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DPY and DPE alkylenesulfanyl-bridged bithienyls were prepared by a highly effective ring-closing reaction via arylalkylsulfonium intermediate
and used as inner cores in oligothiophenes. HOMO—LUMO energy levels, conformational flexibility, and intrinsic asymmetry of the cores are
reflected in the electronic, film-forming, and thermal properties of the corresponding oligomers.

Thiophene-based compounds have found remarkable ap- properties, mantaining both solubility and desired self-
plications as electroactive and light-emitting materials in a assembly features for low-cost processing, is actively being
variety of (opto)-electronic devices, as optical transducers pursued.®® Thienyl ring chemical modifications,® shape
in biosensors and as fluorescent markers for biopolymers.t engineering,® and supramolecular organization through spe-

The search for design strategies to tune the electronic
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cific noncovalent interactions® are among the most investi-
gated approaches. Introduction of planar electron-rich or
electron-deficient fused heterocycles into the oligothiophene
backbone influences the frontier orbitals energies and the
self-assembly capability.®> Moreover, the inner planar core
combined with alkyl ends promotes liquid crystallinity (LC).°
L ess attention has been devoted to the effects of the insertion
of alkyl-bridged heterocycles.” Methylene- or alkoxyalkyl-
bridged hithienyl cores induce conformational changes that
strongly affect the extent of #—s delocalization and thus
the spectral features.”®’

Here, we introduce nonsymmetric and conformationally
flexible g,5'-alkylenesulfanyl-bridged bithienyls (DPE and
DPY) as inner cores for alkyl-ended oligothiophenes. An
unprecedented and direct synthetic approach to DPE and
DPY, based on an intramolecular C—S bond formation, is
presented. Subsequent chemical manipulation through Pd-
catalyzed cross-couplings furnished new asymmetric olig-
othiophenes. We demonstrate that in this way a fine tuning
of electronic, self-organization, and thermal behavior of the
final oligomer can be simultaneously achieved.

The synthesis of 5,6-dihydrodithieno[3,2-b:2',3'-d]thiepine
(DPE) was efficiently achieved by one-pot [Pd(PPhsz)4]-
catalyzed Stille coupling reaction between the stannyl
derivative 12 and bromoderivative 2 (toluene, 112 °C, 40 h,
80% vyield, Scheme 1). Reaction of 1 with 2-bromo-3-
(bromomethyl)thiophene led to a complex mixture of uni-
dentified products. Therefore, the synthesis of 5H-dithieno[3,2-
b:2',3-d]thiopyrane DPY relied on the key intermediate
bithiophene 4, which was prepared via Stille coupling
between compounds 1 and 3 (45 h, 65% vyield). The
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deprotection/bromination was obtained in one pot by treating
4 with PBr; at room temperature in fluorobenzene (70%
yield). Ring closure of 5 occurred spontaneously on standing
at room temperature(67% yield, Scheme 1).
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a[Pd(0)] = [Pd(PPhz)4]; THP = tetrahydro-4H-pyranyl.

From a mechanistic point of view, the formation of DPE
and DPY can be explained in terms of intramolecular Sy2
reaction with formation of a sulfonium salt, followed by
bromide-assisted demethylation (Scheme 2).° This hypothesis
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was confirmed by the isolation of bromo-derivatives 5 and
6, which spontaneously convert to DPY and DPE.

DPY and DPE were then used to build the asymmetric
oligothiophenes 10 and 11 through a procedure based on
Stille coupling. To this purpose, bistannanes 7 and 8 were
coupled to 2-bromo-5-n-butyl-thiophene 9 under standard
conditions (Scheme 3). Noteworthy, despite the relatively
poor reaction yield, our approach is more convenient than
the ring-by-ring growth required to synthesize asymmetric
nonidentical alkyl-ended oligothiophenes, since no tedious
purifications to remove “symmetrical” side products are
required.’® To evaluate the role of conformational flexibility
and molecular asymmetry in oligomers 10 and 11, the
symmetric and planar derivative 14" was prepared by using
dithienothiophene, DTT*? as inner core. For the synthesis
of this oligomer, dibromination of DTT followed by Stille

(9) () Shevchenko, N. E.; Nenajdenko, V. G.; Balenkova, E. S. Synthesis
2003, 1191-1200. (b) Koval', I. V. Russ. J. Org. Chem. 2007, 43, 319—
346.
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coupling with 2-tributylstannyl-5-n-buthyl- thiophene 13 was
found to be the most efficient pathway (Scheme 3).

