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Novel mixed oligoheterocycles 1-5, containing thiophene/
thiazole, thiophene/1,3,4-thiadiazole, thiophene/oxazole, or
thiophene/1,3,4-oxadiazole moieties, were synthesized. The
introduction of electronegative heteroatoms such as oxygen
and nitrogen into the conjugated n-system leads to a more
pronounced acceptor character than that found in the
analogous oligothiophenes. Characterization of the redox
properties reveals that the reduction of the mixed oligomers
is facilitated while oxidation is shifted to higher potentials.

For this series, clear structure—property relationships could
be found by comparing optical properties, in particular
absorptions, emissions and fluorescence quantum yields in
solution. The X-ray structural determination of mixed
thiophene/1,3,4-oxadiazole heptamer 5 indicates that the
replacement of thiophene units by 1,3,4-oxadiazoles has a
strong influence on the molecular arrangement and inter-
molecular interactions in the solid state.

Introduction

Their chemical stability and ease of functionalization
make thiophene-based oligomers a subject of intense re-
search activity with regard to their controllable and defined
structure and the resulting model character for the corre-
sponding polymers.['l Moreover, in view of their technologi-
cal applications in electrooptical devices, they have been ap-
plied successfully as active components in all-organic field-
effect transistors,/? light-modulating, ! and light-emitting
devices.™ The performance of such devices is strictly related
to the electronic structure of the organic material and is in
particular related to the energy levels of its frontier orbitals.
The electronic properties of oligothiophenes can be “tail-
ored” by the attachment of either sterically!! and/or elec-
tronically active substituents at both the B-P! and the ter-
minal a-positions[® of the conjugated m-system. Recently, it
was shown that the coordination of transition metals to an
oligothiophene core also leads to pronounced alterations of
the (electronic) properties.[”? Other approaches aimed at the
incorporation of non-aromatic moieties!®! and other hetero-
cycles into the oligothiophene core, to enhance the donor
or acceptor character. By combining thiophenes with either
electron-rich or electron-poor heterocycles, mixed oligohet-
erocycles were synthesized.l°~ 1%

In this respect, the incorporation of furan®!!% and pyr-
rolel! 9~ 104.111 mojeties usually led to more electron-rich
systems, indicated by the easier oxidation and the reduction
at more negative potentials than in the corresponding oligo-
thiophenes. Other combinations were pursued, but the op-
tical and redox properties, in particular, were often not re-
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ported. More electron-deficient systems, represented by
trimeric to pentameric combinations of thiophene/thia-
zole,['?  thiophene/1,3,4-thiadiazole,l'¥ and thiophene/
1,3,4-oxadiazole!" 131 were synthesized as optical bright-
eners, (laser) dyes, UV protectors, and as model compounds
for corresponding polymers. The hypervalent nature of sul-
fur was taken advantage of, and thiophene and thiophene
1,1-dioxide units were combined to synthesize a series of
electron-deficient oligothiophene S,S-dioxides.['® Their re-
duction potentials were remarkably lower than those of the
corresponding oligothiophenes. An analogous effect was
demonstrated for p-oligophenoquinones with a central di-
hydrothiophenediylidene structure.!'”l Incorporation of
electron-poor aromatic moieties resulted in electron-de-
ficient conjugated oligomers that could be applied as elec-
tron-transporting materials in electrooptical devices. Differ-
ent approaches were the combination of 1,3,4-oxadiazole
and 1,3,4-thiadiazole units!'® and the inclusion of silacylo-
pentadiene or cyclopentadienone rings into an oligothi-
ophene backbone.[!°]

In view of technological applications it is certainly of
great value to know the specific influence of the various
heterocyclic moieties and the resulting structure—property
relationships in mixed oligoheterocycles. Following this ap-
proach, we recently reported a series of mixed oligohetero-
cycles 6—11 based on an end-capped quinquethiophene, in
which the central thiophene ring is systematically replaced
by other five-membered heterocycles (thiazole, 1,3,4-thiadi-
azole, furan, oxazole, and 1,3,4-oxadiazole).’! Detailed in-
vestigations of the electrooptical properties, supported by
theoretical studies, clearly elucidated the influence of the
additional heteroatoms.

To generalize and to confirm the structure—property re-
lationships obtained from this study, we further elaborated
and extended our concept to mixed oligoheterocycles based
on end-capped oligothiophenes, in which more than one
thiophene ring is replaced by electron-deficient thiazoles,
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1,3,4-thiadiazoles, oxazoles, and 1,3,4-oxadiazoles. We re-
port here on the synthesis and structure, as well as the op-
tical and electrochemical characterization of the mixed oli-
goheterocycles 1—5, compared to previous results.

Results and Discussion
Synthesis

Two different synthetic routes were investigated to build
up the mixed oligoheterocycles 1—5. In the case of thio-
phene/thiazole oligomer 1, a strategy based on transition-
metal-catalyzed coupling reactions of thiazole-containing
precursor molecules was elaborated, whereas the 1,3,4-thia-
diazole, oxazole, and 1,3,4-oxadiazole units of the other oli-
gomers 2—5 were formed from acyclic precursors in a final
cyclization step.

In the synthesis of thiophene/thiazole oligomer 1,
the central terheterocycle 2,5-bis(5-bromo-2-thiazolyl)thio-
phene 13 was readily available in 92% yield by reaction of
2,5-bis(2-thiazolyl)thiophene (12)1?° with two equiv. of N-
bromosuccinimide (NBS) in DMEFE. Terheterocycle 13 was
then cross-coupled with two equiv. of Grignard reagent of
2-bromo-4,5,6,7-tetrahydrobenzo[b]thiophene (14)1*!1 and a
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Scheme 1. Synthesis of thiophene/thiazole oligomer 1
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nickel catalyst, yielding pentamer 1 and homocoupling
product EC2T 15 as the main side product (Scheme 1). As
a consequence of its low solubility, pentamer 1 precipitated
in almost pure form from the reaction mixture. A sub-
sequent fractionated sublimation of the crude product gave
analytically pure thiophene/thiazole oligomer 1 in 25%
yield.

Thiophene/1,3,4-thiadiazole 2 and thiophene/1,3,4-oxadi-
azole 4 were built up in a four-step synthesis via the acyclic
precursor 16 (Scheme 2). 4,5,6,7-Tetrahydrobenzo[b]thio-
phene (17)122! was first transformed into the corresponding
carboxylic acid 18, in 89% yield, by lithiation with nBuLi
and quenching with carbon dioxide; acid chloride 19 was
quantitatively available by treating carboxylic acid 18 with
oxalyl chloride, and was used without further purification.
The reaction of two equiv. of acid chloride 19 with thio-
phene-2,5-dicarboxylic acid dihydrazide 201481 under basic
conditions gave the precursor bis(1,2-diacylhydrazine) 16 in
92% yield. In a final cyclization step, reaction of 16 with
diphosphorus pentasulfide gave thiophene/1,3,4-thiadiazole
2 which, due to its extremely low solubility, precipitated
from the reaction mixture. As in previously reported anal-
ogous reactions to build up 1,3,4-thiadiazoles,>3! we also
observed the formation of side products containing 1,3,4-
oxadiazole units, which were formed in a competitive dehy-
dration reaction. Nevertheless, their removal was quantitat-
ively achieved by fractionated sublimation, even though the
yield of pentamer 2 was diminished to 26%.

Intentional dehydration of the acylic precursor 16 in boil-
ing phosphoryl chloride led to thiophene/1,3,4-oxadiazole
pentamer 4 which was purified by sublimation to give 70%
of analytically pure material (Scheme 2). By applying the
same concept, thiophene/l,3,4-oxadiazole heptamer 5 was
synthesized. Thus, acylation of thiophene-2,5-dicarboxylic
acid dihydrazide (20)!'#4) with two equiv. of the correspond-
ing bithienyl acid chloride 2314 which was formed from
capped bithiophene 21 and bithiophene carboxylic acid 22,
smoothly resulted in precursor molecule 24 in 85% yield.
Dehydration and cyclization of 24 in boiling phosphoryl
chloride gave thiophene/l,3,4-oxadiazole heptamer 5 in
25% yield after sublimative purification (Scheme 2).
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For the synthesis of the acylic precursor amide 28, firstly,
4,5,6,7-tetrahydrobenzo[b]thiophene (17)??! was acylated
with chloroacetyl chloride and AlCl; to form chloroacetyl-
thiophene 25 in 88% yield. Subsequent transformation of
25 with urotropine gave the hydrochloride of aminoacetyl-
thiophene 26 (66% yield), which was subsequently reacted
with thiophene-2,5-dicarboxylic acid dichloride (27)P4 to
form amide 28 in 49% yield. Finally, dehydration and cycli-
zation of the precursor amide 28 in boiling phosphoryl
chloride occurred, much faster than in the 1,2-diacylhydraz-
ines 16 and 24, to yield 71% of thiophene/oxazole pentamer
3 after sublimative purification (Scheme 2).

