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Abstract—Synthesis of redox-active bis-pyridine ligand, 4 0,5 0-bis(methylthio)-4,5-bis(2-pyridylethynyl)tetrathiafulvalene (1) has
been carried out in moderate yield starting from the corresponding diiodide. Bis(pyridylethynyl)–TTF 1 forms 1:1 complexes with
Cu(I) and Cu(II) salts. Occurrence of the charge transfer from the TTF moiety to the copper atom was found to depend on the
environment of copper atom.
� 2007 Elsevier Ltd. All rights reserved.
Tetrathiafulvalene (TTF) and its derivatives have
received considerable attention because of the high elec-
trical conductivities of their CT-complexes and cation
radical salts,1 and because of their applicability in
molecular science as a strong p-donor to form stable cat-
ion radical species.2 Thus, TTFs have been employed for
the construction of functional molecular materials.3,4

On the other hand, new compounds bearing both mag-
netic interactions and electrical conductivities are an
attractive target molecule for synthetic chemists and
molecular scientists.5 An important requirement for
these materials is a long-range magnetic coupling be-
tween localized spins of organic radicals (p-electron)
and transition metals (d-electron) through mobile elec-
trons of the conducting p–p networks. Although many
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TTF derivatives having metallic state coexisting with
ferromagnetism via d–p interaction were reported,6 the
structure contains two completely independent metallic
and magnetic sublattices.

To construct molecules having strong intramolecular
d–p interaction, we designed a diad system composed
of covalently linked TTF and copper–pyridine moieties,
because the strong interactions between TTF moiety
and copper(II) atom can be expected. Furthermore, this
multi-functional system can be regarded as an ideal
model to examine charge-transfer interaction between
TTF and Cu(II) atom. We report here the synthesis
and interesting electronic properties of 4 0,5 0-bis(methyl-
thio)-4,5-bis(2-pyridylethynyl)tetrathiafulvalene (1) and
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Figure 1. X-ray structure of 1. (a) Top view; (b) side view; (c) packing
structure. The selected bond lengths (Å) are as follows: S1–C1 1.753(4);
S1–C3 1.741(6); C1–C2 1.350(8); C3–C4 1.336(6); C5–C6 1.344(8).
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its copper(I) and copper (II) complexes 2, 4, and 5
together with their cation radical species 3.

Synthesis of 1–5 was carried out using the reactions
shown in Scheme 1. Thus, the phosphite-mediated
cross-coupling of 6 with 7 formed 8 (48%).7 Sonogashira
coupling of 8 with 2-ethynylpyridine in the presence of
Pd(PPh3)4 and CuI in Et3N-benzene at room tempera-
ture produced 1 (66%).8 Bis(pyridylethynyl)–TTF 1 is
stable in the solid state but 1 in a solution gradually
decomposes at room temperature. The cyclic voltam-
metric analysis shows that 1 possesses a moderate donor
ability (Eox1

1=2 ¼ 0:15 V and Eox2
1=2 ¼ 0:43 V vs Fc/Fc+),

because the ethynylpyridine units act as electron-with-
drawing substituents. Interestingly, 1 exhibits solvato-
chromism, and a solution 1 in CH2Cl2 or THF is
reddish orange, whereas a solution of 1 in CS2 is wine-
red.4a,b,9

The molecular structure of 1 was determined by X-ray
analysis (Fig. 1).10 As shown in Figure 1a, each nitrogen
atom in the pyridine ring is placed outside the molecular
frame. The TTF moiety has a slightly bent boat form,
and the dihedral angle of the two 1,3-dithiole ring is
18.69� (Fig. 1b). In contrast, the two pyridylethynyl
units and C(1)–C(2) bond are coplanar, and the maxi-
mum atomic deviation from the least-squares plane is
0.0997 Å (Fig. 1b). As shown in Figure 1c and Supple-
mentary data, 1 forms a dimer structure along the
head-to-tail stacked pyridine–acetylene-1,3-dithiole
units, and a pyridine ring of the perpendicularly located
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Scheme 1. Synthesis of 1 and 2–5.
neighboring molecule occupies the inner space formed
by the two pyridylethynyl units in 1. There is an
intermolecular CH � � �N short contact [C(7) � � �N(1)
3.384(7) Å] between SCH3 and pyridine units.

Copper(I) complex 2 was prepared in 95% yield by mix-
ing 1 with CuI(CH3CN)4PF6 in CH2Cl2, whereas 3 was
Figure 2. X-ray structure of 2. (a) Molecular structure; (b) side view;
(c) top view. Counter ions are omitted for clarity in (b) and (c). The
selected bond lengths (Å) and angles (�) are as follows: Cu1–N1
1.915(2); Cu1–N2 1.902(2); Cu2–N3 1.887(2); Cu2–N4 1.886(2); Cu1–
F1 2.954(2); Cu2–F1 2.935(3); N1–Cu1–N2 174.63(16); N3–Cu2–N4
174.52(16).



