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ABSTRACT: The synthesis and characterization of soluble rodlike oligo- and poly(1,4-phenyleneethy-
nylene)s end-capped with various functional groups were achieved. The molecular weights were estimated
by GPC and *H NMR spectroscopy. The possibility of quantitatively introducing different or identical
functional groups at the chain ends was demonstrated by the synthesis of donor- and acceptor-substituited
oligo(1,4-phenyleneethynylene)s and of poly(1,4-phenyleneethynylene)s functionalized with protected thiol
moieties. The latter polymers can, after deprotection of the thiol functions, possibly serve as molecular
wires and allow the bridging of a small gap between two gold nanoelectrodes.

1. Introduction

Within the last two decades new rigid rodlike poly-
mers have been introduced that are composed of arylene
and ethynylene units.! The most common example is
poly(p-phenyleneethynylene) (PPE). The synthetic ac-
cess to PPEs was made possible by the efficient Pd-
catalyzed coupling of bis(alkynyl)arenes with dihaloare-
nes;? however, initial attempts to synthesize PPEs
resulted only in low-molecular-weight oligomers with
poor solubility.12-¢ Recently, an increase in solubility
and molecular weight of such rigid-rod polymers was
achieved by the use of long-chain alkyl- or alkoxy-
substituted arenes as monomers.3

Less attention has been given to the nature of the
polymer end groups. Previous reports have indicated
the detection of only halogen end groups.t2=4i Even if
AB-monomers were used to avoid stoichiometry imbal-
ances, no evidence for acetylenic end groups was found
by 'H NMR spectroscopy.i¢i Several explanations have
been proposed to account for these results. One likely
reason may be that metal-catalyzed bond-opening reac-
tions of the alkynes* occur, which can lead to branched
or even cross-linked polymers. However, this side
reaction should only occur at high temperatures
(>80 °C). Another possible reason is the oxidative
coupling of two terminal alkynes, which leads to the
formation of butadiyne structures. This reaction is
caused by the influence of oxygen and copper® and the
nature of the catalyst. Furthermore, Heck?® and Moore®
argued that Pd(I1) catalysts are reduced to the active
Pd(0) catalysts before entering the catalytic cycle. This
initial step is accomplished by oxidative coupling of two
alkyne monomers. Thus, a stoichiometric imbalance is
created during initiation, causing low molecular weight
polymers possessing only halogen end groups. The
existence of copper acetylide end groups can also explain
the failure of detecting terminal alkynes by 'H NMR
spectroscopy. The formation of copper acetylides is due
to the strong affinity of the copper(l) salts toward
terminal alkynes;” however, this reaction does not cause
an interruption of the chain growth. Yamamoto et al.
predicted that the formation of the acetylide is an
intermediate step in the catalytic cycle that is followed
by the transmetalation of the acetylide ligand to the Pd
complex.8
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However, if one considers specific functionalization at
the ends of the oligomer or polymer, side reactions need
to be reduced to a minimum. Some authors avoid the
problems of side reactions by synthesizing difunction-
alized oligomers in a stepwise® or an iterative divergent/
convergent%1l manner, including purification of each
intermediate compound. However, these approaches
are tedious when increasing the oligomer length. Swa-
ger et al. synthesized difunctionalized poly(aryleneethy-
nylene)s by copolymerization of a diiodoarylene with a
slight excess of a diethynylenearylene and a small
amount of a monoiodoarylene end group.’2 In this
approach, however, it is not possible to introduce two
different end groups at the chain ends.

In this paper, a simple procedure for the synthesis of
o,w-difunctionalized oligo- and poly(p-phenyleneethy-
nylene)s with identical or different end groups is
described. One aim was to synthesize conjugated
polymers with thiol end groups to serve as “molecular
alligator clips”.1° These polymers may be used to bridge
a gap of about 25 nm between two gold nanoelectrodes,!3
which are fabricated by electron-beam lithography on
thermally oxidized Si wafers. Another aim was the
synthesis of oligo(p-phenyleneethynylene)s with one
donor and one acceptor end group. The interaction of
these end groups was examined as a function of the
chain length of the conjugated bridge.

2. Results and Discussion

2.1. Synthetic Methods. Two important aspects of
the synthesis of o,w-difunctionalized oligo- and poly(p-
phenyleneethynylene)s are the use of a Pd(0)-catalyst,
i.e., Pd(PPhs)s, together with copper iodide as cocatalyst
and of an AB-monomer to prevent imbalanced stoichi-
ometry. 4-Ethynyl-2,5-dihexyliodobenzene (3) was used
as the AB-monomer (Scheme 1). 3 was prepared by
halogenation of 1,4-dihexylbenzene (1),1415 leading to
1,4-dihexyl-2,5-diiodobenzene (2). Treatment of 2 with
an equimolar amount of (trimethylsilyl)acetylene under
PdCI,(PPhs),/Cul catalysis gave 2,5-dihexyl-4-[(trim-
ethylsilyl)ethynyl]liodobenzene and after removal of the
protecting group 4-ethynyl-2,5-dihexyliodobenzene (3).
The alkyl substituents ensure good solubility and can
also lead to highly ordered supramolecular architectures
of the polymers. This self-organization is often de-
scribed for rigid-rod-like polymers as, for example,
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Scheme 1. Synthesis of
4-Ethynyl-2,5-dihexyliodobenzene (3)
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Scheme 2. Synthetic Approaches to the
o,w-Difunctionalized Oligo- and Poly[(2,5-
dihexylphenylene-1,4)ethynylene]s 7a and 7b
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polyamides and polyesters,1® oligothiophenes,!” and
poly(p-phenylene)s.18

Two different procedures for synthesizing the phe-
nyleneethynylenes discussed here were examined
(Scheme 2). In both cases the end-capping reagent,
which should react with the acetylenic end group, was
added before the workup procedure to prevent oxidative
coupling of the alkynes. In path I the AB-monomer 3
was polymerized for a certain time, followed by the
addition of an excess of the functionalized iodobenzene
4 to the reaction mixture. After the workup procedure,
which was necessary to remove the excess of the end-
capping reagent, the resulting poly(1,4-phenyleneethy-
nylene) 5 was converted with the functionalized ethy-
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Figure 1. FD mass spectrum of a-[(4-nitrophenyl)ethynyl]-
w-[4-(N,N-dimethylamino)phenyl]oligo[(2,5-dihexylphenylene-
1,4)ethynylene]s (7a).

