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ABSTRACT: A complete series of dianionic, monoanionic,
and neutral dithiolene complexes formulated as [Ni(Et-
thiazdt),]", with n = —2, —1, 0, and Et-thiazdt: N-ethyl-1,3-
thiazoline-2-thione-4,5-dithiolate, is prepared using an opti-
mized procedure described earlier for the N—Me derivatives.
Electrochemical and spectroscopic properties confirm the

s

[Au(Et-thiazdt),]

m&&\\

[Ni(Et- thlazdt)z]

LT

[Ni(Et-thiazdt),] vs. [Au(Et-thiazdt);]*

electron-rich character of the Et-thiazdt dithiolate ligand. The three complexes are structurally characterized by single-crystal X-

ray diffraction. The paramagnetic anionic complex [Ni(Et-thiazdt),]

~!, as Ph,P* salt, exhibits side-by-side lateral interactions

leading to a Heisenberg spin chain behavior. The solid-state structure of the neutral, diamagnetic [Ni(Et-thiazdt),]° complex
shows a face-to-face organization with a large longitudinal shift, at variance with the structure of its radical and neutral gold
dithiolene analogue described earlier and formulated as [Au(Et-thiazdt),]*. Comparison of the two structures, and those of the
other few structurally characterized pairs of Ni/Au dithiolene complexes, demonstrates the important role played by overlap
interactions between gold dithiolene radical species. Despite its closed-shell character, the neutral nickel complex [Ni(Et-

thiazdt),]° exhibits a semiconducting behavior with a room-temperature conductivity oy &

B INTRODUCTION

Nickel bis(dithiolene) complexes have been intensively studied
as precursors of molecular conductors, and one prototypal
complex within this class of molecules is Ni(dmit),.' ™ Various
modifications of the dithiolene skeleton have been performed
in order to modulate the redox properties of the complex and
therefore also the electronic properties of the materials.”> An
interesting, but poorly explored so far, class of metal
bis(dithiolene) complexes is based on the electron-rich ligand
N-alkyl-1,3-thiazoline-2-thione-4,5-dithiolate (R-thiazdt), noted
hereafter as [M(R-thiazdt),] (Chart 1). It combines an
electron-rich character favoring the isolation of highly oxidized
species, together with a structural flexibility brought by the
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substituent on the nitrogen atom, an attractive situation
intermediate between anionic or neutral [Ni(dmit),]" (n =
-2, —1, —0.5, 0) complexes and the neutral or cationic
[Ni(timdt),]" (n = 0, +1), where timdt is the monoanion of
RR’ disubstituted imidazolidine—ZA-,S—trithione.6

The [Ni(R-thiazdt),] complex was first reported by Arca et
al. with R = Et. Its preparation involved the sulfuration of the
N-ethyl-2-thioxothiazolidine-4,5-dione with Lawesson’s reagent
in the presence of nickel or nickel salts, affording the
corresponding [Ni(Et-thiazdt),] as the neutral species in rather
low yield (15%).” This R = Et complex was not structurally
characterized, neither in its neutral form, nor in its mono- or
dianionic forms. More recently, we also investigated the
synthesis of the same class of Ni complexes with a methyl
group on the ligand (R = Me),® with a different synthetic
approach. Indeed, the dianionic dithiolate ligand was first
prepared and reacted with a Ni** salt to generate directly the
most reduced form as the dianionic species, ie. [Ni(Me-
thiazdt),]*". This approach allowed us to structurally character-
ize the dianionic species, and following one-electron oxidation,
the radical anion species [Ni(Me-thiazdt),]™*. Besides, we also
investigated the synthesis of analogous gold dithiolene
complexes, as monoanionic and neutral complexes, [Au(Et-
thiazdt),] "°. The neutral radical species proved to be
particularly interesting as it exhibits a peculiar two-dimensional
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solid-state organization, associated with a very high con-
ductivity, and a transition to a metallic state under pressure.”
Chalcogen substitution in the thiazole ring also allowed for the
construction of a rich phase diagram with these series of single-
component neutral radical species [Au(Et-thiazdt),]*. * 10 At this
stage, it was becoming interesting to also have at hand the
analogous nickel complexes with R = Et, and particularly their
structural properties, in order to evaluate the role of the metal
(Ni vs Au) in their solid-state associations, particularly between
the diamagnetic [Ni(Et-thiazdt),]° and the paramagnetic
[Au(Et-thiazdt),]* complexes. On these bases, we reinvesti-
gated the preparation of the nickel complex with R = Et in the
hope to characterize the complete series from the dianion to
the neutral complex.

