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A nickel dithiolene complex substituted with crown ether cyclic moieties incorporating four

O atoms, abbreviated as [Ni(S,04),]' °, is isolated in its radical anionic (as Na™ salt) and neutral
forms. The Na™ cation is six-coordinated with short Na---O distances (2.46-2.52 A), involving
two crown ether moieties of two different complexes. The oxidized neutral complex [Ni(S,04)-]°
was also isolated and structurally characterized. In the absence of alkaline cations during the
synthesis, a mixed salt associating [Ni(S,04)>]'~ with Ni* " was isolated, and formulated as
(Ni,H,0)[Ni(S,04),]», with the Ni*" cation weakly bonded to two crown ether moieties. The salt
exhibits an unprecedented solid state association with extremely short S- - -S intermolecular
contacts [3.332(2) A], leading to a pairing of the radical [Ni(S,04),]” into antiferromagnetic

uniform spin chains.

Introduction

Paramagnetic metal dithiolene complexes' are currently exten-
sively investigated for their conducting and magnetic properties,?
with the most common magnetic species found among the
S = % d® [Cu(dithiolene),]*~ copper complexes, the formally
d, s = % [M(dithiolene),]'~ nickel, palladium or platinum
anionic complexes,> and the [Au(dithiolene),] gold neutral
complexes.*> The electronic properties of these “simple” salts
are essentially controlled by the overlapping interactions between
radical species. Weak interactions favour the observation of
localized magnetic states (dimers, spin chains, spin ladders, ...)
while stronger interactions might allow the formation of conduc-
tion bands> and associated metallic behavior of the conductivity.

Paramagnetic dithiolene complexes can also be considered as
elementary building blocks for more elaborated architectures
where they would play the role of a metallo-ligand toward other
metallic centers,®’” provided that they bear substituents
adapted for further outer coordination, essentially through
the lone pairs of nitrogen (nitrile and pyridine functions) or
oxygen (ether and carbonyl functions) atoms. For example,
derivatives of nitrile containing complexes®® such as
[M(mnt),]*~'~ or [M(tfadt),]* "'~ were found to successfully
coordinate other metallic centers through nitrogen atoms,
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such as the § = 2 Mn"" porphyrin, [Mn(TPP)]*,” the § = 1
[Ni(cyclam)]** complex'® and polymetallic complexes such as
[Mny(hmp)s(CH5CN),* " (hmp: 2-hydroxymethylpyridinate).!"!?
Other examples of nitrogen coordination can be also found in
fused pyrazine' or in 4-pyridyl derivatives.'"* Complexes with
oxygen-based coordinating functions are essentially limited to
the chelating dithiooxalate (dto)® and dithiosquarate (dts)
ligands. Because of the strong electron-withdrawing nature
of the carbonyl groups, both ligands only stabilize the most
reduced dianionic forms of the dithiolene complexes, for
example the diamagnetic [Ni(dto),]*~ or the paramagnetic
s = % [Cu(dto),]*~. The latter was indeed engaged in
bimetallic polymeric chains with ferrimagnetic interactions
upon Mn" coordination.!®> Other examples involved the
tris(dithiolene) complexes'® such as [Cr(dto)]*~ or the polymeric
N(n-C3H)4[Co"Fe™(dto),]."”
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Looking for alternative substitution patterns which
would work with the monoanionic, formally d’, § = %
[Ni(dithiolene),]” complexes while keeping oxygen atoms for
secondary coordination, we envisioned crown ether derivatives
as they would provide a powerful coordination function,
particularly toward oxophilic cationic centers. Their structure
is shown in Scheme 1 with the corresponding abbreviations
used in the following.

Dithiolene complexes bearing such a crown ether functionality
were first described in 1990 by Green,'® aiming at coupling the
rich redox chemistry of dithiolene complexes with the cation
binding ability of the crown ether group, as demonstrated in
the heteroleptic Cpo,M(S,05), M = Mo, W complexes, and
the square planar diamagnetic [Cu(S,03),]” species. This
attractive approach was also extended to the corresponding
tetrathiafulvalene derivatives,'*2° showing also notable electro-
chemical anodic shifts of the oxidation potentials upon alkaline
cation coordination.?’ However, the coordination ability of
these crown ether derivatives has been strictly restricted up to
now to alkaline cations: other, eventually paramagnetic, metal
cations were never considered. This is all the more unfortunate
that these dithiolene complexes can be isolated into various
paramagnetic states, with a spin density largely delocalized on
the dithiolate ligands while the ether functionalities of the
crown ether substituents would be particularly adapted to the
coordination of oxophilic metal centres.

