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The development process of novel materials is often
encumbered by the time-consuming “one-at-a-time” process
of material synthesis and evaluation. This situation is partic-
ularly true for m-conjugated oligomers which serve as model
compounds for conducting polymers and are recognized as
materials in their own right.! Accordingly, there is a need for
novel methods that provide for both rapid compound
generation and subsequent evaluation. Combinatorial meth-
odologies that were developed for the high-speed synthesis
and high-throughput screening of pharmaceuticals could help
to overcome these bottlenecks in the materials development
process.Zl Moreover, the rapid generation of data sets
provided by combinatorial methods and their subsequent
translation into structure — property relationships may enable
the rational design of new materials.

While most of the combinatorial approaches in materials
science concentrate on the development of inorganic solid-
state materials, polymeric materials, and catalytic systems,?!
we report here and in the preceding correspondencel the
development of combinatorial strategies for the generation of
organic materials. The focus of this study is the combinatorial
synthesis and subsequent screening of oligothiophenes which
are one of the most examined classes of m-conjugated
oligomers.P! The strategy covers all stages of the combinato-
rial discovery process: design of the lead structure, elabo-
ration of the synthetic route, generation of the library and
purification, screening, and data analysis. We focused on a
regioregular head-to-tail coupled quater(3-arylthiophene) as
the lead structure (Scheme 1). Because of their defined
structure these aryl substituted oligomers, together with the
already intensively investigated oligo(3-alkylthiophene)s, are
outstanding model compounds for the parent (polydisperse)
poly(3-arylthiophene)s and poly(3-alkylthiophene)s.®! The
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Solubility-inducing

phenyl spacer

Oligomer backbone

Variation of the diversity elements:
CF,, H, CH;, OCH,

Scheme 1. Lead structure: quater(3-arylthiophene) 1.

latter are already successfully employed as active components
in electronic devices, such as organic field-effect transistors.!’!
The oligothiophene 1 is substituted at the 3-position of each
thiophene subunit with phenyl groups that are in turn
substituted at their para positions with four diversity elements
of different electronic nature (R = CF;, H, CH;, OCHs;).

The phenyl spacer should increase the solubility of the
oligomers and ensure the electronic communication between
the substituents and the oligomer backbone. These four
backbone substituents should influence the electronic struc-
ture of the quaterthiophenes without greatly changing the
overall geometry of the molecule (which is mainly determined
by the phenyl groups). The lead structure 1 should therefore
permit a systematic investigation of the substitutent influence
on the energy levels of the mo-
lecular orbitals and the develop-
ment of structure — property rela-
tionships.

As previously demonstrated
by several research groups, the
utilization of solid-phase synthe-
sis offers substantial advantages /<
for the synthesis of m-conjugated Sim g
oligomers over solution-phase c’ >—
synthesis.®! These advantages in-
clude quicker and more effective 2
purification  techniques  and
maximized overall yields. The
synthesis of the quater(3-aryl-
thiophene)s 1 is based on the
recently published solid-phase
synthesis of a regioregular head-
to-tail coupled quater(3-p-tol-
yl)thiophene (Scheme 2).

In a stepwise addition ap-
proach the first of the four ar-
ylthiophenes is anchored to the
polymer matrix by a traceless
silyl linker; this is realized by
treating a (chlorosilyl)thiophene
2 with hydroxymethylated poly-
styrene. Oligomer growth is ac-
complished by an iterative se-
quence of iodination and Suzuki
cross-coupling with the thio-
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phene boronic ester 5. Resin-bound thiophene 3 was halo-
genated to 4 by metalation with lithium diisopropylamide
(LDA) and subsequent reaction with iodine. In contrast, a
mercuration —iododemercuration reaction (Hg(OCOCsH,;),
instead of LDA) was required for the selective access to the
iodinated bi- and terthiophenes 7 and 9. The cross-couplings
for the preparation of dimer 6, trimer 8, and tetramer 1
required a [Pd(PPhs),] catalyst. Finally, quaterthiophene 1
was liberated from the resin by treating the derivatized
polymer support with 10%
trifluoroacetic acid (TFA) in
CH,ClL,.
The (chlorosilyl)thiophene /(
2a-d and thiophene boron- si /N C.B !\