nylbenzene 6 into the difunctionalized polymer 7. In
path 1l end-capping reagent 4 was mixed with an
equimolar amount of catalyst and heated for 15 min in
order to enable the oxidative addition of 4 to the
catalyst. Subsequently, a predetermined amount of the
AB-monomer 3 was added to the mixture. In this case,
the reaction stopped after consumption of the acetylenic
groups. An addition of an excess of 6 completed the
synthesis of oligomers without previous workup of the
intermediate product. For the synthesis of polymers,
an excess of 4 was added after the first step to ensure
that every acetylenic end group was capped. Therefore,
a workup of the intermediate product was necessary and
the further procedure was analogous to path I. In path
Il the average molecular weight can be regulated by the
ratio of the monomer to the end-capping reagent. An
increase of this ratio leads to higher values of the
average molecular weight, which is shown by two
examples in section 2.3.

To demonstrate the feasibility of the described syn-
thetic approaches, oligomers with one donor (dimethy-
lamino) and one acceptor (nitro) end group (section 2.2)
as well as polymers with two (N,N-dimethyl(carbamoyl)-
thio end groups (section 2.3) were synthesized.

2.2. Synthesis of Donor- and Acceptor-Substi-
tuted Oligomers. For the synthesis of donor- and
acceptor-substituted oligomers, the coupling reaction
according to path Il was applied. The reaction was
initiated with 4-ethynyl-2,5-dihexyliodobenzene (3) and
4-iodonitrobenzene (4a) in a ratio of 3:1, followed by
addition of an excess of 4-ethynyl-N,N-dimethylaniline
(6a)!® after 16 h. The overall yield of the a-[(4-
nitrophenyl)ethynyl]-w-[4-(N,N-dimethylamino)phenyl]-
oligo[(2,5-dihexylphenylene-1,4)ethynylene]s (7a) was
97%. The mixture of the oligomers was investigated by
FD mass spectrometry.

Ta

The FD mass spectrum indicates equidistant signals
for the oligomers 7a with n = 1-9 (Figure 1). No
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Figure 2. HPLC trace of a-[(4-nitrophenyl)ethynyl]-w-[4-
(N,N-dimethylamino)phenyl]oligo[(2,5-dihexylphenylene-1,4)-
ethynylene]s (7a).
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Figure 3. Absorption spectra of o-[(4-nitrophenyl)ethynyl]-
w-[4-(N,N-dimethylamino)phenyl]oligo[(2,5-dihexylphenylene-
1,4)ethynylene]s (7a) with n = 0—6 in CHCls.

Table 1. Yields of the Monodisperse Oligomers 7a with
n = 1-6, Separated by HPLC
1 2 3 4 5 6
yield (%) 10.1 10.8 7.9 6.5 5.2 2.9

evidence of byproducts was found. Oligomers with n =
1-6 were separated by preparative HPLC using a
reversed-phase column with an acetonitrile/chloroform
gradient as eluent (Figure 3). Larger oligomers could
not be isolated, due to their low yields and the small
differences in their elution volumes. The yields of the
isolated oligomers amounted to 44%. The single yields
of the separated oligomers are shown in Table 1. These
values indicate the influence of the end-capping reagent
4a mixed with the monomer at the beginning of the
coupling reaction. The reaction was terminated at an
oligomeric stage because of the presence of 4a. Due to
the small ratio of 3:1 of monomer 3 to 4a, the formation
of molecules with n = 1 and 2 was preferred. An
increase of this ratio favored larger oligomers.

2.2.1. Characterization of the Oligomers. The
structure and purity of the isolated oligomers 7a were
proven by FD mass spectrometry and NMR spectros-
copy. The IH NMR spectra of the oligomers 7a confirm
clearly the expected substitution pattern. The doublets
centered at 6 = 8.22, 7.63, 7.39, and 6.66 ppm are
assigned to the AA'BB’ systems of the nitrophenyl and
(N,N-dimethylamino)phenyl end groups. The singlets
at 6 = 7.36 and 7.33 ppm are due to the aromatic
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Figure 4. Neutral and charge-separated resonance structure
ofa-[(4-nitrophenyl)ethynyl]-w-[4-(N,N-dimethylamino)phenyl]-
oligo[(2,5-dihexylphenylene-1,4)ethynylene]s (7a).

protons of the main chain. In the aliphatic region, the
spectra show a singlet at 6 = 3.00 ppm for the dimethy-
lamino group and the signals for the hexyl side chains.
In the 13C NMR spectra it is not possible to detect all
signals for the aromatic and acetylenic carbon atoms
because of partial overlap of the resonances. However,
the signals at 6 = 150.2 ppm (C—NO,), 147.0 ppm (C—
N(CHj3),), and 40.2 ppm (N(CHg3),) indicate the presence
of the two different end groups.

2.2.2. UV—Vis Spectroscopy. As expected from
their conjugated structure, the longest wavelength
absorption maxima of the oligomers 7a show a batho-
chromic shift with increasing chain length and reach
the convergence limit of A = 387 nm for n = 5 (Figure
3). This convergence of the absorption maxima defines
the value of the so-called “effective conjugation length”.20
It describes the size of the w-system, which is necessary
to reach size-independent optical and electronic proper-
ties of the macromolecules. In comparison with the
corresponding unfunctionalized 1,4-phenyleneethynyl-
enes,1%21 7a shows a similar absorption behavior and
size of the conjugation length, but the longest wave-
length absorptions of the oligomers 7a are shifted
bathochromically. The observed absorptions are as-
signed to 7—x* transitions. No intramolecular charge-
transfer transitions (ICT) can be observed for the
oligomers 7a with n > 1, whereas the corresponding
molecule with n = 0 shows a transition (1 = 415 nm)?2
of this kind. The broad absorption band for n = 1
possibly can be explained by partial overlap of the 7—x*
and the ICT band. It seems that the ICT band shifts
hypsochromically with increasing chain length and is
therefore covered by the m—s* band for the higher
oligomers. In contrast to this result the energy and
intensity of the ICT transition of donor- and acceptor-
substituted oligo(1,4-phenylenevinylene)s and o,w-
diphenylpolyynes are nearly independent of the conju-
gated linker length.2® The reason for this observation
is probably that the charge-separated cumulenic reso-
nance structure in the phenyleneethynylene system
(Figure 4) is high in energy and therefore energetically
unfavorable in the ground state. The high energy of
this resonance structure is due to the loss of aromaticity
of the benzene rings.

