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A novel donor-type metal-dithiolene complex, Ni(edo), [edo =5,6-dihydro-1,4-dioxine-2,3-dithiolate], and its
mixed-ligand derivatives were synthesized and characterized. Their improved solubility and donor abilities have
been confirmed. They provide various types of radical cation salts which exhibit novel donor arrangements.

Metal-dithiolene complexes form very attractive categories of
molecular metals and superconductors. They can have various
oxidation states and can range from electron acceptors to donors.
The first observation of metallic behavior in crystalline metal—
dithiolene complexes was reported for Lig ;s[Pt(mnt),]-2H,O
[mnt =maleonitriledithiolate; Scheme 1] by Underhill ez al. in
1981.! The conduction pathway in molecular conductors based
on metal-dithiolene complexes is via mixed metal(d)-ligand(r)
orbitals where the S atoms play an important role. This is
in contrast to the case of the partially oxidized conducting
platinum complexes, including K;[Pt(CN)4]Bry;-3H,O
(KCP), where a one-dimensional conduction band is formed
by the metal d orbital and there is no contribution by the ligand
to the conduction band. Another important character of the
square-planar metal-dithiolene complex is that the metal d
orbitals cannot mix into the HOMO (highest occupied
molecular orbital) due to the symmetry while the metal d,.
orbital has the appropriate symmetry to mix into the LUMO
(lowest unoccupied molecular orbital).? This leads to the small
energy gap between HOMO and LUMO. Therefore, both the
HOMO and LUMO can play an important role in the
formation of the conduction band depending on the molecular
arrangement.

Acceptor-type metal-dithiolene complexes M(dmit), [dmit =
2-thioxo-1,3-dithiole-4,5-dithiolate, M=Ni, Pd, Pt, Au;
Scheme 1] have provided various conducting radical anion
salts which have been extensively studied.’> Radical anion salts
of Pd(dmit), with a monovalent cation Z*, Z[Pd(dmit),],, are
unique two-band systems associated with the HOMO and
LUMO bands.* In crystals of Z[Pd(dmit),],, a strong
dimerization of the Pd(dmit), units along the stack is observed.
In the dimer, both the HOMO and LUMO generate bonding
and anti-bonding orbitals separated by an energy gap. When
the dimers are assembled into a conduction layer, a “HOMO-
LUMO” band inversion occurs because the dimerization gap is
large compared with the HOMO-LUMO gap (AE). The
conduction band is the HOMO band which lies above the
LUMO band.

The donor-type metal-dithiolene complexes, where the
central C=C bond in the TTF-based organic donor is replaced
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by a transition metal, are also promising materials. For exam-
ple, M(dddt), [dddt=5,6-dihydro-1,4-dithiine-2,3-dithiolate,
M=Ni, Pd, Pt, Au; Scheme 1] complexes which correspond
to the organic n-donor BEDT-TTF (ET) [bis(ethylenedithio)-
tetrathiafulvalene; Scheme 1] are known to provide various
conductors. For example, [Ni(dddt),]5(AuBr,), is the first
metallic radical cation salt of a metal-dithiolene complex which
is stable down to at least 1.3 K.> The “HOMO-LUMO” band
inversion can also be observed in the donor-type system. The
“HOMO-LUMO” band inversion in the donor-type metal-
dithiolene system results in the LUMO band as the conduction
band. This is the opposite to what is observed in the acceptor
system. One drawback with the conventional donor-type
metal-dithiolene complexes with the dddt complex is that
they are poorly soluble in the usual organic solvents, and hence
the preparation of high quality radical cation salts is difficult.
In order to improve the solubility and expand the materials
chemistry of the donor-type metal-dithiolene complex, we have
directed our attention to M(edo), [edo=35,6-dihydro-1,4-
dioxine-2,3-dithiolate; Scheme 1] as an analog of the organic
donor BEDO-TTF (BO) [bis(ethylenedioxo)tetrathiafulvalene;
Scheme 1]. This donor molecule which is soluble in various
organic solvents is known to provide superconducting radical
cation salts.’

We should also emphasize that a large number of
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“unsymmetrical” tetrachalcogenafulvalenes have been synthe-
sized and have enriched the chemistry and physics of the
molecular metals and superconductors.” In general, they show
improved solubility compared with symmetrical species. These
unsymmetrical organic donors can be synthesized by cross-
coupled reactions of the corresponding units followed by liquid
chromatography separation of the cross-coupled product from
the self-coupled products. However, there was no systematic
and general method for the synthesis of mixed-ligand
(unsymmetrical) metal-dithiolene complexes. We have found
that monoanionic mixed-ligand metal-dithiolene complexes
can be easily obtained by ligand-exchange reactions between
parent complexes followed by reversed phase chromatography
separation,® and the mixed-ligand metal complexes obtained
were classified as the acceptor system. A study of mixed-ligand
species is also important in the donor-type metal-dithiolene
complexes. It should be noted that the solubility of the target
species is crucial to the chromatography separation and the edo
ligand is expected to increase the solubility of the mixed-ligand
species.

In this paper, we report on the synthesis and electrochemical
properties of Ni(edo), and its mixed-ligand derivatives, and
structural and physical properties of their radical cation salts.

