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ABSTRACT
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New dimeric and trimeric TTF derivatives with methylenedithio spacers (1a,b, 2a, and 2b) have been synthesized. X-ray structure analysis revealed that TTF
units of the dimer 1b adopted distorted face-to-face overlapping arrangement both in intra- and intermolecular stacking. Cyclic voltammetric study indicated
that trimeric 2a was in favor of taking di- and tetracationic states, while the dimeric 1a was in favor of taking a monocation. The absorption spectroscopic
study suggested an existence of the strong face-to-face interaction particularly in di-, tri-, and tetracationic state of the trimeric TTF derivatives.

Molecular conductors'? and 1D-nanofibers® often con-
sist of a molecular assembly that has strong face-to-face
interactions. In particular, tetrathiafulvalene (TTF) and its
derivatives have received considerable attention as donor
(D) components of the molecular assembly because they
have strong electron-donating ability as well as high
planarity in the oxidized state.'* The donor component
molecules in the conducting materials form face-to-face
molecular stacks with partially oxidized state. Thus, in-
vestigations of the face-to-face interaction in donor
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molecules is inevitable to construct efficient molecular
conductors.*

A number of TTF dimers with various spacers have been
synthesized so far.*”° In most dimeric TTF systems, a mixed
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valence (MV) state of TTF (namely (TTF)—(TTF*"))
is stabilized by intramolecular CT interaction, while
(TTF")—(TTF ") is energetically unstable because of the
strong Coulombic repulsion.”® As a result, the redox wave
in the cyclic voltammogram corresponding to the first two-
electron oxidation often splits into two pairs of one-electron
redox waves. Stacked TTF trimeric or higher oligomeric
systems were scarcely studied electrochemically to elucidate
their electronic structures.” Fabre and Carcel reported
synthesis and redox properties of trimeric TTF oligomers
with a propylenedithio spacer (—SCH,CH,CH,S—).”* In
their system, the dimeric MV state, not the trimeric MV
state, was responsible for the formation of one-electron
oxidized radical cation.

Study of redox proeprties combined with absorption
spectroscopy in the TTF-stacked system with another
spacer group will give further insight into understanding
the interaction between the TTF units. In this paper, we
report synthesis, structures, electrochehmical properties,
and absorption spectra of new dimeric and trimeric TTF
derivatives with methylenedithio spacers 1 and 2 and
discuss the face-to-face interaction between the TTF units.
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Sugawara and co-workers reported the synthesis of 1
(R—R = SCH;,CH,S) by phosphite-mediated cross-cou-
pling between 3 and 4.° This methodology has a disad-
vantage; separation of the desired product from the
homocoupling products is usually difficult. In particular,
the homocoupling reaction of the diketone 3 might afford
many oligomeric (and/or polymeric) products. Thus, a
different methodology is desired. We adopted TTF deri-
vatives with a 2-cyanoethylthio group 5a,b'’ as starting
materials. The compounds 5a,b were prepared from 4,5-
bis(2-cyanoethylthio)-TTF derivatives 6a,b,'®® which can
be easily separated from the homocoupling products. As
shown in Scheme 1, 5a,b were treated with CsOH - H,O at
room temperature. The resultant TTF-thiolates were

(7) (a) Khodorkovsky, V.; Shapiro, L.; Krief, P.; Shames, A.; Mabon,
G.; Giard, M. Chem. Commun. 2001, 2736-2737. (b) Roskha, S. V.; Kochi,
J. K. J. Am. Chem. Soc. 2007, 129, 828-838.

(8) (a) Hasegawa, M.; Takano, J.; Enozawa, H.; Kuwatani, Y.;
Iyoda, M. Tetrahedron Lett. 2004, 45, 4109-4112. (b) Hasegawa, M.;
Enozawa, H.; Kawabata, Y.; Iyoda, M. J. Am. Chem. Soc. 2007, 129,
3072-3073. (c) Ziganshima, A. Z.; Ko, Y. H.; Jeon, W. S.; Kim, K.
Chem. Commun. 2004, 806-807. (d) Yasuda, T.; Tanabe, K.; Tsuji, T.;
Coti, K. K.; Aprahamian, I.; Stoddart, J. F.; Kato, T. Chem. Commun.
2010, 1224-1226.

(9) (a) Carcel, C.; Fabre, J.-M. Synth. Met. 2002, 130, 99-109. (b)
Carcel, C.; Fabre, J.-M. Synth. Met. 2001, 120, 747-748. (c) Hong, W.;
Xu, W.; Wang, Q.; Zhu, D. Synth. Met. 2009, 159, 735-740.

(10) (a) Svenstrup, N.; Rasmussen, K. M.; Hansen, T. K.; Becher, J.
Synthesis 1994, 809-812. (b) Simonsen, B.; Svenstrup, N.; Lau, J.;
Simonsen, O.; Mork, P.; Kristensen, G. J.; Becher, J. Synthesis 1996,
407-418.