2.3. Synthesis of Polymers with (N,N-Dimeth-
ylcarbamoyl)thio End Groups. The method of a,w-
difunctionalization was also applied to polymers. In-
tended was the synthesis of a polymer that can be used
to bridge a gap between two gold nanoelectrodes.!® For
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Scheme 3. Synthesis of the End-Capping Reagents
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this purpose the molecules have to meet several
requirements: (i) They should have a conjugated rigid-
rod structure. (ii) Functional end groups are needed,
which allow the adhesion to the gold electrodes. (iii)
The average length should correspond to the width of
the gap between the electrodes. (iv) The molecules
should be capable of self-organization on substrates, for
example, mica or SiO,. One candidate exhibiting these
properties could be the a,w-dithiol-functionalized poly-
(p-phenyleneethynylene) 8. In contrast to Schumm et
al.1% the synthesis of polydisperse molecules was the
objective because the size of the gaps between our
nanoelectrodes varies between 20 and 30 nm. For this
reason the polymers require an average length of about
25 nm, which corresponds to a DP of about 35.

In this paper a simple synthesis of poly(p-phenyle-
neethynylene)s with (N,N-dimethylcarbamoyl)thio end
groups 7b, which is the protected form of 8, is described.

7b : R = CON(CH,,
8 :R=H

The end-capping reagents 4b and 6b were synthe-
sized as shown in Scheme 3. Reaction of 4-iodophenol
with N,N-dimethylthiocarbamoyl chloride, followed by
a Newman—Kwart rearrangement,?* led to 4-[(N,N-
dimethylcarbamoyl)thioliodobenzene (4b). Then, 4b
was converted into 4-ethynyl-[(N,N-dimethylcarbamoyl)-
thiolbenzene (6b) by reaction with (trimethylsilyl)-
acetylene and deprotection with potassium fluoride.

In the first approach, according to path | in Scheme
2, the AB-monomer 1 was polymerized for 3 days
followed by addition of an excess of 4b. After the
workup procedure, the resulting monofunctionalized
polymer a-iodo-w-[4-[(N,N-dimethylcarbamoyl)thio]phe-
nyl]poly[(2,5-dihexylphenylene-1,4)ethynylene] (5b) was
coupled with an excess of 6b to the difunctionalized
polymer «a-[4-[(N,N-dimethylcarbamoyl)thio]phenyl]-
ethynyl]-w-[(4-N,N-dimethylcarbamoyl)thio]phenyl]poly-
[(2,5-dihexylphenylene-1,4)ethynylene)] (7b). For poly-
mer characterization see section 2.3.1. Polymer 7b was
also synthesized according to path Il. Using this
approach ratios of 35:1 and 20:1, respectively, of mono-
mer 3 to end-capping reagent 4b were chosen. After 3
days, an excess amount of 4b was added, after which
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Table 2. Molecular Weights and Degrees of
Polymerization (DPs) of Polymer 7b

DP
path? MpP M,° Mu/MpP GPCP NMRe¢

| 18198 (27496) 149753 (442576) 8.23 (16.11) 66 (100) 42
119 12767 (17917) 33225 (63481) 2.80 (3.54) 46 (65) 30
Ile 7264 (9602) 14104 (22595) 1.94 (2.35) 25(34) 20

a Synthesized according to paths | and Il, respectively. ? De-
termined by GPC analysis with poly(p-phenylene)?? as standard,
with values for polystyrene as standard in parentheses. ¢ Calcu-
lated by integration of the 'H NMR signals. 9 Initial ratio of
monomer 3/end-capping reagent 4b = 35:1. ®Initial ratio of
monomer 3/end-capping reagent 4b = 20:1.

the remaining procedure followed path I. The charac-
terization of the polymers is described in the following
chapter.

2.3.1. Polymer Characterization. The average
degrees of polymerization, DP, of the resulting polymers
were estimated by gel permeation chromatography
(GPC) and 'H NMR spectroscopy (Table 2).

The GPC method is especially sensitive to the calibra-
tion standards used. Since a polystyrene calibration is
not suitable for the evaluation of the elugrams of rigid-
rod polymers, a substituted poly(p-phenylene) (PPP)
with known molecular weights was used for the calibra-
tion.?> Polymer 7b, synthesized according to path I,
showed a DP of 66 determined by GPC (PPP calibra-
tion), whereas the polymers synthesized according to
path Il indicate DPs of 46 and 25 (Table 2). In the
elugrams of the polymers 7b, a low-intensity tailing of
the molecular weight distribution curve to higher values
is observed, which drastically increases the polydisper-
sity but has only little effect on the number-average
molecular weight. Possibly, the tailing is caused by
aggregation of the rigid m-conjugated polymers.12.26
Analogous to the observations of Swager et al.,1? solu-
tions of polymer 7b form stable gels upon standing,
which can be redissolved by heating. This observation
indicates that only weak physical cross-links are re-
sponsible for the gelation. However, after removal of
the solvent, only a small amount of 7b redissolves. In
addition, the intensity of the tailing increases with the
age of the sample. It seems that the protected thiol end
groups of the polymer have an influence on the aggrega-
tion behavior as well. Compared to the molecular
weight distribution curve of unfunctionalized poly(p-
phenyleneethynylene)s, the curve of 7b indicates a
stronger tailing.

