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The FeCl3-mediated homo-coupling of 4,5-bis(alkylthio)-4 -tetrathiafulvalenylmagnesium bromide 5
produced the corresponding bitetrathiafulvalene derivatives 2a–d in moderate yields (25–51%). Bite-
trathiafulvalenes 2c and 2d having long alkylthio chains formed nanostructures and showed bulk electric
conductivities (rrt = 2.6 � 8.0 � 10�5 S cm�1) in the neutral state owing to the fastener effect. Interest-
ingly, the nanofiber of tetrakis(dodecylthio)bitetrathiafulvalene 2d exhibited a p-type semiconductivity
as detected by AFM.

� 2009 Elsevier Ltd. All rights reserved.
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During the course of our studies of tetrathiafulvalene (TTF) olig-
omers,1 we needed bitetrathiafulvalenes 2 (bi-TTFs) with long
alkylthio side chains.2 The stacking ability of TTFs increases with
the lengthening of alkylthio chains, known as the fastener effect,3

because the van der Waals interactions between alkyl chains fasten
the central TTF-moieties tightly in the direction for enhancing
molecular overlap.4 Therefore, bi-TTFs 2 with long alkylthio chains
can be expected to show better molecular overlap and better elec-
tric conductivities in the neutral and cation radical states, together
with nanostructure formation owing to their amphiphilic proper-
ties.5 Although the synthesis of bi-TTFs 2 by the homo-couplings
of organotin6 and organozinc intermediates 3 and 4 has been re-
ported,6,7 we have newly developed a one-pot procedure for the
synthesis of bi-TTFs 2 by the homo-coupling of highly reactive
organomagnesium intermediates 5 with FeCl3 (Scheme 1). This
method can be applied to the homo-coupling of rather unreactive
TTFs having long alkylthio chains. We report here the successful
synthesis of bi-TTFs 2c and 2d having octylthio and dodecylthio
side chains, together with the formation of their nanofibers.

Since TTFs 1 are unstable under acidic condition, all reactions
should be conducted under neutral or basic condition. In addition,
some coupling reagents easily oxidize the starting material 1 and
the product 2.

Therefore, the reagents for the coupling reaction are restricted
to weak oxidants working under mild experimental conditions.
Thus, we first reported the coupling of 3 using Pd(II) or Cu(II) re-
ll rights reserved.

: +81 42 677 2525.
agent.6,7a Since this procedure requires the isolation of 3, we then
developed the coupling of 4 with PdCl2(PPh3)2.7c This reaction
produces 2 in moderate yields, but the low reactivity of organozinc
intermediate sometimes produces 2 in low yields. Therefore, we
attempted the formation of organomagnesium intermediates 5 to
produce bi-TTFs 2 by the homo-coupling reaction (Scheme 1,
Table 1).
2

a: R = SMe; b: R = SBun; c: R = SC8H17
n; d: R = SC12H25

n

Scheme 1. Synthesis of Bi-TTFs.
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Table 1
Synthesis of bi-TTFs 2a–d via TTF–MgBr 5a–d (Scheme 1)a

Entry Starting material Conditions (equivalent) Product Yieldb

(%)

1 S

S S

SMeS

MeS
1a

(i) BunLi (1.2), (ii) MgBr2 (1.6), (iii) FeCl3 (1.0), �10 �C, 1 h S

S S

SMeS

MeS

S

SS

S SMe

SMe

2a

6
2 (i) BunLi (1.2), (ii) MgBr2 (1.6), (iii) FeCl3 (2.0), �10 �C, 1 h 31
3 (i) BunLi (1.2), (ii) MgBr2 (1.6), (iii) FeCl3 (3.0), �10 �C, 1 h