We describe here our first results along this line with the
synthesis of the crown-ether substituted paramagnetic complex
abbreviated as [Ni(S,04),]'~, isolated as its Na™ salt and structu-
rally characterized. In the absence of alkaline cations during the
synthesis, a mixed salt associating [Ni(S;04),]” units with Ni**
was isolated, showing an unprecedented solid state association
with short S- - -S intermolecular contacts, leading to a pairing of the
radical [Ni(S,O4),] " into antiferromagnetic uniform spin chains.

Results and discussion

The preparation of the nickel complex (Scheme 2) relies on the
base opening of the dithiocarbonate (S,04)C—O0, obtained
itself from the oxymercuration of known trithiocarbonate'®”
(S204)C=S in 60% yield. The dithiocarbonate was characterized
by single crystal X-ray diffraction (Fig. 1).

When NaOMe is used as a base to produce the free
dithiolate from the dithiocarbonate (S,04)—0, followed by
addition of half an equivalent NiCl,-6H,O, the initially
formed [Ni(S,04),]*~ oxidizes in air to afford the monoanionic
complex, isolated as its sodium salt, that is, Na[Ni(S,0,),]. On
the other hand, using(n-Bu);NOH as a base instead of NaOMe
afforded the Ni*" salt, formulated as [Ni,H,O] 5s[Ni(S,04),].
The oxidized neutral complex [Ni(S,04),]” was obtained from
iodine oxidation of the latter monoanionic species.
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Scheme 1 Crown-ether dithiolene complexes and their acronyms.

M(SZOZJ M(S;03)

N o
C =l T

(o] (o]

(oS o/

(8,0,C=S (8,0,C=0

i NaOMe
it NiCl,,6 H,0

i BuyNOH
ii NiCl,.6 H,0

) e
SAULNIeaWY -
ook (C0
0 S o} S s
K/o\) 2 K/O\) 2

Na[Ni(S;04),] (Ni,H;0)[NS;04));

Scheme 2 Synthesis of nickel complexes.
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Fig. 1 X-Ray crystal structure of the dithiocarbonate (S,04)C=0.

Cyclic  voltammetry  experiments  performed  on
Na[Ni(S,04),] (Fig. 2) show two reversible redox waves
associated with the [Ni(S,04),] %" and [Ni(S;04),]/° redox
processes, at £1 = —0.64 and +0.13 V (vs. SCE) respectively.
A third redox process observed at E.x +0.78 V and
associated to the oxidation of the neutral complex is irreversible.
Note that the rather low oxidation potential of the monoanionic
[Ni(S,04)2]'~ (+0.13 V) gives an explanation for its experi-
mentally observed easy oxidation to the neutral complex.

Na[Ni(S,04),] crystallizes in the monoclinic system, space
group C2/c with the Ni atom on an inversion centre while
the Na ion lies on a two-fold axis. As shown in Fig. 3, the
Na™ cation is coordinated by six oxygen atoms from two
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Fig. 2 Cyclic voltamogramm of Na[Ni(S,04),], in DMF with 0.2 M
(n-BuyN)PFg, at 100 mV s~ ! scan rate.
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Fig. 3 View of the Na[Ni(S,0,),] complex, showing the Na™ coordination pattern.

neighbouring dithiolene complexes, with Na- - -O distances of
2.463(4), 2.523(6) and 2.4651(4) A with Ol, 02 and O3
respectively, giving rise to coordination chains running along
a + ¢, and demonstrating that the crown ether functions can
effectively act as secondary ligands in these dithiolene complexes.
The Na---O distances are particularly short when compared
with those observed for example in [(18-crown-6)Na™]
derivatives where they are usually found around 2.50-2.90 A.
An interesting comparison can also be made with the only
structurally reported analog incorporating two sulfur atoms,
shown in Fig. 4, where the eight-coordinated Na™ cation is
sandwiched between two dithiatetraoxa crown molecules.?
In this salt, the Na---O distances are even longer, between
2.85and 3.11 A.