The optical properties of isolated cores and oligomers,
calculated and experimental HOMO—LUMO energy values
are listed in Table 1. A marked red shift of the maximum

Table 1. Summary of Electronic Properties of Isolated Cores
and Corresponding Oligomers

Amax ApL Ex Ewa Enomo Erumo
item (nm)* (nm)* EL (V¥ (V)  (eV) (eV)
DPY 356 406 3.06 -5.29¢ —1.38¢
DPE 327 398 3.26 —5.44% —1.23¢
DTT 291 343 3.88 —5.60¢ —1.09¢

10 440 500, 527,580 2.46 0.74 —1.86 —5.48° —2.88°
11 417 486,511,570 2.58 0.82 —2.0 —5.52¢ —2.7¢
14 397 445,468,520 2.75 0.81 —2.2 —555° —25°
*1n CHyCly, for PL Lecitaion = 325 nm. P Ey = 1240/Aonsa. © Versus
SCE; E°ferrocene = 0.41V versus SCE. @ DFT calculated values. © Estimated

from the peak potentials of the CV's as Exomo = —4.50 + €(Esce + Epat);
ELUMO = —450 + e(Esce + Epcl).ls

absorption wavelength (Ama) was found for DPY and DPE
(356 and 327 nm, respectively) compared to the fully
conjugated DTT (291 nm). Although somewhat unexpected,
this result was confirmed by DFT B3LY P/6-31G* calcula-
tions on frontier energy orbitals'® (energy gaps 3.91, 4.21,
and 4.51 eV, respectively).* It isworth noting that asimilar
trend was observed for simple®® and condensed”'® five-,
six-, and seven-membered cyclic systems and ascribed to
the strong angular tension of the five-membered ring. In
agreement with this, our calculations showed that DTT is

(10) (@) Casado, J. M.; Ruiz Delgado, C.; Rey Merchan, M. C;
Hernandez, V.; Lopez Navarrete, J. T.; Pappenfus, T. M.; Williams, N.;
Stegner, W. J;; Johnson, J. C.; Edlund, A. B.; Janzen, D. E.; Mann, R. K;
Orduna, J.; Villacampa, B. Chem. Eur. J. 2006, 12, 5458-5470. (b)
Funahashi, M.; Hanna, J. I. Adv. Mater. 2005, 17, 594-598.

(11) Single-crystal X-ray analysis on a dihexyl-ended anal ogue showed
an amost planar conformation. See ref 6.

(12) san Miguel, L.; Porter, W. W., I1l; Matzger, A. J. Org. Lett. 2007,
6, 1005-1008. (b) Frey, J.; Proemmel, S.; Armitage, M. A.; Holmes, A. B.
Org. Synth. 2006, 83, 209-216.
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as Supporting Information, and energy and shape of the orbitals are shown
in the graphical abstract.
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Products; Pergamon Press: Oxford, 1964; pp 48—51.

(16) Coppo, P.; Turner, M. J. Mater. Chem. 2005, 15, 1123-1133.
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characterized by highly rigid and fully planar conformation
and strong angular tension. On the contrary, high conforma-
tion flexibility was found for DPE, characterized by two
isomeric forms with two thienyl rings tilted by 24° and 38°,
respectively. The calculated energy barrier to interconversion
is 3.7 Kcal/mal, with the first isomer being more stable by
0.8 Kcal/mol. DPY resulted to be a more rigid system than
DPE, with a preferred conformation characterized by a nearly
coplanar arrangement of the two thienyl rings forming a
dihedral angle of about 17°.

UV and PL spectra of oligomers 10, 11, and 14 (Figures
Sl_8—SI_16, Supporting Information) show atrend parallel
to that observed for the isolated cores, indicating that the
properties of the inner core are reflected in the electronic
properties of the final oligomer. As shownin Table 1, ared
shift of both absorption and emission wavelengths was
observed for 10 and 11 with respect to 14. Noteworthy, a
marked red shift was observed also with respect to conven-
tional alkyl-ended quaterthiophenes (about 50 nm).*17

In agreement with the trend of Anma, the electrochemical
HOMO—-LUMO energy gap (Eg)** of 10 and 11 (Figure
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Figure 1. (8) CVsand (b) LSVsat 0.2V st of 10, 11, and 14
(’\'1 mmol Lil) in CH30N/CH2C|2 (11) with0.1 M (C4Hg)4NC| Oy,

1) was lower than that of 14 (2.60 and 2.8 vs 3.0 eV).*°
The CVs of 11 and 14 display oxidation waves with the
maximum at 0.82 V (E° = 0.78 V, quasi-reversible) and
0.81 V (E° = 0.78 V, reversible), respectively. On the

(17) Meéelucci, M.; Zambianchi, M.; Zanelli, A.; Camaioni, N.; Gazzano,
M.; Bongini, A.; Barbarella, G. Chem. Phys. Chem. 2007, 8, 2621-2626.

