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Transition-Metal-Free Direct C-H Arylation of Thiophene in
Aqueous Media via Potassium Peroxymonosulfate

Sezer Ozenler,” Hakan Kaya,™ Nuran Elmaci,”’ and Umit Hakan Yildiz*®

This study covers the use of potassium peroxymonosulfate
(PPS) which, is a mild and inexpensive catalyst, for direct
coupling of C-H/C-H for water soluble thiophene. The 3-(4-
methyl-3’- thienyloxy)propyltriethylammonium bromide (M1)
has been selected as model monomer that reacted PPS in 2.0,
0.20 and 0.020 monomer to PPS ratio. The reaction has been
monitored via NMR spectroscopy revealing the monomer
consumption and formation of dimers to tetramers as well as
completion of reaction within 15 minutes. Resultant product is
easily collected without tedious work up steps. The computa-
tional calculation has optimized the regularity of the coupling

Introduction

Thiophene oligomers and polymers are often utilized as
components of organic electronic devices; organic field effect
transitors,"? photovoltaic,®™ optoelectronic devices,” light
detectors,”” chemical and biological sensors”™® due to their
promising optical and electrical properties. The synthetic
methodologies such as oxidative coupling®'? and transition
metal catalyzed aromatic carbon coupling'® are the most
studied reactions to get gram scale products of oligo/
polythiophene and other polyconjugated molecules. These
reactions are dependent transition metal catalyst that requiring
halogenation of monomers as well as metal coordination that
causing tedious purification steps and careful handling of
monomers due to unstability. Recently, Direct arylation poly-
merization (DArP)"’% is holding promises as a straightforward
methodology on the other hand, C—H/C—H coupling of
thiophene by photoinitiator diphenyliodonium
hexafluorophosphat® is emerging as an alternative technique
as compare to conventional aromatic coupling strategies.
However most of these synthetic protocols need organic
solvents which are mostly hazardous and expensive. Further-
more, trace amount of metal catalyst residues presents in
resultant polymers exhibit toxic side effect for biological
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as head to tail, tail to tail, head to tail (HT-TT-HT) for tetramer.
The regularity of tetramer which is further satisfied via NMR
analysis showing emergence of new peaks at 3.56 and 4.48.
The shifts in the UV maximum of reactive species have been
monitored by absorbance spectroscopy showing time depend-
ent red shift corresponds to growing from monomer to
tetramers. The reaction has self-stopped due to low solubility
of moderate condensates (higher than trimer), however further
experiments have performed in water-organic mixtures showed
great promises to obtain higher condensates.

application such as imaging and biosensing in physiological
conditions.

Recent studies motivate transition metal free synthesis of
conjugated polymer/oligomers in one pot. Maji et al. described
transition-metal-free homocoupling of aryl, alkenyl, and alkynyl
Grignard reagents by using the 2,2,6,6-tetramethyl-piperidine
1-oxyl radical (TEMPO) as oxidant. The described reaction has
produced high yields for homocoupling reactions for synthesis
of polyfluorenes,poly(fluorenylenebutadiynylenes), and poly
(fluorenylenebutadienylenes).”>! Another study presented by
Cai et al. described a method to synthesize of m-conjugated
polymers containing 1,3-butadiene units by polycondensation
using an organic base as the catalyst instead of toxic transition
metal-based catalysts.”™ Their synthetic strategy was based on
the reaction of o,f-unsaturated compounds containing y-H
with aldehyde compounds, where electron-withdrawing groups
such as ester and nitrile are incorporated as side groups.
Although recent studies are holding promise for transition
metal free synthesis in various organic solvents, however best
of our knowledge transition metal free synthesis of conjugated
oligomers/polymers in aqueous media is still unmet. The need
for biocompatible synthetic protocols working in aqueous
media are obvious. Here in this report we demonstrate the use
of potassium peroxymonosulfate (PPS) which, is a mild and
inexpensive catalyst, for direct coupling of C-H/C-H in water
soluble thiophene that eliminate complicated multistep reac-
tions, and providing transition metal free oligomers. The new
synthetic protocol for direct couplings of thiophene in aqueous
media hold great promises to produce biocompatible
thiophene oligomers.
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Figure 1. a) THNMR spectrum of M1, M1+ PPS in 5 minutes, M1+ PPS in 10 minutes and M1+ PPS in 15 minutes, b) Mechanism of direct coupling of C-H/C-H

(DCT =dicationic tetramer, T=tetramer).