Intramolecular bond distances within the metallacycle in
[Ni(S,04),]'~ (Table 1) are characteristic of radical anion
nickel dithiolene complexes such as the analogous thioalkyl
substituted [Ni(dddt),]~,* [Ni(pddt),]~,* or [Ni(Fppddt),]”
complexes.>*?’

Because of its limited solubility, EPR spectra of the sodium
salt in solution could be obtained only from DMF solutions
with added CH,Cl,. At room temperature, a single Lorentzian
line is observed with g = 2.055 and a 9.1 G linewidth. In
frozen solution (Fig. 5), a rhombic pattern is found with
Zmax = 2.102, gine = 2.040 and g,;, = 2.001, comparable to
those described for [Ni(mnt),]™ (2.14, 2.04, 1.99), [Ni(dmit),]™
(2.105, 2.041, 2.001)*® or [Ni(dddt),]~ [2.119(1), 2.057(1),
2.022(1)].% The powder spectrum of Na[Ni(S,04),] shows an
axial symmetry with g, = 2.071 and g, = 2.044. In the solid
state, the radical complexes are fully isolated from each other
and the shortest intermolecular S- - -S distances exceed 4.88 A.
This is also confirmed by the temperature dependence of the
magnetic susceptibility, which follows a Curie law in the whole
temperature range.

As mentioned above, the [Ni(SZO4)2]’1 radical anion is
oxidation sensitive and many attempts to replace the Na™*
cation with other metallic cations very often afforded the
neutral oxidized complex [Ni(S,04),]°. The latter was found
to crystallize in the triclinic system, space group P1 with the

Fig. 4 The structurally characterized Na™ salt of a dithia-tetraoxa

Cl’OWI‘l.Z2

Table 1 Intramolecular bond distances within the [Ni(S,04),]" and
analogous reference compounds known in both oxidation states such
as [Ni(dddt),]™", [Ni(pddt),]™" and [Ni(F,pddt),]™ (» = 1, 0)

(AT /( I)’

[Nldddt)z]“’ R=H [Ni(pddt),]"°
R=F [Ni(F,pddt),]"°
Charge Ni-S S-C C=C Ref.
Na[Ni(S,04),] -1 2.142(4) 1.726(6) 1.370(6) This
2.155(2) 1.728(5) work
(N1,H,0)0.5[Ni(S,04)5] -1 2.140(1) 1.729(4) 1.367(5) This
work
Et4N[Ni(dddt),] -1 2.147(2) 1.735(8) 1.339(11) 29
Et4N[Ni(pddt),] -1 2.142(10) 1.725(20) 1.356(3) 23
BuyN[Ni(F,pddt),] -1 2.150(1) 1.735(4) 1.346(5) 24
[Ni(S504),]° 0 2.134(1) 1.708(2) 1.399(3) This
2.136(1) 1.712(2) work
[Ni(dddt),]° 0 2.121(5) 1.692) 1.372) 25
[Ni(pddt),]° 0 2.133(1) 1.712(3) 1.401(4) 26
[Ni(F,pddt),]° 0 2.133(1) 1.698(3) 1.376(4) 27
L v
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Fig. 5 Frozen solution EPR spectrum of Na[Ni(S,04),] (in DMF/
CH,Cl,) with fit in red line (see text).

nickel atom on the inversion centre (Fig. 6). Intramolecular
bond distance within the NiS,C, metallacycle (Table 1) confirms
the oxidation state of the complex, with a notable shortening of
the C-S and lengthening of the C—C bonds when compared
with the [Ni(S,04),]~! radical anion, associated with the partial
oxidation of the two dithiolate ligands.
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Fig. 6 View of the neutral oxidized complex [Ni(S,04)-]’.