25 �C, 1 h
30

4 (i) BunLi (1.2), (ii) MgBr2 (1.6); (iii) FeCl3 (2.0), �10 �C, 1 h
25 �C, 1 h

51

5

S

S S

SBunS

BunS
1b

(i) BunLi (1.2), (ii) MgBr2 (1.6); (iii) FeCl3 (2.0), �10 �C, 2 h
25 �C, 1 h

S

S S

SBunS

BunS

S

SS

S SBun

SBun

2b

25

6

S

S S

SC8H17
nS

C8H17
nS

1c

(i) BunLi (1.2), (ii) MgBr2 (1.6); (iii) FeCl3 (2.0), �10 �C, 1 h
25 �C, 1 h

S

S S

SC8H17
nS

C8H17
nS

S

SS

S SC8H17
n

SC8H17
n

2c

36

7
S

S S

SC12H25
nS

C12H25
nS

1d

(i) BunLi (1.2), (ii) MgBr2 (1.6); (iii) FeCl3 (2.0), �10 �C, 1 h
25 �C, 1 h

S

S S

SC12H25
nS

C12H25
nS

S

SS

S SC12H25
n

SC12H25
n

2d

43

a The reaction of 1a–d with butyllithium (1.2 equiv), followed by treatment with MgBr2 (1.6 equiv) produced 5a–d, which were reacted with FeCl3 (1.0–3.0 equiv) at�10 or
25 �C for 1–2 h.

b Isolated yield.

Table 2
Redox potentialsa and electric conductivitiesb of 2a–d

Compd Eox1
1/2

c (V) Eox2
1/2

c (V) rrt (S cm�1)

1d �0.03 0.36 —
2a 0.09d 0.42 7.9 � 10�7e 1.1 � 10�6f

2b 0.09d 0.47 3.8 � 10�7e

2c 0.10d 0.47 2.6 � 10�5e

2d 0.10d 0.49 8.0 � 10�5e

a Conditions: 0.1 M Bu4NClO4 in dichloromethane, Ag/Ag+ reference electrode, Pt
working electrode and Pt counterelectrode, 100 mV s�1.

b Room-temperature conductivity measured in a pellet by a two-probe
technique.

c V versus Fc/Fc+. Fc/Fc+ = 0.29 V referred to Ag/Ag+.
d The first oxidation potential shows a small peak separation owing to the for-

mation of the corresponding cation radical and dication. The first potentials of 2a–d
are as follows. 2a: 0.07 and 0.11 V; 2b: 0.06 and 0.12 V; 2c: 0.08 and 0.12 V; 2d:
0.09 and 0.11 V.

e Measured using a compressed pellet.
f Measured using a single crystal.
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The synthesis of bi-TTFs 2a–d is summarized in Table 1. To
optimize the reaction conditions, the coupling reaction of 4,5-
bis(methylthio)-TTF 1a was first examined. The reaction of 1a
with butyllithium (1.2 equiv) was carried out at �78 to �65 �C
in THF, followed by treatment with dry MgBr2 (1.6 equiv) at
�65 �C for 1 h and then by warming to �20 �C to afford tetrathia-
fulvalenyl magnesium bromide 5a.8 At �20 �C, a solution of FeCl3

(1.0 equiv) in THF was added and the mixture was stirred at
�10 �C for 2 h to produce a bi-TTF derivative 2a7c in 6% yield (en-
try 1). However, a similar reaction of 5a with 2.0 and 3.0 equiv of
FeCl3 at �10 �C for 2 h afforded 2a in 31% and 30% yields, respec-
tively (entries 2 and 3). Thus, 2.0 equiv of FeCl3 forces the reac-
tion to completion. Furthermore, the reaction of 5a with FeCl3

at 25 �C for 1 h afforded 2a in 51% yield (entry 4). Based on the
result obtained from the reaction of 1a, the reactions of 1b, 1c,
and 1d were carried out (entries 5–7). Although the reaction of
the oily 1b gave 2b9 in 25% yield (entry 5), the crystalline 1c
and 1d produced the corresponding bi-TTFs 2c and 2d in 36%
and 43% yields, respectively (entries 6 and 7).10,11 For the synthe-
sis of 2d, the treatment of organozinc species 4d with
PdCl2(PPh3)2 (1.0 equiv) or FeCl3 (2.0 equiv) afforded 2d in 23%
and 11% yields, respectively. Thus, the oxidation of 5d produces
2d in higher yields than that of 4d.