Results and Discussion

Coupling of thiophene by PPS was monitored by TH-NMR as
shown in Figure 1a. The red spectra in stack plot is M1 THNMR
(400 MHz, D20, 0): 6,89 (d, J=3 Hz, TH, Ar H), 6.35 (d, J=3 Hz,
1H, Ar H) 4.02 (t, J=6 Hz, 2H; CH2), 3.24 (m, J=5 Hz, 2H; CH2)
3.12 (m, J=7 Hz, 6H; (CH2)3), 2.18 (s, 3H; CH3) 1.94 (m, J=5 Hz,
2H; CH2), 1.13 (m, J=7Hz, 9H; (CH3)3). Prior to oxidizing
reaction, 3-alkoxy-4-methylthiophene derivative the aromatic
hydrogens at 2’ position and 5’ position yield a signal at 6.35
and 6.89 ppm respectively. Upon addition of oxidizing agent
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PPS, the intensity of aromatic hydrogens at 6.35 and 6.89 ppm
were significantly decreased due to positive charge localization
on “S+" and free radical (the hydrogen neighboring to S+
yields a small signal at 5.87 ppm). The intermediate radical
species undergo a rapid coupling that produce dimers, trimers
and predominantly tetramers (see Figure 1b). The most signifi-
cant evolution in the spectrum has been observed at 4.02 ppm
(t, 2H of OCH2) that split into equally separated (190 Hz, or
0.46 ppm) three triplets and 4.48 ppm (t, J=6 Hz 2H). posi-
tioned at 3.56 ppm (t, J=6 Hz 2H), 4.02 ppm (t, J=6 Hz 2H

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Magnified view of THNMR spectrum range between 3.45 to 4.55 ppm band integral table of corresponding signal

The structure shown in Figure 2 (DCT) is the dication form
of tetramer satisfy three triplets in above mentioned positions.
Further integration analysis (see table in Figure 2) proves that
central two thiophenes having an identical chemical environ-
ment position that 3.56 ppm and terminal thiophenes posi-
tioned at 4.02 ppm and 4.48 ppm have 4:2:2 hydrogens
respectively. Based on our computational calculations, regu-
larity of the coupling is deduced as HT-TT-HT for tetramer
which is satisfied by equal positioning of two central
thiophenes O-CH2 (4 hydrogens) and significant shift (190 Hz)
of terminal thiophenes. The quinoid to aromatic transformation
occurs by the completion of the reaction therefore three
triplets positioned at 3.56, 4.02 and 4.48 ppm merged together
yielding single triplet at 3.56 ppm. (The NMR spectra of
intermediate steps shown in supporting information section in
S24, 525, 526, S27, 528.)

The relative energy for the coupling of two monomers were
found to be; 0 kj/mol, 9,42 kj/mol and 17,62 kj/mol for TT, HT
and HH respectively. Therefore, dimerization reaction is
assumed to produce mostly TT since it is energetically
favorable. TT dimer has two possibilities of formation of trimer
either TT-HT (0 kj/mol) or TT-HH (1,90 kj/mol) and TT-HT trimer
has four possibilities of formation of tetramer that HT-TT-HT
was calculated as most stable structure (Figure 3).

In order to explore reaction character; UV measurement
was applied repeatedly with respect to the time at constant
temperature. M1 has two peaks which have absorbance
maximum at 224 nm and 248 nm. Addition of PPS to the
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Figure 3. Relative energy graph of conformations of dimer, trimer and
tetramer

monomer solution which is in distilled water, 224 nm and
248 nm peaks unchanged while a peak at nearly 704 nm was
observed instantly in UV measurement (Figure 4a). This peak
corresponds radical cation of thiophene monomer.”?® The
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Figure 4. a, b) Absorbance spectrum of reaction upon heating of M1+ PPS in aqueous media over 20 minutes c) Theoretical spectra of oligothiophenes d)
Fluorescence spectra of tetramer Amax excitation=460 nm in DMF (black line: M1, red line: M1+ PPS, dark cyan: at 3 minutes, magenta line: at 6 minutes, dark
yellow: at 9 minutes, navy line: at 12 minutes, green line: at 15 minutes, wine line: at 18 minutes and pink line: at 21 minutes for a and b).

two peaks that un-changed even after addition of PPS, are
merged and obtain one peak at 240 nm during heating
process. At the same time, in minute 6, new peak is occurred at
360 nm and monomer peak at 240 nm is beginning to diminish
(Figure 4b). We performed detailed spectrum analysis by
deconvolution of Figure 4b. This analysis provides change in
the distribution of trimer (330 nm) and tetramer (360 nm)
individual peaks by reaction time (between 3 to 12 minutes).
The intensity of trimer peak at 330 nm was found to be
decreasing during the reaction period while tetramer peak
360 nm was intensifying. The intensity of the trimer peak at
around 5th minutes was nearly tenfold lower than the tetramer
peak assuring the depletion of trimer specie as compare the
tetramer (see Figure S21 and S 22). By the detailed spectrum
analysis, we concluded that nearly entire reaction tetramer is
predominant specie and therefore NMR yielding tetramer
characteristics rather than trimer or dimer. Newly occurred
360 nm peak increased with respect to the time however a
peak gradually declines during further heating. Also, low
intense peak occurs at nearly 738 nm which is responsible peak
for quinodial quaternized thiophene (see Figure 4a). Occur-
rence of the 360 nm peak in virtue of oligomerization of the
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thiophene which level of the conjugation is increased, and red
shift observed thanks to delocalization of the electron through
their backbone. The identical procedure of coupling reaction
has been provided without heating and the peak at 360 nm
has not been observed therefore, we propose that the reaction
is endothermic.

