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Synthesis and electronic properties of alkyne-TTFAQ
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Abstract—We herein describe the first synthesis of a series of m-extend tetrathiafulvalene and alkyne based conjugated molecular
wires. Electronic properties of these compounds were characterized by cyclic voltammetry, UV-vis absorption, and fluorescence

spectroscopy.
© 2006 Elsevier Ltd. All rights reserved.

Tetrathiafulvalenes (TTFs) are renowned n-electron
donors and are very useful as organic charge-transfer
materials.! Ever since the first discovery of TTF in the
early 1970s, considerable attention has been devoted to
expanding the family of TTF derivatives.> An important
strategy to create new TTF structures is to extend the
conjugation path between the two dithiole rings of a
TTF molecule, resulting in the so-called m-extended
TTFs (exTTFs).? Of numerous reported exTTFs, 9,10-
bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene deriv-
atives* (henceforth referred to as TTFAQs) show the
most significantly enhanced electron donor ability. This
is because of the strong tendency to form planar, aro-
matic oxidized states from highly distorted nonaromatic
ground states by sequentially releasing two electrons.
Moreover, the number of redox states accessible within
TTFAQ is increased compared to TTF. Owing to these
properties, TTFAQs have been widely applied as key
active components in a plethora of molecule-based
electronic and optoelectronic materials.

One way to take advantage of the outstanding electro-
activities of TTFAQs in unimolecular electronic devices
is to combine them with various electroactive structures,
for example, molecular wires and m-electron acceptors.
Along this line, copious TTFAQ-based assemblies have
emerged over the past decades, in which the exTTF units
are covalently bonded to other structures primarily
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through ester,’ vinylene,® and ether groups.” Surpris-
ingly, to the best of our knowledge, acetylenic group
has never been investigated as possible linkage in
TTFAQ derivatives, despite the fact that acetylenic scaf-
foldings® have been well recognized as powerful building
blocks for a variety of n-conjugated molecular architec-
tures, even including some alkyne-extended TTFs.? To
address this issue, we herein report the first synthesis
and characterization of a series of alkyne-TTFAQ
based molecular wires.

In order to achieve full conjugation along the entire
molecular framework, we designed 2,6-dialkynyl substi-
tuted TTFAQ 5 (see Scheme 1) as a key central unit for
the molecular wire. It is worth noting that the prominent
topological characteristics of 5 lies in the increase of
conjugation dimensionality along the anthracene—acetyl-
ene direction which is orthogonal to the dithiole—qui-
none conjugation path. Moreover, in the ground state,
the 2,6-dialkynyl units are cross-conjugated to each
other, whereas in the dicationic oxidation state the two
alkynyl units become conjugated due to the formation
of the anthracene-type structure. As such, compound 5
constitutes a versatile synthetic platform for generating
new exTTF containing molecular wires or switches.

The synthesis of 5 is outlined in Scheme 1. 2,6-Diamino-
anthraquinone (1) was first converted into dibromide 2
through a Sandmeyer reaction.!® Compound 2 under-
went Sonogashira coupling with trimethylsilylacetylene
(TMSA) to afford 3. Wittig—Horner reaction of 3 with
compound 4!! in the presence of n-BuLi yielded com-
pound 5. In this reaction, however, a significant amount
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Scheme 1. Synthesis of alkyne-TTFAQ molecular wires.

of byproduct 6 was also formed, indicating a relatively
low reactivity of diketone 3 to the Wittig—Horner olefin-
ation. Compound 5 then allowed us to readily access the
desired TTFAQ centered molecular wires. Because of

HsCS
S)ﬁ/SCH;;

9 20%

the moderate solubility of 5 in common organic sol-
vents, long alkoxy chain-attached arylacetylene iodide
7'2 was chosen as a solubility enhancing conjugative
arm for molecular chain elongation. As illustrated in
Scheme 1, compound 5 was desilylated with K,CO;3
and then cross coupled with 7 under Sonogashira
coupling conditions to give molecular wire 8. Interest-

s
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SCHs

ingly, in this reaction a TTFAQ-arylacetylene dimer 9
was obtained as well. The formation of 9 is ascribed to
the homocoupling reaction taking place immediately
after the cross-coupling of desilylated 5 with 1 equiv of 7.