B RESULTS AND DISCUSSION

Syntheses. The approach to the target molecule was based
on our previous synthesis of the [Ni(Me- th1azdt)2]2 5 and
involves the N-ethyl-1,3-thiazoline-2-thione 1,° as outlined in
Scheme 1. The dithiolate was formed by treating N-ethyl-1,3-

Scheme 1. Preparation of the Dianionic Complex 2 as PPh,*
Salt
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thiazoline-2-thione 1 at —10 °C in THF in a two-step
procedure, by adding successively 1.5 equiv of lithium
diisopropylamide (LDA) and sulfur, twice (Scheme 1). Then
NiCl, was added to the solution, followed by the addition of
PPh,Cl to afford the corresponding salt of the dianionic species,
[PPh,],[Ni(Et-thiazdt),] 2 in 17% yield as dark red powder.
Another approach starting from the N-ethyl-bis-
(cyanoethylthio)-1,3-thiazoline-2-thione 3,” with the two
thiolate functions protected by cyanoethyl groups, proved
more interesting. Deprotection of the thiolate functions in the
presence of sodium methanolate, followed by the addition of
NiCl, and PPh,Cl allowed us to isolate the dithiolene
complexes 2 in 52% yield (Scheme 1). This complex 2 was
recrystallized in acetonitrile. As already observed for the N—Me
analogue of this complex, [NEt,],[Ni(Me-thiazdt),], the
dianionic complex 2 is easily oxidized in solution upon air
exposure into the anion radical species (vide infra).

The monoanionic salt 4 was generated by adding 1 equiv of
[Cp,Fe][PFq] to a dichloromethane solution of 2 (Scheme 2).
Following this procedure, we isolated the monoanionic
complex 4, [PPh,][Ni(Et-thiazdt),], in 71% yield as dark red
powder. Two different approaches were developed for the
neutral species [Ni(Et-thiazdt),]® (5) (Scheme 2), (i) the
direct chemical oxidation of the dianionic complex 2 with two
equivalents [Cp,Fe][PF4] and recrystallization to give [Ni(Et-
thiazdt),] (5), and (ii) the sequential oxidation to the
monoanionic complex 4 with one equivalent [Cp,Fe][PF],
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followed by electrocrystallization of this intermediate complex
4 to the neutral species 5 [Ni(Et-thiazdt),], isolated as tiny
black crystals at the anode.

Electrochemical Properties. The redox properties of the
Ni complexes were investigated, either starting from the
dianionic species 2 or from the monoanionic one 4, by cyclic
voltammetry experiments performed in CH,Cl, using [NBu,]-
[PF4] as supporting electrolyte with potentials given in V vs.
SCE. On the cyclic voltammogram reported in Figure 1, three

i (WA)

0,0 05

E (V)
Figure 1. Cyclic voltammogram of [PPh,][Ni(Et-thiazdt),] in CH,Cl,

with [NBu,][PFq] 0.1 M as electrolyte, E in V vs SCE. Scan rate = 100
mV s

redox processes can be observed, the two first one being fully
reversible monoelectronic transfers and the third most anodic
one is not fully reversible. The two first processes are ascribed
to the oxidation of successively the dianion into the monoanion
radical at E;(—2/—1) = —0.37 V versus SCE and of the
monoanion into the neutral species at E,(—1/0) = 0.175 V
versus SCE. These two redox waves were already reported by
Arca etal. (E,(=2/—1) = —0.814(3); E,(—1/0) = —0.280(2) V
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vs Fc/Fc*). The third process, not mentioned earlier, is
associated with the oxidation of the neutral species into the
cation radical one. This is actually possible because of the
presence of the two electron rich dithiolene ligands, Et-thiazdt.
Indeed, as observed for other Ni bis(dithiolene) complexes
with electron-rich dithiolate ligands (Table 1), the cathodic

Table 1. Redox Potentials for the Ni Complexes in CH,Cl,
with [NBu,][PF¢] 0.1 M, E in V vs SCE with Scan Rate =
100 mV s~

E! E? E,} ref
[Ni(dmit),]? —0.175 +0.34/0.228° 11
[Ni(Et-thiazdt),] -0.37 +0.175 +1.12%  this work
[Ni(Me-thiazdt),] ~ —0.34 0.22/0.00° 8
[Ni(Et,-timdt), ] —0.56 —0.11 +0.78 12
[Ni(DL-bordt),]  —1.20 —0.43 +1.00° 13

YE values have been determined in

“Not a fully reversible process.
“DL-bordt

CH,CN. “E,,/E,: anodic and cathodic peak potentials.
stands for bornylenedithiolate.