Solubilities of Oligoheterocycles 1—11

Extended m-systems often exhibit low solubility due to
n—m interactions of the molecules in the solid state. How-
ever, the incorporation of organic materials as active com-
ponents into electrooptical devices often requires prep-
aration techniques such as spin- or dip-coating, which de-
mand good solubility of the materials. Several approaches
have been taken to overcome this problem, including the
generation of soluble precursors,>> the introduction of
alkyl or alkoxy substituents, 11?1 or spiro cores.”>2¢ To de-
duce structure—solubility relationships for oligomers 1—11,
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Scheme 2. Synthesis of mixed oligoheterocycles 2—5
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we compared their saturation concentrations in dichloro-
methane, given in mol/L at ambient temperature (Table 1).

The obtained saturation concentrations cover a wide
range, from excellent solubility for 3 and 4 (¢g, = 2.9 X
102 mol/L), to nearly insoluble for 5 (cg = 5.7 X 107°
mol/L). A clear trend is seen with respect to structural fea-
tures: The highest concentrations were attained for the
oligoheterocycles containing two oxazole or 1,3,4-oxadia-
zole units. In contrast, thiadiazole-modified oligomers 2
and 8 revealed stronger intermolecular interactions in the
solid state, and were therefore the least soluble of the series
of pentamers. Thiophene/1,3,4-oxadiazole heptamer 5,
however, has the lowest solubility, in spite of the presence
of two 1,3,4-oxadiazole units. Evidently, the solubilizing ef-
fect of the 1,3,4-oxadiazole units is overruled by the elong-
ation of the conjugated m-system, which enhances the n—n
interactions and therefore significantly decreases the satu-
ration concentration. In the series of pentamers 6—11, the
solubilizing effect of the individual heterocyclic units can
be evaluated as furan > oxazole > oxadiazole = thiazole >
thiophene > thiadiazole. In the series of pentamers 1—4 and
6 the approximately same order is recognized: oxazole =
oxadiazole >> thiophene > thiazole > thiadiazole. Al-
though we did not find significantly altered trends in other
solvents, these results are only valid for dichloromethane
as solvent.
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Table 1. Saturation concentrations ¢y, and solubilities of the mixed oligoheterocycles 1—11 in dichloromethane at ambient temperature

Oligomer Csat (solubility) Oligomer Csat (solubility)
[mol/L] [g/L] [mol/L] [g/L]
1 1.1 x 1074 (5.5 X 107?) 6 4.0 X 1074 0.21)
2 5.0 X 1073 (2.6 X 1072) 7 6.8 X 1074 (0.35)
3 29 X 1072 (14) 8 1.2 X 1074 (6.3 X 1072)
4 29 %1072 (14) 9 1.4 X 1072 (7.1)
5 5.7 X 107¢ (3.7 X 1073) 10 43 %1073 (2.2)
11 7.0 X 1074 (0.36)

Optical Characterization

The absorption and fluorescence spectra of the mixed oli-
goheterocycles 1—5 were studied and compared to the data
previously obtained for oligomers 6—11. The absorption
and emission maxima, fluorescence quantum yields, and the
optical energy gaps are given in Table 2. The energy gaps
were determined from the average of the 0—0 transitions
in absorption and emission, and therefore correlate to the
HOMO/LUMO gap of the oligomers.

The absorption spectra of mixed oligomers 1—5 were
measured in dichloromethane at a concentration of 5 X
10~° mol/L. Reflecting the non-coplanarity and rotational
freedom of individual rings, broad and rather nonstruc-
tured m—7* transition bands were obtained (Figures 1, 2).
Compared to parent end-capped quinquethiophene 6
(A&bs = 431 nm), the replacement of two thiophene by two
thiazole rings, as realized for thiophene/thiazole oligomer
1, led to a bathochromic shift of the absorption maximum
(AMESY = +9nm). However, two thiadiazole rings, as in
pentamer 2 caused an opposite hypsochromic shift
(AMg% = —20 nm). The nearly unaltered shape of the ab-
sorption bands excludes the possibility that this effect is
caused by different contributions of vibronic states. The
same trends were observed for the corresponding pentamers
7 and 8.3 When the sulfur atoms in the thiazole moieties
of oligomer 1 and the thiadiazole moieties of 2 were re-
placed by oxygen atoms, as represented in thiophene/ox-
azole 3 and in thiophene/oxadiazole 4, distinct blue shifts
of the absorption maxima (AA{% = —27nm; AMY =
—35 nm) occurred. Compared to related pentamers 10 and
11, in which only one thiophene ring was replaced by an
oxazole or an 1,3,4-oxadiazole moiety, only the introduc-
tion of a second 1,3,4-oxadiazole unit led to a further sig-

nificant hypsochromic shift (AL§3% = —26 nm), while in the
oxazole case the maximum absorption was maintained
(AX§8 = —1nm). The effect of extending the conjugated
n-system is seen when thiophene/1,3,4-oxadiazole pentamer
4 and heptamer 5 are compared: The expected bathoch-
romic shift occurs (AA§% = +31 nm). This is in agreement
with a theoretically calculated convergence of the frontier
orbitals. Differences in the extinction coefficients of the
n—mn* transitions of the oligoheterocycles 1—4 are small.
Nevertheless, the sulfur-containing heterocycles 1 and 2
seem to guarantee slightly higher transition probabilities
than their oxygen analogs 3 and 4. On account of two ad-
ditional thiophene units, the extinction coefficient of thio-
phene/1,3,4-oxadiazole heptamer 5 is significantly larger
than the values obtained for the pentamers 1—4. Due to
the electron-donating effect of the cyclohexane caps in thio-
phene/1,3,4-oxadiazole pentamer 4, the absorption maxi-
mum (A2, = 376 nm, Ig e = 4.67) is slightly displaced to
lower energies than that of the analogous noncapped sys-
tem (A25, = 365 nm (toluene), Ig ¢ = 4.66).115 However,
the transition probability represented by the extinction co-
efficient remains identical.

Corrected emission spectra of mixed oligoheterocycles
1—5 were measured in dichloromethane at a concentration
of 1 X 10~% mol/L. The emission bands of each compound
are more structured than the corresponding absorption
bands, indicating more planar and stiffer excited-state struc-
tures (Figure 1, 2). Since the shapes of the emission spectra
of this series of oligomers vary, and the absolute maxima
sometimes do not correspond to the same vibronic state,
the first vibronic level of all compounds was determined to
make them comparable. Deconvolution of the absorption
and emission bands gave the corresponding 0—0 transitions

Table 2. Optical properties of the mixed oligoheterocycles 1—5 and end-capped quinquethiophene 6

Oligomer Aabs [a] lge Aem fa] DST AE 14 AVE
[nm] [nm] [70] [eV] [em™1]
1 440 4.69 512, 536 28 (£5)0) 2.53 1136
2 411 4.72 46811489 30 (+5) 2.75 923
3 413 4.66 475, 497 48 (x5)ll 2.73 1155
4 376 4.67 42411444 52 (£5)k 3.03 923
5 407 4.85 49711, 511 53 (£5) 2.76 1191
6 431 4.71 499, 533 40 (£5)ibel 2.56 997

[al Solvent dichloromethane, ¢ = 5 X 107° mol/L for absorption measurements, ¢ = 1 X 107% mol/L for emission measurements. — [P
External standard was fluorescein. — [ External standard was 9,10-diphenylanthracene. — 9 The energy gap was determined from the
average of the 0—0 transitions in absorption and emission. — [¢} Stoke's shift determined by deconvolution of the spectra. — [l Shoulder.

428

Eur. J. Org. Chem. 2000, 425—437



Structure—Property Relationships in Mixed Oligoheterocycles Based on End-Capped Oligothiophenes

FULL PAPER

0.0

=

5.0x10°" 16

[0

— 4.0x10° 18
£ =
= 3.0x10° 13
5 5
£ 20x10* 19
— 2]
w -
1.0x10° P 1=

o

c

Figure 1. Absorption and corrected emission spectra of end-capped
quinquethiophene 6 and oligoheterocycles 1 and 2 in dichlorome-
thane, ¢ = 5 X 107° mol/L (abs.) and 1 X 10~ mol/L (em.)

and the energy difference of the vibrational levels (Av =
1100—1300 cm ™ ') which typically corresponds to the sym-
metric stretch vibration of the C=C double bonds in the
heteroaromatic moieties.*?” As indicated by the Stoke’s
shifts (AV = 923—1191 cm™!), the geometric change be-
tween ground and excited state is relatively small. In gen-
eral, the displacements of the corresponding fluorescence
bands caused by electronic reasons followed the same
trends as found for the absorption spectra.

The determination of the 0—0 transitions for both ab-
sorption and emission bands allowed the evaluation of the
optical energy gaps, which correspond to the energy differ-
ence of the frontier orbitals. Thiophene/thiazole oligomer 1
showed a slightly smaller gap (AE,,, = 2.53¢eV) than the
parent pentamer 6 (AE,, = 2.56¢V), followed by thio-
phene/oxazole and thiophene/1,3,4-thiadiazole pentamers 3
(AE,, = 2.73eV) and 2 (AE,y. = 2.75¢eV). The highest
energetically separated frontier orbitals were found for thio-
phene/1,3,4-oxadiazole 4 (AE,,, = 3.03 eV), a value which
expectedly decreased again for heptamer 5 (AE,p.
2.76 V).