Results

Synthesis, electrochemistry, and crystal structure of Ni(edo), and
its mixed-ligand derivatives

Synthesis. We have failed to prepare the metal complex
Ni(edo), by the conventional procedure, that is, the ring
opening of ketone (1)* with alkali [NaOMe or K,CO5/18-
crown-6] followed by the addition of NiCl, in MeOH. This is
because dianion 2 produced by the ring opening reaction
rapidly decomposes in solution. We found that the addition of
NiCl, before the ring opening of 1 in MeOH affords violet
[Ni(edo),]"~ (probably n=2) which can be oxidized to the deep
blue neutral species 3 by TCNQ (Method A, Scheme 2). After
this finding, we noticed that the dianion 2 can be isolated as a
Me,N* salt when the ketone 1 was treated with Me,NOH in
THF. Treatment of this Me,N* salt with NiCl, followed by the

1,2-dichloroethane

TCNQ oxidation also gave neutral Ni(edo), with an improved
yield (Method B). Neutral Ni(edo), is soluble in various
organic solvents and easily purified by column chromato-
graphy (silica gel, CH,Cl,).

Mixed-ligand complexes were obtained by the ligand-
exchange reaction between Ni(edo), and the corresponding
donor-type complexes [Ni(L),]® (L=dddt, ddds, ddt, pdt, dtm,
where ddds=15,6-dihydro-1,4-dithiine-2,3-diselenolate, ddt=
1,4-dithiine-2,3-dithiolate, pdt = 6,7-dihydro-5H-1,4-dithiepine-
2,3-dithiolate, dtm = 1,2-bis(methylthio)ethylene-1,2-dithiolate)
with a molar ratio of 1:1 (Scheme 3). In the case of the
monoanionic complexes, acetone was used as solvent.® In the
ligand-exchange reaction between the neutral donor-type com-
plexes, refluxing 1,2-dichloroethane is more effective as solvent
because the solubility of [Ni(L),] is very low. After the reaction,
the remaining [Ni(L),] complex was easily separated by filtration.
The column chromatography (silica gel, CS,—~CH,Cl,) of the
reaction mixture afforded [Ni(edo)(L)] with moderate yields and
recovered Ni(edo),. These procedures can be repeated by the use
of recovered parent complexes to improve the practical yields.

We obtained another two mixed-ligand complexes
[Ni(edo)(L)] (L =dmit and mnt) accidentally. They were formed
by the ligand-exchange reaction which occurred in the electro-
lysis of solutions containing Ni(edo), and Bu"yN[Ni(L),]. In
contrast to other [Ni(edo)(L)] complexes, they are sparingly
soluble in organic solvents.

Electrochemistry. Table 1 shows electrochemical data for
Ni(edo),, mixed-ligand complexes and the parent complexes for
comparison. Ni(edo), shows two pairs of reversible redox waves
at —1.55 and —0.86V (vs. Ag/AgNO;) corresponding to the
[Ni(edo),]* /[Ni(edo),]” and [Ni(edo),] /[Ni(edo),]’ couples,
respectively. These potentials are negatively shifted from
those of Bu"4N[Ni(dddt),], which indicates that Ni(edo), has
a stronger donor ability than Ni(dddt),. The same relationship
is observed between ET and BO.? Moreover, Ni(edo), shows an
irreversible oxidation wave at 0.11 V which is 0.17 V lower than
that of Bu",N[Ni(dddt),].

Electrochemical data of the mixed-ligand complexes suggest
that each redox potential shows the mean value of those for the
corresponding parent species except for E; of Ni(ddds)(edo).

3+ [Ni(L),]

Silica gel, CS,-CH,Cly

reflux

-Cx;, s o X

dddt ddds

-

» [Ni(edo)(L)] (+[M(L);] +3)
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Table 1 Cyclic voltammetric data

Metal complexes  E\/V (=2/—1)%  E/V (=1/0)*  E/V (0/+1)°
Ni(edo), 3 —1.55 —-0.86 0.11
Ni(dddt)(edo) —1.46 —-0.73 0.19
Ni(ddds)(edo) —1.46 —0.72 0.15
Ni(ddt)(edo) —1.42 —0.68 0.10
Ni(edo)(pdt) ~1.53 —0.75 0.19
Ni(dtm)(edo) ~1.53 —0.82 0.03
Ni(dmit)(edo) -1.29 —0.56 0.29
Ni(edo)(mnt) —1.23 —-0.43

Ni(dddt), —1.34 —0.59 -0.28
Ni(ddds), -1.27 —0.51 -0.08
Ni(ddt), —121 —0.49 2021
Ni(pdt), -1.39 -0.52 0.26
Ni(dtm), -1.39 -0.72 0.05
Ni(dmit), —0.86 —0.30

Ni(mnt), —0.50 0.41

“Reversible. “Irreversible wave.

Such a tendency is also observed in unsymmetrical organic
donor molecules.'® This means that electrochemical properties
of the mixed-ligand metal-dithiolene complexes can be tuned
by the ligand combination.