shift observed for the two first oxidation processes (—2/—1)
and (—1/0) allows for the observation of the (0/+1) oxidation
process within the potential window. As expected, comparison
of the redox potentials of the [Ni(Et-thiazdt),] complex with
those of the methyl analogue, [Ni(Me-thiazdt),] investigated in
the same conditions, shows no significant differences. Never-
theless, it should be noted that for the [Ni(Me-thiazdt),] the
oxidation of the radical anion to the neutral species was not
tully reversible as a result of the adsorption phenomenon.
UV-vis-NIR Spectroelectrochemical Properties. The
absorption properties of the three species (e.g., dianionic, anion
radical, and neutral) were first measured in CH,Cl, at room
temperature. For the dianionic complex, freshly prepared
solutions of 2 exhibit absorption bands in the UV—vis region
only. Contrariwise, the monoanionic complex 4 and the neutral
complex S exhibit a strong electronic absorption in the NIR
region at 1280 nm (e=21x10*M "' ecm™) and 1022 nm (e =
5.5 X 10* M~ em™), respectively. UV—vis-NIR spectroelec-
trochemical investigations were carried out on the dianionic
complex in CH,Cl,-[NBu,][PF,] 0.2 M solution (Figure 2). It
is worth noting that because of its redox potential, this
dianionic complex 2 is easily oxidized in solution to the anion
radical species 4 in the presence of air. This explains why, under
an applied potential of —0.4 V, the NIR absorption band of the
monoanionic species can be already observed. The gradual
oxidation of the dianionic complex 2 to the radical anion
induces the growth of this low energy band characteristic of the
monoanionic complex 4 in the NIR at 1280 nm. This intense
band is assigned to ligand-localized 7—7z* transitions. Upon
oxidation to the neutral species, the band localized at 1280 nm
gradually decreases, whereas a novel band at higher energy
emerges on the spectra at 1022 nm. Attempts to oxidize the
neutral complex S to the monocationic species induces a
decrease of all the absorption bands in accordance with a
degradation of the generated product, as already observed on
the CV by the irreversible character of this (0/+1) process.
Structural Properties. Crystals have been obtained for all
three complexes. The dianionic salt 2, [PPh,],[Ni(Et-
thiazdt),], was recrystallized from acetonitrile, although single
crystals of the radical anion salt 4, [PPh,][Ni(Et-thiazdt),] and
the neutral complex 5, [Ni(Me-thiazdt),] were obtained by
recrystallization into a toluene/acetonitrile solution (1/1). The
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Figure 2. UV—vis-NIR monitoring of the electrochemical oxidation of
[PPh,],[Ni(Et-thiazdt),] in CH,Cl, with [NBu,][PE,] 02 M as
electrolyte from —0.4 to 0.0 V (top) and from 0.1 to 0.5 V (bottom).

structure of the three species, 2, 4, and § were determined by
single-crystal X-ray diffraction. As shown in Figures 3 and 4, the
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Figure 3. Top (a) and side (b) view of the molecular structure of
[Ni(Et-thiazdt),]*” in 2.

[Ni(Et-thiazdt),] complex in its dianionic, monoanionic, and
neutral state exhibits very similar geometry, with a square
planar environment around the Ni atom, an almost planar
structure, and a trans configuration of the two N—Et moieties.
Note that the same trans geometry was also observed in the
analogous gold complexes, [Au(Et- thlazdt) 17%°° and for the
dianionic [Ni(Me-thiazdt), ] complex but in sharp contrast
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Figure 4. (a) Projection view along the a axis of the unit cell of
[PPh,],[Ni(Et-thiazdt),] (2). (b) Projection view along the b axis of
the unit cell of [PPh,][Ni(Et-thiazdt),] (4). (c) A detail of the chain
of radical anion complexes [Ni(Et-thiazdt),]™* in 4.

with that obtained with the radical anion where a mixture of cis
and trans isomers was identified in the crystal structure of the

monanionic [Ni(Me-thiazdt),]™".* Comparison of the intra-
molecular bond lengths within the three complexes [Ni(Et-
thiazdt),]", n = —2, —1, 0 (Table 2) highlights the evolution of
the geometrical characteristics depending on the redox states of
the complex.'* These bond length modifications occur
essentially on the metallacycle rings with, upon oxidation of
the dithiolate ligand, a lengthening of the C=C bond and a
shortening of the Ni—S and S—C bonds, in accordance the
oxidation of the ligand toward a dithioketonic structure. It is
worth comparing these bond lengths values with those obtained
for the [Ni(dmit),]" analogues with n = -2, =1, and 0.7
Within this series, the variation of the bond lengths on the
metallacycle are essentially of the same order of magnitude than
in [Ni(Et-thiazdt),]", apart the C=C bond length in
[Ni(dmit), ], which is less affected when n varies from —2 to
0. Otherwise the exocyclic C=S bonds face the same variation
in both series with a shortening of the C=S bond length when
n varies from —2 to 0.