Polymer 7b was also examined by 'H NMR spectros-
copy in order to prove the existence of the end groups.
The 'H NMR spectrum of 7b (Figure 5) points toward
a complete functionalization of the polymer ends within
the experimental error. The aromatic protons of the end
groups appear as a singlet at 6 = 7.48 ppm (b), and the
aromatic protons of the main chain, as a broad singlet
at 6 = 7.36 ppm (c). The signal at 6 = 3.02 ppm (a) is
assigned to the (dimethylcarbamoyl)thio group, and the
other signals in the aliphatic area are caused by the
hexyl groups. Signals for molecules with iodine end
groups that appear at 6 = 7.69 and 7.30 ppm cannot be
detected. Since polymer 7b is quantitatively o,w-
functionalized, 'H NMR spectroscopy provides a conve-
nient method for determining the average number of
repeat units or DP. The DP can be determined by
straightforward integration of the end group and main-
chain signals. By this method a DP of 42 was found
for path | as well as DPs of 30 and 20, respectively,
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Figure 5. 'H NMR (500 MHz) spectrum of polymer 7b in
tetrachloroethane-d,.

according to path Il. The values calculated by 'H NMR
differ from values determined by GPC (Table 2). One
reason for these deviations results from errors in signal
integration of the H NMR spectra due to the partial
overlap of the main-chain and end group signals. An
additional error comes from the calibration standards
used for GPC. The poly(p-phenylene) standards dis-
cussed above do not describe the elution behavior of the
polymers 7b adequately.

Despite the difficulties concerning the determination
of the exact DPs, the lengths of synthesized a,w-
functionalized polymers are in range of the gap width
of the nanostructures. A sufficient length to bridge a
gap of 20—30 nm means DPs between 28 and 43. It is
possible to synthesize a,w-functionalized polymers with
these DPs by following either path | or path Il (Table
2). The research into self-organization behavior and the
possibility of molecular wire conduction is in progress.

Conclusion

In summary, it is clear from our results that the Pd-
catalyzed coupling of iodoarenes with alkynearenes can
be used to synthesize oligo- and poly(phenyleneethy-
nylene)s with defined end groups. In comparison with
other approaches leading to such molecules, our ap-
proach is very simple and straightforward. It is possible
to vary the average molecular weight of the polymers
and to introduce two different end groups at the chain
ends. Since our a,w-bis(carbamoylthio)-substituted PPEs
7b fulfill the predetermined requirements for a potential
molecular wire, we are now able to investigate their self-
organization behavior and, after deprotection, their
capability of electron conduction between the nanoelec-
trodes.

The easy access to the a,w-difunctionalized PPEs
opens a variety of interesting applications. For ex-
ample, it should be possible to copolymerize PPEs,
functionalized with carboxy or hydroxy end groups, with
common, functionalized polymers such as polystyrene.
These copolymers will probably show unusual morphol-
ogies, due to the combination of incompatible poly-
mers.2’