As excellent electron donors, TTFAQs have been widely
employed in the preparation of artificial photosynthetic
systems, where fullerene Cg, is commonly adopted as the
counterpart electron acceptor. A dumbbell shaped
Cgo—exTTF-C¢, triad was recently synthesized by
Martin and co-workers.'3? Photophysical study revealed
that the triad could lead to stable charge-separated (C-S)
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species with a rather long lifetime (ca. 600 ns in benzo-
nitrile) upon photoexcitation. In the molecule, however,
the exTTF unit and Cgq, groups are bridged through
nonconjugated structures. Given that electronic cou-
pling is a determining factor to photodeactivation path-
ways in various donor-acceptor ensembles, it is
anticipated that inserting fully conjugated bridges
between Cgo and exTTF units should facilitate the for-
mation of C-S states and, as a result, give rise to im-
proved photophysical outcomes. In this context, we
have synthesized a new type of Cqp~TTFAQ-Cg triad
10 using molecular wire 8 as the bridging unit. It should
be noted that in 10, each of the two Cg, groups is linked
to the conjugated TTFAQ-aryleneacetylene backbone
via only one sp® carbon.

The synthesis of triad 10 was undertaken via an in situ
ethynylation protocol.!”> Alkyne-TTFAQ wire 8 was
desilylated with K,COj; to yield the corresponding ter-
minal alkyne species, which was subsequently reacted
with excess Cqq in the presence of a strong base, lithium
hexamethyldisilazide (LHMDS). After quenching the
reaction with trifluoroacetic acid (TFA), compound 10
was obtained in 25% yield. Triad 10 is relatively stable
at room temperature and has decent solubility in organic
solvents, which allow its structure to be fully elucidated
by IR, NMR, and MS.

Electrochemical redox properties of compounds 5-6 and
8-10 were characterized by cyclic voltammetry (CV)
experiments. The obtained data are summarized in
Table 1. The cyclic voltammograms of all the five com-
pounds exhibit amphoteric redox behavior (see Table 1).
Compounds 5 and 8-10 all show a similar reversible or
quasireversible oxidation wave pair in the positive
potential region ranging from +0.44 to +0.54 V. This
redox wave is presumably due to the two-electron oxida-
tion process occurring at the TTFAQ unit. It is also
noticeable in 5 and 8-10 that the half wave potential
of the oxidation wave (Ej,.x) shifts to the positive
potential direction as the molecular size increases. This
trend is in line with the assumption that more energy
is required to achieve the planar oxidation state from
the highly distorted ground state as the size of substitu-
ents on TTFAQ increases. For compound 6, however,
the Ejjp0x value (+0.98 V) is much greater than the oth-
ers, because of the weaker electron donor ability of the

Table 1. Results of cyclic voltammetry for 5, 6, and 8-10*

mono-dithiole ring structure than TTFAQs. In the neg-
ative potential region, molecular wires 5 and 8 show
noticeable irreversible reduction processes peaking at
—1.84 and —1.79 V, respectively. In the cyclic voltam-
mogram of Cg~TTFAQ-Cg triad 10, the first reduction
process is irreversible, while the second and third reduc-
tions are reversible. No peak splitting was observed on
the Cgp reduction waves, indicating that the two Cg
fragments in compound 10 have no significant mutual
interactions. This result is in accord with the cyclic vol-
tammetric data for other reported dumbbell shaped
Cgo—oligomer—Cg, systems.'>!3 Moreover, it is worth
noting that, according to the electrochemical data
obtained, a narrow HOMO-LUMO gap of 1.14eV
was characterized for Cg~TTFAQ-Cg, triad 10. Such
a small bandgap could render this molecule useful in
the fields such as organic semiconducting and nonlinear
optical devices.