In the solid state, the dianionic salt 2 (Figure 4a) shows an
alternation of the [Ni(Et-thiazdt),]>~ complex located on
inversion center, with PPh," cations, in a general position giving
rise to twin chains running along a. The cations are associated
two-by-two through inversion centers into a so-called parallel
quadruple phenyl embrace motif, while they interact with
neighboring molecules within chains running along a with the
translational quadruple phenyl embrace.'®

The solid-state organization of the monoanionic salt requires
a deeper investigation as the paramagnetic anion’s organization
will control the solid-state magnetic properties of the
[PPh,][Ni(Et-thiazdt),] salt 4. The salt crystallizes with the
[Ni(Et-thiazdt),]'~ complex located on an inversion center, the
PPh," cation on a 2-fold axis, together with a CH;CN molecule
in general position, hence the formulation [PPh,][Ni(Et-
thiazdt),]-(CH;CN),. In the solid state (Figure 4b), the
paramagnetic [Ni(Et-thiazdt),]'” complexes are isolated from
each other in the ac plane by the PPh," counterion, whereas

Table 2. Intramolecular Bond Lengths (in A) in Dianionic 2, Monoanionic 4, and Neutral 5 [Ni(Et-thiazdt),]" Species Together

with Those of the [Ni(dmit),]", n = =2, —1, 0
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s:< lle N >:s s:< lle ani || >:s
4\

N s? s S s S

/ h

Et

[Ni(Et-thiazdt),]" [Ni(dmit),]"
n -2 -1 0 -2 -1 0
a 2.2060(7) 2.1778(6) 2.1580(6) 2.188(0) 2.151(3) 2.144(2)
2.154(3)
a’ 2.1983(8) 2.1560(6) 2.1577(6) 2.192(1) 2.160(3) 2.150(2)
2.158(3)
b 1.735(2) 1.722(2) 1.685(2) 1.749(0) 1.72(1) 1.699(7)
b’ 1.741(2) 1.712(2) 1.700(2) 1.735(1) 1.73(1) 1.698(7)
c 1.338(3) 1.356(3) 1.388(3) 1.342(1) 1.35(1) 1.391(9)
1.751(2) 1.739(2) 1.733(2) 1.730(1) 1.73(1) 1.731(7)
1.744(1) 1.72(1) 1.732(7)
e 1.732(3) 1.735(3) 1.755(2) 1.733(0) 1.757(8)
1.732(1) 1.742(7)
f 1.692(2) 1.664(3) 1.640(2) 1.640(1) 1.64(1) 1.625(8)
1.62(1)
g 1.353(3) 1.362(4) 1.372(3)
h 1.409(3) 1.398(3) 1.378(3)
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short lateral S---S intermolecular contacts can be observed along
the b axis. These S-S contacts between neighboring
complexes, notably shorter than the sum of the van der
Waals radii are detailed in Figure 4c, and these could give rise
to a uniform spin chain behavior. Temperature dependence of
the magnetic susceptibility (Figure 5) shows actually a behavior
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Figure S. Temperature dependence of the yT product for the
monoanionic paramagnetic salt [PPh,][Ni(Et-thiazdt),] (4). Inset:
EPR spectrum of 4 in CH,Cl, solution at 300 K.

close to a Curie—Weiss law. Considering a g value of 2.006
usually found in such Ni dithiolene complexes, a better fit is
indeed obtained with a uniform spin chain model (Bonner—
Fisher)," with an added Curie tail contribution, giving a J/k
value for the spin chain of —16.1(7) K,*° together with 5, 9%
Curie-type defaults. The solution EPR spectra of salt 4 in
CH,Cl, measured at 300 K and in frozen solution display an
isotropic signal at g, = 2.041 (300 K), with no hyperfine
coupling resolved. This g value and weak anisotropy compare
with those reported for other anionic nickel dithiolene
complexes’ where the spin density is strongly delocalized
within the two metallacycles.

It also worth analyzing the solid-state organization of the
neutral complex $, particularly to compare it with that of the
radical gold dithiolene analogue [Au(Et-thiazdt),]® described
earlier.” The neutral Ni complex crystallizes in the monoclinic
system, space group P2,/a, with the complex on an inversion
center. It is not isostructural with the analogous gold complex.
In the solid state, the molecules form uniform stacks along a
axis with a mean plane to plane distance of 3.54 A (Figure 6).
An important difference between the structures of the nickel
and gold complexes is found in the overlap pattern between
molecules within the stacks. As shown in Figure 7, this overlap
shows a large longitudinal offset in the nickel complex while a
small lateral offset was present in the gold complex. We also
note that in S, the nickel atom lies directly above the smaller
nitrogen atom, whereas in the gold complex, the overlap
between the central part of the complex is preferred.