Crystal structure. Single crystals of neutral Ni(edo), suitable
for X-ray structural analysis were obtained by the slow
recrystallization from the CH,Cl,-Pr'OH solution. The unit
cell contains two Ni(edo), molecules, each of which is repeated
uniformly along the ¢ axis (Fig. 1). Two halves of the Ni(edo),
units are crystallographically independent. Each Ni atom in
these two units lies on the inversion center. These independent
molecules are similar to each other in bond lengths and
conformation. Both Ni(edo), molecules are planar except for
the terminal ethylene groups, and this is also the case of the
neutral Ni(dddt), molecule.!! It should be noted that the
corresponding organic donors ET and BO are non-planar in
the neutral state. The averaged bond lengths of Ni—S, S-C and
C=C are 2.15, 1.68 and 1.41 A, respectively. The Ni-S bond
length in Ni(edo), is slightly longer than that in Ni(dddt),
(2.12 A).

Single crystals of neutral [Ni(dmit)(edo)] were grown by the
electrolysis of a solution containing Ni(edo), and Bu"4N[Ni-
(dmit),] in 1,2-dichloroethane. Fig.2 shows the crystal
structure of Ni(dmit)(edo). The unit cell contains four

Fig. 1 Crystal structure of Ni(edo), 3.

Fig. 2 Crystal structure of Ni(dmit)(edo).

[Ni(dmit)(edo)] molecules, one of which is crystallographically
independent. The [Ni(dmit)(edo)] unit is almost planar and
repeated in a head-to-tail fashion along the ¢ axis. The
averaged bond lengths of Ni-S, S-C and C=C are 2.15, 1.70
and 1.39 A, respectively. Single crystals of [Ni(edo)(mnt)] were
also obtained by a similar procedure from a solution
containing Ni(edo), and Bu”4;N[Ni(mnt),] in chlorobenzene.
As shown in Fig. 3, the unit cell contains four [Ni(edo)(mnt)]
molecules, one of which is crystallographically independent.
The [Ni(edo)(mnt)] molecules are arranged alternately along
the ¢ axis. The averaged bond lengths of Ni-S, S-C and C=C
are 2.15, 1.69 and 1.39 A, respectively.

Structural and physical properties of radical cation salts

The galvanostatic oxidation of the donor-type metal-dithiolene
complexes in the presence of the corresponding counter anion
(X7) provided radical cation salts, such as [Ni(edo),]3(X), with
X =ClOy4, PF¢, SbFg, [Ni(edo),]»(X) with X=FeCly, GaCly,
FeBry, AsFg, [Ni(dddt)(edo)]3(X), with X=PF,, AsFs, SbFs,
FeCly, FeBry, [Ni(ddds)(edo)]3(PFs),, [Ni(ddds)(edo)]»(FeCly),
[Ni(ddt)(edo)],(X) with X=BF,, PFs FeCly, GaCly, [Ni-
(edo)(pdt)]3(PFg),, [Ni(edo)(pdt)[(X) with X=ClO4, FeCly,
GaCly, and [Ni(dtm)(edo)]»(X) with X=ClOQ,4, FeCly. Their
stoichiometry could be determined by EPMA (electron probe
microanalysis). Further characterization is provided by the
crystal structure determinations and conductivity measure-
ments for six salts.

[Ni(edo),]3(PFg),. The unit cell contains six Ni(edo), mole-
cules (Fig.4). One and a half Ni(edo), units are crystal-
lographically independent (molecules A and B in Fig. 4). The

Fig. 3 Crystal structure of Ni(edo)(mnt).
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Fig.4 Donor arrangement in [Ni(edo),]3(PFs), viewed along the
molecular long axis.

Fig.5 Trimer in [Ni(edo),]3(PF¢),.(a) top view, (b) side view.

Ni atom in the molecule A is located on the inversion center.
The Ni(edo), molecules form trimers which are packed almost
perpendicularly to each other. This structural feature reminds
us of the k-type arrangement, which is frequently observed in
the high-7, ET-based superconductors.'? In the k-type ET
salts, the donor molecules form face-to-face “dimers”. The
dimer has the thickness (=the inter-planar spacing) almost
equal to the width (=the length of the short molecular axis),
which is suitable for the orthogonal packing. Therefore, it
appears difficult for trimers to form orthogonal packing. Fig. 5
shows the side and top views of the trimer. The central mole-
cule (A) spans two terminal molecules (B) which exhibit a trans-
verse slip. This is a kind of “spanning overlap” which was first
found in the two-dimensional metal cx-EthezN[Ni(dmit)g]z.13
This novel overlapping mode, which enlarges the width of the
trimer to fit the thickness of the adjacent trimer, is the trick for
the formation of the trimer-based k-type packing.