With respect to the application of oligothiophenes and
related compounds in electrooptical devices, the fluor-
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Figure 2. Absorption and corrected emission spectra of oligohete-
rocycles 3—5 in dichloromethane, ¢ = 5 X 10~° mol/L (abs.) and
1 X 107° mol/L (em.)
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escence quantum yields of the oligomers are of special
interest. All oligoheterocycles investigated in this study
show a bright fluorescence in solution, which was quant-
ified in dichloromethane at ambient temperature by the op-
tically diluted solution method.?®! 9,10-Diphenylanthra-
cene in cyclohexane® and fluorescein in 0.1 M NaOH [0
were used as standards. Systematic errors of +5% should be
taken into account. The introduction of nitrogen atoms, by
replacing thiophene units by thiazoles or 1,3,4-thiadiazoles,
only slightly affected the fluorescence quantum yield. The
values obtained for thiophene/thiazole and thiophene/1,3,4-
thiadiazole oligomers 1 (Py9sx = 28%) and 2 (Prgsx =
30%), are therefore in agreement with the series 6—8, in
which the fluorescence intensity of the corresponding pen-
tamers remained nearly unaltered (®59sx = 26—40%).1311 In
the oxygen-containing systems 3 and 4, the quantum yield
increased to @95 = 48 and 52%, respectively. The latter
value for oligomer 4 is somewhat higher than the value pub-
lished for the analogous non-capped pentamer (®,gsx =
30%).1'52] The increase in fluorescence intensity going from
oxazole 3 to 1,3,4-oxadiazole 4 was smaller than expected,
since corresponding pentamers 10 and 11 showed an anal-
ogously directed but more pronounced structure/fluorescence
relationship (@95 = 59 and 85%).13!1 Interestingly, the in-
troduction of a second 1,3,4-oxadiazole unit did not im-
prove the value obtained for thiophene/1,3,4-oxadiazole 11,
although 1,3,4-oxadiazole moieties are reported to be
strong fluorophor.3? The relative position and sequence of
different heterocyclic units in an extended conjugated chain
is therefore of great importance, since the probability of
nonradiative deactivation processes is promoted by the
presence of heavy atoms in specific positions. This agrees
with a previous optical study on heteroanalogs of the well-
known laser dye 1,4-bis(5-phenyl-2-oxazolyl)benzene with
combinations of p-phenylene, furan, oxazole, 1,3,4-oxadia-
zole, and thiophene units: A decrease in fluorescence inten-
sity was found especially in the systems in which a thio-
phene unit was incorporated into the center of a pentameric
system.['] Theoretical calculations showed that 80% of the
So—S;* transition is located on the three central rings, and,
accordingly, the presence of a thiophene ring in the central
position causes a decrease in fluorescence quantum yield as
a consequence of the heavy-atom effect.*”) These findings
confirm the distinctly higher fluorescence quantum ef-
ficiency of oxadiazole pentamer 11 compared to that of the
corresponding oligomer 4. As a consequence of the identi-
cal terheterocyclic core, the quantum efficiencies of thio-
phene/1,3,4-oxadiazole pentamer 4 and heptamer 5 are
nearly the same.

In summary, it can be concluded that the replacement of
thiophene by different heterocyclic units in oligohetero-
cycles affects the spectral range of absorption and emission
in a significant way. In contrast to 1,3,4-thiadiazole, ox-
azole, and in particular 1,3,4-oxadiazole moieties, which
cause shifts to higher energies, the incorporation of thiazole
leads to a bathochromic displacement of absorption and
emission. As a consequence, the optical energy gaps were
found to be increased in the same way. In contrast to the
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Table 3. Electrochemical properties of the mixed oligoheterocycles
1-5 and end-capped quinquethiophene 6

Oligomer E °red2® E°peqi®  E°oy ™ E°o0l™  AEgdPd
[Vl [Vl [Vl

1 —2.33 —2.03 0.66 0.74 2.49

2 —=2.18 —1.84 ca. 1.16Mf - 2.73l

3 —2.6411  —223 0.66!° 0.78lel 2.74

4 —2.481  —2.02 ca. 1.271  — 3.03[l

5 —2.2001  —1.94F1  ca. 0.90 - 2.65

6 —2.58l1 —2.33 0.25 0.51 2.44

[l In THF/nBuy,NPF, (0.1 M) vs. Fc/Fc™ at 100 mV/s. — ! In
dichloromethane/nBusNPF4 (0.1 M) vs. F¢/Fc* at 100 mV/s. — [
In benzonitrile/nBuy,NPF4 (0.1 M) vs. Fc/Fct at 100 mV/s. — [d
Determined by AEcy = E'ox; — E'reqr (E' 1s the potential at which
the redox process starts) and solvent correction. — [¢] Quasireversi-
ble redox process. — [ Irreversible redox process, E° determined at
I = 0.855 x [,

transition probability, which is not dramatically influenced
by the presence of nitrogen and/or oxygen atoms, the fluor-
escence quantum yield is strongly affected by the position
of different heterocycles in the oligomer, and is distinctly
increased by the incorporation of oxazole and, in particular,
1,3,4-oxadiazole units.

Cyclic Voltammetry

Optical measurements provide information concerning
the energy difference of the frontier orbitals in oligohetero-
cycles 1—5. Nevertheless, in particular with respect to appli-
cations in electrooptical devices, it is of great value to ascer-
tain the relative positions of the frontier orbitals. The fun-
damental processes in organic light-emitting diodes, charge
creation, migration, and recombination are decisively deter-
mined by charged states in the active, organic layer.3! De-
spite the model character of the MO concept, information
on the relative positions of both HOMOs and LUMOs are
helpful with regard to the manufacture of devices, and can
be approximately derived from the oxidation and reduction
potentials. Oxidation and reduction of oligoheterocycles
1-5 were performed by cyclic voltammetry in dichloro-
methane, benzonitrile, or THF (Figure 3). Reduction and
oxidation potentials as well as the electrochemically deter-
mined energy gaps are listed in Table 3.

All oligoheterocycles investigated in this study had re-
versible first reductions that led to stable radical anions.
The dianions, however, were sufficiently stable only in the
case of thiazole 1, thiadiazole 2, and oxadiazole 5, whereas
the second reduction of thiophene/oxazole 3 and thiophene/
1,3,4-oxadiazole oligomer 4 were quasireversible. Com-
pared to EC5T 6 (E°greq1 = —2.33 V), the first reduction of
thiophene/thiazole 1 (E°greq; = —2.03 V) and thiophene/
1,3,4-thiadiazole pentamer 2 (E°roq; = —1.84 V) was step-
wise facilitated by the introduction of two and four electro-
negative nitrogen atoms. Accordingly, the first reduction is
shifted to more positive values if thiophene/oxazole 3
(E°Rreq1 = —2.23 V) and thiophene/1,3,4-oxadiazole penta-
mer 4 (E°req; = —2.02 V) are compared. Due to the ex-
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Figure 3. Electrochemical characterization of oligoheterocycles
1—4; reduction in THF, nBuyNPF, (0.1 M), ¢ = 7 X 1077 (1,2) and
3.5 X 1074 mol/L (3,4); oxidation in CH,Cl, (1,3) and benzonitrile
(2.4), nBuyNPF; (0.1 M), ¢ = 5 X 1073 (1,2) and 2.5 X 10~* mol/
L (3,4); v = 100 mV/s

tended delocalization as a consequence of the incorporation
of two additional thiophene units, the reduction potential
of thiophene/1,3,4-oxadiazole heptamer 5 (E°greq; = —1.98
V) is slightly shifted to values more positive than those of
pentamer 4. Cross-comparison between the oligomer
couples 1/3 (AE°rearia.3) = —0.20 V) and 2/4 (AE°Redi/2.4) =
—0.18 V) reveals that the oxygen-containing systems are
harder to reduce, not according to electronegativity, which
is higher in oxygen than in sulfur, but in accordance with
the higher aromaticity of thiaheterocycles, which supercedes
the former effect. These findings were confirmed by the se-
cond reduction processes. In both groups of compounds, an
increasing number of nitrogen atoms facilitated the re-
duction to the dianions (AE°geara2y = +0.15 V,
AE°Reazi34) = +0.16 V). Compared to the analogous pen-
tamers 7, 8, 10, and 11, the introduction of a second non-
thiophenic heterocyclic unit, represented in 1—4, shifted
both reductions to more positive values.