This situation is at first sight surprising as, among the few
neutral bis(dithiolene) complexes which have been described to
date with both nickel and gold, the majority is found with very
similar structures with nickel and gold, which one could indeed
anticipate from their very similar shape. We have collected in
Table 3 and Figure 8 these pairs of complexes with some details
about their solid-state arrangement. It appears that isostructural
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Figure 6. (a) Projection view along ¢ of the unit cell of §. (b) Detail of
one (a,c) layer, viewed along the long molecular axis, with black and
dotted lines indicating the shortest S---S contacts between neighboring
molecules.

Figure 7. Projection view, perpendicular to the molecular planes, of
the overlap between neighboring molecules in the two neutral
complexes. Top: the closed-shell [Ni(Et-thiazdt),]° Bottom: the
radical [Au(Et-thiazdt),]*.

pairs are actually found in those systems with bulky dithiolene
ligands, which hinder a close face-to-face association of the
complexes. With complexes able to stack on top of each other
(with dddt, bdt, Et-thiazdt ligands), the recurrent face-to-face
organization of the complexes differs actually depending on the
metal nature, with shorter plane-to-plane distances and smaller
deviations from an eclipsed overlap in the gold complexes.
These features are correlated to the radical nature of the gold
dithiolene complexes, whose m-type SOMO is essentially
localized on the [Au(S,C,),] metallacycles.”* Accordingly,
their stabilization through overlap interaction—into pairs or in
infinite stacks—favors short intermolecular contacts between
the central parts of the complexes, although the structures of
the corresponding nickel complexes lacking this extra electron
are controlled exclusively by nonbonding intermolecular
interactions. Similar effects of overlap interactions are
recurrently observed within organic radical dimers or

dx.doi.org/10.1021/ic501293z | Inorg. Chem. 2014, 53, 8681—8690
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Table 3. Comparison of the Structural Characteristics of Neutral Nickel and Gold Dithiolene Complexes®

complex [Ni(dt),]° isostructural

nonhindered complexes

(M(dddt),] face to face assoc. no
longitudinal shift
plane-to-plane: 3.75 A

[M(bdt),]

[M(Et-thiazdt),] face to face assoc. no
longitudinal shift (Figure 7b)
plane-to-plane: 3.55 A

[M(F,pdt),] face to face assoc. yes
fluorine segregation
plane-to-plane: 3.86 A

hindered complexes

[M(DL-bordt),] strong steric hindrance yes
weak lateral interactions

[M(S,C,Ph,),] phenyl out of plane yes
large lateral shift
plane-to-plane: 3.80 A

[M(S,C,(0C,),] phenyl out of plane yes

large lateral shift
plane-to-plane: 3.63 A

“See Figure 8 for the dithiolene abbreviations.

[Au(dt),]* ref Ni ref Au
face to face assoc. 29 30
longitudinal shift

plane-to-plane: 3.58 A

face to face assoc. 31
small lateral shift
plane-to-plane: 3.57 A
face to face assoc. this work 9
lateral shift (see Figure 7a)

plane-to-plane: 3.57 A

face to face assoc. 32 32
fluorine segregation

plane-to-plane: 3.54 A

strong steric hindrance 33 33

weak lateral interactions

phenyl out of plane 34 35
large lateral shift
plane-to-plane: 3.87 A

phenyl out of plane 36 36
large lateral shift
plane-to-plane: 3.62 A

stacks,”** and provide the elementary building blocks for

organic conductors based on cation or anion radical salts. In
these organic salts, however, the comparison of the solid-state
structure with analogous, nonradical systems is not possible, at
variance with the series of neutral nickel and gold dithiolene
complexes described here. In that respect, the comparison of
the face-to-face organization of the radical [Au(Et-thiazdt),]*
and the diamagnetic [Ni(Et-thiazdt),]° shown here in Figure 7
is particularly enlightening. Note also that such a comparison
between neutral nickel and gold dithiolene complexes can be
also made on the tetrathiafulvalenedithiolate complexes
described by Kobayashi et al. (Chart 2). Although the
trimethylene derivatives [Ni(tmdt),] and [Au(tmdt),],>*°
which adopt a tight three-dimensional structure, are actually
isostructural, the other reported complexes with two trifluor-
omethyl groups in [M(hfdt),],”” or propylenedithio substitu-
ents in [M(ptdt),] (M = Au, Ni),*® organize in layered, two-
dimensional structures, and are not isostructural. In both series,
the gold complexes are found indeed in almost eclipsed dimers,
and the nickel complexes exhibit more regular stacks with larger
longitudinal shifts, as found here in [M(thiazdt),]. It again
illustrates the tendency of the gold dithiolene complexes, with a
spin density concentrated on the two metallacycles, to associate
into eclipsed dimers.