Experimental Section

All starting materials were obtained from commercial
suppliers and used without further purification. The reaction
apparatus was predried, and the reactions were carried out
under an argon atmosphere. Triethylamine was distilled over
KOH before use. THF was distilled over potassium and kept
under argon. 'H and 3C NMR chemical shifts were obtained
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using Varian Gemini 200 and Bruker AMX 500 spectrometers
and expressed in parts per million (6) with residual H atoms
in the deuterated solvent as the internal standard. Mass
spectra were obtained using a VG Trio 2000 (El, 70 eV) and a
VG Instruments ZAB2-SE-FPD (FD). Gel permeation analy-
ses were performed with polystyrene-gel columns (two col-
umns, 8 mm x 600 mm, 5 um, pore widths 10% and 10* A) and
CHClI; as the solvent connected to a UV—vis detector. IR were
recorded using a Nicolet FT-IR 320. The UV—vis absorption
spectra were measured with a Perkin-Elmer Lambda 9.
1,4-Dihexyl-2,5-diiodobenzene (2). 1,4-Dihexylbenzene
(1) (24 g, 0.1 mol), iodine (22.9 g, 0.09 mol), H,SO, (30%, 30
mL), acetic acid (concentrated, 180 mL) and CCl, were mixed
and stirred at 75 °C for 3 h. After cooling to 0 °C, the
precipitate was filtered off and washed with an excess of
methanol. The crude material was recrystallized from ethanol
and dried in vacuo to yield 31.8 g (64%) of colorless needles;
mp 56 °C. 'H NMR (200 MHz, chloroform-d): ¢ = 7.60 (s, 2
H) 2.60 (t, J = 15.7 Hz, 4 H), 1.56 (m, 4 H), 1.35 (m, 12 H),
0.91 (t, J = 13.1 Hz, 6 H). 3C NMR (50 MHz, chloroform-d):
o0 = 145.3, 139.8, 100.8, 40.3, 32.1, 30.6, 29.4, 23.0, 14.5. IR
(KBr): vicm™ = 2956, 2937, 2922, 2867, 2856, 2847, 1464. MS
(El): m/z=498 (M"). Anal. Calcd: C, 43.39; H, 5.66; |, 50.94.
Found: C, 43.25; H, 5.78; 1, 50.90.
2,5-Dihexyl-4-[(trimethysilyl)ethynyl]iodobenzene. To
a solution of 2 (4.98 g, 10 mmol), Cul (48 mg, 2,5 mmol), and
Pd(PPhs).Cl, (351 mg, 0.5 mmol) in 80 mL of triethylamine
was added (trimethylsilyl)acetylene (0.98 g, 10 mmol). The
mixture was stirred at room temperature for 15 h. After
removal of the solvent in vacuo, 3 was separated from starting
material and byproduct by column chromatography using silica
gel with pentane as eluent to yield 2.34 g (50%) of a colorless
oil. *H NMR (200 MHz, chloroform-d): 6 = 7.63 (s, 1 H), 7.50
(s, 1 H), 2.63 (m, 4 H), 1.57 (m, 4 H), 1.34 (m, 12 H), 0.91 (m,
6 H), 0.26 (s, 9 H). 3C NMR (50 MHz, chloroform-d): 6 =
145.1, 143.1, 139.8, 132.9, 123.1, 103.9, 101.6, 98.9, 40.7, 34.4,
32.2, 31.0, 30.7, 29.7, 29.5, 23.1, 14.5, 0.4. IR (KBr):
vlem~1 = 2957, 2927, 2871, 2857, 2154, 1656, 1649, 1642, 1590,
1474, 1467, 1460. MS (El): m/z = 468 (M), 73 (TMS, 100%).
Anal. Calcd: C, 58.96; H, 7.96; I, 27.08. Found: C, 59.03; H,
7.89; 1, 27.15.
4-Ethynyl-2,5-dihexyliodobenzene (3). 2,5-Dihexyl-4-
[(trimethysilyl)ethynyl]iodobenzene (2 g, 4.27 mmol) was dis-
solved in 10 mL of DMF. To the solution was added KF (0.37
mg, 6.40 mmol) and 1 mL of water, and the mixture was
stirred for 2 h at room temperature under exclusion of light.
After addition of 10 mL of water, the aqueous phase was
extracted with CH,Cl,. The combined organic layers were
washed with water four times and then dried with MgSQO,.
The solvent was removed in vacuo, and the crude material was
purified by column chromatography using silica gel with
pentane as eluent to yield 1.66 g (98%) of a colorless oil. H
NMR (200 MHz, chloroform-d): 6 = 7.67 (s, 1 H), 7.28 (s, 1
H), 3.26 (s, 1 H), 2.65 (m, 4 H), 1.58 (m, 4 H), 1.35 (m, 12 H),
0.91 (m, 6 H). 3C NMR (50 MHz, chloroform-d): 6 = 145.1,
143.2, 139.9, 133.9, 133.4, 122.1, 102.0, 82.4, 81.6, 40.6, 34.0,
32.1, 30.9, 30.6, 29.6, 29.5, 23.1, 14.5. IR (KBr): vlcm™ =
3311, 3298, 2956, 2927, 2857, 1588, 1474, 1467, 1460. MS
(El): m/z=396 (M"). Anal. Calcd: C, 60.57; H, 7.37; 1, 32.06.
Found: C, 60.42; H, 7.48; I, 32.02.
o-[(4-Nitrophenyl)ethynyl]-o-[4-(N,N-dimethylamino)-
phenyl]oligo[(2,5-dihexylphenylene-1,4)ethynylene] (7a).
4-lodonitrobenzene (4a) (249 mg, 1 mmol), Pd(PPhs) (1.16 g,
1 mmol), Cul (190 mg, 1 mmol), and 30 mL of piperidine were
stirred and heated to 60 °C. After 15 min, 4-ethynyl-2,5-
dihexyliodobenzene (3) (1.19 g, 3 mmol) was added and the
mixture stirred for 16 h. 4-Ethynyl-N,N-dimethylaniline (6a)
(174 mg, 1.2 mmol) was added, and the solution was stirred
for an additional 2 days at 60 °C. The solvent was evaporated,
the residue was dissolved in CH,CI; and filtered using a short
column filled with silica gel. The solvent was removed in
vacuo, and the oligomer mixture (1.06 g, 98%) was subjected
to column chromatography using an RP15-HPLC column with
chloroform/acetonitrile as eluent. This procedure yielded
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monodisperse oligomers. To give an overview of their char-
acteristics, data for the oligomers with n = 1, 4, and 6 are
reported.

n = 1. 54 mg (10.1%) of a yellow product: mp 85 °C; *H
NMR (200 MHz, chloroform-d): 6 = 8.20, 761 (AA'BB’, 2 H
each), 7.38, 6.65 (AA'BB’, 2 H each), 7.34 (s, 1 H), 7.33 (s, 1
H), 2.98 (s, 6 H), 2.85—2.70 (m, 4 H), 1.75—1.50 (m, 4 H), 1.45—
1.30 (m, 12 H), 0.95-0.75 (m, 6 H); *C NMR (50 MHz,
chloroform-d): 6 = 150.2, 146.8, 142.5, 141.9, 132.6, 132.5,
132.0, 132.0, 130.6, 124.8, 123.7, 120.2, 111.8, 110.0, 96.2, 94.4,
91.6, 86.3, 40.2, 34.2, 34.1, 31.8, 31.7, 30.7, 30.5, 29.3, 29.2,
22.6,22.6, 14.1, 14.1; IR (NaCl): v/cm~! = 2954, 2926, 2856,
2359, 2339, 2332, 2198, 1610, 1592, 1558, 1548, 1521, 1498,
1485, 1465, 1457, 1446; UV (CHCI3): Amax = 345 nm (e =
31 245); MS (FD): m/z = 534.6 (M*). Anal. Calcd: C, 80.85;
H, 7.92; N, 5.24. Found: C, 76.73; H, 7.99; N, 4.70.

n = 4: 86 mg (6.5%) of a yellow solid; mp 109 °C; *H NMR
(200 MHz, chloroform-d) 6 = 8.22, 7.63 (AA'BB’, 2 H each),
7.39, 6.66 (AA'BB', 2 H each), 7.36 (s, 6 H), 7.33 (s, 2 H), 3.00
(s, 6 H), 2.90—2.70 (m, 16 H), 1.80—1.55 (m, 16 H), 1.50—1.20
(m, 48 H), 0.95—0.75 (m, 24 H); 13C NMR (50 MHz, chloroform-
d) 0 = 150.0, 147.0, 142.7, 142.1, 141.9, 141.8, 141.8, 132.6,
132.5, 132.4, 132.0, 131.9, 131.8, 130.5, 124.0, 123.8, 123.5,
123.0, 122.9, 122.7, 122.6, 122.5, 121.8, 121.7, 121.2, 112.0,
95.4, 94.0, 93.7, 93.4, 93.2, 93.0, 92.7, 92.6, 92.0, 86.6, 40.2,
34.2,31.8,31.8,31.7,30.7, 30.6, 29.7, 29.3, 22.7, 14.1; IR (NaCl)
vlem™ = 2955, 2924, 2871, 2855, 2360, 2342, 2333, 1610, 1594,
1539, 1521, 1505, 1490, 1463, 1457, 1447; UV (CHClg) Amax =
385 nm (e = 110 994); MS (FD) m/z = 1340.3 (M"). Anal.
Calcd: C, 86.03; H, 9.48; N, 2.09. Found: C, 85.26; H, 9.68;
N, 2.23.