When the dithiolene complex is prepared in the absence of
Na™® cations, using BuyNOH rather than NaOMe, the
[Ni(S,04)-]"" radical complex was isolated as Ni*" salt,
together with a water molecule. The salt, formulated as
(N1,H»0)0 5[Ni(S,04),], crystallizes in the monoclinic system,
space group C2/c. The dithiolene complex is located on an
inversion centre while the Ni>* cation and water molecule are
disordered on the same position, on the two-fold axis (Fig. 7).
Intramolecular bond distances within the NiS,C, metallacycle
(Table 1) are identical to those observed for the sodium salt,
confirming the actual formulation. The very peculiar solid
state organization parallels that which was observed with the
Na™ salt, where the sodium site would be alternatively
occupied by a Ni?" or a water molecule, allowing for lattice
electro-neutrality. At variance however with the structure of
Na[Ni(S,04),], the coordination of the Ni** /H,O centers by
the crown ether oxygen atoms is much weaker, with Ni---O
distances of 2.977(3), 2.885(4) and 2.898(3) A with O1, O2 and
O3 respectively. These distances are larger than those observed
above in Na[Ni(S,0,),] with the Na™ cation and also than
those reported in the Ni** crown ether complexes such as
[Ni(18-crown-6)(EtOH)3](PF¢), where three out of the six
available O atoms coordinate Ni*" with Ni---O distance
around 2.03-2.11 A.*® or [Ni(15-crown-5)(H,0),](NO3), and
[Ni(15-crown-5)(H,0),](HSO,), with Ni**...0 distances
2.06-2.30 A.*" This tends to indicate that the Ni> " coordination
is not the only driving force directing the supramolecular
arrangement of the structure.

From a magnetic point of view, (Ni,H,O)[Ni(S,04),], can
be described as chains of alternative Ni*" cations in an
octahedral environment with an anticipated S = 1 spin state,
and [Ni(S;04),]" radical anion complexes with S = %, also
taking into consideration that the Ni** occupancy is only 50%.
Temperature dependence of the magnetic susceptibility for a
trimolecular (Ni?*)[Ni(S,04),], formulation, reported here as
the y x T product, is given in Fig. 8. We note that the room

Y ;
N 3 "t
o
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~
gx"s‘f\, e
8

¥ -

Fig. 7 Solid state organization within (Ni,H,0)g s[Ni(S,04)].
Hydrogen atoms were omitted for clarity.
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Fig. 8 Temperature dependence of the y x T product for
(Ni2" ,H,O)[Ni(S,04)> ']>. The solid line is the fit for the sum of the
S = 1 Ni*" species and uniform spin chain of antiferromagnetically
coupled dithiolene complexes (see text).

temperature value of y x T does not exceed 1.0 cm® K mol ™',
while a total value of 1.75 = 1 (for the Ni**") + 2 x 0.375 (for
the dithiolene complexes) would have been expected, considering
a g = 2 value for both magnetic species, in the absence of any
antiferromagnetic interactions.

Closer inspection of the crystal structure gives a rationale
for this unexpected behaviour. As shown in Fig. 7, we note the
presence of an extremely short intermolecular S---S contact
between the radical dithiolene complexes with S4---S4' at
3.332(2) A (i: 2 — x, y, 1.5 — 2). This intermolecular distance
should be compared to the sulfur---sulfur van der Waals
contact distance at 3.70 A. Furthermore, while the spin density
in most radical nickel bis(dithiolene) complexes is essentially
delocalized on the Ni(S,C,), core, complexes with thioether
(-SR) substituents are well known to allow a sizeable fraction
of the spin density to delocalize on the outer sulfur atoms such
as atom S4 in [Ni(S,04),]~'.%* The overlap associated with the
S4.--S4' intermolecular interaction is therefore at the origin of a
strong antiferromagnetic interaction between the radical dithiolene
complexes, which would then form a uniform chain of spins
running along the ¢ axis, independently from the Ni** cations.
Accordingly, a tentative fit of the y x T product was performed
(see Fig. 8), with the susceptibility y as a sum of the Curie—
Weiss contribution of the S = 1 Ni*" species, ycw = 1/(T — 6),
with the contribution of a uniform spin chain for the dithiolene
complexes 1110ted y8F, associated with the following Hamiltonian
H= —an SiSi1 2B It gives ¥ = yo + x(rew + 2ypr) with
o= —08% 107*cm® K mol ™", x = 0.86,0 = —0.51(1) K and
Jlk = —340(10) K (J = =236 cm™").