Because of their closed shell nature, such simple neutral Ni
dithiolene complexes are expected to be essentially insulating.*”
However, the large size of the crystals grown by electro-
crystallization®® leads us to infer that [Ni(Et-thiazdt),] § could
be more conducting than anticipated. Accordingly, resistivity
measurements were performed on single crystals along the a
stacking direction (axis of the needle). The room-temperature
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conductivity at ambient pressure, gy (1 bar) is around 0.014 +
0.005 S cm™" (considering the error made in measuring the
section of the needles). This conductivity is rather high and
unexpected considering that it was measured on neutral closed-
shell species. Indeed, except for the metallic and super-
conducting Ni complexes with two tetrathiafulvalene dithiolate
ligands reported by Kobayashi et al,>*~***" one single example
of conductivity measured on single crystals has been reported
for the neutral [Ni(dmit),] which exhibits a lower conductivity
under ambient conditions of ¢ = 3.5 X 107 S.cm™"."” Note that
under very high pressure (above 15.9 GPa) [Ni(dmit),] has
been recently reported to become metallic.*” As presented in
Figure 9, the temperature dependence of the conductivity
shows a semiconducting behavior with a rather small activation
energy E, = 2370 K (0.20 eV), as deduced from the fit of the
data with a law of the type ¢ = 6, exp(—E,/kT). The evolution
of the room-temperature conductivity with pressure (see inset
of Figure 9) was found to be nearly exponential up to 12 kbar
in agreement with a semiconducting character. Actually, the
activation energy is only slightly reduced under a pressure of 12
kbar, E, = 1980 K (0.17 V).

Band structure calculations for [Ni(Et-thiazdt),] 5§ were
performed in the extended Hiickel frame. The Syomo-nomo
interaction energies amount, in absolute value, to 0.2253,
0.0233, and 0.0085 eV for, respectively, the intermolecular
interactions noted as a, b, ¢ in Figure 6b, demonstrating the
strong one-dimensional character of the complex. The
calculated band structure (Figure 10) confirms the presence
of a gap between valence band (HOMO) and conduction band
(LUMO) with a direct gap at M point of 0.55 eV, whereas the
indirect gap (I' > M) decreases to 0.09 eV.
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Note that the measured activation energy at ambient
pressure (0.20 eV) corresponds actually to an intermediate
gap value (2 X 0.20 = 0.40 eV), close to the calculated direct
gap. On the basis of this band structure and the small indirect
gap, one might also expect that larger band dispersions for both
HOMO and LUMO bands would eventually allow for a band
overlap and associated metallic character. We have seen that
pressure application, at least up to 12 kbar was not sufficient for
that purpose. Measurements under higher pressures should be
considered, as recently demonstrated on [Ni(dmit),],*
together with the preparation of the diselenolate analogues.
We have noticed indeed in the series of gold dithiolene
complexes that the S/Se substitution was an efficient way to
close such gaps.'® These combined physical and chemical
pressure effects are currently being explored.

B EXPERIMENTAL SECTION

General. NMR spectra were recorded on a Bruker AV300III
spectrometer at room temperature using perdeuterated solvents.
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Figure 9. (a) Electrical conductivity data of [Ni(Et-thiazdt),] S along
a axis at ambient pressure and 12 kbar plotted as log ¢ versus the
inverse temperature. The red lines are a linear fit of the data giving the
activation energies of 0.20 eV at 1 bar and 0.17 eV at 12 kbar. (Inset)
Pressure dependence of the conductivity of [Ni(Et-thiazdt),] § at
room temperature. Note the log scale for the conductivity axis.
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Figure 10. Calculated band structure for [Ni(Et-thiazdt),] S.

Chemical shifts are reported in ppm referenced to TMS for 'H NMR.
Mass spectra were recorded with Bruker MicrOTOF-Q II instrument
for complex 2, and with Thermo-fisher Q-Exactive instrument for
complex 4 by the Centre Régional de Mesures Physiques de I'Ouest,
Rennes. CVs were carried out on a 107> M solution of complex in
CH,ClL,-[NBu,][PF¢] 0.1 M. The spectroelectrochemical setup was
performed in CH,Cl,-[NBu,][PFs] 02 M. A Cary S spectropho-
tometer was employed to record the UV—vis-NIR spectra. CVs were
recorded on a Model 362 scanning potentiostat from EG&G
Instruments at 0.1 V s™' on a platinum disk electrode (1 mm?).
Potentials were measured versus KCl Saturated Calomel Electrode
(SCE). EPR spectra were performed on a Bruker ESP-300
spectrometer. Silica gel used in chromatographic separations was
obtained from Acros Organics (Silica Gel, ultra pure, 40—60 ym). All
other reagents and materials from commercial sources were used
without further purification.