Electronic absorption and emission properties of
compounds 5, 6, and 8-10 were investigated by UV-
vis and fluorescence spectroscopy. A summary of spec-
troscopic data and bandgap (E;) values calculated from
UV-vis and electrochemical data are given in Table 2.

In the UV-vis spectra of 5, 8, and 9,'# the lowest-energy
absorption wavelength (/nax), Which is assigned to
T — " transition, redshifts from 456 to 468 nm with
increasing conjugation length along the alkyne direc-
tion. However, the degree of redshift (by ca. 12 nm) is
not as appreciable as in other linearly conjugated sys-
tems, because of the nonplanar TTFAQ core in the
ground state. Interestingly, triad 10 has a comparable
Amax value (469 nm) to that of 9 (468 nm), albeit its
n-conjugation backbone is much shorter than 9. This
result suggests electronic interactions take place between
Ceo and the conjugated wire. In addition, a weak
absorption band centered at 701 nm is observable in
the absorption spectrum of 10, which is assigned to
the characteristic absorption of functionalized Cgp.
Compound 6 exhibits a greatly redshifted A, value
(495 nm) compared with others due to the push-and-pull
effect between the donor (dithiole) and acceptor (ketone)
groups in the molecule.

Fluorescence spectra of compounds 5, 6, and 8-10'#
are given in Table 2 and Figure 1. In the fluorescence

Entry E\j20x (V) E\jarear (V) E\jareaz (V) E\jareas (V) E\jareas (V)
5¢ +0.44 —1.84°

6° +0.98 —-1.21 —1.48 —1.93°

8° +0.45 —1.79°

9° +0.46 —1.64°

10¢ +0.54 —0.60° —0.92 -1.32 -1.92

# Cyclic voltammograms were recorded in BuyNBF, (0.1 M) solution as the supporting electrolyte. Glassy carbon as the working electrode and
platinum wire as the counter electrode. Potentials are given in volts versus a Ag/AgCl reference electrode. Scan rate: 100 mV s~!. For chemically
reversible processes, half wave potentials (E}/,) are calculated as averages of oxidation and reduction peak potentials.

® For irreversible processes, oxidation or reduction peak potentials are reported as E /2

¢Solvent: CH,Cl,/CH3;CN (4:1).
dSolvent: o-dichlorobenzene/CH;CN (4:1).
°Not clearly observed.
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Table 2. Summary of spectroscopic data and HOMO-LUMO gaps for 5, 6, and 8-10

Entry ADS. Apax (nm) Em. Zpax (nm) Ey(1)* (eV) Eg(2)b (eV)
5 456, 388, 294(sh) 501 2.53 2.28
6 495, 382, 324(sh) 629 2.19 2.19
8 465, 367, 301 517, 420 2.48 2.24
9 468, 408(sh), 364 517, 458, 437 2.43 2.10
10 701(Cg0), 469, 435, 367, 311(sh) 709, 492 1.74 1.14

#Optical bandgap calculated by the absorption wavelength at the cross point of a tangential line passing through the turning point of the lowest-

energy absorption peak and the x-axis of the UV-vis spectrum.
b Bandgap calculated based on CV results. Ey(2) = E}/20x — E1/2red1-