The molecule A has a chair-conformation, while the
molecule B has a boat-conformation. This indicates that the
overlapping edo ligands repel each other. The averaged bond
lengths for Ni-S, S—C and C=C in the dithiolene skeleton of the
molecule A are 2.19, 1.70 and 1.39 A, respectively, and those
for the molecule Bare 2.17, 1.68 and 1.42 A, respectively. These
differences in the conformation and the bond lengths suggest
disproportionation of the formal charge between the molecules
A and B. The present data, however, are not enough for more
detailed analysis. The inter-planar distance between molecules
A and Bis 3.013 A. The Ni atom in the molecule A exhibits an
elongated octahedral coordination and the Ni atom in the
molecule B is penta-coordinated (Fig.5). Intermolecular
metal-ligand contacts Ni(A)---S(B) and Ni(B):--S(A) are
3.129(1) and 2.685(1) A, respectively. Similar coordination
geometries are also observed in Ni(dddt), salts.'* In the trimer,
S-S distances (3.313(2) A) shorter than the van der Waals
distance are observed, and there are no short inter-trimer
0O---0, S---S and O---S distances. The PF¢  anions lic between

2134 J. Mater. Chem., 2001, 11, 2131-2141

Table 2 Calculated overlap integrals (S) between frontier orbitals
(x 10%) for [Ni(edo),]s(PF) (See Fig. 4)

S HOMO-HOMO LUMO-LUMO HOMO-LUMO
b —53.27 +8.58 +46.28, 6.09

c —1.35 +3.15 +7.69, —1.13
pl —5.82 0.98 —3.01, 5.83

p2 —0.57 0.61 —0.65, 0.49

q 0.38 0.62 —0.48,

the donor layers and are located far from the molecules A and
close to the molecules B.

The overlap integrals for the frontier orbitals (HOMO and
LUMO) are listed in Table 2. Calculations were based on the
extended Hiickel approximation. Large intra-trimer inter-
actions (|b| in Fig. 4) indicate strong trimerization. We cannot
neglect intra-trimer HOMO---LUMO interactions in the present
case. In Z[Pd(dmit),],, the intra-dimer HOMO:---LUMO
interaction is negligible. This is because two Pd(dmit), units
in the dimer adopt an eclipsed configuration and the symmetry
of the HOMO is different from that of the LUMO. On the
other hand, the spanning configuration in the trimer in
[Ni(edo),]s(PF¢), is the one which provides the large
HOMO:---LUMO interactions. In the trimer, each HOMO
and LUMO generates bonding, anti-bonding, and non-
bonding orbitals. The tight-binding band calculation indicates
that the HOMO-LUMO band inversion does not occur
without the intra-trimer HOMO:--LUMO interactions.
Although this calculation was performed with an assumption
that all the Ni(edo), cations have the same formal charge
(+3), the result is suggestive of a mechanism of the HOMO-
LUMO band inversion. Introduction of the intra-trimer
HOMO:---LUMO interactions causes the HOMO-LUMO
band inversion as shown in Fig. 6. Each band has a very
narrow band width. The lower four bands in Fig. 6 are fully
occupied and thus this calculation predicts that the present
system is a semiconductor with an energy gap. Indeed,
[Ni(edo),]3(PF¢), shows semiconductive behavior in its elec-
trical resistivity (p=1.1x 10* Q cm, E,=0.2 eV).

[Ni(edo),],FeCl,. The unique trimer structure of the
Ni(edo), unit is also observed in the 2:1 FeCly salt. This salt
is an insulator. Fig. 7 shows the donor arrangement in the ac
plane. The unit cell contains four Ni(edo), units (A, B, B, C).
The molecules A and C lie on the inversion centers. The
molecules B and B’ are related by the inversion symmetry.
Molecules A, B, and B’ form a trimer similar to that in
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Fig. 6 Calculated band structure of [Ni(edo),]3(PFs),. The points in
the reciprocal space are named I'(0,0,0), Y(0,7/b,0), Z(0,0,n/c), M(O,
n/b, mlc), respectively.



(b) B--C

Fig.8 Modes of overlap in [Ni(edo),],FeCl,.

[Ni(edo),]3(PFs),. The inter-planar distance between molecules
A and B(B') is 3.092 A, while the one between molecules B(B')
and C is 3.546 A. Between molecules A and B(B'), short inter-
molecular metal-ligand contacts Ni(A)---S(B) (3.391(1) A) and
Ni(B)--S(A) (2.860(2) A) are observed, while there is no short
inter-molecular metal-ligand contact between molecules B and
C. The mode of overlap of the trimers is shown in Fig. 8. In
contrast to the molecules A and B, the molecule C is fairly
planar. The averaged bond lengths for Ni-S, S-C and C=C in
the dithiolene skeleton are 2.18, 1.69 and 1.39 A in the molecule
A, 2.16, 1.67 and 1.42 A in the molecule B, and 2.15, 1.68 and
1.39 A in the molecular C . Considering that 1) the trimer in
[Ni(edo),]s(PF¢), has the formal charge of +2 and 2) the
neutral Ni(edo), molecule is planar, we anticipate that the
charge separation is -+ [trimer]* " [Ni(edo),]°[trimer]* " -
[Ni(edo),]%+++ along the a+ ¢ direction. The FeCl,  anions
lie between the donor layers.

The tight-binding band calculation with an assumption that
all the Ni(edo), cations have the same formal charge (+3) is
suggestive of the insulating nature of this salt. Since the
calculation including both HOMO and LUMO indicated that
the HOMO-LUMO band inversion does not occur in this
system, we will discuss only the HOMO band. Calculated
overlap integrals between the HOMOs are listed in Table 3.
The major interactions are observed along the a+ ¢ direction
(al and a2). This system is one-dimensional and the repeat unit
along the chain contains four donor molecules. Therefore, the
HOMO band has four branches, each of which is separated by
an energy gap. Fig. 9 shows a calculated band structure with
the 3-filling, which explains the insulating behavior of this salt.