In conclusion, we have shown here that dithiolene complexes
substituted with crown ether moieties, investigated up to now
only with alkaline cations in solution, can be used as metallo-
ligands toward 3d magnetic metal cations for the elaboration
of more complex magnetic systems. The obtained salt of
[Ni(S,04),] " and Ni** illustrates however that this attractive
approach is always in competition with direct antiferromag-
netic interactions between the dithiolene complexes. This work
is currently being extended to trivalent metal cations such as
rare-earth cations as well as to smaller crown-ether moieties.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012
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Experimental

All manipulations were performed under argon by use of
Schlenk techniques. Solvents (MeOH, DMF and Et,O) were
distilled prior to use and degassed with argon.

Synthesis of the dithiocarbonate (S,04)C=—0

A 100 mL round bottom flask containing acetic acid (20 mL)
and chloroform (7 mL) was charged with (S,04)C=S"?
(0.470 g, 1.17 mmol) and Hg(OAc), (0.820 g, 2.57 mmol).
The reaction mixture was refluxed for 2 h. After cooling to
room temperature, the reaction mixture was filtered through
Celite™ and the filtrate evaporated on the rotary evaporator.
The residue was taken up in chloroform, filtered and the
filtrate was concentrated, leaving an orange oil, purified by
column chromatography (Silica, eluent: CH,Cl,/acetone 5: 1 vv,
Ry = 0.88). After concentrating the second yellow band eluted
from the column, the product crystallized in the form of yellow
needles (0.276 g, 61%). Mp 71-72 °C. '"H NMR (300 MHz,
CDCl;, TMS) 6 3.00 (t, J = 6 Hz, 4H), 3.61 (s, 12H), 3.71
(t,J = 6 Hz, 4H). 3C NMR (300 MHz, CDCl;, TMS) § 36.20,
69.59, 70.59, 70.78, 70.81, 127.43, 189.85. Elem. Anal. Calcd for
C13H50S40s. C, 40.60; H, 5.24%. Found: C, 40.39; H, 5.22%.

Synthesis of Na[Ni(S;04),]

A Schlenk tube was charged with MeOH (5 mL) and sodium
(0.010 g) for the in situ preparation on NaOMe. After the
complete dissolution of Na, (S,04)=—0 (0.085 g, 0.22 mmol)
was added and the solution stirred for 1 h. Addition of
NiCl,-6H,0 (0.026 g, 0.11 mmol) to the yellow solution yields
a brown precipitate. The reaction was left for stirring for another

Table 2 Crystallographic data

hour. It was then filtered and the brown solid was dissolved in
DMF, filtered and set to crystallize by Et,O vapor diffusion.
X-Ray diffraction quality single crystals were obtained after one
week (0.07 g, 70%). Elem. Anal. Cald. for C,4H4oNaNiOgSg: C,
36.27, H, 5.07%. Found: C, 36.30; H, 5.07%. UV-vis-NIR
(DMF): Apax = 1010 nm (¢ = 8 437 L mol™' ecm™).

Synthesis of (Ni,H,0)[Ni(S;04)s]>

A Schlenk tube was charged with MeOH (15 mL), (S,04)—0O
(0.1 g, 0.25 mmol) and BuyNOH 1 M in MeOH (0.55 mL,
0.55 mmol). After the complete dissolution of (S;04)—O0 the
solution was stirred for 1 h. Addition of NiCl,-6H,0 (0.060 g,
0.26 mmol) to the yellow solution yields a brown precipitate.
The reaction was left for stirring for another hour. It was then
filtered and the brown solid was dissolved in DMF, filtered and
set to crystallize by Et,O vapor diffusion. X-Ray diffraction
quality single crystals were obtained after one week (0.056 g,
56%). Elem. Anal. Calcd for C43H82Ni3017S|63 C, 3558,
H, 5.10%. Found: C, 35.29; H, 4.98%. UV-vis-NIR (DMF):
Jmax = 1011 nm (¢ = 9900 L mol~! ecm™).