The theoretical UV-VIS spectra shown in Figure 4c, obtained
by the most energetically favorable conformations of mono-
mer, dimer, trimer and tetramer with absorbance maximum at
245 nm, 277 nm, 335 nm and 370 nm respectively. The absorb-
ance maximum of all species is strongly dependent on both
coupling type and dihedral angle among the monomers based
on our calculation. Based on NMR results, HT-TT-HT coupling
type selected as quaternized thiophene model for the
computational works. The dihedral angles (01, 62, 063) of the
quaternized thiophene are 163°-116°-144° and have 371 nm
absorption maximum (see FIGURE 4c). Fluorescence spectra
were also obtained for quaternized thiophene with excitation
wavelength 460 nm. The corresponding wavelength of max-
imum emission at 485 nm (see Figure 4d). Responsible peak is
transition of electron through the zero level of the S1 to zero
level of the SO. Low fluorescence intensity of short oligothio-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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phene chain is expected compared to long oligothiophene
chain or polythiophene chain while M1 is fluorescently inactive.
Figure 5 shows the effect of initial PPS concentration on

tetramer formation. Three different PPS concentrations
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Figure 5. Change in the absorption maximum at 240 and 360 nm for 2.0,
0.20 and 0.020 monomer to PPS ratio.

0,70 umol, 7,0 umol and 70,0 pmol were used by keeping
monomer (M1) concentration constant at 1,4 pmol. (M1:PPS;
0.020, 0.20 and 2.0). There is no intensity increment at 360 nm
for M1:PPS 0.020. While, M1:PPS increases to 0.20 and 2.0
significant absorbance change observed. The reaction rate has
been calculated as 2,65 pg/min for M1:PPS 0.20 and 4,02 pg/
min for M1:PPS 2.0. These results reveal that the oxidation of
M1 is strongly dependent on initial concentration of PPS (as
shown in figure S 23. UV-Vis measurements PPS added to M1
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without heating shows no peak at 360 nm revealing temper-
ature dependency of reaction.) The linear increase at the
360 nm tetramer peak observed for M1:PPS; 0.20 therefore we
suggest that M1:PPS 0.2 is an optimal for proposed reaction.

Theoretical Raman spectra yield three major peaks at
frequencies 1411 cm-1, 1527 cm-1 and 1596 cm-1. referring to
p -, a-a, and mixing of a - o', o - B, o' — B’ stretching
modes respectively shown in Figure 6a. In experimental Raman
spectra (Figure 6b), there are three strong scattering which are
1391 cm-1, 1532 cm-1 and 1599 cm-1. The experimental and
computational frequencies of stretching mode are resembled
to each other with a minor shift for instance 1596 cm-1 was
assumed to be identical to 1599 cm-1, while 1527 cm-1
identical to 1532 cm-1 and 1391 cm-1 identical to 1411 cm-1.
The peak at 1411 cm-1 represent the 3 — [’ stretching mode
while at 1527 cm-1 correspond dominantly o - o' and at
1596 cm-1 represent the mixing of a- o', a -  and o’ - '
stretching. In experimental Raman spectra the peak intensity at
frequency 1532/1599 cm-1 ratio is 0,85 while computational
peak intensity at frequency 1527/1596 cm-1 ratio is 3,58. The
significant difference between the intensity ratio two frequen-
cies is due to the quinoid structure formation of the tetramer
backbone.” In view of these result, deconvolution of exper-
imental spectra yield two peaks at 1599 cm-1 and 1532 cm-1,
which are identical to theoretical spectra. The additional
theoretical spectra shown in Figure 6c proves that the
emergence of two peaks at 1599 cm-1 and 1532cm-1 as a
result of tetramer formation. Therefore, the significant red shift
in frequency incorporated with C=C stretching mode is
attributed to chain growth.
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Figure 6. a) Computational tetramer Raman spectra b) experimental Raman spectra c) dimer to heptamer computational Raman spectra
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Conclusions

In this report, we have shown that direct coupling of C-H/C-H
in thiophene. Time dependent NMR and absorbance spectro-
scopy results proved that propagation occurs by oxidation of
monomers. The regularity of conjugated condensates for
instance tetramer were found to be HT-TT-HT. The reaction has
self-stopped due to low solubility of moderate condensates
(higher than trimer), however further experiments have
performed in water-organic mixtures showed great promises to
obtain higher condensates. The new synthetic protocol for
direct couplings of thiophene in aqueous media hold great
promises to produce biocompatible thiophene oligomers.

Supporting information summary

Experimental section, detailed of computation calculation
method of substances, additional UV-Vis measurements results,
NMR results provided in supporting information. Also, the
movie which is the colour change of the reaction medium with
respect to time at 50°C is available in the supporting
information.
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