[Ni(edo),],FeBr4. The crystal structure of this insulating salt
is closely related to that of the FeCly salt. The unit cell contains

Table 3 Calculated overlap integrals (S) between HOMO’s ( x 10%) for
[Ni(edo)z]zFeCh

CB "B J«> B ]

pl g2
57 f=

e plféﬂ T
a q
o fa2m”
B
'1\(:!I ¢a1 c1
A WS A A
0 4
s HOMO-HOMO
al —49.49
a2 —~17.91
cl 0.24
2 0.70
3 0.20
pl 0.004
ql —2.12
q2 —-0.71
1.000
0.800 |- —
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Fig. 9 Calculated band structure of [Ni(edo),],FeCly. The points in the
reciprocal space are named I"(0,0,0), X(n/a,0,0), Z(0,0,7/c), respectively.

sixteen Ni(edo), units which form two (crystallographically
equivalent) donor layers separated by the FeBr, anions. Within
the donor layer, there are two types of donor columns (1 and 2
in Fig. 10) along the ¢ axis, while the donor layer in the FeCly

column 2

column 1

Fig. 10 Donor arrangement in [Ni(edo),],FeBry.
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(b) E...F...E’

Fig. 11 Modes of overlap in [Ni(edo),],FeBry.

salt is formed by the repeat of one donor stack along the
side-by-side direction (the ¢ axis). The stack 1 contains
molecules A, B, C, B’ (molecules B and B’ are related by the
inversion symmetry) and the stack 2 contains molecules D, E,
F, E' (molecules E and E are related by the inversion
symmetry). The molecules A, C, D and F lie on the inversion
centers. In the stack 1, inter-planar distances are 3.499 A
(between molecules A and B) and 3.314 A (between molecules
B and C), which indicates that trimerization in the stack 1 is
rather weak. There is no short inter-molecular metal-ligand
contact. Each molecule in the stack 1 shows a planar
conformation (Fig. 11(a)). On the other hand, in the stack 2,
inter-planar distances are 3.539 A (between molecules D and E)
and 3.110 A (between molecules E and F), and there are
short inter-molecular metal-ligand contacts Ni(E):--S(F)
(3.365(5) A) and Ni(F)---S(E) (2.961(5) A) between molecules
E and F. The molecular conformation is a chair-type for the
molecule E and a boat-type for the molecule F (Fig. 11(b)),
while the molecule D is almost planar. All these features
indicate that the stack 2 is very similar to the stack in the FeCly
salt. The FeBr, salt is considered a band insulator, as is the case
of the FeCly salt.

Other Ni(edo), salts. [Ni(edo),]3(ClOy), is a semiconductor
(pr=1.1x10*Qcm, E,=0.2eV) with the monoclinic lattice
(a=16.408(5), b=12.16(1), ¢=10.818(3) A,f=105.12(6)°)
which suggests that this salt is isostructural with the PFg
salt. [Ni(edo),],GaCly is an insulator with the triclinic lattice
(a=13.38(2), b=16.15(1), ¢=7.477(9) A,0=101.52(8), f=
101.88(4), y=91.99(7)°) which suggests that this salt is
isostructural with the FeCly salt. [Ni(edo),],AsFs is a semi-
conductor (py=5.8% 10> Qecm, E,=0.5¢V) and [Ni(edo),]s-
(SbF¢), is an insulator.

[Ni(ddt)(edo)],BF,4. In contrast to the Ni(edo), salts, there is
no trimer structure in radical cation salts of the mixed-ligand
complexes. The unit cell of [Ni(ddt)(edo)],BF, contains eight
donor molecules, two of which are crystallographically
independent (molecule A and B in Fig. 12). In the unit cell,
there are two (crystallographically equivalent) donor layers
separated by the BF, anions. The donor molecules stack along
the b axis. It is well known that unsymmetrical donor molecules
tend to stack alternately, in other words, in the head-to-tail
fashion. In this case, however, donor molecules exhibit a head-
to-head stacking. Since there is only “glide plane” symmetry,
all donor molecules in the crystal align in the same direction. In
the stack, inter-planar distances are 3.357 and 3.501 A, which
suggests that the donor molecules are paired to form a dimer.
Two modes of overlap (side and top views) are shown in

2136 J. Mater. Chem., 2001, 11, 2131-2141

Fig. 13 Modes of overlap in [Ni(ddt)(edo)],BF,.

Fig. 13. Both modes are characterized by a twisted overlap with
the twist angle between the longitudinal molecular axes of 21°.
The short inter-molecular metal-ligand contact is observed
only between Ni(B) and S(A) (3.357(4) A). Molecules A and B
are almost planar. The terminal ethylene group in the edo
ligand of the molecule B exhibits a disordered conformation.
The most interesting point is that the edo ligands never overlap
and the donor molecules overlap only at the ddt site.