In contrast to the reduction processes, full reversibility of
the first and second oxidation is only reached in the case of
thiophene/thiazole 1. While the oxidation waves of thio-
phene/oxazole pentamer 3 partly indicate reversibility, the
oxidation to the cation radical is fully irreversible in the
case of thiophene/1,3,4-thiadiazole 2 and thiophene/1,3,4-
oxadiazole oligomer 4. Evidently, two adjacent nitrogen
atoms in a heterocyclic unit seem to favor follow-up reac-
tions and decomposition of the cation radical. The irreversi-
bility of the oxidation of conjugated systems containing
1,3,4-oxadiazole units was mentioned before in several pub-
lications.®!133] The oxidation potentials are, similar to re-
duction, gradually shifted to higher values due to the elec-
tron-withdrawing character of incorporated nitrogen (and
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oxygen) atoms. The first oxidation of thiophene/thiazole 1
(E°0x1 = 0.66 V) and thiophene/1,3,4-thiadiazole oligomer
2 (E°ox; = 1.16 V) are strongly shifted to higher potentials
than in quinquethiophene EC5T 6 (E°o; = 0.25 V) . In
the oxygen-containing systems 3 (E°oy; = 0.66 V) and 4
(E°ox1 = 1.27 V), this effect is even larger. The extension
of the m-conjugation, as in thiophene/1,3,4-oxadiazole hep-
tamer 5 (E°oy; = 0.90 V), decreases the oxidation potential
relative to pentamer 4, although irreversibility is main-
tained. Cross-comparison of thiophene/thiazole 1 and thio-
phene/oxazole oligomers 3 shows that their first oxidation
potentials coincide. In contrast, oxidation is more difficult
if sulfur is replaced by oxygen, when thiophene/1,3,4-thiadi-
azole 2 and thiophene/l,3,4-oxadiazole 4 are compared
(AE°ox1/2.4) = +0.11 V). The introduction of a second non-
thiophenic heterocyclic unit in 1—4 shifts the oxidation pro-
cesses to values higher than those found for their penta-
meric analogs 7, 8, 10, and 11.

The electrochemically determined energy differences
AEgc, which approximately correspond to HOMO/LUMO
gaps, are in excellent agreement with the trends found from
the optical measurements (Table 2). The above-mentioned
more difficult reduction of oxygen-containing systems
consequently leads to a widening of the HOMO/LUMO
gap. Within the series of oligoheterocycles 1—5, thiophene/
1,3,4-oxadiazole 4 (AEgc = 3.03 V) has the highest value
and thiophene/thiazole 1 (AEgc = 2.49 V) has the lowest
value.

Finally, it can be concluded that the introduction of elec-
tronegative nitrogen atoms significantly affects the redox
potentials. Reduction is facilitated with the increasing num-
ber of nitrogen atoms, while oxidation becomes gradually
more difficult. The transfer of electrons to thiophene/thia-
heterocycle oligomers occurs at lower potentials than in
their oxygen-containing analogs. Adjacent nitrogen atoms
in one heterocycle lead to irreversible oxidation. Both op-
tical and electrochemical measurements gave the same trend
within the series for the energy gap between the frontier
orbitals. Because both its HOMO and LUMO are low-ly-
ing, oligomer 4 can be used as a hole-blocking, electron-
transporting material in electrooptical devices.

X-ray Crystallography

Whereas several publications in the near past dealt with
X-ray single-crystal analyses of, particularly, longer oligo-
thiophenes,'4-3%-37] structure determinations of mixed oli-
goheterocycles are rather scarce. In a previous publi-
cation®¥ we reported on the crystal structure of thiophene/
1,3,4-oxadiazole pentamer 11 and observed interesting
structural features, different from those reported on related
oligothiophenes. The presence of a 1,3,4-oxadiazole unit in
the center of the conjugated backbone led to formation of
dimers and to parallel orientation of the molecules in the
solid state. In contrast to this packing motif, unsubstituted
oligothiophenes usually prefer favorable edge-to-face aro-
matic interactions, and tend to pack in a “herringbone” pat-
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tern. ' Furthermore, the molecules of pentamer 11 exhib-
ited a particular U-type bending, and, in addition, two ter-
minal thiophene rings were preferentially syn-arranged. Oli-
gothiophenes typically only occasionally have a certain
percentage of syn orientations relative to terminal neighbor-
ing thiophene rings.[3%! In this study, we will report on the
X-ray crystal analysis of thiophene/l,3,4-oxadiazole hep-
tamer 5.

We were able to grow single crystals of heptamer 5 suit-
able for X-ray analysis by repeated fractionated sublimation
of a highly purified material in a gradient-tube furnace
(270—300 °C/p = 1 X 1073 mbar). In agreement with a pre-
viously reported observation,®¥ crystal growth in the col-
der part of the glass tube only started when amorphous
material already covered the glass surface. Crystalline mate-
rial was obtained as bright yellow needles with sizes up to
0.25 X 0.25 X 13 mm. Crystal growth did not depend
strongly on the speed of sublimation. Crystals selected for
X-ray analysis were typical of the bulk and there was no
indication of polymorphism. Crystallographic data and re-
finement parameters are given in Table 4, views of the unit
cell and the structure along the axes are given in Figure
4. Atomic labeling and the side view of one molecule are
presented together with selected bond lengths in Figure 5.

Table 4. Crystallographic data, data collection, and refinement pa-
rameters for thiophene/1,3,4-oxadiazole oligomer 5

5
Formula C32H24N40255
M, 656.85
T (K) . 293(2)
Wavelength [A] MMo-K,) = 0.71073
Crystal system monoclinic
Space group P2,/c (IT no. 14)
a[A] 10.7534(8)
b [A] 12.7028(7)
c[A] 21.707(2)
Bl 96.248(10)
V [A3] 2947.5(4)
zZ 4
Pcalcd. [g Cm73] 1.480
u# (Mo-K,) [mm™] 0.432
F(000 1360
Crystal size [mm] 0.11 X 0.19 X 0.58
0 range [°] 1.89—-25.89

Index ranges

Reflections collected

Unique reflections

Rim (F 2)

Refinement method
Data/restraints/parameters
GoF §

Final R indices [/ > 2o(])]

R indices (all data) .
Largest diff. peak/hole [e A7)

—-13=h=13, -15=k =15,
—-26=1=26

36355

5626

0.1422

full-matrix least squares on F>
5626/0/392

0.897

R, = 0.0498, wR, = 0.1180
Ry = 0.0839, wR, = 0.1277
0.460/—0.318

The crystals of thiophene/1,3,4-oxadiazole oligomer 5 be-
long to the monoclinic space group P2,/c, with four mol-
ecules in the unit cell (Z = 4). The top-view projection
which corresponds to a view along the ¢ axis of the unit
cell, shows that the single molecules are oriented parallel to
each other and form slipped layers (Figure 4, left). Adjacent
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Figure 5. ORTEP front view of oligomer 5 showing the atomic labeling, 50% thermal ellipsoids (top); side view of oligomer 5 (bottom);
Selected bond lengths [A] (standard deviation): S1—C12 1.726(2), S1-C9 1.728 (3), S2—C15 1.720 (2), S10(C7)—CS5 1.707 (3)*,
S10(C7)—C8 1.720 (3)*, O1—-Cl14 1.361 (3), O1—-C13 1.370 (3), C9—C10 1.361 (4), C9—C8 1.456 (3), C14—N2 1.287 (4), C14-Cl5
1.449 (3), C13—N1 1.281 (4), C13—C12 1.447 (3), N2—N1 1.416 (3), C11-C12 1.355 (4), C11—-C10 1.402 (3), C7(S20)—C8 1.504 (4)*,
C7(S20)—C6 1.506 (3)*, C15—C16 1.349 (4), C4—C3 1.477 (5)*, C4—C5 1.492 (4), C6—C5 1.351 (4), C6—C1 1.496 (4), C16—C17 1.400
(3), C1-C2 1.476 (5)*, C3—C2 1.451 (6)*; the *-indicated values are not absolutely reliable due to disorder and two conformations

(synlanti)

molecules are laterally displaced by the length of three het-
erocyclic units, resulting in an overlap of four heterocyclic
moieties. In contrast to the related thiophene/1,3,4-oxadia-
zole pentamer 11,8 the molecules do not form dimers, as
can clearly been seen in the side-view projection, which
corresponds to the a/c plane (Figure 4, center). Rather, indi-
vidual molecules are practically planar, not bent, and form
parallel layers that are oriented perpendicular to the a/c
plane. The mean distance between adjacent layers is 3.60 A.
The view along the « axis (Figure 4, right) reveals that the
molecules are U- or bow-shaped, and form parallel stacks
of alternating concavely and convexly bent molecules.
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The packing motif of thiophene/l,3,4-oxadiazole hep-
tamer 5 is different to that of unsubstituted oligothio-
phenes, which typically pack in a “herringbone” struc-
ture,['9) but it is rather comparable to the molecular ar-
rangement of a,m-dicyanooligothiophenes.?” In the latter
series, the tetramer and the pentamer also form slipped =-
stacks. Interestingly, the hexamer already favors the “her-
ringbone”-like arrangement, thereby indicating that there is
only a small energy difference between the alternative pack-
ing motifs.

The inner three heterocyclic rings in thiophene/1,3,4-oxa-
diazole oligomer 5 exhibit a nearly coplanar all-anti confor-
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mation; the terminal tetrahydrobenzo[b]thiophenyl moieties
are slightly twisted (® = 9°) with respect to the central thio-
phene ring (Figure 5).