spectra, a redshift trend similar to that in the UV-vis
data is observed; the lowest-energy emission band,
assigned to the S; — S, transition, redshifts slightly by
ca. 16 nm from 5 (501 nm) to 8 and 9 (517 nm), while
the Anax of 6 redshifts dramatically to 629 nm. In the
spectrum of 9, two additional emission peaks at 458
and 437 nm are discernible, presumably arising from
transitions from higher-lying excited states (S, and S3)
to the ground state (Sy). In contrast to others, the spec-
trum of 10 shows substantially quenched emission
features corresponding to the conjugated wire structure.
The quenching effect implies that rapid intramolecular
energy and/or electron transfer processes compete
strongly with fluorescence emission in photodeactiva-
tion. In addition, a weak emission at ca. 709 nm is
distinctly observed in the spectrum of 10, which is
assigned to the 0" — 0 transition of triplet-state Cgp."
Compared with the UV-vis spectrum of 10, the Stokes
shift is equal to 161 cm ™', which signifies an extremely
small total reorganization energy (/) of the Cgo cage.

In summary, the synthesis of TTFAQ-alkyne molecular
wires offers a new approach for preparing novel exTTF
based conjugated structures. Electrochemical studies
show that these molecular wires maintain the remark-
able electron donor ability of TTFAQ. Electronic
absorption and emission spectroscopic analyses indicate
that the conjugated acetylenic bridge can facilitate elec-
tronic interactions between TTFAQ and other electro-
active units. The significantly quenched emission of
Ceo-TTFAQ-Cg, triad 10 suggests interesting photo-
physical properties, which likely involve intramolecular
energy and electron transfers. Work is currently in pro-
gress to investigate the detailed photophysical dynamics

4x10*

%

3x10* [

2x10%

1x10%

Emission Intensity (a.u.)

1 1 1 1
400 500 600 700
Wavelength [nm]

Figure 1. Fluorescence spectra of 5-6 and 8-10 (/.x = 380 nm).

of 10 with time-resolved fluorescence spectroscopy and
nanosecond pulsed laser flash photolysis experiments.
Further results will be reported elsewhere.

Acknowledgements

The authors thank NSERC Canada, the Canadian
Foundation for Innovation (CFI), Industrial Research
Innovation Fund (IRIF) for financial support. Memo-
rial University of Newfoundland is acknowledged for
providing startup funding. Drs. D. W. Thompson and
L. K. Thompson are acknowledged for assistance in
UV-vis, fluorescence, and cyclic voltammetric analyses.
The authors are also grateful to Dr. P. G. Pickup for
helpful discussions.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.2006.
05.090.

References and notes

1. (a) Bryce, M. R. Adv. Mater. 1999, 11, 11-23; (b) Bryce,
M. R. J. Mater. Chem. 2000, 10, 589-598; (c) Segura, J. L.;
Martin, N. Angew. Chem., Int. Ed. 2001, 40, 1372-1409.

2. For recent reviews on TTFs, see: (a) Bendikov, M.; Wudl,
F.; Perepichka, D. F. Chem. Rev. 2004, 104, 4891-4945;
(b) Gorgues, A.; Hudhomme, P.; Sallé, M. Chem. Rev.
2004, 104, 5151-5184.

3. Frere, P.; Skabara, P. J. Chem. Soc. Rev. 2005, 34, 69-98,
and references therein.

4. (a) Bryce, M. R.; Moore, A. J.; Hasan, M.; Ashwell, G. J.;
Fraser, A. T.; Clegg, W.; Husthouse, M. B.; Karaulov, A.
1. Angew. Chem., Int. Ed. Engl. 1990, 29, 1450-1452; (b)
Yamashita, Y.; Kobayashi, Y.; Miyashi, T. Angew. Chem.,
Int. Ed. Engl 1989, 28, 1052-1053.

5. Perepichka, D. F.; Bryce, M. R.; Perepichka, 1. F.;
Lyubchik, S. B.; Christensen, C. A.; Godbert, N.; Batsa-
nov, A. S.; Levillain, E.; Mclnnes, E. J. L.; Zhao, J. P.
J. Am. Chem. Soc. 2002, 124, 14227-14238.