Figure 3. X-ray structure of 5. (a) Molecular structure; (b) side view.
The selected bond lengths (Å) and angles (�) are as follows: Cu1–N1
2.012(3); Cu1–N2 2.014(3); C3–C4 1.339(5); N1–Cu1–N2 177.52(15).
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prepared in 74% yield by mixing 1 with CuII(CF3SO3)2

in CH2Cl2–acetone. The copper(II) complex 4 was pre-
pared in 84% yield by mixing 1 with CuIICl2 in THF–
EtOH, and 5 was obtained in 87% yield by heating a
solution of 1 with CuII(hfac)2 in hexane–CH2Cl2.

Copper(I) complex 2 was crystallized from CH2Cl2–
EtOH–AcOEt to yield single crystals. The molecular
structure of the 1:1 complex 2 was proved by X-ray crys-
tallographic analysis.11 The crystal lattice includes head-
to-head stacked two crystallographically independent
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Scheme 2. Magnitude of electron transfer from TTF group to copper(II) m
molecules, which are found to have essentially the same
structure except for the N(1)–Cu(1)–N(2) bonds
[1.915(2) and 1.902(2) Å] and N(3)–Cu(2)–N(4) bonds
[1.887(2) and 1.886(2) Å].12 It is worth noting that the
dihedral angles of N–Cu–N bonds are 174.52(13)� and
174.63(13)�, reflecting no ring strain (Fig. 2). As shown
in Figure 2a, F(1) of the PF6 anion interacts with the
two copper(I) atoms, and another PF6 anion is located
near the methylthio groups of the head-to-head dimer-
ized TTF moieties. Dimeric 2 stacks head-to-tail to form
a layered structure, in which there are no short contacts
in the head-to-head and head-to-tail dimeric pairs.
However, the slide-stacked pair of 2 exhibits a short
contact of 3.32 Å between the two dipyridylethynyl moi-
eties (Fig. 2b). Interestingly, 2 forms a seat structure
with the two S � � �S contacts of 3.569 and 3.661 Å
(Fig. 2c). Although 2 forms a layered structure, 2 shows
no electric conductivity due to its neutral TTF moiety.

The structure of copper(II) complex 5 was determined
by X-ray analysis.13 As shown in Figure 3, the hfac
ligands in 5 are located perpendicular to the molecular
plane of 1, and the copper(II) atom is folded in the pyr-
idine and hfac ligands. The distances of the Cu(1)–N(1)
and Cu(1)–N(2) bonds are 2.012(3) and 2.014(3) Å
(Fig. 3a), which are very close to the distances of known
Cu(hfac)(pyridine)2 complexes.14 The Cu–O distances
are also close to the known values. Interestingly, the
dihedral angle of N(1)–Cu(1)–N(2) bond is
177.52(15)�. The complex 5 stacks head-to-tail to form
a partially overlapped columnar structure to sidestep
the bulky hfac groups (Fig. 3b).15

Although no X-ray structural data of 3 and 4 were
obtained, the UV and ESR spectra of these compounds
exhibit detailed information about their structures. The
reaction of 1 with CuII(CF3SO3)2 produces 3, and the
structure of 3 exhibits almost no contribution of
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TTF(neutral)–CuII form 3a, because the ESR spectrum
of 3 in CH2Cl2 shows a signal at g = 2.0072 based on
TTF cation radical. Thus, 3 exists as TTF�+ (cation radi-
cal)–CuI form 3b (Scheme 2). In contrast, the X-ray
analysis of 5 clearly shows that 5 exists as TTF(neu-
tral)–CuII form 5a, for example, the C(3)–C(4) bond
length of 5 (Fig. 3) is similar to that of 1 (Fig. 1). Fur-
thermore, the ESR spectrum of 5 shows complex broad
signals at the range from g = 1.9830 to 2.3730 based on
a copper(II) species. In the case of 4, the copper complex
exhibits complex ESR signals in the range from 1.9653
to 2.3558, and hence 4 exists as TTF(neutral)–CuII form
4a. However, UV–vis spectrum of 4 shows a weak
charge-transfer absorption at 860 nm (e = 155) typical
to TTF�+(cation radical)–CuI form 4b.16 Therefore, we
estimate a small contribution (�5%) of 4b to 4 (Scheme
2). Compressed pellets of 3 and 4 show electric conduc-
tivities of rrt = 1.08 · 10�3 and 1.39 · 10�3 S cm�1,
respectively, presumably due to their TTF�+ (cation radi-
cal)–CuI structure. In contrast, 5 is an insulator due to
TTF(neutral)–CuII structure.

In summary, we found an interesting intramolecular CT
interaction between TTF moiety and copper(II) atom.
Ligands of copper(II) atom play an important role for
the intramolecular CT process. This intramolecular CT
interaction is important for appearance of electric
conductivity.
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Dcalcd = 1.447 g cm�3, T = 298 K, l(Mo Ka) = 6.103
cm�3, Rigaku AFC7R, Mo Ka (k = 0.71069 Å), 272
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