In spite of a promising stoichiometry which could involve a
partially occupied band, this compound is a semiconductor
with p=1.8 x 102Qcm and E,=0.2 ¢V. Calculated overlap
integrals between HOMOs are listed in Table 4. Tight-binding
band calculation suggests that there is no HOMO-LUMO
band inversion and the conduction band of this compound is a
very narrow HOMO band (Fig. 14). Since this HOMO band is
half-filled, it is plausible that the system is in a Mott insulating
state.

[Ni(dddt)(edo)]3(FeCly),. Fig. 15 shows donor arrangement
in the crystal of [Ni(dddt)(edo)]3(FeCly),. The unit cell contains
twelve donor molecules and two (crystallographically equiva-
lent) donor layers. Three crystallographically independent
molecules (A, B, and C) are related to molecules A’, B’, and C’
by the two-fold axis. Six molecules (A, B, C, C', B, A’) are

Table 4 Calculated overlap integrals (S) between HOMOs ( x 10°) for
[Ni(ddt)(edo),BF4 (See Fig. 12)

S HOMO-HOMO
b1 1.15
b2 -0.25
b3 1.56
cl —29.57
c2 -7.53
c3 —4.21
c4 —24.95
pl 0.02
P2 1.68
p3 -0.73
ql -0.7
q2 -0.02
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Fig. 14 Calculated band structure and Fermi surface of [Ni(ddt)-
(CdO)]ZBF4.

Fig. 15 Donor arrangement in [Ni(dddt)(edo)];(FeCly),.

repeated along the ¢ axis. The repeat unit is characterized by
three inter-planar distances of 3.226 A (between molecules A
and A’), 3.535A (between molecules A and B), 3.558 A
(between molecules B and C), and 3.207 A (between molecules
C and C’) and two modes of overlap are shown in Fig. 16. In
every case, a largely twisted donor arrangement is observed and
there is no overlap of the edo ligands. The twist angles between
the longitudinal molecular axes are 69° (for A---A’ and C---C’
pairs) and 35° (for A---B, B---C pairs). Short inter-molecular
metal-ligand contacts Ni(A)--S(A") (2.954(2) A) between
molecules A and A’ and Ni(C)---S(C") (2.961(5) A) between
molecules C and C’ are observed. The dddt ligand deviates
from the molecular plane in the molecules A and C, while the
molecule B is almost planar.

As shown in Table 5, calculated overlap integrals between
HOMOs indicate that this system has a one-dimensional
character along the ¢ axis. The stack contains two dimerized
pairs (A---A’ and C---C’). The six-fold structure and the 3:2
stoichiometry predict that this system is a semiconductor with
an energy gap. Indeed, this salt is a semiconductor with p, =
1.0x10* Qem and E,=0.5¢€V.

[Ni(dtm)(edo)],ClO4. This salt is a semiconductor with
pr=13x10*Qcm and E,=04eV. The unit cell contains
sixteen donor molecules and the asymmetric unit contains two
crystallographically independent donor molecules (A and B in
Fig. 17). The donor arrangement is characterized by a four-fold
stack (---ABA'B’---) along the ¢ axis. Two modes of overlap are
pictured in Fig. 18. The molecule B overlaps with the molecule
A in a head-to-tail fashion with an inter-planar distance of
3.297 A, and with the molecule A’ in a head-to-tail fashion with

(b) A~B

Fig. 16 Modes of overlap in [Ni(dddt)(edo)]3(FeCly),.

Table 5 Calculated overlap integrals (S) between HOMOs ( x 10%) for
[Ni(dddt)(edo)]5(FeCly),
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Fig. 17 Crystal structure of [Ni(dtm)(edo)],ClO,.
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Fig. 18 Modes of overlap in [Ni(dtm)(edo)],ClO,.

Table 6 Calculated overlap integrals (S) between HOMOs ( x 10°) for
[Ni(dtm)(ed0)],ClO4

(e %8 185 ]

N a2

A 182 &8 2]

c p1, tc’] al
[ B <[ B | B |
V Iczv\pz‘
(A 83 a 182
o b
S HOMO-HOMO
b1 —0.11
b2 -0.16
b3 —0.48
b4 —-0.57
cl —~16.72
2 7.04
pl 0.54
p2 0.009
ql 0.67
Q2 —-0.06

an inter-planar distance of 3.571 A. The twist angles between
the longitudinal molecular axes are 27° (for the A---B pair) and
9° (for the A’---B pair). There is no overlap of the edo ligands,
observed for other salts mentioned above. In TTF-based
organic conductors, the MeS-group frequently protrudes from
the TTF molecular plane. Two MeS-groups in this salt,
however, are included in the molecular plane and both A and B
molecules are almost planar.

Calculated overlap integrals among HOMOs listed in
Table 6 indicate that this system has a strong one-dimensional
character. The donor molecules are dimerized along the ¢ axis,
and inter-chain interactions are very weak. The tight-binding
band calculation shows that there is not a HOMO-LUMO
band inversion and the conduction band is a very narrow and
half-filled HOMO band (Fig. 19).