Synthesis of [PPh,J,[Ni(Et-thiazdt),] 2 Starting from 1. Under
inert atmosphere at 0 °C, LDA was prepared by adding BuLi (3.56
mL, 5.7 mmol, 1.6 M in hexanes) to a solution of diisopropylamine
(0.8 mL, 5.7 mmol) in 15 mL of anhydrous THF. The LDA solution
was then added to a solution of 1,3-thiazoline-2-thione 1 (0.55 g, 3.8
mmol) in SO mL of anhydrous THF at —10 °C. After stirring for 30
min, sulfur (183 mg, 5.7 mmol) was added to the reaction mixture,
and the medium was stirred for an additional 30 min before the
addition of LDA (7.6 mmol prepared from 4.75 mL of BuLi and 1.08
mL of diisopropylamine). The reaction mixture was stirred for 3 h, and
sulfur was added (244 mg, 7.6 mmol) followed 30 min later by the
addition of NiCl,-6H,O (0.45 g, 1.9 mmol) and PPh,Cl (1.42 g, 3.8
mmol). Then the temperature was allowed to rise to room
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Table 4. Crystallographic Data

2
formulas CssHsoN,NiP,Sg
fw (g mol™) 1150.1
system triclinic
space group PT
a (A) 7.4923(15)
b (A) 12.525(3)
¢ (A) 14.916(4)
a (deg) 98.28(2)
B (deg) 96.835(19)
7 (deg) 96.802(18)
Vv (A%) 1350.1(5)
T (K) 298
Z 1
Dy (gem™) 1417
u (mm™) 0.769
total reflns 30652
abs corr multiscan
unique reflns (R;,,) 6220
unique reflns (I > 20(I)) 6204

R, WR, 0.0385, 0.0805
R, wR, (all data) 0.0613, 0.0907
GOF 1.071

4 S
C;sH3N,NiPSg C,oH;(N,NiSg
894.93 473.39
monoclinic monoclinic
C2/c P2,/a
26.2864(15) 5.6672(2)
7.1977(4) 21.7434(7)
24.6704(15) 7.3720(2)

90 90

115.314(2) 110.885(2)

90 90

4219.5(4) 848.72(5)
150(2) 293(2)

4 2

1.409 1.852

0.927 2.118

17697 17686
multiscan multiscan
4844 (0.0373) 1943(0.0331)
3932 1565

0.0353, 0.0945 0.0306, 0.0618
0.0540, 0.1195 0.0442, 0.0644
1.195 1.089

temperature and the reaction mixture was stirred for 15 h. Thereafter
the mixture was filtered, washed with ethanol and dried under vacuum.
The resulting solid is recrystallized with acetonitrile to afford complex
2 as dark red crystals in 17% yield (m = 0.37 g).

Synthesis of [PPh,J,[Ni(Et-thiazdt),] 2 Starting from 3. To a dry
two-neck flask containing 3 (0.4 g, 1.27 mmol), 10 mL of 1 M NaOMe
in MeOH was added under nitrogen at room temperature. After
stirring for 30 min, a solution containing NiCl, (98.8 mg, 0.76 mmol)
in 4 mL of dried MeOH was added to the reaction mixture followed, 5
h later, by the addition of PPh,Cl (0.71 g, 1.91 mmol) in 4 mL of dried
MeOH. The reaction mixture was stirred for 15 h. The dianionic
complex 2 precipitated out and was isolated by filtration to afford 2 in
529% yield, mp 202 °C. 'H NMR (CDCl,, 300 MHz) &: 1.24 (t, 6H,
2CH,, ¥y = 7.0 Hz), 3.48 (q, 4H, 2CH,, *J;y; = 7.0 Hz), 7.69—7.78
(m, 40H, H,,). ®C NMR (CDCl;, 75 MHz) §: 12.8 (CH3), 42.9
(CH2),116.9 (C=C), 118.1 (C=C), 130.7 (CHAr), 134.5 (CHAr),
135.6 (CHAr), 200.3 (C=S); HRMS (ESI) m/z: calcd for
CssHN,**NiP,S, [2C*, A™]*, 1150.0563; found, 1150.0565.