n = 6: 54 mg (2.9%) of a yellow product; mp 125 °C; *H
NMR (200 MHz, chloroform-d) 6 = 8.22, 7.64 (AA'BB’, 2 H
each), 7.39, 6.67 (AA'BB', 2 H each), 7.38—7.36 (m, 10 H), 7.33
(s, 2 H), 2.99 (s, 6 H), 2.90—2.70 (m, 24 H), 1.80—1.55 (m, 24
H), 1.50—1.20 (m, 72 H), 0.95—0.75 (m, 36 H); 13C NMR (50
MHz, chloroform-d) 6 = 150.2, 147.0, 142.7, 141.9, 141.8, 141.8,
133.3, 132.6, 132.4, 132.4, 132.1, 131.9, 131.8, 127.5, 125.9,
123.7, 123.6, 123.0, 122.9, 122.8, 122.6, 122.5, 121.8, 111.9,
110.4, 95.4, 93.4, 93.2, 93.0, 92.8, 92.6, 92.0, 86.5, 40.2, 34.2,
31.8,30.7, 30.6, 29.7, 29.3, 22.7, 14.1; IR (NaCl) v/icm~1 = 2956,
2925, 2871, 2855, 2360, 2342, 1610, 1595, 1521, 1506, 1464,
1457; MS (FD) m/z = 1876.6 (M*); UV (CHCl3) Amax = 387 nm
(¢ = 144338). Anal. Calcd: C, 87.02; H, 9.78; N, 1.49.
Found: C, 84.17; H, 9.86; N, 2.17.

4-[(N,N-Dimethylthiocarbamoyl)oxy]iodobenzene.
DABCO (15.3 g, 136.4 mmol) and N,N-dimethylthiocarbamoyl
chloride (12.6 g, 101.9 mmol) were added to a solution of
4-iodophenol (15.0 g, 68.2 mmol) in 150 mL of DMF. The
mixture was stirred for 30 min at 35 °C and for an additional
hour at 75 °C. After cooling to room temperature, the mixture
was poured into 250 mL of water and the precipitate was
collected by filtration. The crude material was recrystallized
from ethanol/toluene (4:1) and dried in vacuo to yield 17.5 g
(84%) of colorless product; mp 102 °C. 'H NMR (200 MHz,
chloroform-d): 6 = 7.66 (d, J = 8.8 Hz, 2 H), 6.81 (d, J = 8.8
Hz, 2 H), 3.42 (s, 3 H), 3.30 (s, 3 H). *C NMR (50 MHz,
chloroform-d): 6 = 186.2, 153.8, 138.2, 125.0, 90.1, 43.3, 38.7.
IR (NaCl): v/iem™ = 3340, 3082, 3062, 3058, 2941, 1538, 1532,
1479. MS (El): m/z = 307.0 (M*, 10%), 203.0 (M* — OCSN-
(CHg3)2, 2%), 88.1 (CSN(CHj3),, 89%), 72.2 (OCN(CHj3),, 100%).
Anal. Calcd: C, 35.17; H, 3.28; N, 4.56; S, 10.42. Found: C,
35.19; H, 3.32; N, 4.56; S, 10.39.

4-[(N,N-Dimethylcarbamoyl)thio]iodobenzene (4b).
4-[(N,N-Dimethylthiocarbamoyl)oxyJiodobenzene (16 g, 52.1
mmol) was heated to 180 °C for 24 h in a 50 mL Schlenk tube.
The crude product was purified by column chromatography
on silica gel, using CH.CI, as eluent to yield 8.4 g (53%) of
pure product; mp 83 °C. 'H NMR (200 MHz, chloroform-d):
0=7.68(d,J=85Hz 2H), 719 (d, J =8.5Hz, 2 H), 3.03
(s, 6 H). ¥C NMR (50 MHz, chloroform-d): 6 = 166.0, 138.0,
137.1, 128.8, 95.6, 36.9. IR (NacCl): vicm~1 = 2942, 2933, 2453,
1653, 1620, 1489, 1484, 1470, 1457, 1430, 1401. MS (FD):
m/z = 307.1 (M*). Anal. Calcd: C, 35.17; H, 3.28; N, 4.56; S,
10.42. Found: C, 35.53; H, 3.25; N, 4.34; S, 10.48.
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4-[(Trimethylsilyl)ethynyl][(N,N-dimethylcarbamoyl)-
thio]lbenzene. To a solution of compound 4b (1.23 g, 4.0
mmol), Cul (19 mg, 0.1 mmol), and Pd(PPh3),Cl; (141 mg, 0.2
mmol) in 40 mL of triethylamine was added (trimethylsilyl)-
acetylene (450 mg, 4.6 mmol). The mixture was stirred at
room temperature for 15 h. After removal of the solvent in
vacuo, the residue was purified by column chromatography
using silica gel with CHClI; as eluent to yield 790 mg (71%)
of product; mp 62 °C. *H NMR (200 MHz, chloroform-d): 6 =
7.41 (s, 4 H), 3.03 (s, 6 H), 0.23 (s, 9 H). 3C NMR (50 MHz,
chloroform-d): 6 = 166.2, 135.1, 132.1, 129.3, 123.9, 104.4, 95.8,
36.8, —0.1. IR (NaCl): v/cm™ = 2959, 2454, 2158, 1674, 1484.
MS (FD): m/z = 277.3 (M"). Anal. Calcd: C, 60.60; H, 6.91;
N, 5.05; S, 11.54. Found: C, 58.78; H, 6.67; N, 4.29; S, 10.36.