R

. [ S
ic ester Sa-d Dbuilding o 3 S
blocks are needed to intro-

e . 2a, R=CF 5a, R=CF
duce dnfersuy in the final 2b R=H s 5b.R=H
quaterthiophenes. These 2¢, R=CH, 5¢,R=CH,
building blocks were synthe- ~ 2d.R=0CH, 5d, R = OCH,

sized in good yields follow-

ing literature procedures starting from the corresponding
2-bromo-3-arylthiophenes.*> I In the optimization studies the
electronic influence of these diversity elements on the
reactivity of the building blocks and the resin-bound oligom-
ers was readily apparent. For example, the markedly different
reactivity between the boronic esters 5a—d required a further
optimization of the reaction conditions for the Suzuki cross-
coupling. The C—C bond formation reaction between the

RZ

10 9 Cgvat
Scheme 2. Solid-phase synthesis of the quater(3-arylthiophene)s 1: a)hydroxymethylated polystyrene,
imidazole, DMF, 20°C; b) 1. LDA, THF, —60°C; 2. 1,; c) [Pd(PPh;),], THF/H,0, NaHCO; or Na,HPO,/
NaH,PO,; d) 1. Hg(OCOC;sH,,),, CH,Cl,, 20°C; 2.1,, CH,ClL,; e) 10% TFA, CH,Cl,, 20°C. Selected
spectroscopic data can be found in the Supporting Information.
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resin-bound iodinated thiophenes and boronic esters Sb—d
with NaHCO; as the base gave nearly quantitative conver-
sions. However, under these conditions the trifluoromethyl
substituted building block 5a furnished the coupling product
in very low conversions. Therefore, a buffer system of
NaH,PO,/Na,HPO, was employed and proved to be highly
efficient in cross-couplings with the boronic ester Sa.

With the development and optimization of the synthetic
method complete, the oligomer library was constructed by
utilizing both the parallel and the “mix-and-split” synthesis.
This library included all possible permutations of the four
diversity elements (functional groups) resulting in a library of
256 tetramers. The synthesis of the iodobithiophenes 7 was
performed in parallel, the subsequent oligomer growth to the
quaterthiophenes 1 used the “mix-and-split” technique. In the
latter technique, the individual compounds are synthesized in
micro-reactors each labeled with a unique radiofrequency tag
for identification.'”! Using this procedure a 256-membered
quaterthiophene library was synthesized after successful
generation of a 16-membered test library.

Since the purity of the compounds is a crucial prerequisite
for a meaningful screening, all the oligomers were purified
using automated preparative high-pressure liquid chromatog-
raphy (HPLC).["l 243 of the 256 library members could be
isolated in milligram quantities with purities of greater than
98 %. In addition, the integrity and identity of the oligomers
could be assessed by coupled mass spectrometry. The
quaterthiophenes were available in isolated overall yields of
2—-51% which do not reflect the overall reaction conversions
but rather display the separation difficulties during the HPLC
purification. The 'H NMR spectroscopic analysis of selected
raw products revealed an overall conversion of 40-55%
(which appeared to be nearly independent of the building
blocks employed) corresponding to an average conversion of
89-93% per reaction step.

In view of the technological applications of m-conjugated
oligomers and their corresponding polymers the investigation
of optical and electrochemical properties is of interest. The
screening of the purified oligomers by means of absorption
and fluorescence spectroscopy and cyclic voltammetry should
allow the development of detailed structure —property rela-
tionships which can be used to estimate the properties of
similar oligomers and polymers. The screening of optical
properties revealed only a marginal influence by the sub-
stituents on the absorption maxima (4,,;=381-392 nm) and
emission maxima (4., =492-518 nm). However, the optical
gap which is associated with the energy difference of the
frontier orbitals slightly increases with the electron-donating
nature of the substituents (AE=2.71-2.74 eV).