Other salts. [Ni(ddt)(edo)],FeCl, with the monoclinic lattice
(a=33.60(1), b=6.898(3), ¢=12.787(6) A, P=95.524(8)°,
V'=2949(2) A%) exhibits rather low resistivity down to low
temperature (Fig. 20). [Ni(dddt)(edo)]s(PF¢), has a triclinic
lattice with lattice constants of = 10.59, b=31.58, c=6.92 A,
0=97.10, $=98.68, y=79.31°. The small size of the crystals
prevented conductivity measurement of this salt.
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Fig. 19 Calculated band structure of [Ni(dtm)(ed0)],ClOy4. The names
of the points in the reciprocal space are the same as those in Fig. 6.

! I |
0 50 100 150 200

TIK

|
250 300

Fig. 20 Temperature dependence of the resistivity for [Ni(ddt)(edo)],.
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Conclusion

The novel donor-type metal-dithiolene complex, Ni(edo),, and
its mixed-ligand derivatives were successfully synthesized. The
solubility is largely improved in these complexes and their
donor abilities have been confirmed. The radical cation salts
based on these newly synthesized metal complexes have
exhibited novel donor arrangements including the trimer-
based x-type. It should be noted that the edo ligand shows a
repulsive inter-ligand interaction and the face-to-face overlap
of the edo ligands seems difficult in the crystal, which
frequently leads to the twisted and spanning overlap of the
metal complexes. This is in contrast to the BO-based radical
cation salts where the organic donor BO shows a strong
tendency to aggregate into a two-dimensional layered structure
by the aid of both inter-molecular C-H-:-O and side-by-side
heteroatom contacts.'® In other words, the edo unit seems to
have a strong tendency to restrict the mode of overlap, as does
the ethylenedioxo unit within BO, but in the opposite way. An
origin of this unique feature of the edo ligand remains an open
question. We propose to use the characteristics of the edo
ligand (improved solubility and unique molecular arrange-
ment) in combination with the extended n-ligands derived from
TTF, one of which has been reported to give the single-
component neutral compound Ni(tmdt), (tmdt = trimethylene-
tetrathiafulvalenedithiolate) exhibiting metallic conductivity
down to 0.6 K."” In such a largely elongated m molecule, its
poor solubility is a serious problem and the spanning overlap
mode plays an important role in the formation of the three-
dimensional electronic structure. Further studies are in
progress.



Experimental

Synthesis

Ni(edo), 3. (Method A) To a stirred solution of 0.83 g
(4.7 mmol) of 2,5-dioxa-7,9-dithiabicyclo[4.3.0]non-1(6)-en-8-
one 1'® and 0.56g (2.4 mmol) of NiClg-6H,O in MeOH
(30 mL) was added 0.66 g (4.8 mmol) of K,CO;3 and 2.51 g
(9.5 mmol) of 18-crown-6 in MeOH (35mL) at room
temperature under Ar. After the resultant deep violet solution
was stirred for an hour at room temperature, 0.97 g (4.8 mmol)
of TCNQ in CH,Cl, (100 mL) was added. The green reaction
mixture was stirred for an hour under Ar. The solvent was
evaporated under reduced pressure and the residue was column
chromatographed using silica gel and CH,Cl, as the eluent.
The product was recrystallised from CH,Cl,~Pr'OH (deep blue
plates, 0.26 g, 31% yield); Found C, 26.97; H, 2.25; N, 0.00.
CgHgO48,4Ni requires C, 27.06; H, 2.27; N, 0.00%. MS (**Ni,
EI): m/z=354 (M™"). (Method B) To a THF solution (50 mL)
of 0.35 g (2 mmol) of 1 was added 4.8 mL (4.0 mmol) of 10%
MeyNOH in MeOH at room temperature under Ar. A white
precipitate formed immediately and the reaction mixture was
stirred for 30 min. The white precipitate was isolated by
filtration, washed with THF (3 x20mL), and dissolved in
MeOH (10 mL) under Ar. To this solution was added 0.23 g
(1.0 mmol) of NiClg-6H,0 in MeOH (5 mL). After the reaction
mixture was stirred for 25 min at room temperature under Ar,
0.42 g (2.1 mmol) of TCNQ in CH,Cl, (50 mL) was added. The
reaction mixture was allowed to stir for an hour under Ar. The
solvent was evaporated under reduced pressure and the residue
was column chromatographed using silica gel and CH,Cl, as
the eluent. The product was recrystallised from CH,Cl,-Pr'OH
(0.19 g, 54% yield).

Ni(dddt)(edo). A solution of 3 (100 mg, 0.28 mmol) and
Ni(dddt)," (123 mg, 0.29 mmol) in 1,2-dichloroethane (50 mL)
was refluxed overnight under Ar. The solvent was evaporated
under reduced pressure. Column chromatography of the
residue using silica gel and CS,~CH,Cl, (1:1) as the eluent
afforded the product and recovered 3 (26 mg). The product was
recrystallised from CH,ClL,-Pr'lOH (dark green powder,
111 mg, 50.9% yield); Found C, 24.85; H, 2.17; N, 0.00.
CsHgO,S¢Ni requires C, 24.81; H, 2.08; N, 0.00%. MS (**Ni,
EI): m/z=386 (M ™).

Other mixed-ligand complexes were synthesized using the
same protocol.