6. (a) Herranz, M. A.; Martin, N.; Sanchez, L.; Garin, J.;
Orduna, J.; Alcala, R.; Villacampa, B.; Sanchez, C.
Tetrahedron 1998, 54, 11651-11658; (b) Otero, M.;
Herranz, M. A.; Seoane, C.; Martin, N.; Garin, J;
Orduna, J.; Alcala, R.; Villacampa, B. Tetrahedron 2002,
58, 7463-7475; (c) Diaz, M. C.; Illescas, B. M.; Seoane, C.;
Martin, N. J. Org. Chem. 2004, 69, 4492-4499; (d)
Giacalone, F.; Segura, J. L.; Martin, N.; Guldi, D. M.


http://dx.doi.org/10.1016/j.tetlet.2006.05.090
http://dx.doi.org/10.1016/j.tetlet.2006.05.090

o x>

10.

11.

G. Chen, Y. Zhao | Tetrahedron Letters 47 (2006) 5069-5073

J. Am. Chem. Soc. 2004, 126, 5340-5341; (e¢) Giacalone,
F.; Segura, J. L.; Martin, N.; Ramey, J.; Guldi, D. M.
Chem. Eur. J. 2005, 11, 4819-4834.

Martin, N.; Pérez, 1.; Sanchez, L.; Seoane, C. J. Org.
Chem. 1997, 62, 870-877.

Diederich, F. Chem. Commun. 2001, 219-227.

(a) Nielsen, M. B.; Utesch, N. F.; Moonen, N. N. P;
Boudon, C.; Gisselbrecht, J.-P.; Concilio, S.; Piotto, S. P.;
Seiler, P.; Giinter, P.; Gross, M.; Diederich, F. Chem. Eur.
J. 2002, 8, 3601-3613; (b) Andersson, A. S.; Ovortrup, K.;
Torbensen, E. R.; Mayer, J.-P.; Gisselbrecht, J.-P.; Bou-
don, C.; Gross, M.; Kadziola, A.; Kilsa, K.; Nielsen, M.
B. Eur. J. Org. Chem. 2005, 3660-3671; (c) Serensen, J. K.;
Vestergaard, M.; Kadziola, A.; Kilsa, K.; Nielsen, M. B.
Org. Lett. 2006, 8, 1173-1176.

Hodge, P.; Power, G. A.; Rabjohns, M. A. Chem.
Commun. 1997, 73-74.

Compound 4 was synthesized according to the procedures
described in: (a) Moore, A. J.; Bryce, M. R. Tetrahedron

13.

14.

15.

5073

Lett. 1992, 33, 1373-1376; (b) Moore, A. J.; Bryce, M. R.
Synthesis 1991, 26-28.

. (a) Zhao, Y.; Shirai, Y.; Slepkov, A. D.; Cheng, L.;

Alemany, L. B.; Sasaki, T.; Hegmann, F. A.; Tour, J. M.
Chem. Eur. J. 2005, 11, 3643-3658; (b) Shirai, Y.; Zhao,
Y.; Cheng, L.; Tour, J. M. Org. Lett. 2004, 6, 2129—
2132.

(a) Sdnchez, L.; Sierra, M.; Martin, N.; Guldi, D. M,;
Wienk, M. W_; Janssen, R. A. J. Org. Lett. 2005, 7, 1691—
1694; (b) Sanchez, L.; Herranz, M. A.; Martin, N.
J. Mater. Chem. 2005, 15, 1409-1421; (c) Atienza, C.;
Insuasty, B.; Seoane, C.; Martin, N.; Ramey, J.; Aminur
Rahman, G. M.; Guldi, D. M. J. Mater. Chem. 2005, 15,
124-132.

UV-vis spectra were measured in chloroform (ca.
107> M). Fluorescence spectra were recorded in degassed
chloroform and excited at 380 nm.

Guldi, D. M.; Prato, M. Acc. Chem. Res. 2000, 33, 695~
703.



	Synthesis and electronic properties of alkyne - TTFAQ based molecular wires
	Acknowledgements
	Supplementary data
	References and notes