The second and the sixth heterocycle are coplanar with
the terminal thiophene units (® = 1°), but the structure is
disordered with respect to the relative orientation of the
terminal thiophene rings. Although the anti conformation
prevails, 35% of the molecules are syn-oriented in the crys-
tals. The atoms involved in the disordered rings were there-
fore labeled C7(S20), S10(C7), C26(S40), and S30(C26), re-
flecting the anti(syn) conformer ratio. Selected bond lengths
are given in the caption to Figure 5. Due to various possible
conformations in the cyclohexene end-cap, there is also
some inaccuracy concerning the C2—C3 and C30—C31
bonds. All heterocyclic rings have normal bond lengths and
angles, close to those found for related a-oligothiophenes!!l
and the previously reported corresponding thiophene/1,3,4-
oxadiazole pentamer.® The C—O (1.36—1.37 A), C—N
(1.28—1.29 A), and N—N bonds (1.42 A) in the oxadiazole
units, the C—S (1.72—1.73 A), C=C double (1.35—-1.36 A),
and C—C single bonds (1.40 A) in the thiophene units, as
well as the C—C interring bonds (1.45—1.46 A) agree very
well with published data.

So far syn conformers in the solid state have been re-
ported for an a,o-substituted quaterthiophenel*®¥ and
partly disordered PB-substituted quater-,13°®3¢I quinque-,3¢d
and sexithiophenes.[309-3¢¢l  Qccasionally, the coplanar-
ity between adjacent, syn-oriented rings is remarkably in-
fringed upon, due to conformational strain provoked by
bulky B-alkyl substitution.[?%¢-3¢d1 However, the outer rings
in 3',4"'-didecylquaterthiophene are only tilted by 3.6(5)°,
despite the presence of B-substituents.!*°°! In systems with-
out any B-substituents close to the interring carbon—car-
bon single bond, the syn-oriented units were found to be
coplanar. The value of 1° found for thiophene/1,3,4-oxadia-
zole 5 agrees well with the reported dihedral angles of
3.9°,136¢] 50136al gpd 11°,[36¢]

Conclusions

We systematically incorporated different heterocyclic
units into a conjugated system based on oligothiophenes.
The mixed oligoheterocyles 1—5 were synthesized by either
transition-metal-catalyzed cross-coupling reactions of suit-
able heterocyclic components, or by ring-closure reactions
of acyclic precursors. All compounds were purified to a
high level of purity by repeated fractionated sublimation.

Detailed investigations of the electronic properties of
mixed oligoheterocycles 1—5 and previously reported com-
pounds 6—11 clearly revealed that, depending on the corre-
sponding molecular structure, there is a systematic change
in the spectral range of absorption and emission, the fluor-
escence quantum yield in solution, redox potentials, energy
gaps, and solubilities. Clear structure—property relation-
ships within this series of conjugated oligomers provide a
data set for the evaluation of properties of related com-
pounds.

Eur. J. Org. Chem. 2000, 425—437

Crystals suitable for X-ray analysis could be grown, by
sublimation, for thiophene/1,3,4-oxadiazole heptamer 5. In
contrast to unsubstituted oligothiophenes, the oligomers do
not pack in a “herringbone” pattern, but prefer an arrange-
ment in slipped nt-stacks. The individual molecules realize a
nearly coplanar conformation. Statistically distributed syn
orientations of terminal bithienyl units were found.

Experimental Section

General Remarks: Solvents and reagents were purified and dried by
usual methods prior to use. Thin-layer chromatography (TLC) was
carried out on plastic plates Polygram SIL and Polygram Alox from
Macherey & Nagel. Developed plates were dried and examined un-
der a UV lamp. Preparative column chromatography was per-
formed on glass columns of different sizes packed with silica gel 60
(0.040—0.063 mm and 0.063—0.200 mm, Merck) or aluminum ox-
ide 90 (activity II-III, 0.063—0.200 mm, Merck). Melting points
were determined with a Biichi B-545 melting point apparatus and
are corrected. FT-IR spectroscopy was performed on a Perkin—
Elmer Spectrometer 2000. '"H NMR spectra were recorded on
Bruker AMX 500 (500 MHz), and AC 200 (200 MHz) spec-
trometers (with deuterated solvent as lock-in and tetramethylsilane
as internal reference). '>*C NMR spectra were recorded with Bruker
AMX 500 (126 MHz) and AC 200 (50 MHz) spectrometers. Solid-
state 3C NMR spectra were recorded with a Bruker DSX 400
(100 MHz) spectrometer equipped with a 4-mm CPMAS sample
head. Mass spectra were recorded with a Varian MAT 711. Ions
were generated by electron impact (EI) or fast-atom bombardment
(FAB). Elemental analyses were performed on a Elementar vario
EL. Saturation concentrations and solubilities were determined by
mixing a precise amount of substance (1—25 mg) with dichloro-
methane at ambient temperature until complete solution occurred.
Without heating the sample, the dissolution was promoted by ultra-
sound and stirring. Additional solvent was added in time periods
of ten minutes to warrant thermodynamic equilibrium. UV/VIS/
NIR spectra were recorded on a Perkin—Elmer Lambda 19 in 1-
cm cuvettes. Fluorescence spectra were recorded with a Perkin—
Elmer LS 50 in I-cm cuvettes. Fluorescence quantum yields
were determined with respect to 9,10-diphenylanthracene (®g*™ =
0.85 in cyclohexane®!) or fluorescein (®g°™ = 0.90 in 0.1 M
NaOHP?), The cyclic voltammetry experiments were performed
with a computer-controlled EG & G PAR 273 potentiostat in a
three-electrode single-compartment cell (5mL). The platinum
working electrode consisted of a platinum wire sealed in a soft glass
tube with a surface of 4 = 0.785 mm?, which was polished down
to 0.5 um with Buehler polishing paste prior to use in order to
obtain reproducible surfaces. The counter electrode consisted of a
platinum wire; the reference was an Ag/AgCl secondary electrode.
All potentials were internally referenced to the ferrocene/ferricen-
ium couple. Argon 4.8 was used to purge all solutions before use.
Routinely, a constant concentration of 0.5—3.5 X 10™* mol/L of
electroactive species was used. The electrolyte consisted of either
dichloromethane (p. a., SDS), which was refluxed and distilled in
the presence of sulfuric acid under argon and subsequently filtered
over aluminum oxide (ICN Alumina B — Activity grade Super I),
THF (anhydrous, Aldrich), which was refluxed and distilled from
potassium under argon, or benzonitrile (HPLC grade, Aldrich),
which was distilled under argon and filtered through aluminum ox-
ide (ICN Alumina B — Activity grade Super I). The solvents were
directly transferred through syringes to the electrochemical cell.
The supporting salt was 0.1 M nBuyNPF¢ from Fluka which was
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twice recrystallized from ethanol/water and dried in a high vacuum.
— Starting materials were prepared according to literature pro-
cedures: 2,5-bis(2-thiazolyl)thiophene (12) [m. p. 145—147 °C, yield
58%],12%  2-bromo-4,5,6,7-tetrahydrobenzo[b]thiophene [b. p.
56—58 °C/5 X 1072 mbar, yield 93%],1?!1 4,5,6,7-tetrahydrobenzo-
[b]thiophene (17) [b. p. 87—88 °C/18 mbar, yield 88%],*? thiophene-
2,5-dicarboxylic acid dihydrazide (20) [m. p. 258260 °C, yield
53%],014al  2-(4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)thiophene
(21) [m. p. 51°C, yield 86%], 5-(4,5,6,7-tetrahydrobenzo[b]thio-
phen-2-yl)thiophene-2-carboxylic acid (22) [m. p. 223—224 °C,
yield  94%],P4  5-(4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)thio-
phene-2-carboxylic acid chloride (23),1°4 thiophene-2,5-dicar-
boxylic acid dichloride (27) [m. p. 45—46 °C, yield 48%)].241

X-ray Crystal Structure Analysis: Single crystals of 5 suitable for
X-ray crystallography were grown by sublimation. Diffraction data
were collected on a STOE-IPDS image-plate diffractometer (Mo-
K, radiation, graphite monochromator) in the ¢-rotation scan
mode. The structure was solved by direct methods with the XM Y93
program system[3®! and subjected to full-matrix refinement with
SHELXL-93.53% Non-hydrogen atoms were refined anisotropically,
and hydrogen atoms were added in calculated positions. The ter-
minal 4,5,6,7-tetrahydrobenzo[b]thiophenyl rings are confor-
mationally disordered. Two orientations related by a 180° rotation
about one ring—ring bond are realized in the solid sate (35:65 syn/
anti). Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-114943. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

2,5-Bis(5-bromo-2-thiazolyl)thiophene (13): A solution of N-bromo-
succinimide (601 mg, 3.38 mmol) in DMF (25 mL) was added
dropwise to a solution of 2,5-bis(2-thiazolyl)thiophene (13)
(339 mg, 1.35 mmol) in DMF (25 mL) at 0 °C. The resulting mix-
ture was kept for 1 h at 0 °C and was then allowed to warm to
room temperature. After 100 h the reaction mixture was poured in
water and extracted with dichloromethane. The organic phase was
washed with saturated NaHCOj solution and water and was dried
(MgS0O,). After evaporation of the solvent, the remaining yellow
solid was purified by chromatography (SiO/toluene) to yield 13
(505 mg, 92%) as bright yellow flakes, m. p. 194 °C. — FT-IR
(KBr): ¥ = 3053 w, 1477 s, 1420 m, 1264 w, 1129 w, 1000 s, 880 s,
842 m, 655 w, 627 m, 464 w cm~!. — 'H NMR (500 MHz, CDCl;,
25°C): 6 = 7.68 (s, 2 H, H4'), 7.38 (s, 2 H, H3,4). — 3C NMR
(126 MHz, CDCl;, 25°C): 8 = 162.0 (C2'), 144.9 (C4'), 138.5
(C2,5), 127.0 (C3,4), 108.7 (C5"). — MS (ED); m/z (%0): 410 (59),
408 (100) [M*], 406 (49), 329 (57) [M* — Br], 327 (51) [M* — Br],
272 (23) [329 — C,HS], 270 (21) [327 — C,HS], 191 (44) [272/270
— Br], 69 (10), 57 (64) [CoHS']. — C,oH4Br,N,S; (408.2): caled.
C 29.43, H 0.99, N 6.86, S 23.57; found C 29.64, H 1.29, N 6.82,
S 23.40.

