) 1.833(8) S(8)-C(6) 1.800(7)
S(2-C(3) 1.732(8) C(2-C(3) 1.372(11)
S(3)-C(2) 1.729(8) C(4)-C(5) 1.349(10)
S(3)-Ni-S(4) 92.52(8) S(1)-C(1)-S(2) 108.1(4)
S(3)-Ni-S(5) 88.08(8) S(1)-C(2)-S(3) 122.0(4)
S(3)-Ni-S(6) 173.37(10) S(1)-C(2)-C(3) 117.1(6)
S(4)-Ni-S(5) 166.53(10) S(3)-C(2)-C(3) 120.7(6)
S(4)-Ni-S(6) 88.27(9) S(2)-C(3)-S(4) 122.9(5)
S(5)-Ni-S(6) 92.69(8) S(2)-C(3)-C(2) 116.8(6)
C(1)-S(1)-C(2) 95.0(3) S(4)-C(3)-C(2) 120.1(6)
C(1)-S(2)-C(3) 94.6(4) S(5)-C(4)-S(7) 122.2(4)
Ni-S(3)-C(2) 102.2(3) S(5)-C(4)-C(5) 120.7(6)
Ni-S(4)-C(3) 102.8(3) S(7)-C(4)-C(5) 117.0(6)
Ni-S(5)-C(4) 102.8(3) S(6)-C(5)-S(8) 121.5(4)
Ni-S(6)-C(5) 102.3(3) S(6)-C(5)-C(4) 121.4(6)
C(4)-S(7)-C(6) 93.5(4) S(8)-C(5)-C(4) 117.0(5)
C(5)-S(8)-C(6) 93.9(3) S(7)-C(6)-S(8) 108.9(4)
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Fig. 4 Cyclic voltammogram of [NBu,][Ni(mdt),] in nitrobenzene;
* = start of the scan.

atomic deviation 0.038(2) A for S(6)], whereas a second plane is
formed in the molecule by the fragment S(1)-S(2)-C(2)-
C(3)-S(3)-S(4) [maximum atomic deviation 0.063(2) A for
S(2)]. The plane with S(1) is tilted 24.84(9)° from that with
Ni(1), showing the large deviation from planarity of the anion.
An inclination of 6.1° between the two ligands in Ni(dmit), has
been reported for [NBu,][Ni(dmit),], but a large distortion as
here has not been found in any comparable nickel dithiolene
complex and donor molecule. However, the distortion may not
be large enough to prohibit large orbital overlap and therefore
good conducting properties in derived compounds. Moreover,
this is the first crystal structure containing Ni(mdt), and it is
not clear at present whether the deviation is due to packing
effects, or to internal tensions in the complex.

Fig. 3 shows the unit cell viewed down the @ and the ¢ axis.
For clarity the four molecules on the right-hand side in Fig. 3(a)
have been translated one step in the ¢ direction. No stacking or
dimerisation of Ni(mdt), units is present in the structure. The
shortest Ni - - - Ni distance found is 8.8806(19) A, from the crys-
tallographically independent Ni(mdt), unit towards the Ni
atom of the unit with a symmetry operation —x, —y, 0.5 + z.
The shortest intermolecular S - - - S distance present is between
the atoms S(1) and S(8) [with a symmetry operation of 0.5 —x,
0.5+ y, 0.5+ z on S(8)] and indicated with a dotted line in
Fig. 3(b). This distance is 3.779(3) A, which is slightly larger
than the sum of the van der Waals radii,®® i.e. 3.70 A. Also the
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Table 3 Comparison of electrochemical properties of several nickel
bis(dithiolene) complexes vs. SCE (0 < x < 1)

E/V
Complex Solvent, electrolyte ~ 2—/1— 1—/0  0/x+ Ref.
[Ni(mdt),] Nitrobenzene, —0.55 +0.08 +0.60 This
NBu,BF, work
[Ni(dddt),] Nitrobenzene, —0.79 -0.11 +0.82 20
NEt,BF,
[Ni(pddt),] dmf, NEt,ClO, —0.66 +0.24 — 31
[Ni(mtdt),] dmf, NBu,ClO, -0.73 +0.04 — 32

structures of [NBu,][Ni(dmit),] and [NBu,][Ni(dddt),] do not
show any S - - - S interactions shorter than 3.70 A.%%

3.2 Electrochemical properties

Fig. 4 shows the cyclic voltammogram of [NBu,][Ni(mdt),] in
nitrobenzene recorded between —0.70 and 0.85 V at a potential
scan rate of 0.1 V s™'. The voltammogram shows the presence
of three redox couples in the recorded region. The first revers-
ible wave (A1, Cl) at E:= —0.55 V vs. SCE corresponds to the
redox couple [Ni(mdt),]> —[Ni(mdt),]~, while the second revers-
ible wave (A2, C2) at E:=0.08 V vs. SCE corresponds to the
redox couple [Ni(mdt),] —[Ni(mdt),]. Linear voltammetry
showed that the number of electrons transferred in the two
reactions is the same and coulometry showed that one electron
is transferred in each. The third wave (A3, C3) in the cyclic
voltammogram at Ei=0.60 V ys. SCE shows that the neutral
complex [Ni(mdt),] can be further oxidised to a cationic species.
However, the amount of electrons transferred in this oxidation
could not be determined by either linear voltammetry, because
of deposition of the product on the electrode, or by coulometry,
because of the poor solubility of [Ni(mdt),] in nitrobenzene.
The amount of electrons transferred was therefore determined
by a thin-layer CV experiment, carried out in dichloromethane
with NBu,PF; as a supporting electrolyte. This experiment con-
firmed the transfer of one electron in the first two reactions and
showed that 0.5 electron is transferred during the third reaction.

A comparison of the electrochemical properties of [NBu,]-
[Ni(mdt),], [Ni(dddt),], [Ni(pddt),] and [Ni(mtdt),] is presented
in Table 3 [pddt= propane-1,3-diyldithioethylene-1,2-dithiol-
ate; mtdt = 1,2-bis(methylsulfanyl)-1,2-dithiolate].***? So far
[Ni(mdt),] and [Ni(dddt),] are the only complexes for which
oxidation to a partially oxidised positively charged complex has
been reported; [Ni(mdt),] even shows a lower redox potential
for this oxidation step, indicating that it should be easier to
synthesize the positively charged Ni(mdt), than the Ni(dddt),
complex.

4 Conclusion

A new nickel bis(dithiolene) complex, [Ni(mdt),], has been suc-
cessfully synthesized. The crystal structure of [NBu,][Ni(mdt),]
shows that the Ni(mdt), unit is largely distorted from planarity.
However, the distortion may not be large enough to prohibit
considerable orbital overlap and therewith good conducting
properties in derived oxidised compounds.

An electrochemical study showed that [NBu,][Ni(mdt),] can
be further oxidised to a partially oxidised positively charged
complex. Comparison of the electrochemical properties of
[NBu,][Ni(mdt),] and of [NBu,][Ni(dddt),] shows that the
redox potential for the final oxidation step is lower for Ni(mdt),
than for Ni(dddt),. This indicates that it should be easier to
synthesize the positively charged Ni(mdt), than the Ni(dddt),
complex, making [Ni(mdt),] a promising precursor for future
conducting materials. Electrooxidation experiments to syn-
thesize single crystals of partially oxidised Ni(mdt), complexes
are in progress.
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