4-Ethynyl[(N,N-dimethylcarbamoyl)thio]benzene (6b).
4-[(Trimethylsilyl)ethynyl][(N,N-dimethylcarbamoyl)thio]ben-
zene (4b) (655 mg, 2.36 mmol) was dissolved in 6 mL of DMF.
To the solution was added KF (206 mg, 3.55 mmol) and 0.5
mL of water, and the mixture was stirred for 2 h at room
temperature under exclusion of light. After addition of 5 mL
of water the aqueous phase was extracted with CH,Cl,. The
combined organic layers were washed with water four times
and then dried with MgSO,. The solvent was removed in
vacuo, and the crude material was purified by column chro-
matography using silica gel with ethyl acetate/light petroleum
(7:3) as eluent to yield 450 mg (93%) of a yellow product. *H
NMR (200 MHz, chloroform-d): 6 = 7.48 (d, J = 8.8 Hz, 2 H),
7.42 (d,J=8.8 Hz, 2 H), 3.11 (s, 1 H), 3.03 (s, 6 H). *C NMR
(50 MHz, chloroform-d): 6 = 166.0, 135.2, 132.3, 129.8, 122.9,
83.0, 78.5, 36.8. IR (NaCl): v/icm™ = 3294, 3226, 2936, 2104,
1720, 1662, 1505,1483, 1443. MS (El): m/z = 204.9 (M,
13.4%), 72.5 (OCN(CHs)2, 100%). Anal. Calcd: C, 64.36; H,
5.41; N, 6.83; S, 15.60. Found: C, 65.14; H, 5.53; N, 6.81; S,
16.36.

o-lodo-o-[4-[(N,N-dimethylcarbamoyl)thio]phenyl]poly-
[(2,5-dihexylphenylene-1,4)ethynylene] (5b). Path I. A
predried Schlenk tube was charged with 4-ethynyl-2,5-dihexy-
liodobenzene (3) (396.4 mg, 1.00 mmol), 15 mL of triethy-
lamine, and 20 mL of THF. The resulting solution was
degassed three times by briefly applying a vacuum, after which
Pd(PPhs)s (57.8 mg, 0.05 mmol) and Cul (19.0 mg, 0.10 mmol)
were added. The mixture was heated and stirred for 3 days
at 60 °C. End-capping reagent 4b (150.0 mg, 0.5 mmol) was
added, and the mixture was stirred for an additional 3 days
at 60 °C. After cooling to room temperature, the solvent was
evaporated and the residue was dissolved in as little THF as
possible. The polymer was precipitated first in 400 mL of
methanol and then in 400 mL of acetone. The precipitated
polymer 5b was filtered off and dried in vacuo to yield 256
mg (93%) of pure product.

Path I1. A solution of end-capping reagent 4b (8.8 mg, 2.86
x 1072 mmol) in 15 mL of triethylamine and 20 mL of THF
was degassed three times. Pd(PPh3), (57.8 mg, 0.08 mmol)
and Cul (19.0 mg, 0.01 mmol) were added, and the mixture
was stirred for 20 min at 60 °C. 4-Ethynyl-2,5-dihexyliodo-
benzene (3) (396.4 mg, 1.00 mmol) was added slowly over 2 h,
and the resulting solution was stirred for 3 days at 60 °C. After
adding an excess of 4b (150 mg, 0.5 mmol), the mixture was
stirred for an additional 24 h at 60 °C. The solvent was
removed in vacuo, and the residue was dissolved in as little
THF as possible. The polymer was precipitated first in 400
mL of methanol and then in 400 mL of acetone. The
precipitated polymer 5b was filtered off and dried in vacuo to
yield 251 mg (91%) of product.

IH NMR (500 Hz, tetrachloroethane-d;): 6 = 7.69 (s, end
group), 7.50 (bs, end group), 7.38 (bs, main chain), 7.30 (bs,
end group), 3.04 (s, N(CH3)y), 2.87 (bs), 1.76 (bs), 1.47 (bs), 1.37
(bs), 0.91 (bs). 3C NMR (125 Hz, tetrachloroethane-d,): 6 =
142.3, 135.5, 132.8, 132.0, 123.4, 93.8, 37.4, 34.5, 31.9, 30.8,
29.5,22.9,14.18. IR (NaCl): v/icm™! = 2955, 2925, 2871, 2856,
2190, 1503, 1466, 1459. UV (THF): Amax = 386 nm.

o-[[4-[(N,N-Dimethylcarbamoyl)thio]phenyl]ethynyl]-
o-[4-[(N,N-dimethylcarbamoyl)thio]phenyl]poly[(2,5-di-
hexylphenylene-1,4)ethynylene] (7b). Polymer 5b (230.4
mg) was dissolved in 20 mL of THF. Then 10 mL of triethy-
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lamine, Pd(PPh3), (14.0 mg, 0.01 mmol), and Cul (4.7 mg, 0.02
mmol) were added, and the mixture was stirred and heated
to 60 °C. Afterward, the end-capping reagent 6b was added
and the solution was stirred for 3 days at 60 °C. The solvent
was removed in vacuo, and the residue was dissolved in a
minimal amount of THF. The polymer was precipitated first
in 300 mL of methanol and then in 300 mL of acetone. The
precipitate was filtered off and dried in vacuo to yield 207 mg
(90%) of the polymer. *H NMR (500 MHz, tetrachloroethane-
dy): 6 = 7.48 (s, end group), 7.36 (bs, main chain), 3.02 (bs,
N(CHsa)y), 2.83 (bs), 1.73 (bs), 1.43 (bs), 1.34 (bs), 0.88 (bs). 13C
NMR (125 MHz, tetrachloroethane-d,): 6 = 166.2, 142.3,
135.5, 132.7, 131.9, 128.7, 123.3, 122.9, 93.7, 37.3, 34.5, 31.9,
30.8, 29.5, 22.8, 14.2. IR (NaCl): v/cm™ = 2960, 2925, 2867,
2857, 2202, 1728, 1654, 1648, 1644, 1460. UV (THF): Amax =
385 nm. Anal. Calcd for DP =35 (C720H1000N20252)1 C, 88.41;
H, 10.31; N, 0.29; S, 0.65. Found: C, 86.87; H, 10.48; N, 0.35;
S, 0.63.

Acknowledgment. Financial support by a grant
from the Bundesministerium fur Bildung, Wissenschaft,
Forschung und Technologie are gratefully acknowl-
edged.