(18) (a) Bard, A. J; Faulkner, L. R. Electrochemical Methods. Funda-
mentals and Applications, 2nd ed.; John Willey & Sons: Hoboken, 2001;
pp 54—63. (b) Trasatti, S. Pure Appl. Chem. 1986, 58, 955-966.
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contrary, the CV of 10 displays an irreversible oxidation
wave with the maximum at 0.74 V (Ey2. = 0.69 V). In
the region of the negative potentials, the linear sweep
voltammetries (LSV's, Figure 1b) show the reduction wave
of 10 with the maximum at —1.86 V (Ei. = —1.80 V)
but allowed only an indicative assignment of reduction
potentials for 11 and 14 because the processes occur below
—1.9 V.?° Taking into account that the peak potentials
shift only about 0.05 V changing the scan rate from 0.2
to 0.02 V s%, the data unambiguously show that the
reduction wave of 10 occurs at a potential less negative
than 11 (about 0.14 V), which in turn is reduced at a
potential less negative than 14 (about 0.2 V). Remarkably,
the lowering of the LUMO level obtained by DPY respect
to DTT insertion is comparable to that observed upon
introduction of perfluoroalkyl chains in quaterthiophene,
a functionalization leading to high n-type FET charge
mobility.?*

Polarized optical microscopy (POM) on cast films of 14
exhibited the deposition of micrometer sized birefringent
fibrils (see Supporting Information). In the case of 10, the
growth of birefringent rods was observed only after 48 h
from the deposition (Figure 2a). On the contrary, compound

Figure 2. Cast film of 10 from CH,Cl: (8) optical micrograph with
crossed polars showing birefringent rods, (b) X-ray profile after
melt-quenching and proposed molecular organization.

11 showed an amorphous morphology independent of the
solvent and casting conditions employed. Clearly, the self-
organization capability of asymmetric 10 and 11 in solution-
cast films is lower than that of 14 but higher than that of
conventional alkyl-ended oligothiophenes.?® This suggests
that the sz-core of 10, 11, and 14 promotes aggregation and
that the more planar the core, the higher is the z-stacking
tendency. However, as indicated by the dow rate of

(19) Electrochemical Eg was 0.2—0.3 €V wider than the optical one
because it is estimated from peak potential instead of redox potentials.

(20) Under these conditions, the reduction processes appeared irrevers-
ible.

(21) (a) Facchetti, A.; Yoon, M.-H.; Stern, C. L.; Hutchison, G. R;;
Ratner, M. A.; Marks, T. J. J. Am. Chem. Soc. 2004, 126, 13480-13501.

3668

aggregation of 10, molecular asymmetry affects the aggrega-
tion kinetics.

In agreement with the observed thin film morphologies,
the melting points of 10 and 11 were markedly lower than
that of 14 (61, 38, and 130 °C, respectively, determined by
the Koffler method). Differential scanning calorimetry (DSC)
and hot-stage POM revealed L C behavior for compound 14,
with a Schlieren textures converting to nematic droplets
above 150 °C (Figure SI_4, Supporting Information). No
multiple transitions were found for 10 and 11 in the DSC
traces independently of scan rates. However, on cooling of
the melt, hot-stage POM analysis on 10 revealed a shim-
mering birefringent texture at about 40 °C that persisted at
room temperature upon cooling (Figure SI_5, Supporting
Information). Interestingly, asimilar behavior was observed
for hexynyl-hexyl end-substituted asymmetric quater-
thiophene.*® The X-ray diffraction pattern of melt-quenched
films of 10 (Figure 2b) suggests that the molecules are
arranged in parallel layers spaced by 2.12 nm. The molecular
length in the extended al-trans configuration being about
2.5 nm, the molecules must be somewhat tilted with respect
to the substrate (as in smectic C phase). Such orientation is
favorable to charge transport encouraging investigations in
melt-processed films of 10 as the active elements in FET
devices.?

In conclusion, we have presented an unprecedented ring
bridging strategy for the tuning of HOMO—LUMO energies
in oligothiophenes. Alkylenesulfanyl bridging could be
efficiently achieved by a simple one-pot cyclization reaction,
starting from 3-alkylbromo,3'-methylen-sulfanyl bithienyl
units. Introduction of alkylsulfanyl-bridged cores into olig-
othiophenes led to an increase in electron affinity comparable
to that obtained employing el ectron-withdrawing substituents.
Furthermore, a simultaneous tuning of filming and thermal
properties could also be achieved. Such results may aid in
the design of innovative self-assembling, multifunctional
oligothiophenes, as modifications of the alkylsulfany! bridge
(length, insertion of stereocenters) and of the aromatic
backbone (size, end-substitution, shape) can be envisaged.
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