Ni(ddds)(edo). Using 55 mg (0.16 mmol) of 3 and 99 mg
(0.16 mmol) of Ni(ddds),,?® dark green powder was obtained
(11 mg, 7.4% yield); Found C, 20.39; H, 1.60; N, 0.00.
CgHg0,S4Se;Ni requires C, 19.98; H, 1.68; N, 0.00%. MS
(EI): m/z=482 (M) with an isotropic pattern of one nickel
and two selenium atoms.

Ni(ddt)(edo). Using 67 mg (0.19 mmol) of 3 and 84 mg
(0.20 mmol) of Ni(ddt),,%® a dark green powder was obtained
(35 mg, 24% yield); Found C, 25.04; H, 1.65; N, 0.00.
CgHg0,S6Ni requires C, 24.94; H, 1.57; N, 0.00%. MS (**Ni,
EI): m/z=384 (M ™).

Ni(edo)(pdt). Using 32mg (0.09 mmol) of 3 and 42 mg
(0.09 mmol) of Ni(pdt)z,19 a blue-green powder was obtained
(36 mg, 50% yield); Found C, 26.89; H, 2.49; N, 0.00.
CoH9O,SeNi requires C, 26.94; H, 2.51; N, 0.00%. MS
(°®Ni, EI): m/z=400 (M ™).

Ni(dtm)(edo). Using 59 mg (0.17 mmol) of 3 and 34 mg
(0.08 mmol) of Ni(dtm),,?® a dark green powder was obtained
(41 mg, 66% yield); Found C, 24.84; H, 2.58; N, 0.00.
CgH9O,S¢Ni requires C, 24.69; H, 2.59; N, 0.00%. MS
(*®Ni, EI): m/z=388 (M ™).

Electrochemical studies. The cyclic voltammetry experiments
were all performed with a YANACO polarographic analyzer
P-1100 under Ar at room temperature. A solution of Bu"s-
NCIO,4 in benzonitrile (0.1 M), Pt working and auxiliary
electrodes were used. Potentials were referenced vs. Ag/0.01 M
AgNO;. The scan rate was 100 mV s~ ' in every experiment.

Electrochemical crystallization. Single crystals were grown
electrochemically in an H-shaped 20 ml cell under an Ar
atmosphere at constant current at 20 °C. The donor molecule
and a supporting electrolyte were dissolved in chlorobenzene or
1,2-dichloroethane. Detailed conditions are given in the
electronic supplementary information.t

X-Ray diffraction data collection and structure determination

All data were collected at room temperature using a
Weissenberg-type imaging plate (DIP320, MAC Science) or
an automatic four-circle diffractometer (MXC18, MAC
Science) with  graphite-monochromated Mo-Ka (4=
0.71070 A) radiation. w—26 scans were employed for data
collection and Lorentz and polarization corrections were
applied in the four-circle diffractometer measurements. The
crystal structures were solved by the direct method and refined
by the full-matrix least-squares procedure. The refinement was
performed using SHELXL-93%! for Ni(edo)(mnt), [Ni(ddt)-
(edo)],BF,, [Ni(dddt)(edo)]3(FeCly),, and [Ni(dtm)(edo)],ClOy,
or the teXsan crystallographic software package from Mole-
cular Structure Co. for the others. When the four-circle
diffractometer was used, analytical absorption correction was
also carried out. In the case of the imaging plate, the absorption
correction was included in the scaling process of the image
data. The temperature factors were refined anisotropically for
the non-hydrogen atoms. All hydrogen atoms were located at
calculated positions with fixed isotropic contributions. Crystal
data and experimental details are listed in Table 7.5

Band calculation

The inter-molecular overlap integrals (S) among frontier
orbitals were calculated on the basis of the extended Hiickel
MO method. The semiempirical parameters for Slater-type
atomic orbitals are given in Table 8. The band structure and the
shape of the Fermi surface were calculated by the tight-binding
method, using the transfer integral (f) estimated from the
approximation ¢= ES, where E is a constant whose order is of
the energy level of the HOMO (—10¢eV). The energy gap
between HOMO and LUMO (AE) was estimated from the
molecular orbital calculation of the neutral Ni(edo), molecule
using density functional theory (DFT) calculations. DFT
calculations were performed with Gaussian94®> using the
B3LYP function, and gradient corrections for exchange® and
correlation? effects were introduced. A double-{ basis with
electron core pseudopotential®® was used.

Electrical resistivity

The measurements of the temperature dependence of resistivity
were carried out by the standard four-probe dc method. Gold
leads (15 pm diameter) were attached to the sample with
carbon paste.

1CCDC reference number(s) 162731-162739. See http://www.rsc.org/
suppdata/jm/b1/b102000p/ for crystallographic files in .cif or other
electronic format.
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Table 8 The exponents { and the ionization energies I, for atomic orbitals

Ni S (0] C H
4s 4p 3d 3s 3p 2s 2p 2s 2p Is
14 2.100 2.100 2.122 1.827 2.275 2.275 1.625 1.625 1.000
Double ¢ 5.75(0.5798)
2.30(0.5782)
—1I, (Ryd) 0.805 0.461 1.044 1.620 0.770 2.373 1.087 1.573 0.838 1.000
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