The electronic consequences of the oligomer substitution
on the relative energy levels of the frontier orbitals were
further investigated by cyclic voltammetry. A significant
increase of the probe throughput was obtained by using a
fully automated screening device. The apparatus constructed
for the electrochemical screening is shown in Figure 1. It
comprises a 96-well plate (which was used as an array of
electrochemical cells), a three-electrode setup (Pt working
electrode, Pt counter electrode, and Ag/AgCl reference
electrode), a solvent dispenser, a potentiostat, and a computer
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Figure 1. Apparatus for the automated cyclic voltammetry.

for data acquisition. To precisely position the electrode setup
into the wells the microtiter plate was fixed to a holder which
could be orientated in the x,y plane and the electrode setup
was attached to a holder with z-direction mobility. Tailored
softwarel? allowed the positioning of the electrodes into the
cavities of the well plate, the dosing of the electrolyte!™®l under
exclusion of oxygen using a serially controlled solvent
dispenser, and after a predefined delay (which was necessary
for solvating the compound) acquisition of the voltammetric
data. Cyclic voltammograms for each measurement were
stored in a separate file.

By extracting the relevant data from the voltammograms,
information on the substituent effects on redox potentials was
provided. The first oxidation potentials of the quaterthio-
phenes (EY) covered a large range of 0.42-0.68 V.1 A
systematic shift to higher oxidation potentials occurred when
the substituents had a more pronounced acceptor character.
This general trend is illustrated in the color-coded diagram,
Figure 2. A similar relationship was found for the second
oxidation potentials of the quaterthiophenes (EY), these
covered a range of 0.78-0.90 V.

The correlation of the collected redox potentials with the
substituent descriptor Zo;; (which was defined as sum of the

EL ImV

420 445 470 495 EBI0 545 E7D 505 620 B45 670 [a]
InCraasing akectron-
donating ability
of the substiluants

—

\OQ (-_,hnf“ ;
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HiCH, =
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CH,/ cH, [
H{OCH,
QEH,H |
CH,/ OCH,
OCH, ! CH,
OCH,/ OCH,

Figure 2. Color-coded matrix of the first oxidation potentials (EY) of the
quaterthiophenes 1. The substituents R! and R? are arranged along the
ordinate, the substituents R and R* along the abscissa. [a] Not determined
because of sample impurity.
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Hammett constants o) of the individual substituents!')
facilitated a detailed analysis of the substituent effects. This
descriptor, which numerically reflects the overall contribu-
tions of the individual substituents, is plotted in Figure 3
against the first and second oxidation potentials.'”! This plot

900

800 -

T 7004

ElmV
600

500 A

)of, Jp——
p

Figure 3. Correlation between the first and second oxidation potentials E{
and EY of the quaterthiophenes 1 and the substituent descriptor o).

displays, on first inspection, a linear correlation between Zo}
and the redox potentials. While the potentials reflect the
overall electron affinity of the four substituents, the slopes of
the trend lines indicate the susceptibility of the oxidation
potentials to the electronic influence of the substituents.!"”!
The first oxidation potential is therefore more influenced by
the electronic nature of the substituents than the second. In
addition, for some of the oligomers with the same substituent
constitution (same Zo; value) a scattering of the oxidation
potentials of up to 80 mV (EY) is observed. This fact indicates
that, beside their electronic nature, the sequence of the four
substituents also influences the oxidation potential. Finally,
the electrochemical energy gaps (AE=2.84-2.91V, differ-
ence between the first oxidation potential EY and the
reduction potential were determined for some representative
quaterthiophenes,'®! these electrochemical energy gaps were
found to be in good agreement with the data obtained by the
optical analysis.

These results and those of the preceding studyl® clearly
demonstrate that the principles of combinatorial chemistry
can be utilized for the development of organic materials. The
stepwise oligomer growth by solid-phase synthesis and the
subsequent screening for optical and electrochemical proper-
ties enabled the collection of large data sets which could be
used to deduce structure—property relationships. The sub-
stitution with the different electronically diverse elements
opens the avenue to the effective control and fine-tuning of
the optical and electrochemical properties of such m-con-
jugated oligomers.
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