Org. Lett,, Vol. 13, No. 12, 2011

allowed to react with an excess of diiodomethane to give
dimeric TTF derivaties 1a,b in 83 and 80% yields, respec-
tively. In this reaction, the monoadducts 7a,b were not
obtained at all. This result can be explained by higher
reactivity of 7 with TTF-thiolate compared with diiodo-
methane, considering the high reactivity of a-halo(thio)-
ether. In contrast, a similar reaction was carried out by use
of chloroiodomethane to give the corresponding mono-
adducts 8a,b in 63 and 92% yields, respectively. Treatment
of 6a,b with 2 molar equiv of CsOH - H,O at rt, followed by
the reaction with 2 molar equiv of 8a,b, afforded the target
trimeric TTFs (2a,b) in 46% and 56% yields, respectively.
Electronic spectra of 1a, 2a, and the corresponding mono-
meric compound 9a exhibited similar absorption maxima at
ca. 398, 333, and 312 nm."! No distinct redshift was observed
as the number of TTF units increased, while molecular
absorption coefficients became larger as the number of
TTF units increased. This result indicates that there is little
interaction between TTF units in the neutral state.
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Single crystals of 1b were obtained from the THF
solution as purple plates by slow evaporation of the solvent
at rt, and X-ray structure analysis was performed.'> The
compound 1b crystallized in the orthorhombic system,
space group P2,2,2,. The molecular structure is shown in
Figure 1. Two TTF units in the compound 1b are over-
lapping with a slightly off-aligned face-to-face arrange-
ment, although the spacer bridge chain, the methylendithio
group, is flexible enough to allow the molecule to have a
complete overlapping configuration. This could be due to a
compromise between the 77—z interaction of the TTF units
which is in favor of having overlapping configuration
and the steric hindrance derived from thiomethyl and

(11) See the Supporting Information.
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Figure 1. X-ray structure of 1b: (a) side view, (b) top view, and (c)
stacking structure.

methoxycarbonyl groups. This structure is quite different
from the previously reported cationic TTF dimer bridged
with the same methylenedithio spacer, which took a com-
pletely overlapping configuration.”® The compound 1b in
the neutral state seems to have a rather weak face-to-face
interaction. Each TTF moiety has a tub conformation with
afolded angle of 7.8°. The intraplanar distance between the
TTF mean planes is 3.63 A. The molecules form a uniform
column along the a axis. The interplanar distance between
the mean TTF planes of the neighboring molecules is
3.67 A. It is remarkable that the intra- and interplanar
distances are very close.
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Figure 2. Deconvoluted cyclic voltammograms of (a) 1a and (b)
1b in benzonitrile containing 0.1 M "BuyNPFg.

Electrochemical properties of 1 and 2 were investigated
by cyclic voltammetry. Figure 2 shows deconvoluted volta-
mograms of 1a and 1b measured in benzonitrile solution.
The compound 1a exhibited two pairs of redox waves at 0.03
and 0.44 V, both of which corresponded to two-electron
transfer (Table 1). The first redox wave was broadened
because of a mutual interaction between the two TTF units
in1a"" and/or 1a®". In contrast, the first two-electron redox
process of 1b split into two redox waves, and three totally
reversible redox waves were observed at 0.17,0.24, and 0.64 V,
respectively. Comparison of peak currents of each wave
indicates that the first and second oxidations afforded 1b*"
and 1b*" and the third oxidation gave 1b*", respectively.
Such splitting or broadening of the first wave suggests
mutual interaction between two TTF units with the states
of 1"" and 17" as has been observed in many TTF dimers.*
Namely, 1°" is stabilized by delocalization of a positive
charge on the two TTF units, while 1*" is destabilized by

3124

Table 1. Redox Potential® of 1 and 2

E,"? E,? E4Y2 E,\V? E;V? E¢"?
la 0.03 0.44

1b 0.17 0.24 0.64

2a 0.05 0.17 0.42 0.48

2b 0.21 0.30 0.63

9a 0.04 0.36
9b 0.19 0.53

“Conditions: "BuyN-PF (0.1 M), benzonitrile, 25 °C, Pt working
and counter electrodes. Potentials were measured against Ag/Ag®
electrode and converted to the value vs Fc/Fc™.