Synthesis of [PPh,J[Ni(Et-thiazdt),] 4. Under inert atmosphere,
[Cp,Fe][PF4] (30 mg, 0.09 mmol) was dissolved in 10 mL of distilled
dichloromethane, and [PPh,],[Ni(R-thiazdt),] (100 mg, 0.09 mmol)
was added to the reaction medium. After stirring for 1 h, pentane (40
mL) was added, and the precipitate was filtered. Complex 4 was
recrystallized with a solution of toluene/acetonitrile (1:1) to afford the
title complex as dark red crystals in 71% yield (m = 0.0S g), mp 204
°C. HRMS (ESI) m/z: caled for ion C,oH,,N,NiS,~, 471.7969; found,
471.7967. Anal. Caled for CayHyN,NiPS,: C, 50.24; H, 3.72; N, 3.4S.
Found: C, 50.66; H, 3.72; N, 3.29.

Synthesis of [Ni(Et-thiazdt),] 5. In a two-compartment cell
equipped with Pt electrodes (diameter 1 mm, length 2 cm) NEt,Br
(210 mg, 1 mmol) dissolved in 16 mL of CH;CN was introduced in
both compartment as supporting electrolyte. The nickel complex 4 (8
mg, 1.69 X 107> mmol) was introduced in the anodic compartment.
The current intensity was adjusted to 0.4 A, and the reaction was left
during S days. Crystals of the neutral Ni complex S were collected on
the anode. Anal. Calcd for C,yH,(N,NiSg: C, 25.37; H, 2.13; N, 5.92;
S, 54.18. Found: C, 25.45; H, 2.00; N, 5.69; S, 54.66.

X-ray Crystallography. Details of the structural analyses for 2, 4,
and § are summarized in Table 4. X-ray crystal structure
determinations were performed on an APEXII Bruker-AXS diffrac-
tometer equipped with a CCD camera and a graphite-monochromated
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Mo Ka radiation source (A = 0.71073 A), from the Centre de
Diffractométrie (CDIEX), Université de Rennes 1, France. Structures
were solved by direct methods using the SIR97 program,*' and then
refined with full-matrix least-squares methods based on F* (SHELXL-
97)* with the aid of the WINGX program.* All non-hydrogen atoms
were refined with anisotropic atomic displacement parameters. H
atoms were finally included in their calculated positions.

Resistivity Measurements. The resistivity measurements were
performed in four points along the long axis of the needles (a
crystallographic axis) using a dc current in the range of I;. = 0.1—1 pA.
Gold pads have been previously evaporated on the surface of the
crystals in order to improve the quality of the contacts and gold wires
(17 ym in diameter) were attached to these pads with silver paint.
Hydrostatic pressure was applied at room temperature in a CuBe
clamp cell using Daphne 7373 silicone oil as the pressure transmitting
medium. The pressure was determined, at room temperature, using a
manganin resistance gauge located in the pressure cell close to the
sample. The pressures indicated here are room-temperature values and
the loss of pressure occurring during cooling is estimated to 1.5 kbar
starting from 12 kbar. Variable temperature data have been provided
by a homemade cryostat equipped with a 4K pulse-tube for the
ambient pressure experiment, using a cernox thermometer and by a
cryocooler equipment for the measurement under high pressure, using
a copper-constantan thermocouple located inside the pressure cell as a
thermometer.

Band Structure Calculations. The tight-binding band structure
calculations and fyomo-romo interaction energies were based upon
the effective one-electron Hamiltonian of the extended Hiickel
method,** as implemented in the Caesar 1.0 chain of programs.*
The off-diagonal matrix elements of the Hamiltonian were calculated
according to the modified Wolfsberg—Helmholz formula.*® All valence
electrons were explicitly taken into account in the calculations and the
basis set consisted of double-{ Slater-type orbitals for all atoms except
H single-{ Slater-type orbitals for H. The exponents, contraction
coefficients, and atomic parameters are detailed below. S(3s):—20.0,
2.662, 0.5564, 1.688, 0.48743. S(3p): —13.3, 2.328, 0.5208, 1.333,
0.5439. C(2s): —21.4, 1.831, 0.7616, 1.153, 0.2630. C(2p): —114,
2.730, 0.25946, 1.257, 0.80264. Ni(4s): —9.70, 2.10, 1.0. Ni(4p):
—5.15, 2.10, 1.0. Ni(3d): —13.49, 5.75, 0.5798, 2.30, 0.5782. N(2s):
—26.0, 2.261, 0.7297, 1.424, 0.3455. N(2p): —13.4, 3.249, 0.2881,
1.499, 0.7783. H(1s): —13.6, 1.3, 1.0.
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