References and Notes

(1) (a) Sanechika, K.; Yamamoto, T.; Yamamoto, A. Bull. Chem.
Soc. Jpn. 1984, 57, 752. (b) Havens, S. J.; Hergenrother, P.
M. J. Polym. Sci., Polym. Lett. Ed. 1985, 23, 587. (c) Trumbo,
D. L.; Marvel, C. S. J. Polym. Sci., Polym. Chem. Ed. 1986,
24, 2311. (d) Giesa, R.; Schulz, R. C. Makromol. Chem. 1990,
191, 857. (e) Kondo, K.; Okuda, M.; Fujitani, T. Macromol-
ecules 1993, 26, 7382. (f) Miura, Y.; Ushitani, Y.; Inui, K,;
Teki, Y.; Takui, T.; Itoh, K. Macromolecules 1993, 26, 3698.
(9) Moroni, M.; Le Moigne, J.; Luzzati, S. Macromolecules
1994, 27, 562. (h) Solomin, V. A.; Heitz, W. Macromol. Chem.
Phys. 1994, 195, 303. (i) Mangel, T.; Eberhardt, A.; Scherf,
U.; Bunz, U. H. F.; Mullen, K. Macromol. Rapid Commun.
1995, 16, 571.

(2) (a) Dieck, H. A.; Heck, R. F. J. Organomet. Chem. 1975, 93,
259. (b) Cassar, L. J. Organomet. Chem. 1975, 93, 253. (c)
Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett.
1975, 4467.

(3) Rehahn, M.; Schluter, A. D.; Wegner, G. Polymer 1990, 191,
1991.

(4) Simonescu, C. S.; Percec, V.; Dumitrescu, S. J. Polym. Sci.,
Polym. Chem. Ed. 1977, 15, 2497.

(5) (a) O'Krongly, K.; Denmeade, S. R.; Chiang, M. Y.; Breslow,
R. J. Am. Chem. Soc. 1985, 107, 5544. (b) Li Guo; Bradshaw,

o,w-Difunctionalized Poly(p-phenyleneethynylene)s 2453

J. D,; Tessier, C. A,; Youngs, W. J. J. Chem. Soc., Chem.
Commun. 1994, 243.

(6) Deeter, G. A.; Moore, J. S. Macromolecules 1993, 26, 2535.

(7) Morrison, R. T.; Boyd, R. N. Organic Chemistry; Allyn and
Bacon: Boston, 1973.

(8) Yamamoto, T.; Yamada, W.; Takagi, M.; Ooba, N.; Tomaru,
S.; Kurihara, T.; Kaino, T.; Kubota, K. Macromolecules 1994,
27, 6620.

(9) Wong, M. S.; Nicoud, J.-F. Tetrahedron Lett. 1994, 33, 6113.

(10) (a) Schumm, J. S.; Pearson, D. L.; Tour, J. M. Angew. Chem.
1994, 106, 1445. (b) Schumm, J. S.; Jones, L., II; Pearson, D.
L.; Hara, R.; Tour, J. M. Polym. Prepr. (Am. Chem. Soc., Div.
Polym. Chem.) 1994, 35, 687. Jones, L., II; Schumm, J. S.;
Tour, J. M. J. Org. Chem. 1997, 62, 1388.

(11) Zhang, J.; Moore, J. S.; Xu, Z.; Aquirre, R. A. 3. Am. Chem.
Soc. 1992, 114, 2273.

(12) Swager, T. M.; Gil. C. J.; Wrighton, M. S. J. Phys. Chem.
1995, 99, 4886.

(13) Elbel, N. Dissertation, Universitat Erlangen-Nurnberg, 1995.

(14) Rehan, M.; Schluter, A.-D.; Feast, W. J. Synthesis 1988, 386.

(15) Bao, Z.; Chan, W.; Yu, L. Chem. Mater. 1993, 5, 2.

(16) Ballauf, M.; Schmidt, G. F. Macromol. Chem., Rapid Com-
mun. 1987, 8, 93.

(17) Wautelet, M.; Moroni, M.; Oswald, L.; Le Moigne, J.; Phan,
A.; Bigot, J. Y. Macromolecules 1996, 29, 446.

(18) Witteler, H.; Lieser, G.; Wegner, G.; Schulze, M. Macromol.
Chem., Rapid Commun. 1993, 14, 471.

(19) Wong, M. S.; Nicoud, J.-F. Adv. Mater. 1992, 54, 502.

(20) (a) Horhold, H.-H.; Helbig, M.; Raabe, D.; Opfermann, J.;
Scherf, U.; Stockmann, R.; Weiss, D. Z. Chem. 1987, 87, 357.
(b) Scherf, U.; Mullen, K. Synthesis 1992, 23. (c) Grimme, J.;
Kreyenschmidt, M.; Uckert, F.; Mullen, K.; Scherf, U. Adv.
Mater. 1995, 7, 293.

(21) Eberhardt, A. Dissertation, Universitat Mainz, 1996.

(22) Cheng, L.-T.; Tam, W.; Marder, S. R.; Stiegman, A. E;
Rikken, G.; Spangler, C. W. J. Phys. Chem. 1991, 95, 10643.

(23) sariciftci, N. S.; Segelbacher, U.; Weigand, B.; Grupp, A,
Mehring, M.; Gregorius, H.; Mullen, K. Synth. Met. 1991, 41—
43, 2399.

(24) Newman, M. S.; Karnes, H. A. J. Org. Chem. 1966, 31, 3980.

(25) Vanhee, S.; Rulkens, R.; Lehmann, U.; Rosenauer, C.;
Schulze, M.; Kohler, W.; Wegner, G. Macromolecules 1996,
29, 5136.

(26) Yamamoto, T.; Takagi, M.; Kizu, K.; Maruyama, T.; Kubota,
K.; Kanbara, H.; Kurihara, T.; Kaino, T. J. Chem. Soc., Chem.
Commun. 1993, 797.

(27) Franois, B.; Piois, O.; Franois, J. Adv. Mater. 1995, 7, 1041.

MA971429M