Couloumb repulsion between two TTF" units.>® As a
result, 1°" and 1°* have different redox potentials.
Deconvoluted voltamograms of the trimers 2a and 2b
are shown in Figure 3. Cyclic voltamogram of 2a consisted
of four pairs of reversible redox waves at 0.05, 0.17, 0.42,
and 0.48 V (Table 1). The redox process between 2a and
2a>" was observed as two pairs of redox waves, which
correspond to two- and one-electron oxidation, respec-
tively. This behavior is different from the TTF trimer with
propylenedithio linker.” Two positive charges of 2a*"
probably distribute mainly on the outer TTF units so that
on-site Coulombic repulsion is reduced. Furthermore, the
redox process between 2a> " and 2a®" was also observed as
two redox waves. In this case, the redox couple 2a®/2a*"
was independently observed as a one-electron transfer
process, while 2a*"/2a®" was observed as a simultaneous
two-electron transfer process. This indicates the presence
of mutual interaction among the TTF units in the tetra-
cationic state. On the other hand, the cyclic voltammo-
gram of 2b showed three reversible redox waves at 0.21,
0.30,and 0.63 V, respectively. The redox wave of 2b*"/2b"
was found as a broad wave, which seemed to be an almost
simultaneous three-electron transfer process.
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Figure 3. Deconvoluted cyclic voltammograms of (a) 2a and (b)
2b in benzonitrile containing 0.1 M "BuyNPF.

As can be seen in cyclic voltammograms, strong intramo-
lecular interactions are anticipated among the TTF units at
various oxidation states. We attempted spectroelectrochem-
istry of 1a and 2a together with 9a to elucidate the details of
their redox processes and their interactions. Figures 4 and 5
show the electronic spectra of 1a and 2a in each oxidized state
generated by applying constant voltages."> The cation radical

Org. Lett,, Vol. 13, No. 12, 2011
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Figure 4. Electronic spectra of 1a and its oxidative species.
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Figure 5. Electronic spectra of 2a and its oxidative species.

* exhibited three absorption maxima at 436, 850, and
1880 nm. The absorption maximum at 1880 nm was assigned
to be a mixed-valence (MV) band derived from the SOMO—
HOMO transition between the stacked (TTF)—(TTF™")
units.'* The MV band disappeared in the dication state.
Furthermore, absorption maxima of 432 and 8§37 nm were
blueshifted compared with corresponding peaks in 9a""
These spectral features were attributed to the m—x
interaction known as the Davydov blueshift'® in the
cation-radical m-dimer. The absorption spectrum of
1a*" did not show the absorption band at a longer
wavelength region (4 > 1350 nm), which was an indica-
tion of the absence of the MV state.

The trimer 2a°" gave a spectrum similar to the dimer
1a"", and its absorption maxima were observed at 436, 850,
and 1756 nm. The absorption maximum at 1756 nm was

(13) As for the dimer la, the voltages at 0.05, 0.30, and 0.8 V
(Epe values vs Fc/Fc) corresponding to the formation of 1a™t, 1a>*,
and 1a*" were employed on the basis of the results of CV. In the case of
1a°", the cathodic peak top of the first oxidation wave was applied.
Similarly, the voltages at0.10,0.50,0.8,and 1. OV(E% values vs Fc/Fc™),
corresponding to the formation of 23-+ 2a" , and 2a°", were
applied.

(14) The MV absorption was observed even in diluted solution; the
absorption resulted from intramolecular interaction of the folded 1a"" in
solution.

(15) (a) Torrance, J. B.; Scott, B. A.; Welber, B.; Kaufman, F. B.;
Seiden, P. E. Phys. Rev. B1979, 19,730-741. (b) Kozlov, M. E.; Tanaka,
Y.; Tokumoto, M.; Tani, T. Synth. Met. 1995, 70, 987-988.
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assigned to be the MV band attributed to significant face-to-
face interactions in 2a”>".'* The MV band probably results
from delocalization of two positive charges among the three
TTF units as shown in Figure 6. However, resonance
structure B should be the most contributing so as to avoid
Coulombic repulsion. The spectrum of 2a®" showed two
absorption maxima at 840 and 436 nm with no MV band.
These maxima were Davydov blueshifted compared with
corresponding maxima in 9a°", which was the result of the
contribution of the stacked cation radicals in a trimer.”!?
The 780 nm absorption maximum in the spectrum of 2a*"
appeared with a significant blueshift compared with the
corresponding one in 9a°*. This peak was accompanied by a
shoulder at ca. 963 nm. It should be noted that no absorp-
tion band assigned to the framework of the TTF*" unit of
9a>" was observed. These features may indicate a strong
intramolecular interaction among three TTF units in 2a*"

The spectrum of fully oxidized 2a®" is similar to that of 1a*"

Ao = s e
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A c R =SMe

Figure 6. Plausible resonance structures of 2a>"

In summary, we have synthesized new dimeric and tri-
meric TTF derivatives with methylenedithio spacers. X-ray
crystal analysis of neutral 1b revealed that two TTF units
adopted a slightly off aligned overlapping arrangement both
intra- and intermolecularly in the stacking column. Cyclic
voltammogram of 1a consisted of one broad and one sharp
redox waves, whereas that of 2a consisted of four redox
waves. Their electronic structures were studied electrospec-
trochemically, and the mixed valenced band appeared in the
cation radical state of 1a. The electronic spectra of 2a in the
dication state indicated that two positive charges were
delocalized in trimeric TTF, and more charges were dis-
tributed on the outer TTF units than on the sandwitched
TTF unit.
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