2,5-Bis|5-(4,5,6,7-tetrahydrobenzo| b]thiophen-2-yl)-2-thiazolyl|thio-
phene (1): A solution of 2-bromo-4,5,6,7-tetrahydrobenzo[b]thio-
phene (1.90 g, 8.75 mmol) in diethyl ether (10 mL) was added drop-
wise to magnesium chips (266 mg, 10.9 mmol) in boiling diethyl
ether (10 mL). The resulting mixture was heated reflux for 5 h, al-
lowed to cool to room temperature, and transferred by use of a
syringe to the dropping funnel of a second apparatus. The Grig-
nard solution was added dropwise to a suspension of 2,5-bis(5-
bromo-2-thiazolyl)thiophene (13, 715mg, 1.75 mmol) and 1,3-
bis(diphenylphosphanyl)propane nickel(II) chloride (14.2 mg, 2.63

434

X 107> mol) in diethyl ether/toluene (2:1, 60 mL). The resulting
mixture was refluxed for 20 h. Due to its low solubility, the major
portion of thiophene/thiazole pentamer 1 was separated as an al-
most pure compound by filtration, suspended in toluene to remove
soluble impurities and purified by sublimation, yielding 1 (200 mg,
25%) as an amorphous orange powder, m. p. 298 °C. — FT-IR
(KBr): v = 3057 w, 2927 s, 2833 w, 1547 w, 1512 s, 1416 m, 1274
m, 1242 m, 1148 w, 879 m, 812's, 630 m, 477 w cm ™~ !. — 'H NMR
(500 MHz, CDCl;, 25°C): 6 = 7.75 (s, 2 H, H4'), 7.43 (s, 2 H,
H3.,4), 6.88 (s, 2 H, H3""), 2.77 (t, *Jue.ur = 6.0 Hz, 4 H, H7""),
2.61 (t, *Juynse = 6.0 Hz, 4 H, H4'"), 1.84—1.89 (m, 4 H, H6""),
1.79—1.84 (m, 4 H, H5"'). — SS-13C NMR (100 MHz, 25 °C): § =
157.4 (C2"), 138.6, 137.3, 135.3, 133.1, 130.1, 127.5, 1254
(C2,2"",3,3"",3a" ,4,4',5,5'7a""), 25.6 (C4'",7'"), 22.9 (C5"",6'""). —
MS (EX); m/z (%): 524 (22), 523 (29), 522 (100) [M*], 518 (5) [M™*
— 2H,], 494 (10) [M* — C,Hy], 466 (5) [494 — C,H,), 300 (5), 261
(5) [M2%], 233 (8), 166 (8). — Ca6H2,N,S5 (522.8): caled. C 59.73,
H 4.24, N 5.36, S 30.67; found C 59.58, H 4.20, N 5.27, S 30.78.
[In order to regain unchanged starting material, 2 N HCI (50 mL)
was added to the organic phase followed by an extraction with
toluene. The combined organic layers were washed with water and
NaHCOs; solution and dried (MgSO,). After evaporation of the
solvent, the remaining mixture consisting of homocoupling product
EC2T 15, 2,5-bis(5-bromo-2-thiazolyl)thiophene (13), and only
traces of 1 was separated by chromatography (SiO/dichlorometh-
ane), yielding 13 (100 mg, 14%) as bright yellow flakes.]

4,5,6,7-Tetrahydrobenzo|b]|thiophene-2-carboxylic Acid (18): nBuLi
(33.9mL of a 1.6 M solution in hexane, 54.3 mmol) was slowly ad-
ded to a stirred solution of 4,5,6,7-tetrahydrobenzo[b]thiophene
(17) (7.50 g, 54.3 mmol) in diethyl ether (100 mL). After the re-
sulting mixture was cooled to —50 °C, gaseous carbon dioxide was
bubbled through the mixture over a period of 4 h. The organic
phase was hydrolyzed and extracted with additional water. After
separation, the aqueous phase was heated to 50 °C and acidified
with a few drops of concentrated HCI. The thiophene carboxylic
acid 18 precipitated as an amorphous, colorless solid which was
filtered, washed, and dried over diphosphorus pentoxide to give 18
(8.76 g, 89%) as an amorphous, colorless powder, m. p. 195 °C. —
FT-IR (KBr): v = 2933 s, 2855 m, 2579 br, 1670 s, 1464 s, 1314 s,
1276 m, 1181 m, 1142 m, 1071 w, 937 w, 756 m, 509 m ¢cm~!. —
'H NMR (200 MHz, [D¢]DMSO, 25°C): § = 9.01 (s, br, 1 H,
COOH), 7.37 (s, 1 H, H3), 2.72 (t, *Juen7 = 5.2Hz, 2 H, HY),
2.55 (t, 3Jyans = 5.2 Hz, 2 H, H4), 1.62—1.82 (m, 4 H, H5,6). —
13C NMR (50 MHz, CDCl;, 25°C): § = 168.0 (COOH), 146.2
(C2), 136.8 (C7a), 135.8 (C3), 128.3 (C3a), 25.56 (C4), 25.29 (C7),
23.08 (C6), 22.51 (C5). — MS (EX); m/z (%): 183 (9), 182 (76) [M '],
181 (11) [M™* — H], 155 (8), 154 (100) [M* — C,H,], 141 (5), 138
(6), 137 (59) [IM* — COOH], 135 (6), 97 (5), 91 (6), 77 (5), 45 (7)
[COOH™"]. — CoH405S (182.3): caled. C 59.31, H 5.53, S 17.59;
found C 59.28, H 5.39, S 17.65.

4,5,6,7-Tetrahydrobenzo|b|thiophene-2-carboxylic  Acid Chloride
(19): Oxalyl chloride (12.5g, 8.50 mL, 98.8 mmol) in toluene
(20 mL) was slowly added to a suspension of thiophenecarboxylic
acid 18 (4.50 g, 24.7 mmol) in toluene (20 mL) at 0 °C. The mixture
was heated to 55 °C and stirred for 3 h. After evaporation of the
solvent and the excess oxalyl chloride, the remaining orange oil was
dissolved twice in chloroform and evaporated in order to remove
last traces of oxalyl chloride. The crude acid chloride 19 was dis-
solved in the desired solvent and used without further purification.

Thiophene-2,5-dicarboxylic Acid Bis|2-(4,5,6,7-tetrahydrobenzo|b]-
thiophene-2-carbonyl)hydrazide] (16): Acid chloride 19 (4.93 g,
24.6 mmol), dissolved in NMP (50 mL), was added dropwise to a
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suspension of thiophene-2,5-dicarboxylic acid dihydrazide 20
(2.46 g, 12.3 mmol) in NMP/pyridine (4:1, 100 mL). The resulting
mixture was stirred overnight at room temperature. After evapor-
ation of the solvent, the crude product was suspended in water,
filtered, and dried. Recrystallization from EtOH yielded 16 (5.96 g,
92%) as an amorphous, colorless powder, m. p. 311-312 °C. — FT-
IR (KBr): v = 3246 br, 3015 w, 2935 m, 2858 w, 1677 s, 1650 s,
1533 s, 1504 s, 1457 m, 1275 s, 1065 w, 820 w cm~!. — '"H NMR
(500 MHz, [Dg]DMSO, 25 °C): 6 = 10.68 (s, br, 2 H, NH), 10.42
(s, br, 2 H, N'H), 7.85 (s, 2 H, H3,4), 7.53 (s, 2 H, H3’), 2.69—-2.79
(m, 4 H, H7'), 2.53-2.63 (m, 4 H, H4'), 1.66—1.86 (m, 8§ H,
H5',6"). — 13C NMR (126 MHz, [Dg]DMSO, 25 °C): § = 160.97
(CO), 160.23 (CO'), 141.54 (C2,5), 141.14 (C2'), 136.1, 132.6,
129.74, 129.30 (C3,3",3a’,4,7a’), 24.90 (C4'), 24.62 (C7'), 22.73
(C6"), 22.10 (C5'). — MS (FAB); m/z (%): 573 (19) (M — H +
2Na)*], 553 (21), 552 (35), 551 (100) [(M + Na)*], 550 (30) [(M —
H + Na)*], 549 (11), 529 (19) [M + H)*]. — Co4H.N40,S;
(528.7): caled. C 54.53, H 4.58, N 10.60, S 18.20; found C 54.25,
H 4.52, N 10.44, S 17.97.