Synthesis of [Ni(S,04),]>

A Schlenk tube was charged with DMSO (3 mL) and
(Ni,H,O)[Ni(S,04),]> (40.0 mg, 0.05 mmol). I, (20.2 mg,
0.08 mmol) in DMSO (1.0 mL) is added to the solution. A
precipitate appears and the suspension was stirred for 15 minutes.
EtOH was then added to complete the precipitation and the solid,
once filtered and dried by suction, was redissolved in CH,Cl,,
which, upon diffusion of Et,O vapours, afforded needle shaped
crystals (27 mg 70%). Elem. Anal. Caled. for C,4HyoNiOgSg:

Compound (5:04)C=0 Na[Ni(S,04),] [Ni(S,04),]° (Ni,H,0)[Ni(S,04):]>
Formula C13H2005S4 C24H40N3NiOgS3 Cg4H40NiOgSg C24H40Ni|_503.5S3
FW/g mol™! 384.53 794.74 771.75 809.14

Crystal color Colorless Black Black Black

Crystal size/mm 0.25 x 0.11 x 0.10 0.13 x 0.07 x 0.06 0.21 x 0.12 x 0.06 0.30 x 0.10 x 0.08
Crystal system Monoclinic Monoclinic Triclinic Monoclinic

Space group P2/c C2fe Pi C2fe

T/K 293(2) 150(2) 150(2) 293(2)

alA 8.2045(16) 23.6588(14) 9.1918(4) 13.4074(4)

bJA 11.888(2) 10.1920(6) 9.5486(4) 14.0031(4)

c/A 17.949(4) 17.5265(12) 10.6697(4) 19.1875(6)

o/° 90.0 90.0 67.4590(10) 90.0

p/° 99.79(3) 127.742(2) 74.151(2) 104.5930(10)

7/, 90.0 90.0 84.463(2) 90.0

V/A3 1725.1(6) 3342.0(4) 832.01(6) 3486.15(18)

Z 4 4 1 4

Deaie/g cm™> 1.481 1.580 1.540 1.542

w/mm~! 0.569 1.137 1.128 1.341

Total refls. 16204 12062 10 148 15378

Abs. corr. Multi-scan Multi-scan Multi-scan Multi-scan

Tmin> Tmax 0.928, 0 945 0.909, 0.934 0.850, 0.935 0.878, 0.917
Unique refls. 3937 3800 3777 3991

Rint 0.0541 0.0563 0.0317 0.0268

Unique refls ( > 20(1)) 2726 2562 3498 3469

Refined param. 199 192 187 192

R, (I > 2a(D)) 0.0357 0.0417 0.0233 0.0528

WwR, (all data) 0.0916 0.1568 0.0809 0.1811
Goodness-of-fit 1.088 1.044 1.206 1.061

Res. dens./e A~3 0.299, —0.284 0.523, —0.617 0.365, —0.384 1.352, —0.849

Ry = X||F,| — [FI/Z|Fol; wRy = [Ew(Fo — FAX/EwF, "2
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C, 37.35; H, 5.22%. Found C, 37.46; H, 5.76%. UV/Vis/NIR
(DMF) A = 1015 nm (¢ = 10970 L mol™' cm™}).

X-Ray diffraction studies

Single crystals were mounted on the top of a thin glass fiber.
Data were collected on a Nonius KappaCCD diffractometer at
room temperature with graphite-monochromated Mo-Ka
radiation (2 = 0.71073 A). Structures were solved by direct
methods (SHELXS-97) and refined (SHELXL-97) by full-matrix
least-squares methods,** as implemented in the WinGX software
package.>> Absorption corrections were applied. Hydrogen
atoms were introduced at calculated positions (riding model),
included in structure factor calculations, and not refined.
Crystallographic data are summarized in Table 2.

Magnetic properties

The magnetic susceptibility measurements were obtained from a
Quantum Design SQUID magnetometer MPMS-XL. This
magnetometer works between 1.8 and 400 K for dc applied
fields ranging from —5 to 5 T. Measurements were performed
on polycrystalline samples of Na[Ni(S,04),] (5.7 mg) and
(N1,H,O)[Ni(S,04),] (14 mg). The magnetic data were corrected
for the sample holder and the diamagnetic contributions. EPR
spectra were obtained either on a X-band Bruker EMX-8/2.7
spectrometer equipped with a liquid nitrogen cooling system.
Simulations were performed with Bruker WinEPR Symphonia.
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