All bi-TTFs 2a–d are stable crystalline solids and show revers-
ible redox waves, as determined by the measurement of redox
potential using cyclic voltammetry (CV).12 As shown in Table 2,
2a–d exhibit higher oxidation potentials than 1d, indicating their
lower HOMO levels. The small separation of the first oxidation
potentials of 2a–d reflects a weak through-bond interaction
between the two TTF units in 2a–d.1f The bulk conductivities of
2c and 2d shown in Table 2 are higher than those of 2a and
2b,13 although the redox potentials of 2b–d are almost the same.3

As reported previously,7c the crystal structure of 2a shows a
slipped plane-to-plane stacking with the planarity of the central
S2C2–C2S2 unit, and the face-to-face distance between the almost
planar bi-TTF units is 3.61 Å. However, there is no side-by-side
interaction between the bi-TTF units, and the conductivity
(rrt = 1.1 � 10�6 S cm�1) of 2a crystal in Table 2 reflects its crystal
structure. Furthermore, the bulk conductivities of 2a and 2b
(rrt = 7.9 � 10�7 and 3.8 � 10�7 S cm-1, respectively) are similar
probably owing to either weak p–p or S–S interaction. In the
case of 2c and 2d, their conductivities (rrt = 2.6 � 10�5 and



Figure 1. Needle-like morphologies prepared from 2b (a) and 2d (b) in CH2Cl2.
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Figure 2. XRD profiles of the 2b needle (a) and 2d needle-like nanostructure (b).
The inset in Figure 2b shows a ninefold expansion.
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8.0 � 10�5 S cm�1, respectively) increase, because the van der
Waals interaction between the long alkyl chains fasten the central
bi-TTF moiety (the fastener effect) to induce stronger p–p and S–
S interactions.

As has been reported, TTF derivatives with a long alkyl chain
self-aggregate into a one-dimensional columnar structure in the
solid state.14 To utilize this effect in the construction of electroac-
tive nanostructures, we examined the formation of nanostruc-
tures from 2b–d. The butylthio and dodecylthio derivatives 2b
and 2d form needle-like structures from CH2Cl2 (Fig. 1a and b).
As shown in Figure 2a and b, X-ray diffractometry (XRD) of nee-
dle-like morphologies of 2b and 2d revealed different internal
structures. Thus, the XRD profile of 2b needles shows a fairly high
crystallinity (Fig. 2a). In contrast, 2d shows a regular reflection
pattern (Fig. 2b), and the strong (1 0 0) reflection at 2h = 2.21�
(d = 40 Å) can be assigned to the molecular size, whereas weak
reflections at 2h = 4.42� (2 0 0), 6.63� (3 0 0), and 8.84� (4 0 0)
are higher-order reflections. Since a weak reflection at 2h = 22.2�
(d = 4.0 Å) can be assigned to the (0 0 1) reflection,15 2d needles
have a stacked lamellar structure, in which 2d may be oriented
perpendicularly to the long axis of the needle-like fiber. In accord
with the stacking structure of the 2d fiber, the doping of a com-
pressed pellet with iodine vapor produced a black conductive pel-
let (rrt = 1.3 � 10�2 S cm�1). Interestingly, the 2d fiber on graphite
was shown to exhibit p-type semiconducting spectroscopic
curves when probed by current sensing AFM.16,17 This p-type
semiconducting behavior is caused by the fastened lamellar struc-
ture of the 2d fiber.

In summary, the homo-coupling of TTFs 1a–d having long alkyl-
thio units has been carried out using the iron-mediated oxidative
coupling of tetrathiafulvalenylmagnesium bromides 5a–d in mod-
erate yields. Bi-TTF derivatives 2c and 2d showed higher electric
conductivities than 2a and 2b owing to the fastener effect. Further-
more, the direct conductivity measurement of the 2d fiber by cur-
rent-sensing AFM exhibited p-type semiconducting properties on
account of a stacked lamellar structure.
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