2,5-Bis|5-(4,5,6,7-tetrahydrobenzo| b|thiophen-2-yl)-1,3,4-thiadiazol-
2-yl|thiophene (2): Bishydrazide 16 (2.00 g, 3.78 mmol) was added
to a suspension of diphosphorus pentasulfide (2.52 g, 11.3 mmol)
in pyridine (100 mL). The resulting mixture was heated at reflux
for 20 h. After evaporation of the solvent, the remaining orange
solid was suspended in water, filtered, and dried. The crude product
is a mixture of 2 as the major component and side products con-
taining one or two 1,3,4-oxadiazole instead of 1,3,4-thiadiazole
units. Subsequent fractionated sublimation of the raw material fi-
nally yielded 2 (515 mg, 26%) as an amorphous, bright orange pow-
der, m. p. 383—384 °C. — FT-IR (KBr): ¥ = 3069 w, 2926 m, 2837
w, 1548 w, 1482 s, 1416 s, 1364 w, 1065 w, 888 m, 810 m, 759 m,
607 w cm~ . — 'TH NMR (500 MHz, CDCls, 25 °C): § = 7.54 (s,
2 H, H3,4), 7.24 (s, 2 H, H3""), 2.82 (t, *Jue.u7 = 6.0 Hz, 4 H,
H7'"), 2.65 (t, 3Jaeus = 6.0 Hz, 4 H, H4''), 1.86—1.91 (m, 4 H,
H6''), 1.80—1.85 (m, 4 H, H5'"'). — SS-13C NMR (100 MHz,
25°C): & = 1604 (C2'.5"), 139.5, 136.4, 133.0, 130.6, 128.2
(C2,2"",3,3"",3a" 4,5, 7a'"), 25.5 (C4"",7""), 22.3 (C5"",6'"). — MS
(EX); mlz (%): 526 (22), 525 (27), 524 (100) [M*], 496 (10) [M* —
C,H,), 329 (31), 301 (20), 181 (20), 135 (39). — Co4HN,4Ss (524.8):
caled. C 54.93, H 3.84, N 10.68, S 30.55; found C 54.89, H 3.71,
N 10.69, S 30.24.

2,5-Bis|5-(4,5,6,7-tetrahydrobenzo| b|thiophen-2-yl)-1,3,4-oxadiazol-
2-yl|thiophene (4): A suspension of bishydrazide 16 (1.00 g,
1.89 mmol) in POCI; (100 mL) was heated of reflux for 21 d. 90%
of the solvent was removed from the reaction mixture by distillation
and the remaining olive-colored residue was added dropwise to
lukewarm water in order to hydrolyze the POCl;. The crude prod-
uct precipitates during this procedure and was isolated by filtration,
washed with water, and dried. Sublimation yielded 4 (650 mg, 70%)
as an amorphous, pale yellow powder, m. p. 255—-256 °C. — FT-
IR (KBr): ¥ = 3069 w, 2931 m, 2851 w, 1583 s, 1530 s, 1478 m,
1446 m, 1346 w, 1183 w, 1143 w, 1030 m, 929 w, 814 w, 722 m, 512
wem™ L — TH NMR (500 MHz, CDCl3, 25 °C): § = 7.81 (s, 2 H,
H3.,4), 7.50 (s, 2 H, H3""), 2.84 (t, *Jug.u7 = 6.1 Hz, 4 H, H7""),
2.68 (t, 3Jye s = 6.1 Hz, 4 H, H4""), 1.87—1.92 (m, 4 H, H6'"),
1.81—1.86 (m, 4 H, H5""). — 3C NMR (126 MHz, CDCls, 25 °C):
& = 161.2, 159.0 (C2',5"), 142.6, 137.0 (C2,2"",5), 131.1, 129.8
(C3,3"",4), 128.6, 120.2 (C3a'",7a""), 25.38, 25.32 (C4'",7""), 23.15
(C6'"), 22.48 (C5""). — MS (EIL); m/z (Y0): 494 (18), 493 (30), 492
(100) [M "], 488 (8) [M™ — 2 H,], 315 (5), 231 (6), 166 (8), 165 (78)
[CoHoOS™], 137 (6), 135 (5), 96 (5), 69 (6). — Co4Hy(N40O,S;
(492.7): caled. C 58.51, H 4.09, N 11.37, S 19.53; found C 58.21,
H 4.11, N 11.38, S 19.55.
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Thiophene-2,5-dicarboxylic Acid Bis{2-[5-(4,5,6,7-tetrahydrobenzo-
|b]thiophen-2-yl)-2-thenoyl]hydrazide} (24): Bisthiophene acid chlo-
ride 23 (550 mg, 1.94 mmol), dissolved in NMP (10 mL), was ad-
ded dropwise to a suspension of thiophene-2,5-dicarboxylic acid
dihydrazide (20) (195 mg, 9.72 X 10~* mol) in NMP/pyridine (4:1,
15 mL). The resulting mixture was stirred overnight at room tem-
perature. After evaporation of the solvent, the crude product was
suspended in water, filtered, and dried. Recrystallization from
EtOH yielded 24 (570 mg, 85%) as an amorphous, pale yellow pow-
der, m. p. 307—308 °C. — FT-IR (KBr): v = 3262 br, 3092 w, 2930
m, 2851 w, 1645 s, 1535 m, 1478 s, 1441 m, 1270 s, 1085 w, 806 w,
730 wem ™. — 'H NMR (200 MHz, [D¢]DMSO, 25 °C): § = 10.78
(s, br, 2 H, NH), 10.63 (s, br, 2 H, N'H), 7.89 (s, 2 H, H3,4), 7.79
(d, 3Jy3 e = 3.6 Hz, 2 H, H3'), 7.26 (d, 3Jy3' s = 3.6 Hz, 2 H,
H4'), 7.12 (s, 2 H, H3""), 2.66—2.76 (m, 4 H, H7""), 2.50—2.60 (m,
4 H, H4""), 1.66—1.86 (m, 8 H, H5"",6""). — '*C NMR (126 MHz,
[Dg]DMSO, 25 °C): & = 160.65 (CO), 160.38 (CO’'), 142.4 (C2,5),
141.2 (C2"), 136.64, 136.60, 134.5, 131.6, 130.31, 129.55, 126.2,
123.7 (C2",3,3",3"",3a"",4,4’,5",7a""), 25.07 (C4""), 24.57 (C7"),
23.01 (C6'"), 22.28 (C5""). — MS (FAB); m/z (%): 737 (28) [(M —
H + 2 Na)*], 717 (39), 716 (49), 715 (100) [(M + Na)*], 714 (34)
[(M — H + Na)*], 693 (10) [M + H)*]. — C3,H»N40,4S5 (692.9):
caled. C 55.47, H 4.07, N 8.09, S 23.14; found C 55.21, H 3.99, N
7.90, S 22.88.

2,5-Bis{5-|5-(4,5,6,7-tetrahydrobenzo|b|thiophen-2-yl)-2-thienyl]-
1,3,4-oxadiazol-2-yl}thiophene (5): A suspension of bishydrazide 24
(1.94 g, 2.80 mmol) in POCl; (250 mL) was heated at reflux for 21
d. 90% of the solvent was removed from the reaction mixture by
distillation and the remaining brown residue was added dropwise
to lukewarm water to hydrolyze the POCl;. The crude product pre-
cipitates during this procedure and was isolated by filtration,
washed with water, and dried. Sublimation yielded 5 (465 mg, 25%)
sporadically as bright yellow needles and mainly as bright yellow
flakes, m. p. 365 °C. — FT-IR (KBr): ¥ = 3069 w, 2925 m, 2838 w,
1578 s, 1509 s, 1504 s, 1478 s, 1444 m, 1078 w, 1034 m, 804 m, 725
m, 480 w cm~!. — '"H NMR (500 MHz, CDCls, 25 °C): § = 7.87
(s, 2 H, H3,4), 7.71 (d, 3Juynse = 4.0Hz, 2 H, H3"), 7.14 (d,
3Juy e = 4.0 Hz, 2 H, H4""), 6.99 (s, 2 H, H3"""), 2.76—2.80 (m,
4H,H7""),2.61-2.65 (m, 4 H, H4"""), 1.86—1.90 (m, 4 H, H6'""),
1.81—1.85 (m, 4 H, H5"""). — SS-13C NMR (100 MHz, 25 °C): § =
1594 (C2'.5"), 1421, 136.2, 132.8, 128.1, 1229, 118.0
(C2,2"",2""",3,3"" 3" 3a""" 4,4"",5,5"" 7a"""), 25.7 (C4""",7"""), 22.1
(C5'7,6"""). — MS (EI); m/z (%): 658 (26), 657 (35), 656 (100) [M "],
653 (8), 652 (24) [M* — 2 H,], 648 (11) [652 — 2 H;], 314 (7), 248
(8), 247 (48) [C13H;0S™], 243 (9), 219 (9), 175 (15), 69 (13). —
C3,H,4N4O,S5 (656.9): caled. C 58.51, H 3.68, N 8.53, S 24.41;
found C 58.56, H 3.55, N 8.53, S 24.63.

2-Chloroacetyl-4,5,6,7-tetrahydrobenzo|b]thiophene (25): 4,5,6,7-
Tetrahydrobenzo[b]thiophene (17) (10.2 g, 73.7 mmol) and chlo-
roacetyl chloride (8.32 g, 5.87 mL, 73.7 mmol) were dissolved in
carbon disulfide (200 mL) and cooled to 0 °C. Aluminum trichlo-
ride (12.0 g, 90.4 mmol) was subsequently added and the resulting
reaction mixture was allowed to warm to room temperature. The
mixture was refluxed for 20 h, cooled, hydrolyzed, and dried
(MgSO,). After evaporation of the solvent, the remaining crude
product was purified by recrystallization (EtOH/H-0, 1:1) to yield
25 (14.0 g, 88%) as colorless flakes, m. p. 94 °C. — FT-IR (KBr):
¥ = 3058 w, 2929 m, 2856 w, 1670 s, 1452 s, 1393 s, 1228 s, 1186
m, 1168 m, 862 m, 790 m, 717 m, 573 w cm~'. — 'H NMR
(200 MHz, CDCls, 25°C): & = 7.46 (s, | H, H3), 4.50 (s, 2 H,
CH,Cl), 2.76—2.88 (m, 2 H, H7), 2.58—2.70 (m, 2 H, H4),
1.74—1.94 (m, 4 H, H5,6). — '3C NMR (50 MHz, CDCls, 25 °C):
8 = 183.8 (CO), 147.8 (C2), 137.20, 136.47 (C3a,7a), 134.0 (C3),
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45.2 (CH,CI), 25.64 (C4), 25.22 (C7), 22.90 (C6), 22.34 (C5). —
MS (EI) m/z (%): 216 (8), 215 (3), 214 (22) [M*], 167 (5), 166 (11),
165 (100) [M* — CH,CI], 137 (6) [165 — CO], 91 (4), 77 (4), 65
(3). — C1oH,,CIOS (214.7): caled. C 55.94, H 5.16, S 14.93; found
C 55.76, H 5.03, S 15.19.

2-Aminoacetyl-4,5,6,7-tetrahydrobenzo|b|thiophene = Hydrochloride
(26): Chloroacetylthiophene (25) (4.29 g, 20.0 mmol), hexamethyl-
enetetraamine (2.80 g, 20.0 mmol) and sodium iodide (3.00 g,
20.0 mmol) were suspended in ethanol (200 mL) and stirred for
70 h at room temperature. Concentrated hydrochloric acid (15 mL)
was added and the mixture was heated at reflux for 3 h. The reac-
tion mixture was allowed to cool to room temperature. During this
process the major part of the side products precipitates and can
be removed by filtration. Their quantitative removal is possible by
repeating this procedure with a stepwise decreased amount of sol-
vent. Neat 26 (3.05 g, 66%) can be obtained by recrystallization
from a small amount of ethanol as an amorphous, pale yellow
solid, m. p. 219—220 °C (decomp.). — FT-IR (KBr): v = 3140 m,
3042 s, 2939 s, 2858 m, 1665 s, 1452 s, 1405 s, 1262 m, 1189 w, 906
wem™ . — TH NMR (200 MHz, [D¢]DMSO, 25 °C): § = 8.55 (s,
br, 3 H, NH5Cl), 7.82 (s, 1 H, H3), 439 (s, 2 H, COCH,),
2.74—2.86 (m, 2 H, H7), 2.54—2.66 (m, 2 H, H4), 1.65—1.85 (m,
4 H, H5,6). — 3C NMR (50 MHz, [Dg]DMSO, 25 °C): § = 185.3
(CO), 147.3 (C2), 137.6, 135.9 (C3.,3a,7a), 44.1 (COCH,), 25.31
(C4), 25.07 (C7), 22.74 (C6), 22.15 (C5). — MS (EI); m/z (%): 195
(21) [base, M*], 166 (13), 165 (100) [M* — CH,NH,], 137 (3) [165
— COJ, 77 (3), 38 (10), 36 (32). — C;(H4CINOS (231.8): caled. C
51.83, H 6.09, N 6.04, S 13.84; found C 51.53, H 6.06, N 6.04,
S 13.44.

N,N'-Bis|2-(4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)-2-0xo-
ethyl]thiophene-2,5-dicarboxamide (28): Triethylamine (3.62 g,
4.99 mL, 35.8 mmol) and thiophene-2,5-dicarboxylic acid dichlor-
ide 27 (1.87 g, 8.97 mmol) in chloroform (75 mL) were successively
added to an ice-cold solution of aminoacetylthiophene 26 (4.16 g,
17.9 mmol) in chloroform (75 mL). The resulting suspension was
stirred for 1 h at 0 °C, allowed to warm up overnight, hydrolyzed,
and filtered. The crude amide was washed with water dried, and
recrystallized twice from EtOH yielding 28 (2.34 g, 49%) as an
amorphous, colorless solid, m. p. 282—283 °C. — FT-IR (KBr):
V = 3362 br, 3059 w, 2935 m, 2853 w, 1650 s, 1544 s, 1516 m, 1452
m, 1239 m, 1188 w, 1022 w, 976 w, 905 w, 737 w, 576 w cm™!. —
'H NMR (500 MHz, [Dg]DMSO, 25°C): & = 9.15 (4,
3Jemnn = 5.6 Hz, 2 H, NH), 7.85 (s, 2 H, H3,4), 7.80 (s, 2 H,
H3"), 4.60 (d, 3Jycu,nu = 5.6Hz, 4 H, CH,CO), 2.76 (t,
3Jne ny = 5.4 Hz, 4 H, HT'), 2.60 (t, 3Jya us = 5.5 Hz, 4 H, H4'),
1.71—1.81 (m, 8 H, H5",6’). — '3C NMR (126 MHz, [Dg]DMSO,
25°C): & = 187.8 (CO), 161.2 (CO'), 145.8 (C2,5), 142.9 (C2"),
137.35, 137.18, 134.3, 129.0 (C3,3",3a’,4,7a’), 45.9 (CH,CO), 25.18
(C4"), 25.05 (C7'), 22.79 (C6"), 22.19 (C5'). — MS (ED); miz (%):
527 (4), 526 (14) [M*], 332 (6) [M* — C,,H,,NOS], 167 (5), 166
(12), 165 (100) [CoHo,OS'], 137 (4) [165 — CO], 111 4). —
Co6Ha6N»04S;5 (526.7): caled. C 59.29, H 4.98, N 5.32, S 18.26;
found C 59.02, H 4.97, N 5.32, S 18.05.

2,5-Bis|5-(4,5,6,7-tetrahydrobenzo|b]thiophen-2-yl)-2-oxazolyl]-
thiophene (3): A suspension of diamide 28 (705 mg, 1.34 mmol) in
POCI; (150 mL) was heated at reflux for 15 h. 90% of the solvent
was removed from the reaction mixture by distillation and the re-
maining orange residue was added dropwise to lukewarm water to
hydrolyze the POCI;. The crude product precipitates during this
procedure and was isolated by filtration, washed with water, and
dried. Chromatographic workup (aluminum oxide/dichlorometh-
ane) and subsequent sublimation yielded 3 (465 mg, 71%) as an
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amorphous, bright yellow powder, m. p. 223—-224 °C. — FT-IR
(KBr): ¥ = 3069 w, 2935 s, 2839 w, 1602 s, 1544 s, 1441 m, 1348
m, 1123 w, 1034 w, 991 w, 905 m, 823 s, 717 s, 513 wem L. — 'H
NMR (500 MHz, CDCls, 25 °C): & = 7.64 (s, 2 H, H4"), 7.17 (s, 2
H, H3,4),7.02 (s, 2 H, H3""), 2.78 (t, *Jue u7 = 5.9 Hz, 4 H, H7"),
2.63 (t, 3Juy s = 5.9 Hz, 4 H, H4""), 1.84—1.90 (m, 4 H, H6""),
1.79—1.84 (m, 4 H, H5""). — '3C NMR (126 MHz, CDCls, 25 °C):
§ = 155.6 (C2), 147.3 (C5'), 137.17, 136.29, 131.6, 125.24
(C2,2"",3a",5,7a’"), 127.8, 125.37, 122.5 (C3,3"",4,4"), 25.46 (C4""),
25.05 (C7'"), 23.38 (C6'"), 22.65 (C5'""). — MS (EI); m/z (%): 493
(4), 492 (18), 491 (31), 490 (100) [M™*], 462 (3) [M* — C,H,], 245
(8) [M2], 231 (9), 217 (8), 165 (11) [CoHyOS™]. — C¢H»:N,0,S5
(490.7): caled. C 63.64, H 4.52, N 5.71, S 19.61; found C 63.63, H
4.54, N 5.67, S 19.70.
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